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IS PLUTONIUM REALLY *NECESSARY? *

I. Introduction, Sumrary. and Conclusions

A. Distinpuishing Between Safe and Dangerous Activities

"military"” atoms, All

There are not separate "peaceful" atoms and
nuclear activities, whether labeled ‘peaceful” cr not, contribute to the
capacity to develop nuclear weapons. But, and this is the central point
to understand, not all civilian nuclear activities are equally dangerous
in terms of ‘heir contribution to nuclear weapon development. In partic-
ular, not all aspects of civilian nuclear power are equally dangerous.

As a world, we have probably passed the point where it will be possible
for long to deny any country access to nuclear electric power. But,
although the ongoing spread of nuclear power plants without doubt increases
the potential for further proliferation, nnt all activities associated
with nuclear power contribute equally to proliferation potential. On
the one hand, enrichment facilities (especially centrifuge or laser facil-
ities) or spent-fuel reprocessing facilities provide a nation with a ready
source of the fissile material necessary to fabricate ruclear explosives.
Experts generally agree that obtaining fissile material is by far the
hardest part of manufacturing nuclear explosives; thus activities that
result in providing a country with explosive-grade matevial are particu-
larly dangerous from a proliferation standpoiht. On the other hand, if
spent fuel is not reprocessed, the operation of a 1ight—wa£er reactor (LWR)
or natural-uranium heavy water reactor (HWR) docs not contribute much

to the development of nuclear explosives,

Prosented at the Camberland Lodge Conference on the Spread of Nucxcar

Technolegy, Windsor Great Park, England, » =27, 1976.
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A central question with respecc to ju ‘.ies almed at preventing
proliferation is whether any meaningful preventive measures are possible
if non-weapon countrics are to be permitted to acquire nuclear power
reactors. We believe the answer is a qualified 3¥g:," but that the qualifi-
cation is essential. Meaningful anci-proliferation policies require
clear recognition that some civilian nuclicar activicies are too daﬁgerous
to be permitted in non;ﬁeapon countries. vossession of civilian nuclear
power plants need not automatically bring a country unacceptably close
to nuclear weaapon fabrication, but this is énly true so long as certain
fuel-cycle alternatives are not impletmented. Any fuel cycle that results
in a country's having significant quantities of separated or casily;
separable plutoniua (such as that in mixed uranium and plutonium oxide
fuels) makes irrelevant whether or not the country has actually exploded
a nuclear device. It could perfectly legally conduct all of the non--
nuclear steps in the fabrication process, bringing it to within a few
days or weeks of an actual nuclear explosive capabiliC}. Although
guarantees against the use of the in-country stocks of plutonium might
exist on paper, they would mean little in an emergency of the type that
would make the country consider fabricating and using nuclear weapons.

B. Safeguards and Plutonium

As Albert Wohlstetter has pointed out,* acceptance of the principle

that some fuel-cycle activities are too dangerous Lo be permitted non-

L

weapon countries conflicts with one commonly held definition of “safeguards,'

Bomb Without Quite Breaking the Rules,”

*Albert Wohlstetter, "Spreading the
Spread of Nuclear Weapons, Cumberland

resented at the confereace on the
Ledge, Windsor Great Park, PFagland, May 26-28, 1976,



;hich interprets the wqrd so as to permit aﬁy non—-explosive nuclear
activity that is subject to international inspections. He has suggested
that we need to return to the original notion that safeguards were in-
tended to provide "timely warning" of nuclear weapon deveclopment.

.

Applicationrof safeguards defined in this way would effectively prohibit
the most dangerous fuel-cycle activities in non-weapon cou;tries. ";;gning
general agreemént on the need to define and apply safeguards in this way
will not Ee an easy task. An important question is whether making the
effort is worthwnhile, and the answver to this question, in turn, revolves
critically around the issue of the necessity for using plutonium as'a
nuciear fuel.

The issue of plutonium fuel is critical because there is no way

' sense) plutonium in fresh fuel rods.

to safeguard (in the "timely warning'
& single reload of mixed-oxide fuel for a 1000 MY light water reactor
wight contain as much as 1000 kg of plutonium, enough for, perhaps, 50
nuciear weapons. Since the reloads must obvioﬁsly be physically in a
country before they are loaded in a reactor, genmeral use of mixed-
oxide fuels would give countries with light water reactors a readily and
quickly obtainable source of weapons material. Thus, if plutonium
fuels come into coﬁmon use, the NPT, IAEA inspections, and other anti-
proliferation measurcs will merely constitute a facade behind which
countries canlegitimatelycoﬁe as close as they desire to a nuclear
“eapans capability,

The prospects for developing effective non-proliferation pelicies,

*terelore, depend upon the feasibility of keeping plutonium out of the




nuclear fuel cycle. The purpose of this paper is to assess the feasibility
of this objective.

C. Is Plutonium Fuel Essential?

A commonly held view in the nuclear community is that use of plutonium
fuel is esseutial to nuclear power, that there is no reasonable alternative
to plutonium fuel in the long run, and that the sooner we begin using it,
the bettér off we will be. In evaluating this statement, a number of
points need to be made.

First, there is no technical necessity to use plutonium as nuclear
fuel so long as supplies of U-235 are available to use as fuel. In fact,
at the present time, none of the commercial reactors in the world use
plutonium fuel. And, there is enough.U«235 in the world to‘fuel all
present and planned reactors for at least many decades to come. Thus,
we should be cleaf that there is no short-run technical necessity: for
plu&onium use. Plutonium use in the current generation of nuclear reactors
is, therefore, a question of economics and not of tcchniéal necessity.

Secund, statements about the desirability of early plutonium recycle
generally refer to light water reactors (LWR's). Heavy water reactors
{IWR's) use natural uranium as fuel and provide little economic inrentive
for using plutonium fuels. Plutonjium recycle for HWR's would still be
very unprofitable under conditious that might make it profitable (in the narvo-
economic sense) to recycle plutonium for LWR's. Candu reactors, vhich
are favored by many of the countries whose nuclear weapon aspirations
are of most concern, arc heavy water reactors., llowever, since most countrics

plamning to have HWR's also will have IWLK's, plutonium recyele only dn LWR's d
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not substantially limit proliferation dangers.

Third, the assertion that use of plutonium fuel will be necessary

in the long run is escentiolly an assertion that we mast eveantually rely

on "breeder" reactors to satisfy our electric power needs.

Breeder

reactors require plutonium (or, another dangerous fuel, U-233)

in their fuel cycle; thus, if breeders are essential, so is plutonium.

But, in discussing the "nccessity" for breeders, we are once again in

the realm cof economics. Even now, we could (at some very high price)

begin to build capacity to produce solar-generated electricity. Imn the

future, the cost of solar power seems certain to decline, Perhaps, also,

fusion power will be successfully developed before world supplies of

fossil fuels and natural uranium are exhausted to the point where alter-
native energy sources are required. Thus, breelers will never be essential
in the strictly technical sense, but rather may provide an economically
attractive alternative sourcc of power. There ~re, however, very great

uncertainties about when, and even if, breeders will tecome economically

superior to other alternatives.

In summary, then, widespread use of plutonium fuels is not a tech-

nical necessity but rather a techrical alternative that might be economically

desirable at some point in time,

D. The Benefits of Deferrine Plutonium Recycle

This paper presents a detailed analysis of the economics of recycling

spent fuel products in light-water reactors in the United States. The

impartant conclusions of this analysis are that:

©



1. It is uncertain at this time whether near~term implementation
of recycle would lead to net economic gains or lesses, although
losses seem more likely.

2. Even if fuel-cycle uncertainties were resolved favorably for
the prefitability of recycle, the impact of recycle on the
cost of nuclear power would be insignificant (a reduction of
less than 1 percent in the average delivered cost of nuclear-
generated electricity).

As we have just explained, reprocessing and recycle of plutonium
will substantially increase the proliferation dangers of civilian nuclear
power. It will also add to environmental and terrorist risks. These
"costs" of recycie, although difficult to quantify, appear sufficiently
large-to justify foregoing a large benefit in order to avoid them. But,
the potential beﬁefits of recycle in LWRS are uncertain at best, and
at the upper limit, not significant in comparison to the overall costs

of nuclear power.

These considerations argue strongly for a decision to defer

reprocessing of spent fuel to recover fissile products until such time

as

1. recycle in LWRs can be shown with high confidence to yield
economic benefits sufficiently great to compensate for the
large non-monctary (proliferation, terrorist, and environmental)
costs; or

2. the viability of the breeder as an important commercial source

of powcr has been demonstrated.

-6~




Given the small upper-1limit benefits from recycle in LWRs, the second
possibility seems far more likely to provide a justification for vrepro-
-cessing and use of plutonium. But when, and even if, the plutonium
breeder will become competitive with thermal reactors is very uncertain.
The U.S. does not plan to decide whether to build a commercial prototype
for ten years. Problems and delays may push this decision even further
into thé future, Européan developnent programs are further along than
the one in the U.S., but important technical problems remain to be solved.
Nor, is it by any means certain that these programs will produce a
breeder that is competitive with the then-current generation of L¥Rs.
This will require not only finding good solutions to the technical
problems, but also that LWR fuel cycle costs be sufficiently high to
compensate for the higher purchase cost of the breeder. When this might
occur is extremely uncertain. If the time scale of breeder commercializa-
tion stretches sufficiently into the future, the possibility arises of
developments that could obviate the need for the plutonium breeder.v
If this were to occur, the initial decision to Aefer plutonium recycle
could result in entirely avoiding the risks inherent in widespread use
of plutonium fuels.

Thus, deferring recycle offers the hope that plu;onium fuel can
be avoided altogether. If recycle becomes obviously desirable, all that
will have been lost by deferral will be the benefits lost during the

peviod of deferral, benefits which will be extremely small at best.

Ly contrast, if we decide now to go ahead with plutonium use and it turns

vut to have boena mistake, the proliferation costs will alrcady have

-7-



been borne, with little chance of reversal. And, the nuclear industry

will have burdened itself (and us all) with pelitical, eaviromaental,

and economic picblcns worse than any it would othervise face. -
Although the issue of plutonium recycle seeﬁs to be viewed by nuclear

proponents as a crucial battle in the war against the anti-auclear

"nit-wits,"” analysis shows that the outcome will have littlé effect on

the economics of nuclear power. Engaging in this battle will require

the nuclear proponexts to use inordinate amouats of political capital

and technical talent. Yet, if the battle is won, the wajor effect

seéms likély to be a further substantial increase in opposition to nuclear

pover. Given that purlic acceptability aﬁpcars to be the primary obstacle

te continued growth qf nuclear energy, friends of nuclear power would do

well to consider thoughtfully wiether continued advocacy of inmediate

recycle serves well their own objectives.

—-7‘-]...
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I11. The Economics of Plitonium Recycle

A. Relative Cost of Plutonium Fue?l

Recycling of plutonium involves:

1. Separation of plutonium (and uranium) from spent fuel by a chemical-
mechanical process generally referred to as reprocessing;

2. Fabrication of the plutonium into new fuel rods, generally referred
to as mixed-oxide (HOX).fuel fabrication because such fuel contains both
uranium and plutonium oxides;

3. Transportation of the fuel rods to the reactor, a relatively costly

procedure because of the risk of terrorist diversion;

4. Treatment, transportation, and storage of the radioactive waste products

produced at reprocessing and fabrication facilities.

Additional physical sccurity costs will be incurred at various points in the

fuel cycle at poincs other than fuel rod transport in order to guard plutonium
from terrorists. )
The alternative fuecl cycle without reprocessing and recycling

invalves the following major steps:

1. Mining of uranium;

Enrichment of uranium (for LWR's but not HWR's);

3. Fabrication of uranium oxide fuel rods;

4. Transportation and storage of the highly radioactive spent fuel

clemonts,

Wihather or not recycling will be profitable involves che relative futura
prices of all of the steps in the two alternative cycles, prices most

ol which are highly uncertain and some of which are entirely unknown.

¥




The most important uncertainties arejg

o Future prices of uranium
e Future costs of reprocessing
® PRelative waste treatment and storage costs under the two alternatives

e The costs of protecting plutoniun from rervorists

Because the uncertainties are many and large, no single calculation of
éomparative_costs should be given much weight. Bu£ it may be helpful

to cite an example to show how various factors enter into the comparison.
The'example in Table 1 1is for prices in 1975 dollars that we consider
reasorable (but Wighly uncertain) for the U,S, in the ecarly 1980s, if
reprozissing is given regulatory approval.

Costs of ultimate storage of spent fuel and radinactive wastes, as
wéll as plutonium-recycle, physical security and safeguard costs, have been
left unspecified. They are omitted from the analysis because there is not
yet any clear definition of how these parts of the fuel cycle are to be cart
out, making impossible meaningful estimates of cost. Inclusicon of ultimate
storage costs would make the case less favorable to mixed-oxide fuel,
since as expliained in detail in the next section, such storage require-
ments will be greater with reprocessing and plutonium recycle than
without.

For the prices specified i~ Table 1, recycle fuel is about 70% more
expensive than fuel made from v.rgin uranium. It is to be stressed that
this particular result is very scnsitive to the prices involved. Several

points are worth noting:



Table 1

COXPARISON OF URAMIUM OXIDE AXND MIXED OXIDE FUEL COSTS
(Prices in 1975 Dollars)

A. Tuel Cycle Cost of 1 K3 of 3.47 U235 Fuel

Input Quantity Unit Price Total
Uranium 6.2 kgU $ 65/kgl $ 403
Enrichrent 5.2 SWU 100/sWU 520
Fabrication 1 kgU 100/kgl 100
Spent Fuel Transport ) .

and Disposal ?
Total $1,023 + ?

B. Fuel Cycle Cost of 1 Kg of Equivalent Mixed Oxide Fuel

Input Quantity Unit Price Total

Reprocessing to ' o

Obtain Pu(d) 4.9 kgU $320/kg0 51,568 @
Credit for Recovered

u(2) 4.9 kgu 66/k:gU (323)
U30g .95 kgl 65/kgy 62
MOX Fabrication(3) 1 kgl + 34 10Q0/kgl + $8/ 372

© gms Pug gn Pup

Radioactive Waste
Transport and

Disposal ? ?
Physical Security

and Safeguard Costs k4 ?

Total ©$1,679 + 72

(1)

Includes transportation of spent fuel to the reproceszesing plant,
wvaste mranagement at plant, and conversioan of plutonium nitrate
to plutonium oxide.

Continued . . .
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(Z)Assumes 0.9% Ugzas in the spent fuel. Allowance is made for Uazg
coatanination, which will reduce the value of recovered uraniua
as cnrichment feed by approximately 457 ia the early 1980s.

-

(J’Pu— stands for fissile Yu. Fabricatilon cost pznalty for MOX
lased on cstimated 1975 quotes of U.S. commercizl concerns cf
$8/g= Pu-, reported by S. Stoller, et al., Zzport on Reprocassing
&4 Rezycle of Plutoniun and Uraniws--Task VII of thz EEI Nuclear
Fuzls Suvply Study Program,  Edison Electric Iastitute,

Dacexzber 30, 1975. ’
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1. All of these prices lie well within the region of reasonable

expectation; thus there is a substantial probability that reprocessing and

rocycling will prove uneconomic during this time frame.

2. No commercial reprocessing facilities are currently operating,
and many serious uncertainties exist about their reliability and costs.
Nor do commercial-scale MOX fabrication facilities exist. The general
history of the nuclear field is that actual operations prove more diffi-
cult and expensive than drawing-board estimates. Reprocessing cost
estimates have been rising rapidly, but mosi current estimates still deo
not fully include costs for waste management and solid?fication, nor
for plutoniunm nitrate to oxide conversion facilities, nor for likely
safeguard requirements. The estimate in Table 1 is based on our own
analysis of likely costs at the U,S. Barnwell facility, if regulatory
approval is given. It represents our best current estimate of likely
costs; it is by no means an upper limit of what might occur.

3. The estimate of fabrication costs for MOX fuel draws upon data
collected for a study done for the Edison Electric Institute. These
data on quotes of U.S. commercial firms at various times (adjusted to
1975 dollars) are summarized in Figure 1. Tho, show that quotes have
been escalating very rapidly--at 35% per year (in constant dollars)
from the beginning of 1971 through the end of 1974, If this rate of
increase were to continue to 1983 (vhen recycle might begin in the U.S.)
the MOX fabrication premium would be $80 per gm Pug (not the $8 per gm

assuned in Table 1), for a total fabrication cost of $2,820 per kg.
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S/gm of fissile plu

Fipure 1

Fabrication Premiun for Mixed Oxide Fuel,
] J Ubelivered in the 1990's. Prices in
B 1975 Dollars.

0 | ! 1 { )
{ [} { §
1971 1972 1973 ‘ 1974 197,
Date of Quote ' .

Source: S. Stoller, et _al., "Report on Reprocessing and Recyele éN%C 11/
of Plutonium and Uroniun--Task VIIL of the EET Naclear Fuels Supply & ’
Study Iropram," Edison Electric Institure, Decewber 30, 1975.



Even if the cost premium is $15 per gm of Pug, the total cost of a kg
of mlxed—nxidc fuel would be nearly $2,020, or almost twice the estimated
cost of UO2 fuel.

4. TFor the above reasons, it scems unlikely that mixed-oxide
fuels will be significantly less expensive than the estimate of Table 1.
Thus, if recycle fuel is to be cheaper than virgin uranium fuel, this
is most likely to occur if uranium onr earichment prices are higher

than those assunad in Table 1. Although we believe the prices in Table 1

to be reasonable expectations for the early 1980s (in 1975 dollars), we

veadily adnit they may be significantly higher. TFor uranium dioxide fuel

to be 10% more expensive than MOX fuel would require piices of $123 per

SWU and $123 per kg U.($47 per 1b U308)’ or a uranium price of $134 per

kg and a SWU price of $100. @
In evaluating the profitability of investment in recycle facilities,

weight must also be given to the possibility that some prices may be lower

than assumed in Table 1. To recover the capital investment in these facilities

recycling must remain profitable over a 20-year period. If laser separation

techniques are successfully developed within the next 10 years, separative
work prices may decline dramatically.

5. Comparison of costs per kilogran of fuel implies that MOX fuel
will perform as well as U-235 enriched fuel. There have been, héwever,
recurring problems with U-235 fuel, and average performance is still
well below design objectives. Civen the greater difficulty of fabricat-
ing MOX fuel (a process that must be carried out automatically or in glove
boxes because of rhe high toxicity of plutonium), there would appear 7 e
o be substantial likelihood of lower average huEnup for MOX fuels than
for U-235 fuels. A 10% lower burnup would cancel a 10% per kilogram

cost advantage.



B. The Impact of Plutonium Recycle on Requirements for Wltimate Storage
of Radiocactive Materials

One of the prevailing fintions about reprocessing 1i that it will
reduce the problem of ultimate storage of radioactive wastes. In faect,
reprocessing cormbined with pluﬁonium recycle will increase ultimate
storage requirements: Each kilogram of mixed-oxide fuel will require
a% least 3 to 4 times as.much high-level storage as the UO2 fuel it
replaces.

Thé graater waste storage requirements for mixed-oxide (MOX) fuel
derive from the more energetic, slower-decaying radioactivity of spent
mixed-oxide fuel as compared to spent UO2 fuel. High-level wasie
storage requirements are essentially proportional to the heat output
of the waste, which is in turn directly related to the radioactivity
of the waste.® Thus the greater radioactivity of spent MOX fuel means
greater storage requirements, and the maznitude of the added requircments
is substantial.

1. Heat Qutput of Spent Fuel

In UO2 spent fuel, the radioactivity is predominantly from fission
products with relatively short half-lives; thus decay heat declines by

50% about every 2.24 years. Ten years after discharge, typical

*There will be some costs that are related to volume, but the major
costs will be related to removal of radioactive decay heat. As will
be shoun later, reprocessing and recycle also will generate a much
larger total volume of waste than the alternative of direct disposal

of spent fuel.

-15-
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discharged PWR fuel will have a heat rate of 1080 watts per MIU.* Mixed
oxide fuel contains, in addition to the fission products, suhstantial
amounts of heat-producing Cm~244, which decays with a half-life of

16.2 years. Ten years after discharga, spent equilibrium-recycle MOX S
fuel will have a3 heat rate of 4200 watts, almost 4 times the comparable

rate for UO2 spent fuel.**

2. Ultimate Storage Costs for MOX

If ultimate high-level storage charges are based on ther..al output,
charges for this storage would be about 4 times as large for MOX as for

ue

) fuel (assuming transfer to ultimate storage 10 years after discharge).

A similar result is obtained if cne assumes waste products are
to be placed in standard storage containers and transferred to ultimace
storage when UO2 waste reaches an acceptable thermal output level. €:>
Based upon U.S. design studies, thermal ouvtput of a standard container
{(c ntaining 6.28 cu ft of waste from 3.14 MTU of spent fuel) of UO2

waste would decay in 6 years to 5 kilowatts (the maximun acceptable

level in the design study). The same amount of MOX fuel waste would need

to be placed in about 3 containers to meet the 5 kilowatt criterion.

»

In addition to the greater heat output of MOX fuel vhen initially

transferred to ultimate storage (3 to 4 times greater than UO2 fuel), the

slower decay of MOX fuel means substantially greater long-term heat removal

requirements. For example, onc MTU of UO2 wastes will generate only 185

*Data in this section, unless othervise specified, are from Chapter IV,
Scetion H, of the draft Generic Favironaental Mixed Oxide (CESHO)

Fuel (Vziume 3), WASH-1327, August 1974, :

**Since neither uvranium nor plutoniun contributce significantly to heat
gencration, the wvaste storage requircnents (on a heat-handling basis)
are the same for an MU of speat fuel whether stored directly or
reprocessed fivst.

-16-




watts 20 years after discharge, but a similar quantity of MOX wastes will
still be generating 2100 watts. In some designs for long-term étorage, this
greater continuing heat outjp it would siguificantly affcct total system costs.
In such caées, the ultimate storage costs for MOX wastes would be stil}

greater than the previously estimated 3-4 times the cost for UO2 waste

storage.
3. Volume of Yastes from Reprocessing as Compared - Direct Disposal
of Fuel

Although the higher heat output of MOX fuel! s unavoidable, a
counter argument in favor of reprocessing is that it reduces the volume
of high-level waste that neceds special storage Ereatmeﬁt. As has Been
pointed out, heat outprt ig the primary factor determining storage costs
for high level waste, but even the volume argument provides little support
for reprocessing as a waste-management technique. Tables 2 and 3 show
the volumes of waste per MTU of fuel reprocessed and the volume per MTU

of fuel stored directly, without reprocessing. The total volume to be

-17-



Table 2

VOLUME OF RADIQACTIVE WASTE FROM REPROCESSING

AND MOX FABRICATIONL

Reprocessing

High level solidified waste
Intermediate level solidified waste
Fuel cladding

Process trash

Failed large process equipment

Subtotal

Mixed Oxide Fabrication

Solidified scrap waste
Other solidified waste
Process trash
Failed large process equipmen:
Subtotel
TOTAL

TOTAL REQUIRING HIGH-LEVEL STORAGE

Cu Ft per MTU
of Spent Fuel

Reprocessed
3.02
3.32
16.72
61.3
8.0
92.3

.82
.52
2.4

.3
4.0
9.3
2

1Source: GESMO, Chapter IV, op. cit., and internal

Science Applications, Inc., analyses.

ZMaterials requiring storage identical to high-level

waste,

~18-



Table 3

VOLUME OF TYPJCAL DIRECT STORAGE
OF SPENT FUEL ELEMENTSI

Volume of storage container

(14' x 30"-—zinc filled) 55.3 3
Weight of contained fuel

(4 PWR assemblies) 1.76 MTU
Volume. per MTU of spent fuel 31.4 ft3/uTU

lsource; Science Applicatioms, Inc., internal
analyses.

~10-
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stored with reprocessing is about threec times as large as the volume with
direct storage, and note that all waste must be kept isolated for geologic
time periods because of plutonium contamination.

Even restricting consideration to those materials requiring contain-
ment and storage identical to high-level waste, the.storage volume with
reprocessing is 75% of the direct-storage volume. Although this does
represent some savings on a volume basis, it hardly seems significant when

set against the three-to-four—fold greater heat output of MOX spent fuel

wastes.

C. Possible Recycle Savings in Perspective

Suppose,vcontrary to all reasonable expectations, that fuel cycle
savings of 10% were possible per kg of MOX fuel. What would this mean
to the overall economics of nuclear-generated electricity? Nuclear reactors 6:}
that start operation in the early 1980s will likely cost around $1,000
(1975 dollars) per kilowatt of capacity. Operating at 60% of capacity
and at a fixed chnrge rate of 15Z, the capital costs per kwh will equal
28 wills ($.028) per kwh. Operating and maintenance costs will total,
perhaps, 3 mills per kwh; thus, non-fuel costs will equal about 31 mills
per kwh. Fuel costs will, of course, depend upon uranium and enrichment
costs. Consider UO2 fuel costs of $1,450 per kg, the figure covrespond-
ing to a 10% cost advantage for the mixed-oxide fuelicosts in the example
of Table 1. In Table 4, thesc costs are translated into per kwh fuel

costs and added to the estimated non-fuel cost of 31 mills per kwh.




Table 4

HYPOTHETICAL WUCLEAR ELECTRICITY COSTS IN THE EARLY 1980s
(Prices in 1975 dollars)

U0, Fuel at MOX Fuel at
$1450 per kg $1320 per kg
(mills) (mills)
Fuel Costs per Kwh
Cost of fuel consumed! 6.1 .
Interest cost on fuel core? 1.1 1.0
Total fuel costs 7.2 6.6
Non-Fuel Costs per Kwh
Capital costs 28 28
Operating and maintenance costs 3 3
31 31
Total gencrating costs per kwh 38.2 37.6

1Assumes thermal efficiency of .33 and burnup of 30,000 MAD 1, /MTU,
appropriate for a replacement load in a PWR.

2Assumes a core load of 80 kg of fuel per kw of capacity (typical for
a PWR), a 10% carrying charge, 60% capacity factor, and an average
in-core fuel value equal to one-half the value of new fuel.

-21-
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The assurmed MOX fuel savings of 107 lower total gencrating costs by GE
0.6 mills, or 1.6%. But, generating costs are only about 50% of de-

livered electricity costs; therefore, the 10Z fuel saving would

translate into a 0.87% reduction in the cost of delivered electricity.

Further, however, even if recycle is pursued to the maximum possible

extent, MOX fuel could provide only about 107 of total nuclear fuel
requirements;* thus the 10% cost advantage for MOX fuel would reduce

total system nuclear electricity costs by 10% of 0.8%Z or about one-~tenth

of one percent.

In adopting plutonium recycle, we would be risking the spread of
nuclear weapons to tens of additional countries for the sake of possible
monetary savings that would be offset by a few months of capital-cost .
inflation at recent rates. The word '"possible’” iz stressed because it
seems far more likely that early adoption of plutonium recycle will result
in net econonic losses than in net economic gains. Plutonium recycle will
0.t1ly be profitable at very high uranium prices, but the analysis preseuted

in later sections strongly suggests that uranium prices will be quite

noderate in the 1980s.

*5ee Chapter III, which shows that for the growth rates projected for nuclear
power, recycled products will supply less than 20% of fissile-fuel aeeds.

About one-half of the recycle fuel is MOX, the rest is recovered uraniux

In calculating the cost of MOX fuel, credit was given {or the recovered un;
thus the (less than 103) of fuel requirements met by MOX fuel reflect the .al
monetary savings possible freom recycle.
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ITI. Reeycling and Resource Conscrvation

Proponents of recycling often couch their arguments primarily in
terns of natural resource savings. A number of points neced to be made
about such arguments:

1. Recycling is not the only means of conserving uranium resources.
Most importantly, perhaps, enrichment can be substitutéd for uranium in
LWR's. In the U.S., current ERDA planning envisions operation of its
enrichment facilities in the 1980's at a tails assay of 0.37% U-235 in
the event plutonium recycle is not permitted. Under this plan, more than
half of the U-235 in natvral uranium would end up in the waste stream. By
lowvering the tails assay to 0.2% from 0.37% U-235 (a change which would
lower total fuel costs at present prices), ERDA could reduce uranium require-
ments by 33%. This is a substantia}ly greater séving of uranium than
could be achieved by recycling.

If uranium saving is to be given a very high priority, tails assays
even lower than 0.2% could be used, although the costs begin to rise. If
further savings are to be sought, perhaps considération should be given to
shifting emphasis from LWR technology to HWR technology of the CANDU type.
As compared to LWR's (with fuel enriched at 0.27 tails), CANDU's use about
27% less uranium. Again, this is a greater saving than is realistically
possible through reprocessing and recycle.

2. Also, there are non-nuclear nltcrnatiﬁes for gencrating electricity.
and if one is concernad specifically with natural resources, substituting
coal for uranium would scem sensible, since coal is far more abundant. For
example, if economically recoverable uranium in the world amounts to
10 x 106 tons U308 (a higher amount than most current estimates), the
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electrical energy equivalent of this uranium if used in LWR's is about ‘:>
2% to 3% of estimated world minable coal resources.* Thus a fraction of '
ono-percent of the world's coal resvurces would substitute for potential
recycle savings of 20% of the world's uranium resources.

3. In evaluating energy resource criuservation, one should consider
total enerpv resources -- not simply one elementL in isolation. Considered
fron this viewpoint, recycling of speat nuclear fuel is of minor conse-
quence. By 1930, nuclear power might (optimistically) satisfy 10% of
U.S. energy requirements; thus veducing the energy resource inpnut to nuclear
power by 20% would reduce total energy resource requirements by only 2%. Put
another way, implementing recrcllng would take care of less than one-
year's growth in U.S. energy requirenments. Since the rest of the world
consuzes relatively less of its energy in electrical form, sarings
from recycle would be even less in othex countries. ‘:}

4. TFinally, rany estimates of potentiai savings from recycling are
greatly exaggerated. Exaggerction can arise in a nunber of ways:

a) Recovered vranium is contaminated with U-236, which significently
reduces its valus. As compared to uncontaminated uranium, recovered urani-
un is worth oaly about 50%-60% as much, whether used as feed to gaseous
diffusion enrichzent facilities or as a base for mixed-oxide fuel (this
last can utilize oaly about 20% of recovered uranium in any event). Mix-
ing recovered uranium with over-enriched natural uraniunm is sometimes

suggested as a neans of reducing the U-236 poaalty—-but in fact, it increases

*M. King Rubbert, “Energy Resources," in Resources and Man, W. H. Freeman
and Sous, Sin {guncisco, 1969, p. 203, HNHubburt gives an estimate of
4.3 - 7.6 % 107" retric tons of mianhlo coal. Ten million tons of U308
are equivalent to about 12.5 x 107 metric tons of coal if used in @
LUR's. )
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the economic penalty from U-236 to such an extent that recovered
uranjun is likely to have no value if employed in this way.*

Most calculations of recycle savings either ignorc the U-236 cifect
or treat it as an "uacertainty," but there is no controversy cver its
existence. The only means of reducing its impact from the 40% to S0%
level is to re-enrich recovered ucanium in a dedicated facility. No
such facility now exists or is planned. Until such a plant is made a
part of reprocessing plans, calculations should be based on the full
penalty. In the event such a plant is built, the economic penalty could
be reduced but would still amount to about 25% of the uncontaminated value.

b} The initial fuel load and first several reloads, to which recycle
can make no contribution, are often iguored in calculating percentage sav-
ings in uranium requirements.

¢) Recycle savings are often calculated in a hypothetical "steady-
state," in vhich the numbe. of reactors is fixed. In the real world, the
numbey is growing rapidly, and the faster the rate of growth, the smaller
the percentage resource savings possible from recycle.

then all of the facts mentioned above are tzaken into account, the
calculated resource savings from recycle turn out to be quite small.
Taﬁlc 5 shows several recent esvimates of cumulative uranium savings from
recycle through the yecar 2000. With both uranium and plutonium recycle,

calculated savings are from 127 - 167 of total requirements. Although

* Viucent Taylor, "fhe Effect of U-236 on the Resource Value of Recovered
Uranium," unpublished paper, Pan Heuristies, April 23, 1976.
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Table 5

Estimatod Potential Resource Savings to the Year 2000

Fron Recycle of Plutonium and Uranive

Percent Uranium
Savings from

Source of Estimate For Year Type Recycle
Zéison Electric1 2000 Non-Communist U30 16%
Institute Requirements—Cumu?ative

za-1AEAL 2000 Non-Communist U0 6%

Requirements-Cu%u?ative
{Pu Recycle Savings Only)

.

ZA-IAEA-Author 2000 Non-Comnunist U3O 12%
Requirements—Cumu?ative

1. Edison Electric Nuclear Fuels Supply Prograw, Task II, prepared by J. Steyn
and R. Fell, Resource Analysis Corp., Decewber 1975, Teble 1.2.3. It is
not clear vhether the U-236 penalty has been included in this estiwnate., If
not, the uranium savings from recycle amount to about 12%.

2. Uraniuxs Resources Preduction, and DPemand, Joint Report of OLCD Nuclear Energy
Agency, and the IAEA, December 1975.

3. XEA-IAFA estimate revised by author to include uraniun savings from uranium
recycle (estimated to ecqual the savings from plutonium recycle).
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such savings are significant, thev are far too small to justify terming

recycling an "essential resource conservatioa measure,' as have some

proponents. And, as has been pointed out previously, in total resources,
recycling secms likely to consume more than it saves —-- thus, perhaps

recycling ought more appropriately be termed an "avoidable resource

consumption measure."
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IV. The Need for Realistic Projections of Nuclear Power Growth:
The Implications for Investment in Recycling and
Breeder Development

A, Introductiua

A careful review of official forecasts of nuclear power growth in
Europe, the U.S., and Japan reveals that all of them are greaily exagger—
ated. They appear to represent the dreams of the nuclear proponents
rather than a realistic assessment of aétual prospects. Considerations
of more realistic rates of nuclear-power growth réveal that the haunting
spectre of imminent uranium shortage is oniy a part of the dream. In
foct, with realistic growth expectations, there is unquestionably
sufficient low-cost uranium to allow use of LWR technology well into
the next century. With this favorable supply-demand outlook for uranium,
there is no need for early pursuit of rec&cle, and breeder development
can proceed at a slower, more economical pace.

Special Rote: The next part of this section surveys the evidence
on electricity growth in Europe and examines the implications of projec-
tions based on this evidence. The original intention was to.follow
this with a similar analysis of the U.S. and a more limited survey of
prospects in Japan. There was not enough time to get these latter parts
in shape for inclusion, but the analyses for the U.S. and Japan were
completed to the point where they gave high assurance that official
forecasts in those countries are at least as much in error as those in

Europe.
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B. Projected Growth of Flectricity Consumption and Generating Capacity
in_Europe

European countries arc attempting to satisfy most of the growth in
electricity demand by adding nuclear generating capacity. According to
recent official forecasts by iandividual countries, annual electricity
consumption in the European Community (EC) is expected to increase by about
1,000 x 109 kwh or 917% between 1975 and 1985; of this increase, about
800 x 109 kwh are projected tr be supplied by nuclear power.® Obviously,
then, the growth in tgtal electricity consumption will have an important
influence on additions to nuclear capacity.

How : ralistic is the projected growth in electricity consumption? To
answer this question, it is helpful to look at the past relation between
growth iﬁ electricity consumption and growth in the volume of Gross
Domestic Product (GDP). The data displayed in Figure 2 shows a good fit
for the relations:

(1) é§j= .03/year + .86AGDP,
E GDhP
for the period '1964-1973, where E is electricity consumption and GDP
is real Gross Domestic Product for the original six members of the

European Community,¥%

* Report of the Achievement of the Community Policy Objectives for 1985,
Commission of the European Communitics, Com (76)9, Brussels, 16
January 1976, Anncx, p. 19.

#%France, Germany and Italy arc the important countries in Eur-6, and
also the countrics plaming major expansions of nuclear power. Great
Britain has only modest nuclear expansion plans. The data points for
1974 and 1975 lic below the line fitted through the points for earlier
years.
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FIGURE 2

Changes in European Community (six) Electricity Consumption versus
Changes in Real Gross Domestic Product.



0f crucial importance in predicting future growth in electricity
consurption is the size of the intercept, that is the growth that is
unrelated to changes in Ghe. For the 1964-1973 period, the intercept
value for the EC was (as shown in Figure 2) 3 percent per year. Analytical
studies on electricity demand all show an elasticity of demand with
respect to the real price of about -1 (implying a percentage change in
demand equal and opposite to the percentage change in price) over the
long run; Thus, it is natural to assune that the intercept largely
reflects the declining price of electricity (in real terms) in Eurape
during this period. And, in fact, the average rate of decline in real
electricity prices in the period 1964-1973 was 3 percent per year, which
would yield the 1964-73 intercept for electricity growth (+3 percent per
year) given a price elasticity of -1.0.

Although the above analysis makes it plausible to attribute the
intercept to price changes, no confirmation for this conclusion can
be found in the data on annual changes. Figure 3 shows electricity
consunption changes (adjusted for changes in GDP) and real price changes
for the period 1964-1973. No significant correlation exists on a year
to year basis between the twe sets of changes. <Changes in adjusted
consumption remained nearly constant at 3% per ycar, while price declines
varied in a horizontal S pattern.

Figure 3 shows that GDP adjusted changes in consumption of
electricity did drop (to about 1.5% per ycar) in 1974 and 1975. The
declines in GDP-adjusted electricity consumption in 1974 aud 1975
are very suggestive that future electricity growvth will fall below
past experience. In the future, electricity prlces scem certain to risc

relative to general prices (or at best stay even vith them) in contrast
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to past cxperience of declining relative prices. In itself, the price
behavior of eclectricity would imply substantially lower future eiectric{ty
grouth. There is, however, the question ol the extent to which
electricity will be substituted for direct consumption of fossii fuels,
There is a desire in Europe to sce lass dependence on fossil fuels and,
thus, shifts toward nuclear-produced electricity are being encouraged in
some countries. Such shifts will work against the direct price effects,
and the question is to what extent they will offset these effects.

The period 1973-1974 saw the sharpest rise in fossil-fuel prices
relative to electricity prices that we are likely to see in this century.
Yet, in spite of this great shift in relative prices, GDFP-adjusted
electricity consumption declined in 1974 and 1975, Granted that the
effects are not fully worked out, this still lends strong support to a
lower-growth forecast. Further, for at lecast the next five to ten.ycars,
installation of new, higher-cost gencrating ca; acity seems quite 1+lrly
to cause electricity prices to rise more than fossile fuel pri-

Although future growth is highly uncertain, the currently a
evidence points to lower growth than in the past. To explore the impli-
cations of lower growth, I have projected electricity demand assuming
two different intercept values (eclectricity growth rates for zero change
in GDP) in cquation (1): 2.5% and 0% per year.

The highest of the intcrcepts, 2.5% per year, is just slightly
less than the experience of 1964-73, which was highly favorable for

electricity growth, and about 17 grcater than the 1974-75 intercept.
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This would scem to be a likely upper limit for the intercept-growth rate
over the next 10-15 years. The zero-intercept assumption implies no
further growth of electricity other than that induced by general economic
growth. It is, in a sense, a ncutral assumption about the future
prospects for electricity growth--implying neither extensive elactricity
conservation nor a continuation of the trends of previous decades. This
would seem to be a case that descrves serious consideration in national
planning.

The states of the Furopean Community are currently projecting
3.0%-3.5% per year increases in GDP from 1975 to 1985. Applying egquation
(1) to the upper estimate yields GDP-related electricity growth of 3%
per year (.86 x 3.3% per year). Adding this to the two intercept
values yields a high-growth estimate of 5.5% per year and a moderate
growth estimate of 3% per year. These two arowth rates are used to
—2ke alternative projeccions of total electricity demand in 1935 and 1990.
The results are shown in Table 6. Table 6 also lists the total generat-
ing capacity required to meet these projected demands and the amount of
this capacity that would be nuclear, assuming recalization of the EC
{orecast that 80% of thermal additions will be nuclear.

Table 6 also lists official forecasts for 1985 and 1995. These
forecasts are far above cven the high-growth projections: For 1985,
official estimates of nuclear capacity are 504 higher than the high-
growth projection and, following o common pattern in the nuclear field,
the official estimates for 1990 are cven less plausible--exceeding the

high-growth praojection by 80Z to 200%.
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PROJECTED LELECTRICITY GROWIH -
AND
GENERATING CAPACITY IN THE FUROPEAN COMMUNITY: 1985 and 1990

1975 1985-~ - 1990
High Mod Official High Mod 0f{firdial
Electricity ansumption (1) (3)
(net) K»hx10 981 1676 1318 2065 2039 1528 3650
Installed Generating
Capacity (GW)
Toteal 281(2) 415 354 501 490 292 753(5)
5 (&)
Nuclear 1303 107 58 156 (3) 162 84 22265
(3
Coaventional Thermal 223(2) 247 235 284 260 240 273"
Hiydro 452 6120 12 42 68(2)  ¢8(2) (D)

General: High projections assume 5.5%/year growth in electricity consumption, moderate projections

o assume 3%/year growth. Capacity utilizatien factors are from reference cited in Necte (2),
cxcept conventional thermal plants are assumed to continue to be used 4,100 hrs/year through
1990. Eighty percent of all thermal plant additions are assumed to be nuclear.

—

Eurostat Statistical PBulletin 16-2-76

2 . . et ‘o .

Guicdeline for the Electricity Sector, Cormission of the European Communities, Com(74) 1970 firal,
Brv.sels, 27 November 1974, Annex, 2nd part, from table titled "Development of the Pattern ¢f Production
Capecities;” 1973 estimates adjusted for decrecase in actual installed nuclear capacity in 1975. Hydro
and thermal estimates as per table.

3Resort of the Achievement or the Uommunity Energy Policy Objective for 1985, Commission of the Eurcpean

Communities, Com (76)9, Brussels, 16 January 1976, pp. 15, 19.

éEs:imate of the NEA/IAEA Working Group, Dec. 1975, reported in "Prospects for the World Nuclegr
Encrgy Market," Nuclear Engincering International, April/May 1976, Table 2, p. 92, based on cfficial

~ &7

goverament estinmates,
5

Eurcpean Community tarset figures for 1990, as cited in the report referenced in Note (2).



In Europe, as in the United States, the official estimates of nuclear
power growth are based on highly inflated projections of future electri-
city consumption. Using more plausible projections, one obtains estimates
of installed nuclear capacity (assuming nuclear power is highly favored
for additional capaczity) that are 307 to 65% less than official estimates

for 1985, and even smaller fractions of official estimates for 1990.

C. Uranium Resource Requirements and Supplies

When nuclear forecasts are deflated toward reality, the spectre of
uranium scarcity recedes well into the future. As the previous section
indicated, réasonable estimates for nuclear capacity in 1990 in the
OECD are only one-half to one~third of official estimates. An analysis
of the United States (to be reported elsevhere) shows similar results, with
a high-estim-te of installed nuclear capacity in 1990 of about 170 GY.
This can be cozpared with the recent NEA-IAEA forecast of 385 GW for the
U.S. in 1990.

A country-by-country analysis would show that official estimates,
such as those by the NEA-IAEA working group, uniforﬁly overestimate
electricity demand and underestimate the obstacles to rapid nuclear
growth. As a basis for planning, such gross overestimates have led to
zany bad decisions. In particular, they have created an illusory uranium
shortage that is being used to justify large investments in breeder
technology, reprocessing, and recycling.

Generally, the further into the future that projections are carried,

the less they are bound by current realities, and the wore fanciful they

~36-



become. Thus, while the NEA-TAEA cstimates of nuclear capacity for
1985 are probably high by a factor of two,.thcir estimates for the year
2000 may well be high by a factor of four. They estimate non-Communist
world installed capacity of 2,480 GW in 2000--compared to only 69 GW
in 1975. The political acceptability of such rapid installation of
So many reactors seems very questionable, given the evident public
opposition to the much more modest current programs. Further, electricity
growth will fall well below the growth rates of 6% to 7% implicit in thase
forecasts.

The implications of more moderate growth are tabulated in Table 7. Here
the installed nuclear capacity in 2000 is assumed to total 1000 GW with a
uniform growth rate of about 11.3% per year throughout the period—--a rate
that is on the high side of what.seems likely on present evidence.

The cumulative uranium requirements to 2000, assuming end-yea: capacity
of 1000 GW are about 1.9 million tons U3O8' by comparison, the NEA-
JAEA estimate of 2480 GW of capacity by 2000 implies U308 requirements
to that time of 3.8 million toms.

The implications of these two cstimatés of uranium requirements are
vastly different: Cn the low estimate, the world has a comfortable
margin of uranium resources to carry it well into the 2lst century.
On the high estimate, we arc coming close by 2000 to. exhousting uranium
resources currently identified as either reserves or probable additions
to rescrves.

Table 8§ shows a recent compllation of assured plus probable reserves

at under $30 per 1b U308. The total is 4.9 million tons U308. This
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Table 7

PROJECTED URANIUY. REQUIREMENTS
TO THE YEAR 2000

Estimated
Probable
Forecast Cumulative Low-Cost Annual
luclear Uranium Uraniun Uranium
Capacity Rquirements Resgurces Rquirements
8l "
(G¥) (10 SIUBOS) (10 STU308) (10 STUSOS)
1000 1,969 4,900 224
s 3 p
2450 3,826 4,900 313

1Assumes no recycle and .2% tails for the 1000 GW capacity figure and no
recycle and .25% tails for the 2480 GW capacity figure. ’

2See Table 8 for source of estimate.

3The high estimate as reported in Uranium Resources, Production, and Demand,
joint report of the OECD Nuclear Energy Agency and the IAFA, December, 1975.
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is a corfortaeble margin over the 1.9 million toa consumption estimate,
but much less rcassuring compared to the estimate of 3.8 million tons.
The diifercnt dmplications of high and moderate growth reamnin when

one considers more speculative estinates of uranium resources. A

recent survey of uranium resource estimates underiaken by Pan Heuristics
nakes a plausible case that recoverable world-wide uranium resources
total at least 12-23 nillion tons.* If correct, the nead for the breeder

and other ureniuz-extending weasures such as recycling recede very far

into the 21st cen*ury under moderate growth assumptions. But, with the

dgh growth assumptions of NEA-TAEA, which inply a doubling of nuclear

capacity each decade near the end of the century, even 20 million tons of

U308 could be censunmed within the first few decades of tha 21st century.

D. Conclusion

Both co—on sensz and all available evidence indicate that nuclear
power will greow fzr core slowly than the forecasts of the nuclear
advocates--ferecasts which currently appear to dominate policy discussicas.
More moderate (hut still high) projections of uuclcar growth indicate
that there are acple uranium resources to take us well into the
next century. There is uo need for an early decision to undertake

recvceling, and roscarch on breeder developuent can proceed at a slower,

more ecoaonical rate.

%), Gacikias, "Fetimates of the Supply of Uranium," Pan Heuristics,
1 1

May 1976, u19¢

ished.
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Table 8

VORLD_SUPPLY_ OF URANIUM
1000 Tons U308
keasonably Ascurad
Resources
<$15/1b. $15-30/1b.
U308 U308
Africa 358.8 130.0
Algeria 36.4 ———
C.A.R. ) 10.4 ———
Gabon 26.0 ———
Niger 52.0 13.0
Scuth Africa 241.8 117.0
Zaire 2.2 ——
Asia 9.2 45.8
India 4.4 33.5
Japan 1.4 8.5
Korea —_— 3.1
Turkey 3.4 .6
Australia 476.0 —
North Arerica 763.7 239.9
Canada 187.2 286.6
Mexico 6.5 ©1.3
U.S. 570.0 210.0
South Arerica 24.7 15.6
Argentina 12.1 14.7
Brazil 12.6 .9
Western Furope 76.2 552.8
Firland = ====- 2.5
France 48.1 23.4
Germany .6 .6
Greenland — 7.8
Italy —_—— 1.6
Portugal 9.0 ———
Spaia 13.0 121.6
Swaden ——— 390.0
U.K. ———— 2.3
Yuroslavia 5.5 3.0
Vorld 1718.6 984.1

World Total in all above catepories: 4.9 million t

Estinite Probable

Additiunal Resources

<$15/1b. $15-30/1b.
U39 U30g
53.0 107.9

10.4 ——
6.5 6.5
26.0 13.0
7.8 88.4
2.3 ————
1.5 29.2
1.0 29.2
.5 ———
104.0 ————
1076.2 528.5
421.2 123.5
655.0 405.0
30.9 31.2
19.5 31.2
11.4 ——
45.2 190.1
32.5 19.5
1.3 3.9
——— 13.0
——— 1.3
11.4 127.4
——— 19.8
1310.8 886.9
BITS UBOB

Source: D. Gaskins, "Estinates of the Supply of Uranium," P Hewvistics,

Unpublished.
1

covered deposits in known uranius distvicts.

Estimated to exist in extensions of known deposits or anticipated but undis
Poteat tal resources in the ULS.,

categories of possible or speculative are aot included.
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There are great uncertainties about all aspects of future cnergy

consuaption and production. TIn the face of such uncertainties, there

are substantial benefits to be gained by deferving commitments snd invest-

ments until more is known about the probable course of cvents. The

clear message of this paper is that the costs of decferring commitments

to recycle are likely to be minor relative to the potential benefits.

Unless growth proceeds much faster than seems likely on the evidence

at hand, present investments in these nuclear activities will be costly

and wasteful. The prudent and rational course is to defer investments
in these activitics until such time as the course of actual events

(rather than fanciful projections) profide reasonable assurance tlat

they arc nceded.
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