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Nuclear Power, Nuclear Proliferation, and Global Warming*

H.A. Feiveson

I ntroduction

| address here the nucdlear wegpons proliferation risks that will be posed by a robust
expanson of cvilian nuclear power worldwide. By robudt, | will take as a benchmark, a
globd nudear cgpacity of 3000 gigawatts-dectric (GW) — an dght-fold increase from
today’ s worldwide capacity of 350 GW.

An increese of a least this magnitude will be necessary for nuclear power to meke
a dent in globd warming. For example, under the centrd businessas-usud projection of
the Intergovernmenta Program on Climate Change (IPCC), if nuclear power grew to 3000
GW in 2075 (50% of world dectricity then projected), and then 6500 GW in 2100 (75% of
world dectricity), the totd cabon emissons avoided cumuldivdy would be
goproximatdy 290 hbillion tons through 2100 — only about one-fourth the projected
cumulative carbon emissions to 2100 projected by the IPCC.

The management of a nucdlear sysem of 3000 GW would be truly chdlenging. If
based on a once-through fud cycde udng light water readors, such a system would
generate roughly 600 tons of plutonium annually, and would reguire on the order of one-
haf million tons of naurd uranium annudly. If based on liquid-metd plutonium breeder
reectors, it would involve the fabricatiion into fresh fud annudly of over four thousand
tons of plutonium (though the cumulaive inventory of plutonium would be much less than
for a sysem based on light water resctors). Is a nucdlear future of such magnitude
thinkable?

The proliferation risks | have in mind are two-fold:

That countries or terrorist groups could divert fissle materids directly from the civilian
nuclear fud cycle into nuclear explosves,

That countries aspiring to obtain nuclear wegpons could use civilian nudear fadlities
(power reactors, research reectors, reprocessng plants, uranium-enrichment plants,
efc) and traned cadres of nuclear scientists, engineers, and technicians as a cover
andlor traning ground for the dedicaied acquidtion of fissle materid for nudear

weapons.

A third sort of risk -- that terrorists could use civilian spent fud or high levd wadtes for a
socdled “dirty” bomb or radiologicd wegpon, or could rdease subgantid amounts of

! This paper is based on alonger paper presented at the University of Michigan Workshop
on the Future of Nuclear Energy, October 24, 2002; and on “The Search for Proliferation
Resistant Nuclear Power,” Public Interest Report, Federation of American Scientists,
September/October 2001.
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radioactivity through atacks on reectors, spent fue pools dry-dore casks, trangportation
casks, or thelike — raises a different class of questions and | do not consider these here.

S0 let's condder how a nuclear sysem of 3000 GW would look, and the specific
proliferation risks it would pose.

Implications of a Robust Future for Nuclear Power

What countrieswill have nuclear power?

Nuclear power today is ovewhdmingly locaied in a rddively few indudridized
democracies, a few countries in Eastern Europe, Ukraine, Lithuania, and Russa. Of the
350 GW indalled cgpacity worldwide, less than 10 GW are in deveoping countries.  This
includes 2.3 GW in India, 2.1 GW in China, 0.9 GW in North Korea, 0.4 GW in Pekigtan,
and 27 GW in South America For the most pat, the countries with nuclear power
programs are ether aready nuclear weapon States or countries which for whatever reason
do not aspire to become nuclear wegpon States.

An exuberant nuclear future will present a different picture. It is widdy recognized
that the scene of dgnificant nuclear growth over the next hdf century will have to be
largely in the devedloping countries.  This is where by far the greatest increase in dectricity
production is projected. The table bdow shows the top 25 countries by populdaion
projected for 2050 by the U.N. | then abitrarily assumed a 1 kW per capita (1 kWic)
dectricity capacity for each country shown, and equdly ahitrarily assumed a nuclear
penetration of 33 percent. In an atice last year in Physics Today, Ernie Moniz and
Meanie Kenderline note thet the knee of a curve plotting the U.N. human welfare index
aganst per-capita eectricity consumption is & about 4000 kWhi.?  This would
correspond to a 1 KW capacity at dightly less than a 50 percent capacity factor.

_Rank Order World Population in 2050 B

Country Population (millions) GWa lkWilc GW nudear a 33%
India 1620 1620 50
China 1470 1470 490
United States 403 403 14
Indonesia 337 337 112
Nigeria 303 303 101
Pakistan 267 267 89
Brazil 206 206 &3
Bangladesh 205 205 63
Ethiopia 187 187 62
Congo 181 181 &0
Philippines 153 153 51

2 Ernest Moniz and Melanie Kenderline, “Meeting Energy Challenges: Technology and
Policy,” Physics Today, April 2002. The current average worldwide per capitaectricity
consumption is about 2300 kwhly. Theidea of using populaion projections to 2050 was
suggested to me by Moniz, private communication.
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M exico 153 153 51
Vietham 119 119 20
Russia 118 118 20
Egypt 113 113 37
Japan 101 101 37
Iran 100 100 3
Saudi Arabia 9l al 0
Tanzania 88 &8 2
Turkey 86 & 2
Sudan A A 28
Uganda 84 A 2
Germany I IS 2%
Y emen 71 71 23
Thailand 0 70 PA]

This lig incdludes severd countries which today have essertidly no or a negligible
anount of nucler power: Indonesa, Nigeria, Peakisan, Bangladesh, Ethiopia, Congo,
Philippines, Vietnam Egypt, Iran, Saudi Arabia, Tanzania, Turkey, Sudan, Uganda,
Yemen, and Thaland.  No doubt, severd of these countries (and many others down the
ligt) will, in the event, not actudly develop nucdlear power on a large scde. And, of course,
it is a red question how these countries will obtain the cgpitd and technicd expertise
required. But let's not kid oursdves. If, as we are positing here, nuclear power comes to
play a subdantid role in the world energy economy, it will have to be located in many of
these countries — and on a subgantid scde  After dl, in the illugration shown, nudear
represents just one-third of dectricity podted, and dectricity overdl is likdy to be no
more than about one-third of totd energy consumption. Thus even in this exuberant
extrgpolation, nuclear represents a relativedly smdl fraction of totd energy — on a lesser
scde, it would make little dent in the greenhouse problem.

Thisimmediately provokes several concerns.

States of Concern. Today, Iran and, in a somewhat different category, North Koreg, raise
specid problems. These countries are parties to the NPT, and in the case of Iran a lesst
have accepted full IAEA safeguards. But both countries are suspected of harboring
nuclear wegpon programs (in the case of North Korea admitted) and raise vexing issues for
the international community. As the table above suggests, in the future, there are likdy to
be severd countries whose nonproliferation credentids will be suspect, and some of thee
may be tied to terrorists. Because of this, there will be temptation for the internationd
community to indulge in a twodass sysem of nuclear power, with certain technologies
and fud cydes denied to one dass of countries, while permitted in “safe’ countries. It
seems unlikely that such a system could be maintained over decades.

Latent Proliferation. Whereas today it is far dmply to demand that civilian nudear
power remain a less atractive route to acquistion of wegpons-ussble materid than a
dedicated route, that is not the way to think about a robust nuclear future. For in this case,
we are taking about scores of countries which do not today have any substantid nuclear
power program a dl obtaining both nudear facilities and the infragructure in technology
and expertise under the guise of a civilian purpose that would eventudly dlow a dedicated
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wegpons program. Today, we have to be redidic in admitting that in many countries the
nuclear technology genie is wel out of the bottle; but this does not in itsdf judtify letting
genies everywhere out of the battle.

There would be a large expanson of safeguards. If safeguards efforts are calibrated
roughly by the number of fadlities in nonnuclear-wegpon dates, the nuclear future
envisoned would involve a many-fold increese in numbers of ingpections and in the
ingpection budget as compared to today.

What happens today if a state withdraws from the NPT? While its NPT Internationa
Atomic Energy Safeguards (IAEA) agreement would then dso expire, in many — in fadt,
in mogt — cases other obligations would reman in place from preexising safeguards
agreements that were suspended when the NPT came into force, or from back-up
safeguards demanded by nuclear suppliers a the time of te export. The legd Studion is
somewhat murky and has to be examined country by country; but it gppears that facilities
and materids produced indigenoudy might not carry back-up safeguards obligations.  This
could be troubling in a robust nudear future where over time one imagines an increasing
number of countries will be ale to deveop nucler power independently of outsde
uppliers

Pressuresfor reprocessing and recycling of plutonium

Nucler power today is operated predominantly on oncethrough fud cydes in
which the fud for the reactors is ether naturd uranium or low-enriched uranium which
canot be used for wegpons, and the spent fuel discharged from the reactors is not
reprocessed — that is, where the plutonium contained in the spent fud is not separated from
the highly-radioactive fisson products. Thus the once-through fued cycles are reasonably
proliferation resgant. A country could, of course, seek to enrich low-enriched uranium
fud to wegpons leves (from 4-5% U-235 to over 90% U-235), or dternatively to build a
quick and dirty reprocessng plant to recover plutonium. But in generd safeguards should
be adequate to discover such activities so that any attempt a diverson could not be done
clandestindy.  Still more important, such enrichment or reprocessing gppears out of reach
for sub-nationa groups.

However, even today not al nuclear power is operated on once-through fue cycles,
the UK, France, Russia, and to a lesser degree Jgpan are reprocessing spent fuel. Large
commercid plants in the UK and France are reprocessng both ther own spent fud and
soent fud from other countries, notably Jgpan and Germany. At present, about one third of
the spent fud discharged from reectors each year worldwide is being reprocessed. The
plutonium separdion is currently roughly 20-24 tons per year, though this may decrease
some during the next few years. Mog of the plutonium that has been separated remains
dtored at the reprocessing plants.

Some of the separated plutonium is being fabricated into mixed-oxide fud (MOX)
a four plants in Europe. In 2000, these plants produced somewhat less than 200 tons of
MOX, incorporating 10-12 tons of plutonium, with the MOX production capacity expected
roughly to double in the next few years. The MOX is being burned in goproximatdy 32
light water reactors (LWRS) in France, Germany, Belgium, and Switzerland. Another 18
have been licensed to use MOX. Jgpan is planning to use MOX in one-third of its reactors
by 2010. In dmog dl these cases MOX is being used or is planned on being used in one-
third of cores.
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The proliferation risks of reprocessng and recycdling are dear. Frg of dl, the
reprocessing has generated a tremendous quantity of separated plutonium which has to be
very aefully accounted for and guarded. Much of the separaied plutonium — in the form
of plutonium oxide — is France and the UK, and reasonably secure one believes. But a
large quantity is in Russa under less certain security, and there are gppreciable quartities
in Jgpan. Second, the use of MOX in reactors means that there will be supplies of fresh
plutonium fud a MOX fabricaion plants a reactor dStes, and in trangport from
reprocessing plants to fabrication plants to reactors.

For a time, many in the nudear industry mantaned the bdief (or unexamined
hope) that the plutonium beng separated and recyded could not be used for nuclear
wegpons.  They beieved this because the plutonium recovered from civilian spent fud —
so-cdled “reactor-grade putonium” -- has a reatively high fraction of the isotope Pu-240,
around 25% for plutonium from LWR spent fue, compared to less than 6% for wegpons
grade plutonium.  Pu240 fissons spontaneoudy, emitting large amounts of neutrons,
leeding to the possbility that one of the neutrons could initisie a chain reaction before the
bomb assembly reeches its maximum super criticd date and thus cregiing a fizzle yidd.
Indeed, the progpect of such predetonation rules out the use of guntype desgns
employing even wegpon-grade plutonium. Unfortunately, it is now clear that reactor grade
plutonium can be used for wegpons. The issue was addressed in a 1994 in a Nationd
Academy of Sciences study and later described in a January 1997 U.S. Department of
Energy Release™

“virtudly any combination of plutonium isotopes ... can be used to make a nuclear
wespon. ... In ghort, reactor-grade plutonium is wegpons-usable, whether by
unsophigticated proliferators or by advanced nuclear wegpon daes. Theft of separated
plutonium, whether wegpons-grade or reactor-grade, would pose a grave security risk.”

So, in short, reprocessng and recycling dready present risks.  However, with the
recycling ectivities so far redricted to Europe, the standards of security and safeguards
agoplied to the MOX are probably high. But this cannot be counted on in a vastly expanded
nuclear industry worldwide. Whatever the risks today, they will be multiplied if ever a
red market devedops for MOX, with middlemen and agents arranging for the purchase and
sde of MOX.

And in the robugt future envisoned, there will be marked pressures on countries to
reprocess and recycle.  Firg of dl, the uranium demand for nuclear power relying mostly
on a oncethrough fud cyde will be enormous. It wil be on the order of 600,000 tons of
naturd uranium per year. Even if eventudly hundreds of millions of tons of uranium
could be obtained from so far unexplored terrestrid sources and/or from seawater, there
will exig strong incentives for countries to use uranium resources more efficiently.

Perhgps even more dgnificant will be the pressure put on spent fud disposal. |If
repodtories ae limited by heat output a time of the closure of the repostories,
reprocessing could increase effective repository space by a factor of 3 or so if only

% U.S. Department of Energy, Non-Proliferation and Arms control Assessment of
Weapons-UsableFissile Material Storage and Excess Plutonium Disposition Alter natives
January 1997.
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plutonium and uranium ae separated, and tenfold or more if the separation includes
Americium and the lesser actinides It seems unwise to base our fud cycde choices on
repogtory avalability given the high cods of reprocessng and trangmutation that would be
involved — and espedidly 0 if the difficulties of finding repostories is due more to palitics
than stience.  But concerns with spent fuel disposal will certainly give srong support to
those who wish to reprocess and recycle, and in fact are dready doing so.

No plutonium recycling — continued reliance on once-through fuel cycles

Let us say, neverthdess, that the world can keep to once through fud cycles. How
proliferation resstant would such aw orld be?

For sake of specificity, let's assume a 3000 GW nuclear capacity comprised hdf by
pebble-bed high temperature ges reectors of the kind now under sudy in the U.S. and
South Africa, each of 100 MW, and hdf by light water resctors (LWRS), eech d 1 GW. In
such a world there would be 15,000 pebble-bed reactors and 1500 LWRs, and an
enrichment capacity worldwide of about 400 million SWUs per year. If one tekes 2
million SWUs per year as a nomind capacity of one enrichment plant — about the sze of a
URENCO plant — 200 such plants would be required. A 2million SWU plant could make
about 600 bombs per year gating with naturd uranium. It could make 3500 bombs per
year garting with 8% uranium, the fuel enrichment of the gas-reactor fudl.

Although arguably enrichment plants could be highly centrdized with capacities
much grester that 2-million SWU, the wish of countries to diversfy and not to put too
many eggs in one basket will place some limits on centrdization. And in any cae, a
nucler system based on a once-through fud cyde will involve massve flows of naurd
and low-enriched uranium, lots of separation plants, and lots of incentive for innovetion to
meake isotope separation chegper and quicker. This is especidly of concern in that terrorist
groups could far more reedily make a nuclear wegpon from highly enriched uranium then
from separated plutonium.

But plutonium will dso be a mater of concern in this ogensbly once-through
nuclear world. Condder the scope of the spent fud (end contained plutonium) thet will be
generated in such a oncethrough world. The spent fue would be on the order of 50,000
70,000 tons of heavy metd per year, gpproximately the capacity that has been planned for
Yucca Mountain (70,000 tons). So nomindly we can imagine one “Yucca Mountan”
being condructed every year worldwide And each one will have to be guarded
indefinitdy, since dfter severd decades, the radioactivity surrounding the plutonium  will
decay substantidly meking the spent fud repostories prospective “plutonium mines™
Each repostory (usng the Yucca Mountan scae) would contain some 1400 tons of
plutonium:-239.

4 Per Peterson, “Issues for Detecting Undeclared Post-Closure Excavation of Geologic
Repositories,” Science and Global Security, Vdl. 8, No. 1, 1999; Per Peterson, “Long-term
Safeguards for Plutonium in Geologic Repositories” Science and Global Security, Vadl. 6,
No. 1, 1997; Edwin Lyman and H.A. Feiveson, “The Proliferation Risks of Plutonium
Mines,” Science and Global Security, Val. 7, No. 1, 1998.
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Proliferation Resistance of New Generation Reactors and Fuel Cycles

Advanced nuclear technologies and fud cycles under sudy could in principle
improve the proliferation resstance of nuclear power, but whether they could do o to the
extent necessary under an exuberant nuclear future must be doubted.

The concepts being examined by nuclear engineers and scientiss in the U.S. and
abroad include: reector-types and/or new fuds which dlow very high burnup and produce
less plutonium than do current reactors (such as, for example, the pebble-bed high
temperature gas-cooled reactor); breeder or particle-accelerator driven reectors that, to the
extent possble, co-locate sendtive processes (such as reprocessing) with the reactor, and
do not separate the plutonium from other actinides, and schemes that restrict nuclear power
to lage internationd energy paks tha would then export to individud countries,
eectricity, hydrogen, or small, seded reactors. The reactors envisoned in this last scheme
would be say 40 or 50 MW and would be fueled & some centrd nuclear park and then
seded and sent out to dient countriess  The reactors would have lifetime cores, not
requiring re-fuding, and a the end of the core life (say 1520 years) would be sent back to
the centrd facility unopened. Let’s cal this a hub-gpoke configuration.

All these ventures are worthy of study. However, so fa none of the concepts
agopears dtogether satisfactory. The high-burmnrup reactors require higher enriched fuds
than light water reactors, and as indicated above, if deployed on a grand scae, would leed
to vagt flows of uranium and a great expanson of enrichment activities And it is dso
questionable that such reectors maintained in a oncethrough mode could sustain a nuclear
cgpacity of 3000 GW. The breeder and closed fud cycle concepts generdly imagine a
world where the breeder reactors are redtricted to “safe’ countries while off limits to much
of the developing world. As noted earlier, | am skeptica that such a two-tier nuclear world
can long be sustained.

The third concept of large, centrdized international parks gppears to me the most
atractive of the new proliferation resstant idees being examined. But are internationd
enagy paks redidic dtendives on politicd and economic  grounds? Paliticaly,
internationd energy parks run againg the strong wish of many countries to become energy
independent.  Countries will aso be wary of concentrating too much of their energy future
in a few places, with their attendant risks of common-mode falures diguption of
trangmission lines or shipping, etc.

Conclusion

All in dl, it may be that nuclear power can limp aong for years, maybe decades, at
roughly current levels and with dmogt dl nudear power locaed in a rdaivey smadl
number of highly indudridized countries, with tolerable proliferation ressance. Ard this
posshility would be further enhanced if new-generation reectors can be deployed in the
next twenty years or so. Certainly, in the margin, a few more or a few less reactors in the
nuclear wegpon daes, in Jgpan, and in Europe would hardly seem to matter a dl. But, in
this case, we have to ask the question whether such a limited nuclear future is redly worth
dl the attendant aggravations and red (dbeit contained) risks.  If not, perhaps the time has
come for many countries to begin plotting a determined phase out of nuclear power!
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In my view, the risks associated with a robust nuclear future are essentidly
irreducible even if some of the so-cdled “proiferation-resstant” concepts now being
explored by the internationd community are implemented. The concept under sudy that
holds the most promise is the devdopment of a hub-spoke arrangement where dl senstive
activities ae paformed a a centrd, perhgos internationd, facility with seded nuclear
reactors, dectricity, or hydrogen then sent out from the centrd facility to the “dient”
dates. But such a drategy faces enormous politicd and practical obstacles. And dl the
more 0 does the extreme of this dtrategy — to place dl nudear power under internaiond
control. A nuclear power system worldwide of a scope to address globd warming will
pose unacoceptable risks of nuclear proliferation without a dragtic lessening of nationd

control either over nuclear energy or over nuclear wegpons.
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