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vided aclear and full picture of German plutonium

stockpiles? Rather, published data have been lim-
ited to discrete summaries of certain activitiesand of the
guantities of plutonium these have generated. The most
comprehensive unclassified estimate of world-wide plu-
tonium balances was presented by a group of non-gov-
ernmental researchersin the spring of 1997.3 It presented
figuresasof 1996, but, especialy in the case of Germany,
thisanalysislacked detail.

Nine plutonium producing and empl oying countries pre-
sented common guidelinesfor the handling of plutonium
production and useinformation at theend of 1997. Known
astheInternational Plutonium Management Group, these
countries—Belgium, China, France, Germany, Japan,
Russia, Switzerland, the United Kingdom, and the United
States—agreed within the framework of these guidelines
to publish inventories of civilian plutonium annually. This
isan important step towards the establishment of trans-
parency. ¢ Unfortunately, the chosen format for these
yearly balance reportsisunsatisfactory. It containsonly
afew aggregated summariesof plutonium holdings, data
which do not allow for attribution to facilities or owners
and which are not required to be more precise than plus
or minus 50 kg—enough for six nuclear weapons accord-

To date, publicly availableinformation has not pro-
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ing to the International Atomic Energy Agency (IAEA)
standard of eight kg per weapon.® So far, Germany has
increased reporting accuracy to plusor minusfive kg, but
it has not completely followed the self-imposed obliga-
tions of the plutonium holding group. (See Tables 1 and
2). Moreover, separate data on German plutonium held
outside Germany and on “foreign” material held in Ger-
many are not made available under the guidelines of the
group. Theannual reports merely statethat all thismate-
rial is the property of the EU nuclear organization,
EURATOM .®

The relevant datafor Germany on plutonium separa
tion within the country and abroad, on the import and
export of plutonium, on processing of separated plutonium
into mixed plutonium-uranium oxide (MOX) fuel, and on
the use of MOX, as well as accounts of current pluto-
nium inventorieswere collected by the authors of thispaper
inastudy which relies both on published material and on
original, research and calculations.” Thisreport contains
asummary of the results of that analysis. Now that Ger-
many has discontinued the reprocessing of spent fuel do-
mestically, aswell asthe production of MOX within the
country, it should be possible to compile aconclusive plu-
tonium balance report for these sectors.
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In reviewing the databelow, it isimportant to remem-
ber that so-called reactor-grade plutonium, which is ob-
tained from spent power reactor fuel withitstypically high
levelsof burn-up, can be used for the production of nuclear
weapons, even if such material is of lower quality than
the plutonium used by nuclear weapon states for their
nuclear arsenas. All German plutonium stocks, it should
be added, are under the nuclear safeguards both of the
IAEA and EURATOM inspectionsand audits designed to
detect diversions of nuclear materialsby national govern-
ments. Inaddition, the material issubject to physical pro-
tection and other security measuresin the countrieswhere
itisstored. These measuresareintended to prevent theft
or seizure of such materials. Nonetheless, because of the
continuing and widely recognized proliferation risks of
plutonium, it isessential to develop astrategy for the se-
cure, long-term disposal of German plutonium stocks.
Understanding current German plutonium balances and
the whereabouts of thismaterial isacritical first step to-
wards the devel opment of such astrategy.

SUMMARY OF REPROCESSING

Through February 1999, spent fuel elementsweighing
atota of 6,253 metric tons (MT) HM (metric tons of
heavy metal, that is, uranium and plutonium)® had been
removed from German power reactors and shipped to
other locations. Out of that, 5,279 MT HM (84 percent)
wastransported to reprocessing facilitiesand 628 MT HM
(10 percent) were brought to a German central interim

“away-from-reactor” storagefacilities. Again, as of Feb-
ruary 1999, an additional 2,641 MT HM were stored in
the spent fuel storage pools of German nuclear power re-
actors.

Of the 5,279 MT HM shipped to reprocessing plants,
4,540 MT HM—morethan 86 percent of the total—was
transported to the LaHague reprocessing plant, operated
by the French concern, COGEMA,, illustrating the central
importance of German-French cooperationin this sphere.
Of the remaining material shipped to reprocessing plants,
94 MT HM (1.7 percent) was delivered to the German
reprocessing facility Wiederaufbereitungsanlage
Karlsruhe (WAK); 645 MT HM (12 percent) was sent to
the THORP reprocessing plant in Sdllafield, United King-
dom, operated by the British Nuclear Fuels, plc (BNFL);
and 28 MT HM was shipped to the reprocessing plant in
Mol, Belgium, operated by the firm Eurochemic.® In ad-
dition, the WAK plant received 110 MT HM from Ger-
man research and prototype reactors.

Figure 1 shows that as of February 1999, 3,994 MT
HM of the 6,253 MT HM delivered by Germany to these
facilities had been reprocessed, roughly 64 percent of the
material.’® Thisreprocessing activity resulted in the sepa-
ration of atotal of between 32 and 38 MT of plutonium
(enough for 4,000 to 4,750 nuclear weapons, using the
IAEA standard).*

At LaHague and Sellafield, this reprocessing was un-
dertaken pursuant to contracts German utilities signed with
COGEMA and BNFL prior to the abandonment, in 1989,

Figure 1: Power Reactor Fuel Reprocessed for German Customers as of February 1999

O Germany WAK (94 MT HM)

0O France COGEMA (3652 MT HM)

i England BNFL (248 MT HM)

Total amount: 3994 MT HM

/

Note: This chart does not include the reprocessing in Belgium of lessthan 28 MT HM
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of the planned German reprocessing plant at Wackersdorf.
These contracts provided for the reprocessing of atotal
of 5,641 MT HM at the two foreign facilities and are
known asthe so-called “old” contracts, or Altvertrage, in
contrast to the “new” contracts, or Neuvertrage, signed
after that date. When Figure 1 (completed reprocessing)
isread in conjunction with Figure 2 (all contractsfor re-
processing), it appearsthat as of February 1999 about 70
percent (3,900 MT HM) of the old contracts for repro-
cessing in France and the United Kingdom had been ful-
filled, leaving 30 percent (1,741MT HM) to befulfilled in
the future.®?

The total amount of spent fuel covered by the new,
post-1989 contractswith COGEMA and BNFL isnot pre-
cisely known, in part because the new contracts are based
on demand (in contrast to the old contracts, which were
based on fixed amounts). Overall, however, itisbelieved
that the new contracts signed in the 1989 timeframe pro-
vided for the reprocessing of roughly 3,010 tonnes of
spent fuel. Sincethat time, however, German utilitieshave
cancelled contracts providing for reprocessing of 1,581
MT of spent fuel, leaving 1,429 MT to be reprocessed
under the new contracts.®®* The reprocessing of the re-
maining 3,170 MT of spent fuel yet to be reprocessed in
1999 under the old and new contractstogether, would result
in 28-33 MT of separated plutonium (enough for 3,500
to 4,000 weapons), in addition to the 32-38 M T of pluto-
nium already separated from German spent fuel at all fa-
cilitiesasof 1999.1

German utilities and the German government have
agreed that the last shipment of spent fuel to a repro-
cessing facility will take place by July 1, 2005. All quan-
tities delivered by that time may be reprocessed.™ It
remains unclear how much spent fuel will eventually be
reprocessed. According to current planning data, as
shown in Figure 2, the largest share of reprocessing for
German customerswill continueto take placein France,
whilethe British contributionis expected to increase sub-
santidly.

Repraocessing in Germany

The German WAK pilot reprocessing facility operated
between 1971 and 1991. According to the information
given by WAK managers,’® roughly one MT (1,189
kg) of plutonium was separated in 32 separation cam-
paignsfrom 204 MT of HM (see Figure 3). Detailed in-
formation on the material processed in these campaigns
isavailable, which permits conclusionsto be drawn about
theisotopic composition of the plutonium obtained from
these activities.r” Of the nine reprocessing campaigns
that processed fuel from the MZFR (Mehrzweck-
Forschungsreaktor) reactor, seven campaigns treated
spent fuel with aburn-up below 10,000 MWd/t. Thisis
of particular interest from the standpoint of proliferation
because thislow burn-up rate means that the 250 kg of
plutonium separated in these campaigns had a high pro-
portion of Pu-239, making the material particularly at-
tractivefor usein nuclear weapons. Assuming that eight

Figure2: German Reactor Fuel Reprocessing Contracts Completed or in Place as of mid-1999

Total amount: 7164 MT HM

Ger many England,
(94 MT HM)  old contracts
(884 MT HM)
England,
France, new contr acts
new contr acts
(1127MT HM)

\V/ (302 MT HM)

France,
old contr acts
(4757 MT HM)

Note: This chart does not include the reprocessing in Belgium of lessthan 28 MT HM
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kilograms of plutonium are needed for anuclear device,
thismaterial would be sufficient for more than 30 nuclear
weapons. A second, smaller experimental plutonium sepa-
ration facility, called MILLI, was once operated in the
Kernforschungszentrum in Karlsruhe. This plant was
able to reprocess fuel elements from fast breeder reac-
tors. Sufficient high-quality plutonium for one or more
nuclear weapons may have been produced at thisfacility,
but detailed informationislacking.

Reprocessingin France

Thetotal volume of German contractswith the French
reprocessing concern COGEMA, which operatesthe La
Haguefacility, originally amounted to 6402 MT HM, and
currently amounts to 5884 MT HM of spent fuel. New
contractsfor 598 MT HM have been cancelled. By Feb-
ruary 1999, about 4,540 MT HM of spent nuclear power
plant fuel elements had been shipped from Germany to
France containing between 38 and 45 M T of plutonium.
Of this spent fuel, 3,652 MT HM had been reprocessed
in France as of February 1999, resulting in between 28
and 35 MT of separated plutonium.® By the beginning
of 1999, between 9 and 14 MT of separated plutonium
had been re-imported into Germany, mainly contained in
fresh mixed uranium-plutonium oxide (MOX) fuel.?°
Using thesefigures, 14to 21 MT of separated plutonium
would still have been stored in France at that time. This
amount could be assessed with greater accuracy only if
the particular fuel elementsthat had been reprocessed and
their composition and burn-up profile were known. Sepa-
ration efficiency at the LaHague plant would also play a
role in the assessment of the amount of separated pluto-
nium.

Thisanalysis also indicates that as of February 1999,
no morethan 9to 10 MT of plutonium remained in spent
fuel awaiting reprocessing in France. According to past
experience, an annual separation rate of 3to 3.5 MT of
plutonium from German spent fuel can be expected.

French practice is not to strictly separate civilian and
military nuclear activities. Plutonium of different origins
can be mixed and even deliberately exchanged, if this sat-
isfiestherequirementsof itsend-users.?* Therefore plu-
tonium from German reactors could have found its way
into the French nuclear weapons program, assuming the
addition of equivaent plutonium into German stocks,
which would have made the transaction effectively neu-
tral. Such substitutions are not uncommon under inter-
national practice. The coresof the KNK | and 11 research
reactors at the Kernforschungszentrum Karlsruhe, for
example, werereprocessed at France's Marcoul e nuclear
center in 1976 and 1993-94. The exact amount of pluto-
nium separated during the second campaign (estimated to
be about 100 k), itsisotopic composition, and itswhere-
abouts are not known to the authors.?? The whereabouts
of the plutonium that was separated during the reprocess-
ing of fuel elements of the KKN research reactor
(Niederaichbach) is a'so unknown to the authors. This
material isof specia proliferation relevance sincethere-
actor only achieved 18 days of full power operation, and
the purity of Pu-239 should therefore be especialy high,
athough the quantity islikely to be quite small .2

Reprocessingin Great Britain

Old and new German nuclear power plant contractswith
BNFL providefor thereprocessing of atotal of 2,250MT
HM of spent fuel. At the end of 1994, two new contracts

Figure 3: Cumulative Amounts of Separated Plutonium at the Karlsruhe Pilot Reprocessing Facility
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with atotal of 545 MT HM were cancelled by the Ger-
man energy utilities HEW and RWE and contracts for a
further 518 MT HM were cancelled between 1994 and
1999.

From 196910 1973, only 12 M T of German spent fuel
were reprocessed in Sellafield at the B204 facility. The
amount of separated plutonium should be about 100 kg.
By February 1999, 645 MT HM spent fuel had been trans-
ferred from Germany to BNFL, an amount that is small
compared to the quantity shipped to France. The pluto-
nium content can be estimated as about five to six MT.
The new reprocessing plant for light water reactor (LWR)
fuel, THORP, became operational in Sellafield in March
1994. Therefore, it appears that only a part of the Ger-
man fuel has been reprocessed up to now. By February
1999, atota of 248 MT HM with a plutonium content of
about 2.0t0 2.3 MT had been reprocessed.?

Between 1969 and 1982, atotal of 351 kg unirradiated
plutonium was imported into Germany from the United
Kingdom. This quantity exceedswhat was separated for
German clientsin England at the beginning of the 1970s,
implying that Britain provided additional material of its
own to Germany for various peaceful purposes. There
wereno more plutonium deliveriesuntil 1995.% It remains
an open question how much plutonium that was separated
for German nuclear power plant spent fuel has been
brought back to Germany since 1994.

Reprocessingin Belgium

Morethan 28 MT HM from two German power reac-
torsaswell asfrom variousresearch reactors were repro-
cessed in the reprocessing plant Eurochemic in Mol,
Belgium, which was operational from 1966 to 1974. An
estimated quantity of at least 110 to 150 kg of plutonium
has been separated.?® German imports of unirradiated
plutonium from Belgium, all believed to bein theform of
MOX, exceed this amount. It is not clear whether the
importsabove 150 kg involve German-origin plutonium
separated outside of Belgium or plutonium provided by
other countriesthat was fabricated into MOX fuel in Bel-
gium.

Reprocessingin Russia

Russiamay have reprocessed spent fuel from reactors
intheformer GDR. Thisissueis not covered here, how-
ever. Asnoted earlier, under GDR-Soviet fuel contracts,
no plutonium was to be returned to the GDR and, today,
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any plutonium recovered by the Sovietsis considered to
be the property of Russiaand is not part of German plu-
tonium stocks. With the reunification of Germany in 1990,
the FRG and GDR nuclear programswere merged and a
decision was made to close the six operating Soviet-de-
signed nuclear reactorsin theformer GDR. No spent fuel
from those plants remains at the six reactor sites. A por-
tion of this material has been shipped abroad (to Russia
and Hungary, see below) and the remainder was sent to
the German central interim storage facility ZAB, at
Greifswald. (See Table 3). There are no existing con-
tractsfor reprocessing with Russia.

IMPORTSAND EXPORTS

Data from the German Federal Export Office
(Bundesausfuhramt or BAFA) are available on the
amounts of exported spent fuel, aswell asof unirradiated
plutonium exported and imported between 1968 and 1994.
Thefigures show theimportation of 11 MT of unirradiated
plutonium, and the export of five MT of unirradiated plu-
tonium. (See Figures4, 5, and 6.)¥ The importation of
the 11 MT of this material consisted in large part of the
return of plutonium from German-origin spent fuel that
was separated in foreign reprocessing plants. The export
of three M T represents the exportation of plutonium in
fresh mixed oxide (MOX) fuel dementsfabricated for for-
eign customersin the Semensfacility (formerly theAlkem
facility) at Hanau. Inadditionto that, two MT of irradi-
ated plutonium (in spent fuel) were exported. The first
one-half MT consisted of the transfer of more than 100
MOX fuel dements of the decommissioned VAK experi-
mental nuclear power plant facility, in Kahl, (total mass
six MT HM) for direct final storagein Sweden.

A portion of the spent fuel inherited from the former
GDR was exported to Russia (293 MT HM) and to Hun-
gary (28 MT HM). Thelatter contained almost no pluto-
nium because thefuel consisted of an almost fresh reactor
corefor re-use in the Hungarian reactor at Paks.

MOX Production in Germany

In June 1965, the processing of plutonium into mixed
oxidefuel began in Germany with the production of fuel
pelletsfor the SNEAK (Schnelle Nullenergie Anordnung
Karlsruhe) facility. The company responsible for the
project, Alkem GmbH, moved in the early 1970s from
the Ker nfor schungszentrum Karlsruhe to Hanau. Alkem
was taken over in 1988 by SiemensAG.
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Figure 4: Export of Spent Fuel from Germany by Receiving State (According to BAFA)
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Figure 5: Import of Unirradiated Plutonium to Germany by Originating State (According to BAFA)
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Figure 6: Export of Unirradiated Plutonium from Germany by Receiving State (According to BAFA)
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For SNEAK, 600 kg of plutonium wasfabricated into
fuel rods in Karlsruhe. The plutonium was supplied
principally by the United States, most likely before 1972.
Asfor the quantity of plutonium-bearing fuel e ementspro-
duced by AlkeminitsHanau plant, the only datafound in
the open literature are contained in a bar chart showing
the annual amounts of heavy metal processed at thefacil-
ity.?® The bar chart in Figure 7 isareconstruction of this
data, showing the annual output of fresh plutonium-bear-
ing fuel, measured by actual havy metal content, and in-
dicating the proportion of fuel intended for use in fast
breeder reactors (FBR) and in commercia nuclear power
plants (light water reactorsor LWR).*

In the years 1968 to 1992, the Alkem (later Siemens)
fuel element plant at Hanau processed atotal of 8,553 kg
of plutonium into 164 MT HM .3 Of this plutonium, 77
percent was processed for commercial nuclear power plant
MOX fuel elements, and another significant portion for
research and prototype reactors like the SNR 300 fast
breeder reactor. A small remainder wasincompletely pro-
cessed or retained as scrap held in storage. Foreign cus-
tomers received 13 percent of the MOX fuel elements.
The Alkem/Siemens MOX fuel fabrication facility has
since been shut down, and an amost completed new fa-
cility, also built in Hanau, never became operationd . Thus
thereisno capacity to produce MOX fuel in Germany at
thistime, and noneisexpected to be built for theforseesble
future. Siemens has continued to act as contractor of MOX
fuel elements for German power supply companies by
outsourcing orders to other European production facili-
ties.

MOX Usagein Ger many

As of February 1999, twelve of Germany’s twenty
nuclear power stations had received licenses permitting
themto use MOX fuel elements, and al but three of those
possessing such licenses were using MOX fuel at that
time.® Another three of the remaining nuclear power sta-
tions had requests pending for MOX licenses. The con-
tent of fissile plutoniumin MOX fuel istypically limited
to five percent to protect against neutron embrittlement
of the reactor vessel, and only a quarter or athird of the
core is alowed to be loaded with MOX elements. One
reactor (Isar 2) hasan authorization for 50 percent MOX
initscore.

Details have never been published concerning how
much plutonium has been incorporated into the MOX fuel
used in specific reactors each year. Nor hasit been dis-
closed how many fresh MOX fuel elementshave actually
been loaded in reactor coresat individua German nuclear
power plants. However, the aggregate amount of heavy
metal in MOX that was employed in German reactors
through the end of 1996 has been disclosed in some de-
tail.®® At that time, 38 MT HM of MOX fuel were in
reactor cores;, 78 MT HM of MOX werein fuel e ement
storage at reactor sites, whether in the form of spent or
fresh fuel has not been specified; and 85 MT HM of MOX
fuel had been removed as spent fuel and transferred to a
reprocessing facility or acentral storagesite. By early 1999,
at least 123 MT HM of MOX containing 4.3t0 6.2 MT
of plutonium were in spent form and an additional two
MT were probably irradiated in power reactor cores. The
total of irradiated plutonium in thisMOX islikley to be
sixtoeight MT.

Figure7: Fabrrication of LBR and FWR MOX Fuel Elementsin Germany
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Another area of uncertainty is the proportion of
unirradiated plutonium containedin fresh MOX fud used
in German reactors. Thefuel rangesfrom 2.9 percent to
4.4 percent fissile plutonium content (“fissile” meaning
isotopes Pu-239 and Pu-241). Sincelessthan 3.5 percent
fissile plutonium content can be assumed on the average,

amaximum of seven MT of fissile plutonium could have
been delivered to LWR reactorsin MOX fuel. Theamount
of total plutonium, i.e. including the non-fissile, eveniso-
topes, such as Pu-240, can be estimated to be 10 MT.
(All other plutonium quantitiesused hereinincludedl iso-
topesof plutonium.) According to Siemens, about Six MT

Table 1: Annual Holdings of Civil Unirradiated Plutonium as Reported by Germany to the lAEA (MT)

Type 12/31/96

12/31/97  12/31/98  12/31/99

1. Unirradiated separated 0.0
plutonium in product stores
at reprocessing plants.

2. Unirradiated separated 0.4
plutonium in the course of
manufacture or fabrication
and plutonium contained in
unirradiated semi-fabricated
or unfinished products at fuel
or other fabrication plants or
elsewhere.

3. Plutonium contained in 2.7
unirradiated MOX fuel or
other fabricated products at
reactor sites or elsewhere.

4. Unirradiated separated 18
plutonium held elsewhere.

(i) Plutoniumin lines 1-4 not
above belonging to foreign  available
bodies.

(ii) Plutonium in any of the not
formsin lines 1-4 above held available
in locations in other
countries and therefore not
included above.

(iii) Plutonium in lines 1-4 0.0
abovewhichisin
international shipment prior
toitsarrival in the recipient
State.

0.0 0.0 not
applicable

0.3 0.41 0.58

39 4.84 5.48

18 131 1.13

not not not
available available available

not not not
available available available

0.0 0.0 0.0
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of total plutonium wererecycled inthe production of MOX
elementsfor German light water reactors and roughly one
MT for foreign reactors at the Siemens Hanau facility.®
Additional MOX fud dementsfor German customerswere
produced at MOX fuel fabrication facilitiesin Cadarache,
France, and Mol, Belgium.

At the end of 1996, about two MT of plutonium were
held in German LWR reactor cores. Assuming atime-in-
core of three years, then about 0.6 M T of plutonium was
loaded into the reactor cores asfresh LWR-MOX during
1996.%In the past few years, the MOX usagein German
reactors has increased. In 1999, MOX elements with a
total plutonium content of three MT (1.96 MT Pu-fis-
sile), were delivered to reactor operators.®

Stocks of unirradiated plutonium contained in fresh
MOX fuel elements awaiting use at the reactor sites are
also increasing. At the end of 1996, three MT of pluto-
nium are said to have been in “uniradiated MOX fuel or
other fabricated products at reactor sites or elsewherein
Germany.” Thisamount increased to four MT by theend
of 1997, to five MT by the end of 1998, and to 5.5 MT
by the end of 1999.3” From the end of 1996 to the end of
1999, the average annua increase of plutonium under this
category was 0.93 MT. However, the annual increase of
plutonium in unirradiated MOX fuel at reactor sitesis
somewhat larger, because some plutonium covered by the
guoted numberswas removed from the MOX fabrication

facility in Hanau during thistime, reducing the reported
inventory changefor this category.

Estimatesof Current | nventories

Tables1and 2 ligt the plutonium inventories asreported
by Germany to the |AEA according to the Guidelinesfor
the Management of Plutonium, also known asINFCIRC/
549,38

Table 3 summarizes current German plutonium inven-
tories, as assessed in this paper.®* Since thisis an inde-
pendent assessment based on incompl ete data, there may
be discrepancies between the authors' estimates and the
amounts officially published (as seen in an example be-
low).

Asof February 1999, atotal of 70to 89 MT of pluto-
nium is estimated to have remained from reactor opera-
tions in Germany. The largest part remained under
German control and responsibility. About 47 t0 59 M T of
this material was still contained in spent fuel elements,
including spent MOX fudl . About half of thelatter amount
(26 to 32 MT) is estimated to have been in the storage
pools of nuclear power plants in Germany at that time,
while11to 13MT of plutonium in spent fuel wasin France
and 3.5t0 5 MT was in the United Kingdom, awaiting
reprocessing.* The amount of plutonium in spent fuel at
reactor sitesisreported to be 31.5 MT according to the
official report provided to the International Plutonium

Table 2: Estimated Plutonium in Spent Civil Reactor Fuel as Reported by Germany to the lAEA (MT)

Type 12/31/96

12/31/97  12/31/98  12/31/99

1. Plutonium contained in spent not
fuel at civil reactor sites. available

2. Plutonium contained in spent not
fuel at reprocessing plants.  available

3. Plutonium contained in spent  not
fuel held elsewhere. available

Noteiii) Plutonium contained  not
in spent fuel sent for available
reprocessing and held in
locations in other countries.

not 315 36.75
available

not 0.0 not
available applicable
not 5.90 5.90
available

not not not

available available  available
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Table 3: Estimated Plutonium at and Originating from German Facilities as of Early 1999

L ocation Quantity Appearance as of
Hanau 1.093MT Fuel elements for the fast breeder reactor SNR
(Siemens and Bundeslager) 300 in Kalkar
0.554MT MOX powder and ceramic
0.455MT Plutonium dioxide as powder
(shipped back to France)
0.105 MT complete fuel rods (some to Dounreay)
0.070MT in nitrate solution (has been precipitated)
2.268 MT Subtotal early 1997
Karlsruhe (WAK) 16.5 kg in 70 m® liquid waste mid 1999
Kernforschungszentrum MILLI Unknown Plutonium separated with the PUREX process
from fast breeder fuel
Cadarache (COGEMA) Varying Plutonium dioxide and MOX fuel rods
Dessel (Belgonucleaire) Varying MOX fuel rods and MOX fuel elements
LaHague (COGEMA) 14-21MT separated plutonium Feb. 1999
9-10MT in spent UOX fuel Feb. 1999
(in888MT HM)
20-28MT in spent MOX fuel
(in56 MT HM)
Marcoule About 100 kg separated plutonium 1994
5-10kg separated plutonium
(from 46.3MT HM)  (only 18 fuel power daysin KKN)
Sellafield (BNFL) 20-23MT separated plutonium Feb. 1999
3-4MT in spent UOX fuel Feb. 1999
(in397 MT HM)
0.5-0.7 in spent MOX fuel
(in14.4MT HM)
Dounreay (UKAEA) Few grams HEU fuel elements of research reactor end 1998
Braunschweig
59 kg in unirradiated KNK fuel rods (from Hanau) end 1997
? SNR 300 fuel elements (?) end 1998
? further fuel residues (Alkem)
Power reactors, Germany 4.7MT in unirradiated M OX fuel Feb. 1999
25-30MT in spent UOX fuel Feb. 1999
(in2,641MT HM)
14-20MT in spent MOX fuel
(iIn40 MT HM)
, 3.0-44MT in spent UOX fuel early 1999
Greifswald (ZAB) (in532MT HM)
Gorleben 0.26-037MT in spent LWR UOX fuel elements Feb. 1999
(in38.4MT HM)
Ahaus 05-06MT in spent LWR UOX fuel Feb. 1999
(in57.8 MT HM)
Sweden (CLAB) 0.83-119MT in spent MOX fuel early 1999
(in23.8MT HM)
Russia 1.8-23MT in spent UOX fuel early 1999
(in293 MT HM)
Hungary <0.1MT in spent UOX fuel (very low burn-up) early 1999
(in28.2MT HM)
SUM 70.4-88.8MT total early 1999
Out of Which 474 - 585MT in spent fuel early 1999
23.0-30.3MT unirradiated early 1999
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Management Group, (see Table 2). Thisofficial estimate
is at the higher end of the estimate made in this paper,
suggesting that the historical caculationsused here are gen-
eraly consigtent with officially published aggregatefigures
and are conservative in estimating German plutonium
stocks.

According tothe estimate givenin Table 3, about 23to
30 MT of plutonium werein unirradiated form at the be-
ginning of 1999. The largest part of this materia (about
14t0 21 MT) waslocated in France. In spite of thelarge
uncertainty ranges, this estimate compares well with the
2410 32 MT of plutonium that remain after subtracting
theestimated six toeight M T irradiated in MOX fuel from
the total amount of separated plutonium (32to 38 MT).
If all “old” reprocessing contracts with COGEMA and
BNFL and al “new” contracts with them that are still in
force were completely fulfilled, about 28 to 32 MT of
separated plutonium would be added to existing stocks.
To what extent the plutonium surplus can be limited de-
pends on whether additional “new” reprocessing contracts
are cancelled before being completely worked through.

TheHanau Vault

A dignificant portion of the unirradiated plutonium that
isstored on German territory waslocated in the so-called
plutonium bunker in Hanau. A part of the vault is con-
trolled by Siemens, which had ahandling license for 460
kg of plutonium. Stockpilesbeyond that weretransferred
by Siemensto the German Federal Office for Radiation
Protection (Bundesamt fir Strahlenschutz - BfS) for fed-
era storage. Thisamount is stored in the part of the vault
that iscalled “federa storage space” (Bundedager). SBK,
the operating company for the now closed Kalkar SNR
300 fast breeder reactor, has usage rights for plutonium
that isstored in Hanau in the Bundesl ager.

For along time, no detailed information on plutonium
inventoriesin Hanau was made public. The standard re-
sponse of the German government to questions on the
subject was that more than two MT of plutonium were
stored at Hanau.**

At the beginning of 1996, inthelicense application for
the phase-out and shutdown of the Siemens MOX fuel
element facility at Hanau, more detail ed datawere made
public.* The application reveaed that atotal of about
2.2 MT of plutonium were then still in the Hanau vault.
Thelargest part of thismaterial consisted of 123 fuel ele-
ments, which were produced in Hanau for the SNR 300
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fast breeder reactor. These containone MT of plutonium.
About one-half MT of plutonium (554 kg) was at that
time stored as bulk MOX fuel powder and is currently
being fabricated into MOX storagerods. These arefuel
rods in which the plutonium, in oxide form, is blended
and sintered with large quantities of uranium oxideto di-
lute it and complicate its future recovery. The rodswill
not, however, meet regulatory and commercial standards,
making the storage rods unusabl e in nuclear reactors. At
the end of 2000, 430 kg of plutonium was stored at Hanau
intheform of MOX storage elements.®

Returning to the 1996 data, at that time almost one-
half MT (455 kg) of unirradiated plutonium was in the
form of plutonium-oxide powder that has since been trans-
ported in several shipmentsto Franceto be usedin MOX
fue fabrication. Anadditional 105 kg of plutoniumwasin
the form of complete fuel rods, and at least part of this,
consisting of KNK fuel rods, was later sent to a repro-
ng facility at Dounreay, Scotland, atransfer completed
by the end of 1997. Another 70 kg of plutoniumwasina
nitrate solution, which wasreceived from the WAK facil-
ity, wherefurther processing of the material wasno longer
permitted. The plutonium in this solution has been pre-
cipitated, sinceit cannot be safely stored asaliquid solu-
tionfor alonger time, and requires maintenance.

Other Plutonium Sored in Ger many

Especialy sensitive from the perspective of prolifera-
tionarethe 277 kg of plutonium that were separated from
Magnox fuel elements(i.e., fuel clad in aspecial magne-
siumdloy that isused in aunique reactor design employed
inthe United Kingdom) because the burn-up reaches only
about 3000 Megawatt daysper MT in Magnox reactors,
about atenth of that for light water reactors. Therefore,
the material has afar higher concentration of fissile Pu-
239 than the plutonium produced in typical nuclear power
plant spent fuel, an attribute that makes Magnox pluto-
nium especialy attractive for the production of nuclear
weapons. The authors have been unable to determine
whether this plutonium isstill stored in Hanau or whether
it has been returned to the country of origin, presumably
the United Kingdom, which is the only country to use
Magnox reactorsextensively. The authorshave also been
unableto learn whether additional plutonium with ahigh
Pu-239 content is stored in Hanau (e.g., from MZFR,
KKN and the super-heated steam reactor in Karlstein).

Separately, in early 1999, there were 16.5 kg of pluto-
nium stored in two containers with 70 cubic meters of
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liquid high-level wastein the former WAK reprocessing
plantin Karlsruhe.# All other plutonium stored there ear-
lier has been removed to other locations, according to the
WAK management. Theremaining 16.5 kg are believed
to have been removed during 1999.

Giventhe numbersfor unirradiated plutonium provided
to the International Plutonium Management Group that
arequoted in Table 1 for end of 1998 (6.6 MT) and tak-
ing into account plutonium stored at Hanau (no morethan
two MT leftinearly 1999), it can be concluded that roughly
5MT of plutonium was stored in unirradiated MOX fuel
at power reactorsin early 1999.

PROJECTING THE FUTURE CONSUMPTION OF
SEPARATED PLUTONIUM

A projection of current trendsimpliesthat the existing
plutonium surpluswill grow further. The plutonium quan-
tity discharged every year from all German LWR reac-
torsis about five MT contained in about 450 MT HM.
With a continued annual separation of three to four MT
and a plutonium reuse rate of one to two MT per year,
thesurplusof unirradiated plutonium might possibly grow
by two MT per year through 2005, when all spent fuel
shipments to reprocessing plants are scheduled to end.
L ooking from the perspective of the beginning of theyear
2000, atotal of roughly 50to 60 M T of plutonium would
then have to be reused in future years, unless there are
additional cancellations of new reprocessing contracts.*®

Existing licenses for the use of MOX fuel in German
reactorswould theoretically permit approximately 130 MT
HM, containing about 6.5 MT of plutonium (equivalent
to a concentration of plutonium of five percent) to be
loaded each year in German LWRs. If it were possibleto
burn plutonium at thisrate, the total projected plutonium
inventory looking forward from 2000 could be readily
consumed by 2010. The actual annual reuse of plutonium
in MOX fuel in German reactors, however, does not come
closeto reaching thistheoretical capacity; the authorses-
timate that only between one and two MT of plutonium
is burned as MOX annually. Assuming 2 MT of pluto-
nium were consumed annually, projected stocks of Ger-
man plutonium could not be consumed until sometime
between 2025 and 2030. Even if the rate of consump-
tion wereincreased by 50 percent abovethisleve, tothree
MT per year, stocks of German plutonium would not be
consumed until sometime between 2016 and 2020.
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The current German government, however, has agreed
toagradual phase out of nuclear power production, with
thelast nuclear power reactorsto beclosed in 2021. This
decision meansthat even if al reactors continued to op-
erate until that date, Germany would not be ableto work
off itsprojected plutonium stocks at thetwo M T/year con-
sumption rate and would beleft with an excess of 8to 18
MT of plutonium. Whether Germany could successfully
consume the projected 2000 surplus at the rate of three
MT/year would depend, in part, on the details of the
phase-out.

An exact calculation of the size of the potentia pluto-
nium excessis not feasible for many reasons. Uncertain-
ties remain as to the size of the projected plutonium
surplus as of 2000 and as to the reactor phase-out. In
addition, the expected end of operation of the French
MOX fabrication facility in Cadarache will have astrong
impact on the amount of MOX that can be produced for
German customers, aswill continuing delaysinlicensing
new MOX fuel rod fabrication capacity at Sellafield in
the United Kingdom. Moreover, theloading of fresh MOX
fud into German reactors appears, initself, to be abottle-
neck, for reasons that are not well understood. Thus,
stockpiles of unused MOX continue to accumulate at
German reactor sites.

CONCLUSIONSFOR THE HANDLING OF
SEPARATED PLUTONIUM

Gapsand incons stenciesremain in this attempt to com-
pile acomprehensive plutonium balance for Germany.*
These can only be closed and clarified by the plant op-
erators and government officia swho havefirst-hand data.
At aminimum, however, the quantity and quality of Ger-
man plutonium stocks are of significant proliferation con-
cern and represent asubstantial responsibility for Germany.
A complete clarification of the relevant stockpileswould
makethe proliferation significance of these materialsmore
evident and help in the development of an appropriate
plutonium disposal strategy.

A particular proliferation concern arises from the sur-
plus of separated plutonium oxide, the form of the mate-
rial that can be fabricated into weapons with minimal
additional processing. In early 1999, 6.6 MT of
unirradiated plutonium was stored in Germany. France
and the United Kingdom have followed the policy of re-
turning plutonium to Germany only as fabricated MOX
fuel. Avoiding unnecessary transportation of the material
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as separated plutonium oxide somewhat reducestherisks
of theft or diversion, although the transportation and use
of fresh MOX fuel also poses proliferation dangers be-
cause its plutonium content can be separated far more
easily than plutonium contained in spent fuel, whereitis
mixed with highly radioactive materials. Another unre-
solved matter is speculation that plutonium of German
origin might have been used in the French nuclear weap-
ons program in exchange for equivalent quantities of plu-
tonium of adifferent quality. Although thisexchange has
reportedly been an option, no evidence known to the au-
thors would substantiate specul ation that this option had
been used.

Asnoted earlier, German plutonium, both at home and
abroad is subject to |AEA and EURATOM monitoring to
detect any possible diversion of the material by national
governments. It is also subject to physical protection,
control, and accounting measures to reduce the risk of
unauthorized access by sub-national groups.

For the next severa years, the use of plutonium in
MOX fuel elementsin light water reactor nuclear power
plantsin Germany does not appear be on alarge enough
scale to reduce Germany’s surplus plutonium stocks.
Through 2005, when shipmentsto reprocessing plantswill
cease, more plutonium will be added to the surplus annu-
aly, asaresult of reprocessing in France and the United
Kingdom, than will be eliminated by the production and
burning of MOX fuel in German reactors. Only after this
date will reductionsinthe surplusbegin.

Apart from using separated plutonium as LWR MOX
fuel, there are no practical aternatives for significantly
reducing theinherent proliferation risks that the material
poses. The use of separated plutonium in fast reactors
has become obsolete in Germany after the Kalkar fast
breeder reactor project was abandonedin 1991. Thetrans-
fer of German plutoniumto foreign customersisalso prob-
lematic and unrealistic, because the countries potentially
interested in using plutonium for LWR MOX or asbreeder
reactor fuel have accumulated their own surplus stocks
of separated plutonium. Late in the Clinton administra-
tion there were discussions about selling the bulk of the
plutonium contained in the 123 unused SNR 300 fast
breeder reactor fuel elements to the U.S. company Ad-
vanced Nuclear Medical Services. Theintention was to
use this material for the production of medical isotopes
and tritium at the Fast Flux Test Facility (FFTF) in
Hanford, Washington. Thetritium wasto be used for the
U.S. nuclear weapons program. These planswere aban-
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doned in December 2001, however, when the U.S. De-
partment of Energy decided to permanently close FFTF.

For many years, the policy of separating plutonium from
nuclear power plant spent fuel has been controversial.
Criticsarguethat it creates unnecessary proliferation risks
and environmental burdens, that burning MOX in LWRs
raises saf ety issues, and that the activity is considerably
more costly than thetraditiond “ once-through” fuel cycle,
in which spent uranium fuel is stored rather than repro-
cessed. In recent years, German nuclear power opera-
tors have echoed the point that plutonium recyclein LWRs
has proven to be economically inefficient.

Since 1994, when anew law (“ Artikelgesetz’ ) amend-
ing the German nuclear energy act was passed, the direct
disposal of spent fuel elements has been officially recog-
nized as an acceptable approach for managing spent
nuclear power plant fuel. In spring 1997, the German en-
ergy utilities declared that in the future they would send
only 60 percent of their spent fuel abroad for reprocess-
ing and that 40 percent would be designated for direct
final disposal.*” The latter option could be applied to a
larger extent, ideally to 100 percent of spent fuel dis-
charges, in order to facilitate the reduction of the pluto-
nium surplus.

The prospect of an enduring surplus of separated plu-
tonium raises the question of how this material can be
processed and safely stored for the long term. One area
needing investigationisthe possibility of treating separated
plutonium as radioactive waste and conditioning it for fi-
nal disposal. This approach islikely to be required, at a
minimum, for those plutonium stocks that are not suit-
ablefor useasLWR MOX. Additional optionsarereceiv-
ing attention internationally, e.g., the immobilization of
plutonium mixed together with liquid high-level radioac-
tive waste, or the production of MOX storage elements
and storing these with highly radioactive spent fuel in
sedled storage containers.®® Unfortunately, since none of
the approaches currently under discussion for thedisposa
of plutoniumiscompletely free of problemsand sincethe
plutonium itself would remainin existence, additiona tech-
nical optionsfor the elimination of plutonium need to be
investigated.*

Germany is not alonein confronting a possible multi-
MT surplus of separated plutonium, whilelacking an as-
sured plan for thefuture disposal of thisdangerous materid.
Japan, Russia, and the United Kingdom are known to
confront significant plutonium surpluses, while Spain, Italy,
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and the Netherlands must also address such surpluses,
though on amore modest scale. It seemslogical that the
plutonium problem should be dealt with through an inter-
nationally coordinated approach.>°With surpluses continu-
ing to grow for many of the participating states, awise
first step would surely beto halt additional reprocessing
at the earliest time possible, or at |east to adopt atempo-
rary moratorium on further plutonium separation until long-
term plutonium disposal strategies can be devised.

! The views expressed in this article are those of the authors and do not
necessarily reflect theviews of the CTBTO Preparatory Commission.

2Prior to thereunification of Germany in 1990, the Federal Republic of Germany
(FRG) and the German Democratic Republic (GDR) operated separate civil
nuclear programs. The nuclear research and power activitiesof the FRG were
closely tied to those of other Western states, while those of the GDR were
closely linked to the Soviet Union. The programs of both the FRG and the
GDR were subject to comprehensive international inspection by the Interna-
tional Atomic Energy Agency (IAEA) and, inthe case of the FRG, also by the
European Atomic Energy Community (EURATOM). For the period prior to
1990, this article focuses on plutonium separation and use for peaceful pur-
poses on the part of the FRG; to the authors' knowledge, the GDR did not
engagein similar activities. Rather the GDR shipped al of its spent nuclear
power reactor fuel to the Soviet Union, where the spent fuel waseither keptin
storage or “reprocessed,” i.e., its plutonium and uranium were separated by
chemical processing from other spent fuel constituents, for possible future
use. Under GDR-Soviet fuel contracts, no plutonium was expected to be
returned to the GDR and, today, any plutonium recovered by the Sovietsis
considered to be the property of Russia and is not part of Germany’s pluto-
nium stocks. With the reunification of Germany in 1990, the FRG and GDR
nuclear programs were merged and adecision was madeto closethe six oper-
ating Soviet-designed nuclear reactorsintheformer GDR. No spent fuel from
those plantsremains at the six reactor sites. It has partly been shipped abroad
(to Russiaand Hungary) or to the German central interim storagefacility ZAB
a Greifswald (see Table 3). Thematerial inherited by theunified Germany, but
not spent fuel sent to the Soviet Union before the unification, isincluded in
overall estimates of German spent fuel accumulations since 1990 and of Ger-
man plutonium contained in spent fuel. In sum, for the purposes of thisarticle,
referencesto “ German” nuclear activities prior to 1990 should be considered
as the activities of the FRG and after 1990 as those of the reunified German
state. The views expressed in this article are those of the authors and do not
necessarily reflect theviews of the CTBTO Preparatory Commission.

3 David Albright, Frans Berkhout, and William Walker, Plutoniumand Highly
Enriched Uranium 1996. World Inventories, Capabilities and Policies (New
York: Oxford University Press, 1997).

4 International Atomic Energy Agency, INFCIRC 549, May 28, 1998, Decem-
ber 23, 1999, December 4, 2000.

5M.B. Kalinowski, “Internationale Richtlinien fir das Management von Plu-
tonium. Eine Bewertung aus Sicht der Interdisziplindren Arbeitsgruppe
Naturwissenschaft, Technik und Sicherheit (IANUS), ” [Internationa Guide-
linesfor the Management of Plutonium. An Evaluation by the Mixed Working
Group of Science, Technology and Security (IANUS)], Physikalische Blatter
54(1998), p. 206/7.

5 |1t should be noted that the first official U.S. plutonium balance, which was
presented in February 1996, was not ableto fully satisfy the demand for com-
plete accountancy of al plutonium stocks. The report, for example, had to
acknowledgeinventory discrepancies (material unaccounted for - MUF) of 2.8
MT of plutonium, i.e., 2.5 percent of the total production, potentially enough
material for 350 nuclear weapons, using the |AEA standard of 8 kg per nuclear
weapon. U.S. Department of Energy, Plutonium: The First 50
Years(Washington D.C., U.S. Department of Energy, February 1996). Theau-
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thors' interest in German plutonium balances, it should be stressed, is not
driven by concern that the government of Germany, might misuse this mate-
rial, but rather by concern that, through theft or diversion, stocks of separated
German plutonium might fall into the hands of terrorist organizations or
proliferant states.

7 This paper is based on a detailed study by the authors that was supported
by funds from the Federation of German Scientists (Vereinigung Deutscher
Wissenschaftler e.V. VDW, Berlin) and Greenpeace Germany. Thepublication
of thereport entitled “ Deutsche Plutoniumbilanz fir die Jahre 1968-1999” with
many tablesand figures, and acompletelist of referencesisforthcominginthe
series “VDW-Materialien”, Berlin 2002. It can be ordered from VDW,
Schopenhauerstr. 26, D-14129 Berlin, Germany. Seedso, Martin B. Kalinowski,
Wolfgang Liebert and Silke Aumann, “German Plutonium Balances for the
Years1968-1999,” INESAPTechnica Report No. 2, English version, forthcom-
ing Darmstadt 2002.

8 A metricton (MT) is1,000 kilograms, or 2,200 pounds. Figuresinthisarticle
over one MT have generally been rounded to the nearest M T.

¢ “Response of the German government to a Parliamentarian Request,”
Bundestags-Drucksache 14/523; “ Stand der Entsorgung der Kernkraftwerke,”
[Status of the Disposal of Nuclear Power Plants], Bundestags-Drucksache 14/
747 (April 12,1999).

©1bid.

1 This estimate was made by the authors under the assumption that over the
years the burn-up had been increased and as a result the plutonium content
went up. The following assumptions were made for the plutonium content by
weight percent of heavy metal: for 1968-1979 0.6-0.8 percent, for 1980-19890.7-
0.9 percent, for 1990-1994 0.85-0.95 percent, for 1995-1999 0.95-1.15 percent.
For spent MOX fuel the plutonium content is estimated to be 3.5-5.0 percent.
2 In January 2000, COGEMA released information on contracts and on
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B Thereareno “new contracts’ with the WAK or Eurochemic plants because
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