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Abstract

In Germany 19 nuclear power plants with an electrical output of 22 GWe are in operation. An-
nually about 450 t of spent fuel are unloaded from the reactors. Currently most of the spent fuel
elements are shipped to France and the United Kingdom for reprocessing according to contracts
which have been signed since the late 70es. By the amendment of the Atomic Energy Act in
1994 the previous priority for reprocessing of spent nuclear fuel was substituted by a legal
equivalency of the reprocessing and direct disposal option. As a consequence some utilities
take into consideration the direct disposal of their spent fuel for economical reasons.

The separated plutonium will be recycled as MOX fuel in light water reactors. About 30 tons of
fissile plutonium will be available to German utilities for recycling by the year 2000. Twelve
German reactors are already licensed for the use of MOX fuel, five others have applied for MOX
use. Eight reactors are currently using MOX fuel or used it in the past.

The spent fuel elements which shall be disposed of without reprocessing will be stored in two
interim dry storage facilities at Gorleben and Ahaus. The storage capacities are 3800 and 4200
tHM, respectively. The Gorleben salt dome is currently investigated to prove its suitability as a
repository for high level radioactive waste, either in a vitrified form or as conditioned spent fuel.

The future development of the nuclear fuel cycle and radioactive waste management depends
on the future role of nuclear energy in Germany. According to estimations of the German utilities
no additional nuclear power plants are needed in the near future. Around the middle of the next
decade it will have to be decided whether existing plants should be substituted by new ones. For
the foreseeable time German utilities are interested in a highly flexible approach to the nuclear
fuel cycle and waste management keeping open both spent fuel management options: the
closed fuel cycle and direct disposal of spent fuel. In this context the tendency to increase the
fuel bumup and to establish sufficient storage capacity for long-term interim storage is impor-
tant.

1 Introduction

In 1997, roughly 34 % of the electricity in Germany were generated by nuclear energy. Nineteen
nuclear power plants (13 PWR, 6 BWR) are in operation with an electrical output of 22,0 GWe.
Nine power reactors, including six of Russian origin in the new Federal States, and several re-
search and prototype reactors (e.g. THTR) have been shut down and are being decommis-
sioned. One additional PWR (Mulheim-Karlich) will probably be decommissioned too after the
license has been cancelled by the German Supreme Administration Court.
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Uranium enrichment is performed in the Urenco plant at Gronau with a licensed capacity of
1000 tSWU/y. One plant for the fabrication of LWR fuel assemblies is in operation at Lingen.
The Hanau facilities for the fabrication of uranium oxide and MOX fuel have been shut down and
the Siemens plant at Karlstein has also terminated nuclear fuel production. Other facilities de-
signed for the fabrication of HTR and research reactor fuel were already shut down some years
ago.

The Atomic Energy Act [1] was amended in 1994. One of the most important changes was that
the priority for reprocessing of spent nuclear fuel has been substituted by a legal equivalency of
the reprocessing and direct disposal route. As a consequence some utilities take into considera-
tion the direct disposal of their spent fuel for economical reasons.

Handling, treatment, transport and disposal of radioactive wastes are to be licensed according
to the German Radiological Protection Ordinance [2] unless these processes are covered by a
licence according to the Atomic Energy Act. The waste producer is required to deliver the waste
to a Federal facility for securing and disposal or to a state-run collection center (Landessammel-
stelle) of the Federal States. If the activity of the waste is low enough it may be licensed to be
disposed of as non-radioactive waste.

2 Management of spent nuclear fuel

The operator of a German nuclear power plant is obliged to present concepts for the safe man-
agement of spent fuel for six years in advance. Annually about 450 tHM of spent fuel arise from
the operation of German nuclear power plants. The spent fuel elements are stored on site in the
reactor pools for at least one year, and then transported to COGEMA or BNFL for reprocessing,
or to AFR ("away from reactor") storage facilities.

Between 1966 and 1996 about 6990 tHM of spent fuel have been discharged from the power
reactor cores. 4230 tHM have been brought to France, 480 tHM to the UK, 290 tHM to the for-
mer USSR (spent fuel from Rheinsberg and Greifswald), and 130 tHM to other facilities. 1860
tHM are currently being stored at the reactor sites or AFR storage facilities.

2.1 Interim storage

For the AFR storage of spent fuel there are three facilities in operation. Two storage facilities at
Ahaus and Gorleben with capacities of 4200 tHM and 3800 tHM, respectively, are licensed for
dry-storage casks (e.g. of type CASTOR). The storage period of casks is limited to 40 years.
The Gorleben facility is authorised also for the storage of vitrified high level waste in casks. A
wet storage facility (Zentrallager fur abgebrannte Brennelemente, ZAB) is in operation near the
Greifswald reactors with a capacity of 560 tHM. The licence expires on June 30, 2000, unless
there will be an extension of that date. At the same site a dry storage facility (Zwischenlager
Nord, ZLN) has been constructed. The atomic license is expected in May 1998. Apart from
spent fuel elements from the Rheinsberg and Greifswald reactors it is also intended to store at
the ZLN radioactive wastes from the decommissioning of these reactors.

2.2 Reprocessing

in 1989 the German utilities decided not to pursue the domestic reprocessing project at Wack-
ersdorf any longer. As a consequence, new reprocessing contracts were negotiated with re-
processors in France and the UK. The old contracts - signed before 1989 - cover about 5500
tHM, the new contracts roughly 3000 tHM with options for reprocessing up to the year 2015. In
accordance with these contracts the radioactive wastes from the reprocessing of German fuel
will be taken back by the German utilities. The first transport of vitrified high level waste from La
Hague took place last year.
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Figure 1: Scheme of spent fuel conditioning at the PKA plant
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2.3 Direct disposal

As an alternative option to reprocessing, a concept for the direct disposal of spent fuel assem-
blies has been developed. The feasibility and principal safety aspects were evaluated in com-
prehensive studies between 1979 and 1985 [5]. After the assessment of the results of these
studies the Federal Government decided to further support the development of the technologies
for direct disposal to achieve technical maturity. These investigations including R&D and the
optimisation of a repository concept suitable both for direct disposal of spent fuel and the waste
arising from its reprocessing were essentially finished at the end of 1995. In accordance with the
concept of direct disposal a pilot conditioning plant (PKA) for spent fuel and other radioactive
waste is presently under construction at Gorleben.

PKA is a multi-purpose facility designed to enable all necessary operations for spent fuel condi-
tioning to be demonstrated on a representative scale. It is also envisaged that the procedures
should be further developed and applied on an industrial scale. The pilot plant will primarily treat
those fuel elements not currently envisaged for reprocessing. These include:
- LWR fuel elements with very high burnup and mixed oxides;
- High-temperature reactor fuel elements.

A technical concept for direct disposal in salt formations was developed for industrial applica-
tion. It includes various steps for the conditioning of the spent fuel into a form suitable for final
disposal. Depending on the type of final disposal packages required, LWR fuel rods may be
packaged as a whole (POLLUX cask) or as cut-up sections of nearly one metre length (POLLUX
canister). HTR fuel pebbles shall be transported pneumatically into the final disposal canisters.
The POLLUX cask is based on a double containment concept, consisting of a leak-tight welded
steel containment, which assures safe containment of spent fuel, protection against mechanical
impacts and protection against corrosion [6]. The spent fuel conditioning systems and a scheme
of the POLLUX cask are shown in Figure 1. Hot commissioning of the PKA plant is scheduled
for 1999.

3 Plutonium utilisation

3.1 Current practice

The plutonium separated at La Hague and Sellafield within the existing reprocessing contracts
of German utilities shall be recycled as MOX fuel in light water reactors. About 30 tons of fissile
plutonium will be available to German utilities for recycling by the year 2000. Twelve German
reactors (10 PWR, 2 BWR) are already licensed for the use of MOX fuel, five others have ap-
plied for MOX use (Table 1). Eight reactors are currently using MOX fuel or used it in the past.
The licenses include limitations for the number or share of MOX elements being loaded into the
reactor core. The values range from 9 to 50 % for the different power plants with a mean value
of 30 % corresponding to about 400 tHM of MOX fuel in the cores in total. This means that
about 130 tHM of MOX fuel could be burnt annually if the licensed limits were optimally used.
Each core loading, however, requires an individual permission by the licensing authority.

Burnup calculations for standard fuel elements (3,6 % U-235 enrichment in UO2 elements, 4,4 %
Puliss in MOX elements, 40 GWd/tHM) and different MOX : UO2 ratios in the core have shown
that for a MOX content of 35 % there is approximately a balance between plutonium production
and burning (Figure 2). If the MOX content is lower than 35 % there is a net increase of pluto-
nium which, however, is lower than for pure UO2 elements.

At the end of 1997, only 70 tHM of MOX fuel were actually in the reactor cores which is ap-
proximately one sixth of the licensed maximum inventory. A total of 225 tHM of MOX fuel ele-
ments containing about 9 tons of plutonium have been irradiated in German reactors by that
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Table 1: Licensing of MOX use in German power reactors (December 1997)

Power Plant

PWR Brokdorf
PWR Unterweser
PWR Grohnde
PWR Emsland
PWR Obrigheim
PWR Philippsburg 2
PWR Neckarwestheim 1
PWR Neckarwestheim 2
PWR Isar 2
BWR Gundremmingen B
BWR Gundremmingen C
PWR Grafenrheinfeld
PWR Bibiis A
PWR Bibiis B
BWR Brunsbutte!
BWR Krummel
BWR Isar 1

License
G=Granted
A=Applied

G
G
G
G
G
G
G
G
G
G
G
G
A
A
A
A
A

Max No
of MOX

elements
per reload

D
16
16
16
8
24

24
68
68
16
24
24
32
40
60

Max No
of MOX

elements
in the core

64
64
64
48
28
72
16
72
96
300
300
64
80
80
136
212
320

Total No of
core ele-

ments

193
193
193
193
97
193
177
193
193
784
784
193
193
193
532
840
592

Max. MOX
portion
(in %)

33
33
33
25
29
37
9
37
50
38
38
33
41
41
26
25
54

MOX al-
ready
used?

yes
yes
yes

yes
yes
yes

yes
yes

1> according to self-production

6

Kg/tSM

4

-2

-4

-6

4,55

1,57 - - - • •

-1,4

-4,38

20% MOX 30% MOX 40% MOX 50% MOX

Figure 2: Plutonium balance (kg/tHM) in the reactor for different MOX contents
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date. The main reasons for this relatively low recycling rate are the worldwide lack of sufficient
MOX fabrication capacity on the one hand and delays in the outstanding licensing procedures
on the other hand. In this context it is noteworthy that in summer 1995, after a lengthy political
controversy with the licensing authority, the German utilities decided not to pursue the comple-
tion of the new Siemens MOX fabrication plant at Hanau. Contracts for the fabrication of MOX
fuel assemblies since have therefore been signed with companies in Belgium, France and the
UK.

3.2 Influence of increased burnups on the plutonium production

The increase of UO2 fuel burnups is a development which shall utilise the fuel more efficiently.
Material and related potential safety aspects are the main limitations. Without any changes of
the reactor concept higher burnups are achieved by a higher initial enrichment. In order to com-
pare the effect of plutonium reduction by higher burnups, it is necessary to chose initial U-235
enrichments which lead to equal reactivities at the time of unloading. In a GRS study [4] the

Table 2: Grams of plutonium per GWd in spent UO2 fuel elements for different burnups

Final
Burnup

(GWd/tHM)

30

40

50

60

Initial
Enrichment

(wt %)

2,76

3,39

4,06

4,77

Pu-238

4

5

6

7

Pu-239

172

142

123

111

Pu/GWd

Pu-240

79

69

62

57

(grams)

Pu-241

29

28

26

24

Pu-242

17

19

20

20

Pu total

305

263

237

220
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Figure 3: Plutonium production per GWd in spent UO2 fuel elements for different burnups
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plutonium contents in UO2 fuel elements have been calculated for different burnups and a decay
time of 7 years after unloading. The results, normalized to the energy produced, are shown in
Table 2 and Figure 3. It can be seen that an increase of burnup from 30 to 60 GWd/tHM re-
duces the specific plutonium content, normalised to the generated electricity, in the fuel ele-
ment.

Most of the German power reactor strategies show a significant trend to higher burnups. Ac-
cording to a questionnaire of the German Federal Ministry of the Environment, Nature Conser-
vation and Nuclear Safety (BMU) the mean bumup of the next unload varied between 34 and 47
GWd/tHM. The values of the aspired burnups varied between 37 and 50 GWd/tHM.

3.3 Advanced concepts for plutonium burning

Typical spent MOX fuel elements with a burnup of 40 GWd/tHM still contain about 48 kg Pu per
tonne with a Pu(fiss) content of more than 50 %. This means that in principal the reprocessing
and recycling of the plutonium can be performed more than one time (multiple recycling). The
calculation of the plutonium in spent MOX elements shows, that there is a net decrease of the
plutonium content with each recycling step which reaches a kind of saturation approximately
after the third step.

Plutonium burning in LWR MOX fuel elements could be further optimised if the moderation ratio
would be increased. This change of moderation is in particular necessary if the reactor core is
loaded with 100 % MOX fuel. Concepts for such a reactor type have been developed. The main
advantage is the high consumption of plutonium by which a significant reduction of the stocks
could be achieved.

Calculations with the OREST code have shown that a thermal Thorium-Plutonium reactor could
be an effective plutonium burner. In such a reactor plutonium will be burnt but not produced.
The annihilation rate for plutonium per energy production unit is approximately double as high
as in the MOX elements of a conventional LWR.

A similar idea is the basis for reactor concepts with inert fuel matrices. In those reactors the
plutonium will also be burnt without any new production. The annihilation effect is comparable to
that of the Thorium-Plutonium reactor mentioned above. A major disadvantage, however, is the
positive void coefficient.

Plutonium can also be burnt in fast reactors if the breeder zone is omitted. The quantities of
burnt plutonium are comparable to those in MOX elements of thermal reactors. An advantage of
fast reactors is that the burning rate is nearly independent of the plutonium quality. This means
that also multiply recycled plutonium can be used in the reactor [4].

4 Management of reprocessed uranium and depleted uranium

Reprocessed uranium (repu) is currently stored at facilities of the reprocessors. The technical
feasibility of recycling in power reactors has been demonstrated with approximately 3 tons of
reprocessed uranium. German utilities are planning to decide on the large-scale reuse of re-
processed uranium at the beginning of the next decade.

The depleted uranium from the enrichment process can also in principle be used for the fabrica-
tion of fuel elements. At the Gronau site about 4600 tons of uranium tails were stored in the
form of UF6 at the end of 1995. For long-term storage a conversion into the more stable oxide is
desirable for safety reasons. The decision whether the recovered or depleted uranium will be
reused or treated and disposed of as radioactive waste is left to the utilities and depends mainly
on economical aspects.
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5 Control and interim storage of radioactive wastes

The radioactive waste management concept includes conditioning, interim storage and final dis-
posal as main steps. As far as non-heat-generating waste is concerned, a guideline [3] has
been issued in 1989 to improve the surveillance of all waste management steps. Basic purpose
of the guideline is to establish complete regulatory control of the relatively large volumes of this
waste from their generation until final disposal. Registration and regulatory control of the waste
streams and inventories are supported by a computerised system (AVK).

The operators of nuclear facilities are responsible for waste conditioning and interim storage
until repositories become available. The radioactive wastes from nuclear power plants are
treated and stored onsite-or offsite. Two offsite facilities are in operation at Gorleben and Mit-
terteich. Radioactive wastes from universities, medical and industrial applications or nuclear
research centres are stored at state-run collection centres operated by the Federal States or at
the nuclear research centres. Radioactive wastes from the reprocessing of spent fuel in France
and the UK will be redelivered to Germany and stored at interim storage sites at Gorleben and
Ahaus. All categories of radioactive waste will later be disposed of in deep geological forma-
tions. The construction and operation of the repositories are legal obligations of the Federal
Government. The Federal Office for Radiation Protection (BfS) is in charge of this task.

6 Final disposal of spent fuel elements and radioactive wastes

Research and development for radioactive waste repositories started very early in Germany.
The former salt mine Asse is being used as an underground research facility. Between 1967
and 1978 about 125,000 containers with low level waste and 1300 containers with intermediate
level waste were deposited in the mine.

At present a repository at Morsleben (ERAM) is in operation. In 1979, the former GDR started
using the abandoned salt mine as a repository for low and intermediate level wastes. After
German reunification the responsibility for the operation of ERAM was transferred to the BfS. It
is planned to dispose of at least 40,000 m3 of radioactive wastes until the expiration of the cur-
rent license on June 30, 2000.

The abandoned Konrad iron ore mine is intended to be used as a repository for radioactive
wastes with negligible heat generation. The licensing procedure is in an advanced state. A deci-
sion of the licensing authority is expected in 1998. After a construction phase of about five years
the repository could go into operation at the turn of this century. The design capacity is 650,000
m3 of radioactive waste.

The Gorleben salt dome is being investigated as a repository for all kinds of radioactive waste,
particularly vitrified high level waste and spent fuel assemblies. The results of the aboveground
exploration and test drillings into the salt dome confirmed the prospective suitability of the site
as a radioactive waste repository. Currently, the underground exploration is in progress. Two
shafts have been sunk for this purpose at a depth of 930 m and 840 m, respectively, and the
galleries for the exploration have been excavated. A decision on the suitability of the salt dome
for the construction of a repository will be made by 2005 after the underground exploration has
been finished.

7 Perspectives of the future development of the nuclear fuel cycle

The future development of the nuclear fuel cycle and radioactive waste management depends
on the future role of nuclear energy in Germany. According to estimations of the German utilities
no additional nuclear power plants are needed in the near future. Around the middle of the next
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decade it will have to be decided whether existing plants should be substituted by new ones.
The development of a joint French-German PWR will lead to a new safety standard of nuclear
power generation. For the foreseeable time German utilities are interested in a highly flexible
approach to the nuclear fuel cycle and waste management keeping open both routes: the closed
fuel cycle and direct disposal of spent fuel. In this context the tendency to increase the fuel bur-
nup and to establish storage capacity for long-term interim storage is important.
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