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ABSTRACT

In autumn 2010, after a 10-year moratorium, exploration was resumed in Gorleben, the potential 
site for a German HLW repository. At the same time, the Federal Government launched a two-
year preliminary safety analysis to assess whether the salt dome at Gorleben is suitable to host 
all heat-generating radioactive waste generated by German NPPs based on the waste amounts 
expected at that time. The revised Atomic Energy Act of June 2011 now stipulates a gradual 
phase-out of nuclear energy production by 2022, which is 13 years earlier than expected in 
2010. A repository design was developed which took into account an updated set of data on the 
amounts and types of expected heat-generating waste, the documented results of the 
exploration of the Gorleben salt dome, and the new “Safety Requirements Governing the Final 
Disposal of Heat-Generating Radioactive Waste“ of 30 September, 2010. The latter has a 
strong influence on the conceptual designs as it requires that retrievabiltiy of all waste 
containers is possible within the repository lifetime. One design considered that all waste 
containers will be disposed of in horizontal drifts of a geologic repository, while the other design 
considered that all waste containers will be disposed of in deep vertical boreholes. For both 
options (emplacement in drifts/emplacement in vertical boreholes), the respective design 
includes a selection of waste containers, the layout of drifts, respectively lined boreholes, a 
description of emplacement fields, and backfilling and sealing measures. The design results 
were described and displayed and the differences between the two main concepts were 
elaborated and discussed. For the first time in both repository designs the requirement was 
implemented to retrieve waste canisters during the operational phase. The measures to fulfill 
this requirement and eventually the consequences were highlighted. It was pointed out that 
there arises the need to keep transport- and storage casks in adequate numbers and interim 
storage facilities available until the repository is closed.

INTRODUCTION

In summer 2010, the Federal Government launched a two-year preliminary safety analysis to 
assess whether the salt dome at Gorleben is suitable to host all heat-generating radioactive 
waste generated by German NPPs. The revised Atomic Energy Act of June 2011 stipulates a 
gradual phase-out of nuclear energy production by 2022. As a consequence, the amounts of 
spent fuel to be taken into account in waste management were reduced compared to previous 
planning.

Accordingly, new repository designs for two different emplacement strategies have been 
developed which provide the technical bases for the site-specific preliminary safety analysis. 
The designs took into account an updated set of data on the amounts and types of expected 
heat-generating waste, the documented results of the exploration of the Gorleben salt dome, 
and the new “Safety Requirements Governing the Final Disposal of Heat-Generating 
Radioactive Waste“ of 30 September, 2010 [1]. The latter has a strong influence on the 
conceptual design as it requires that “… during the operating phase of the repository until the 
shafts or ramps are closed, retrieval of the waste containers must be possible”. Another 
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requirement focusing on the long-term integrity of the waste containers stipulates that for the 
expected repository evolution, a handling of the waste containers must be possible for a period 
of up to 500 years after repository closure.

During joint R&D activities of German research organizations, a methodology how to 
demonstrate operational and long-term safety of the repository has been developed. This 
methodology forms another essential design basis.

A NEW REPOSITORY DESIGN

The paramount objective of the preliminary safety assessment study for the potential site at 
Gorleben is a traceably documented prognosis on the suitability of the site. This requires,
among other things the development of an optimized repository concept. For this purpose, basic 
repository concepts were designed. These concepts will be optimized in subsequent design 
steps and will provide the basis for long-term iterative safety models and analyses.

Compared to the German reference repository concept which considers emplacing spent fuel 
elements in self-shielding POLLUX casks in horizontal drifts and unshielded vitrified waste 
canisters in deep vertical boreholes, different emplacement strategies were investigated. The 
following two main variants were considered:

Variant 1: Emplacement of all heat-generating radioactive waste (spent fuel and vitrified 
waste) in self shielding waste containers (POLLUX cask) in horizontal drifts.
In addition – for comparison only – the emplacement of all heat-generating 
radioactive waste in transport and storage casks (CASTOR) in horizontal 
boreholes was considered as well.

Variant 2: Emplacement of all heat-generating radioactive waste in multi-purpose cylindrical 
containers in deep vertical boreholes 

As an option, the emplacement of a certain amount of non-heat-generating radioactive waste
was considered (in horizontal emplacement chambers).

As the repository safety concept considers the safe enclosure of the waste containers by the 
host rock (rock salt) itself, the most important factors defining the repository concept are the 
geologic conditions at the site on the one hand and the type and the amounts of waste to be 
disposed of on the other hand. The geologic conditions were investigated in detail from the 
surface and underground. The results are described in 3 site characterization reports prepared 
by Bundesanstalt für Geowissenschaften und Rohstoffe (BGR) [2], [3], [4]. The types and 
amounts of radioactive waste to be considered have been derived based on the phase-out 
decision and are summarized in the following section.

To develop a repository design as described in the above mentioned variants, several
assumptions were made, including:

 the geologic structure of the salt dome at the waste emplacement level is as assessed 
by BGR [5]

 the waste emplacement level is at a depth of 870 m
 free selection of emplacement areas within the geological salt dome structure
 operational time of repository: 40 years
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 waste container types: POLLUX casks, transport and storage casks (type CASTOR), 
new waste container design for borehole emplacement concept, standardized Konrad-
container for non-heat-generating waste 

 the retrieval of waste containers from a repository is possible as long as the 
infrastructure and shafts are not backfilled and sealed 

In addition to these assumptions, the thermal criterion, i.e. max. temperature at the contact
(interface) between waste container and salt is 200 degrees Centigrade (° C), needs to be met.

SELECTION AND DESCRIPTION OF WASTE CONTAINERS

Based on the decision to phase out nuclear energy production by 2022, the amounts of waste 
arising were assessed, taking into account the existing reprocessed waste and the spent fuel 
currently stored in German interim storage facilities. Table IError! Reference source not 
found. shows the results of this assessment. 

In total, an amount of 10,445 tonnes of heavy metal (tHM) resulting from 34,430 spent fuel 
elements is expected. Reprocessing of spent fuel was prohibited in summer 2005; however,
8,141 canisters of waste from reprocessing (CSD-V, CSD-B, and CSD-C) have to be taken into 
account. In addition, a third group of heat-generating waste was taken into account, i.e. spent 
fuel from prototype and research reactors. 

Table I. Assessment of types and amounts of heat-generating waste in Germany until 2022.

Type Amount
Spent fuel UO2 12,450 FE 6,415 tHM
of NPPs MOX 1,530 FE 765 tHM

UO2 14,350 FE 2,465 tHM
MOX 1,250 FE 220 tHM

WWER-PWR UO2 5,050 FE 580 tHM
202

Total - - 10,445 tHM 2,120
CSD-V

Sellafield Ltd. (UK) 63

VEK (D) 16
Total 415

CSD-B AREVA NC (F) POLLUX-9 35
CSD-C AREVA NC (F) POLLUX-9 456

AVR 152

THTR 305
KNK II

Otto-Hahn

FRM II 30
BER II 20
FRMZ 1
Total - 512

Spent fuel
of prototype and 
research reactors

POLLUX-9

336

140 canisters
3,729 canisters

4CASTOR® KNK

CASTOR® MTR 2approx. 120 MTR FE

CASTOR® THTR/AVR

Source of Waste

AREVA NC (F) 3,024 canisters

565 canisters

PWR

BWR

-

2,413 fuele rods in 27 FE

52 fuel rods

approx. 120 - 150 MTR FE

1 TRIGA-FE

308 canisters
4,104 canisters

250,000 FE pebbles

611,878 FE pebbles

Waste Package

POLLUX-10

1,398

520
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Depending on the emplacement concept, suitable waste containers were selected. Table 
IError! Reference source not found. shows the calculated amount of POLLUX casks for the 
emplacement in horizontal drifts according to variant 1. In this case, the fuel rods of 10 PWR 
spent fuel elements will be encapsulated in a POLLUX-10 cask (Figure 1), while 9 canisters with 
vitrified waste will be encapsulated in a POLLUX-9 cask. The various spent fuel elements 
arising from prototype and research reactors will be disposed of in special transport and storage 
casks of type CASTOR. In total, 2120 POLLUX-10 casks filled with spent fuel, 456 POLLUX-9
casks filled with vitrified waste, and 512 CASTOR-casks with spent fuel from prototype and 
research reactors have to be taken into account. 

Suitable waste containers were also selected for variant 2 (borehole emplacement). It was 
assumed that a multi-purpose container can be designed which is suitable for the encapsulation 
of 3 PWR elements or for 3 vitrified waste canisters or for 3 canisters with spent fuel elements of 
prototype and research reactors. This container has a length of approx. 5 m and a diameter of 
0.5 m. Initial mechanical calculations showed that the container maintains its integrity during 
repository operating time and can be retrieved. 

In the concept of transport and storage cask emplacement which was considered for 
comparison, all types of waste are to be placed in CASTOR casks.

Fig. 1. Sketch of a POLLUX-10® cask for the fuel rods of 10 spent fuel elements (source: 
Gesellschaft für Nuklear-Service mbH (GNS).
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REPOSITORY DESIGN

Repository Design for Emplacement in Horizontal Drifts (variant 1)

The former German reference concept for the emplacement of heat-generating waste
considered the emplacement of spent fuel elements in self shielding POLLUX casks in 
horizontal drifts of a mine in rock salt and the emplacement of vitrified waste in deep vertical 
boreholes. In the context of the preliminary safety assessment study, a different approach was 
selected. In Variant B1 mentioned above all heat generating waste will be disposed of in 
POLLUX casks (spent fuel as well as vitrified waste). 

Suitable cask and drift distances in the mine were determined by means of thermal calculations, 
thus guarantying that the temperature limit of 200° C at the contact between cask and salt will 
not be exceeded. The result of this design approach is shown in figure 2.

Fig. 2. Repository design adjusted to the geologic boundary conditions in the Gorleben salt 
dome for variant 1 (emplacement of all heat-generating waste in horizontal drifts)

Repository Design for Emplacement in Horizontal Boreholes (comparison to variant 1)

For comparison, the emplacement of all heat-generating waste in self-shielding transport and 
storage casks was considered. The idea is to push the very heavy casks (up to 160 t, loaded) 
into 10-m-long horizontal boreholes which are accessible from a central transport drift. Figure 3 
shows the method and the main components of this emplacement concept. Due to the thermal 
criterion that 200° C are not to be exceeded at any time at any location in the repository, the 
footprint is similar to the POLLUX concept. As this idea of emplacing transport and storage 
casks has not been investigated in detail, all technical aspects like shaft transport, emplacement 
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technique, and suitability of the casks as waste container still have to be solved. This includes 
the aspect of retrievability during the repository operating phase as well.

Fig. 3. Concept for disposing transport and storage cask in horizontal boreholes.

Repository Design for Emplacement in Vertical Boreholes (variant 2)

A completely different approach consists of emplacing all heat-generating waste in deep vertical 
boreholes. From various different options a concept was selected which fulfills retrievability 
requirements. The borehole will be equipped with a casing prior to waste container 
emplacement. The space between the containers and the annular gap surrounding them will be 
filled with backfill material. Subsequently, the borehole will be closed tightly at the top by means 
of a lid. The casing and lid provide additional technical barriers. At the same time, they facilitate 
access to the containers in case they are to be retrieved.

The expected amounts of waste containers have been estimated for the borehole concept as 
well: 7,068 containers with spent fuel from NPPs, 2,716 containers with vitrified waste, and 290
containers with spent fuel from prototype and research reactors.

REPOSITORY BACKFILLING AND SEALING

According to the applicable safety concept all man-made openings of the repository will be 
backfilled with crushed salt, and special sealing elements will be emplaced at selected 
locations. By these means, the access routes for potential fluids into the repository are sealed. 
The intention is to also minimize the openings around the waste containers and in the other 
drifts and rooms of the repository by filling them with backfill material and to seal main access 
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routes. The backfilling of the space around each POLLUX cask is part of the emplacement 
process. The connecting drift of the emplacement drifts and the main transport drifts in the north 
and south will be backfilled in harmony with the progress of waste container emplacement.
While the backfill material around the waste containers will be as dry as the naturally available 
material during excavation, the backfill material in the main transport drift will have a moisture 
content of 0.6%. The intention is to accelerate the compaction of the backfill material in these 
drifts, with slightly increased moisture content. In addition to the backfilling of all mined
openings, drift seals will be located close to the shaft filling station at four positions (see Figure
4). Potential pathways to the shaft will be sealed, and the heat-generating waste will be 
separated from the non-heat-generating waste. Eventually, both shafts will be filled and sealed. 
According to the geologic environment along the shaft length, suitable sealing material will be 
selected. A prerequisite for getting a license for drift and shaft sealing systems is to show and 
demonstrate the constructability and the reliability of the required functions. To this end,
experience on drift seal design and construction could be made available from the closing
programmes of the Asse mine and the Morsleben repository. Typical sealing materials are salt 
concrete and Sorel concrete.

Fig. 4. Position of the drift seals separating the 2 shafts in the north-east and south-west of the 
repository from the emplacement areas 



WM2012 Conference, February 26 - March 1, 2012, Phoenix, Arizona, USA

8

RETRIEVABILITY

According to the new “Safety Requirements Governing the Final Disposal of Heat-Generating 
Radioactive Waste“ of 30 September, 2010 [1], the repository design has to take into account 
retrievability requirements.

It is assumed that at the time of waste container retrieval the conditions are as follows:

1) Except for the infrastructure and the shafts, the repository is backfilled.
2) The engineered barriers have been constructed.
3) The rock mass is strongly heated by the incorporated thermal output.

For a retrieval of waste containers from a drift or borehole, it must be possible to provide access 
to the containers by means of excavation (e.g. continuous miner). To cope with the increased 
temperatures during excavation and retrieval, a correspondingly strong mine ventilation is 
necessary. Controlling these conditions is possible by means of:

1) A high air flow quantity, 
2) A strong cooling of the mine air, 
3) A long-time cooling.

Due to the expected high temperature gradients during the cooling of the rock mass, special 
measures are necessary to keep the drifts open. These can be simple measures such as 
anchoring or even a comprehensive extension of the drift. When the excavating work has been 
accomplished and the necessary licenses have been granted, retrieval can be carried out.

Container retrieval from a drift: As a first step, a new drift is excavated parallel to the 
embedded containers while increased cooling is effected by the means described above. In a 
second step, the material above, to the side, and at the end of the container is removed. 
Subsequently, the integrity of the containers is verified. After the containers have been 
recovered, they are moved into the new parallel drift. This is done either by pulling them over 
the floor or by exposing all sides and lifting them. Every process step will be accompanied by 
continuous radiological monitoring.

Container retrieval from a borehole: In the previous borehole disposal concept, the waste 
containers were to be emplaced in 300-m-deep boreholes without casing. Due to the stipulated 
retrieval option, this concept cannot be pursued any further because the required process 
reliability cannot be achieved. Therefore, an adaptation of the concept became necessary. In 
the current borehole disposal concept, the boreholes are to be equipped with a casing which is
to be closed tightly at the top. The casing was designed to absorb the expected ground 
pressure of 40 MPa. For this purpose, first calculations were carried out to determine a possible 
pipe cross-section and the necessary wall thickness to sustain rock mass pressures. The waste 
containers are placed in the center of the casing, and the annular space around the waste 
containers is filled with backfill material. The backfill material enables the heat transfer to and
through the casing into the surrounding rock mass. Another benefit of the backfill material is that 
it maintains its physical properties even under the expected high thermal conditions so that a 
reverse extraction from the borehole in the case the waste container retrieval is necessary. The 
containers for borehole disposal have a slightly conical shape in order to facilitate retrieval. The 
tops of the containers are also sloped to allow a better sliding off of the backfill material. The 
new borehole disposal method with the option of retrieval is studied in current projects in the 
form of concept studies. A detailed design of the casing, the waste containers, the backfill 
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material, and the overall processes will be carried out in future R&D projects. Interested parties 
can either participate in this research or follow its progress on the OECD/NEA Salt Club’s web 
page.

A further aspect has to be taken into account when considering retrieval. Before the containers 
are retrieved, a concept for the subsequent future storage aboveground must be implemented: 
either at an already licensed and constructed interim storage facility or a newly approved and 
constituted final repository.

Container handleability: The stipulated safe handleability of the waste containers for a period 
of 500 years in case of retrieval from the decommissioned and sealed final repository leads to 
high requirements on the strength and durability of the containers. The possibility to
mechanically handle the containers for the period mentioned has to be demonstrated. 
Additionally, the release of radioactive aerosols is to be prevented.

SUMMARY AND CONCLUSIONS

In the summer of 2011, the Federal Government of Germany decided to gradually phase out of 
nuclear energy production by 2022. The preliminary safety analysis of the Gorleben salt dome 
carried out to determine its suitability as a HLW repository is based on the resulting reduced 
amount and volume of spent fuel. In addition, the new “Requirements Governing the Final 
Disposal of Heat-Generating Radioactive Waste“ of 30 September, 2010, were taken into 
account in the development of a new repository design. One main challenge was to show that 
repository concepts could be developed that meet the new retrievability requirements. Two 
completely different emplacement strategies, i.e. emplacing all heat-generating waste in 
horizontal drifts and in deep vertical boreholes, respectively, were designed. It could be shown 
that both strategies lead to reliable repository concepts. Technical approaches how to retrieve 
emplaced waste containers were developed. These approaches will be further evaluated and 
refined. 
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