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Abstract  
 

In Germany, the reference concept for the disposal of heat generating radioactive waste considers em-
placing canisters with vitrified waste in deep vertical boreholes drilled from the drifts of a repository 
mine in salt at a depth of about 850 m. Spent fuel is to be disposed of in self-shielding POLLUX® 
casks in horizontal drifts. An optimized disposal concept anticipates the emplacement of unshielded 
canisters with vitrified HLW and canisters containing the fuel rods of 3 PWR or 9 BWR fuel assem-
blies in boreholes with a diameter of 60 cm and a depth of up to 300 m drilled from the disposal level. 
In all cases, the void space between POLLUX® cask and drift and canister and borehole wall will be 
backfilled with crushed salt. 

Based on a detailed description of all underground disposal operation steps, the possible impacts on 
the disposal operations were analyzed and the need for further studies was determined. The disposal 
operation steps comprise, e.g., rail bound transport from the shaft to the emplacement drift and the 
emplacement process itself. As possible impacts, the following occurrences were considered: ventila-
tion failure, power supply failure, rock mechanics impact including cross-section convergence, irregu-
lar floor uplift and rock fall, brine and natural gas intrusion, derailing of transport carts and finally 
facility internal fire. 

Incident analysis concerning internal events with possible releases (impact on packages by mechanical 
interactions, fire, explosion, criticality, heat etc.) or external events (earthquakes, lightning, flood, 
airplane crash etc.) governs the layout of the repository and the disposal conditions.  

 

1 Operational Safety 
 

The aim of the operational safety analysis is the identification of potential research requirements with 
regard to safety matters both in the radiologically controlled area and in the conventional part of the 
underground repository. The repository layout and the anticipated operational processes are the basis 
of the operational safety analysis. The analysis checks whether occurrences in the mine ventilation 
system, the electrical power supply, drift failure or rock fall, fire or damage to the canister transport 
means could lead to situations that endanger the operational safety in addition to hindering and block-
ing the operational processes. Such occurrences require detailed consideration, even if they do not 
cause any radiological impact. 

Safety matters in a mine are ruled by a number of related regulations derived from the Federal Mining 
Act. In the following, the most important German regulations applicable to a mine or an underground 
repository are listed. 
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Table 1 shows the hierarchical structure of the German rules for mining: 

Table 1: Hierarchical scheme of mining rules 

Federal Mining Act 
(Bundesberggesetz, BbergG) 

Federal Government 
  

Federal Mining Ordinance 
(Allgemeine Bundesbergverordnung) 

(ABBergV) 

Mining Ordinance on Healthcare 
(Gesundheitsschutz-Bergverordnung) 

(GesBergV) 
Federal Government 

General Mining Ordinance for Underground 
Works, Open Pit Mines and Salt Mines 

(Allgemeine Bergverordnung über 
Untertagebetriebe, Tagebaue und Salinen) 

(ABVO) 

Ordinance for Hoisting Machines in Shafts 
and Ramps 

(Verordnung für Schacht- und 
Schrägförderanlagen) 

(BVOS) 
State government 

 

The Federal Mining Act (BbergG) prescribes mainly the procedures of mine concessions, general rules 
for exploitation and preparation, mine surveillance, licensing procedures (operating plans) and rules 
for expropriation. The Federal Mining Ordinance (ABBergV) implements regulations of the European 
Union and contains rules for occupational safety. The Mining Ordinance on Healthcare (GesBergV) 
contains general instructions for handling hazardous materials underground and the licensing proce-
dures for their use. Moreover, it contains regulations concerning dust, noise and vibrations. The Gen-
eral Mining Ordinance (ABVO) contains special rules concerning occupational safety, use of ma-
chines and vehicles, rock supporting, handling of explosives, ventilation, transportation, and fire safety 
for underground and open pit mines. The Ordinance for Hoisting Machines in Shafts and Ramps 
(BVOS) contains directions for erecting and operating hoisting machines (also temporarily), instruc-
tions for working in shafts, as well as for the examination of ropes and other parts of the hoisting ma-
chines. The mining inspectorates of the Federal States issue further decrees and guidelines in all as-
pects of mining. The supervision of a mine is the responsibility of the local mining inspectorate. 

In Germany, authorized experts must examine the design of transportation systems for waste packages 
before commissioning. Hoisting machines and vehicles must be inspected regularly. In addition to this, 
operating plans must be approved by the local mining inspectorate. 

These above mentioned regulations are valid for all mines in Germany, including exploratory and re-
pository mines. After the final decision about the suitability of a site for the construction of a geologic 
repository has been made, an additional nuclear licensing procedure with public participation must be 
carried out. This license will include all other necessary public permits (buildings, sewage, nature con-
servation etc.). The competent supervisory authority during repository operation for all aspects of min-
ing and occupational safety is the local mining inspectorate, for nuclear aspects the Federal Office for 
Radiation Protection (BfS). 

With regard to the nuclear technology area of a final repository, the Radiation Protection Ordinance 
(StrlSchV, 2005) is to be considered along with other factors. 

Possible operational safety incidents with potential radiological impacts are assessed by an accident 
analysis which needs to be carried out within the framework of the licensing procedure pursuant to  
the Atomic Energy Act. In the accident analysis all sequences of events are considered that, through 
mechanical, thermal or a combination of mechanical and thermal loads on waste containers, could lead 
to a release of radionuclides into the repository surroundings. It is to be shown that: 
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• the accident design objectives are either met, with any release of radioactive materials following 
an accident being kept below the safety threshold and as low as reasonably achievable (class 1 
accident) or 

• sufficient precautions are taken to rule out such a release of radioactive materials (class 2 acci-
dent). 

 

1.1 Analysis of the possible impacts on the operating processes 
The incidents which could possibly impact the various work and operational processes, and which 
could endanger the operational safety include 

• ventilation failure, 

• electrical power failure, 

• rock mechanics effects,  

o drift convergence, 

o uneven floor uplift, 

o roof safety / rock fall 

o excessive pressure onto disposed waste canisters in a borehole, 

• inflow of solutions and natural gases, 

• internal fire, and 

• derailment of a loaded transport cart. 

A detailed analysis was carried out within the framework of the ISIBEL project (ISIBEL, 2008). The 
analysis found that a failure of the ventilation or of electrical power, an internal fire, and a derailment 
of a loaded transport cart are all controllable. 

 

1.2 Open questions and R & D requirements 
• Based on the analysis mentioned above, and taking into account the current state of develop-

ment, four main priorities were identified for R&D work within the framework of the radiologi-
cal and operational safety investigation: 

• possible rock mechanics effects; 

• consequences of inflow of solutions and natural gases 

and additionally 

• analysis of radionuclides that fall out in the mine after a release incident; 

• acquisition of failure rate data for equipment and systems.  

 

1.2.1 Possible rock mechanics effects 
To guarantee a safe borehole disposal operation, the convergence of the boreholes and in the drift 
above them must be assessed under realistic conditions. The decay heat from the waste in the borehole 
and the influence of waste already disposed of in neighboring boreholes is to be investigated. The drift 
cross-sections required for the emplacement operation can then be determined. 
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1.2.2 Inflow of solutions and natural gases 
In contrast to an inflow into a drift, it is practically impossible to pump inflowing brines out of a bore-
hole during disposal, or it is only thinkable to do this above the last canister emplaced. A brine inflow 
is very unlikely but cannot be entirely excluded. Based on the geophysical survey techniques available 
for detecting solution reservoirs, it should then be examined and evaluated how high the probability 
would be that solution reservoirs remain undiscovered and which potential solution volumes could be 
involved. 

Furthermore, the probability of an inflow of hydrocarbon gases into a borehole despite prior explora-
tion should be examined, and the potential volumes that could be involved should be assessed. It is to 
be investigated if this case can be excluded. If not, the potential effects of a deflagration are to be de-
termined.  

 

1.2.3 Fallout in the repository mine 
The beneficial effect of the fallout of air-borne radioactive particles created during accidents both in 
the mine and in the return air ventilation drift is one open issue needing resolution. In a first step it is 
necessary to determine the aerosol fraction produced by a waste container crash. With this information 
the retention factors for individual particle sizes depending upon the ventilation air speed and the drift 
cross-section and length (transport time) can be assessed by means of calculations and/or by experi-
ments.  

 

1.2.4 Acquisition of failure rate data for equipment and system 
As no final repository for spent fuel and HLW exists there is no real operational experience. Data on 
equipment failure rates must be obtained by other means to be able to carry out probabilistic safety 
analyses. The best option would be to carry out dedicated tests with a sufficient number of cycles and 
duration under simulated conditions on an adequate scale, preferably with full-scale machines. Fur-
thermore, existing databases can be analyzed for relevant data with due consideration to data transfer-
ability. Also, an interpretation and analysis of operational experiences in mines using analogous 
equipment can be carried out. 

 

2 Radiation Protection 
 

Pursuant to the German Atomic Energy Act (AtG), the design, construction, and operation of a nuclear 
facility such as a final repository have to be licensed by the authorities. The Radiation Protection Or-
dinance and further guidelines concerning the emission and immission of radionuclides and the analy-
sis of possible failures are the basis of the licensing procedures. 

To ensure adequate protection against undue radiation exposure the repository is divided into different 
radiation protection areas. Generally, handling of shielded waste packages above ground and under-
ground (including all transport routes and the emplacement area) takes place in a radiologically con-
trolled area with restricted access. Due to the high radiation dose rates, handling of unshielded canis-
ters is carried out in exclusion areas (transfer cells). Other areas of the repository in which conven-
tional mining activities as disposal drift excavation go on, and the areas giving access to the controlled 
area, are monitored areas. Thus, the areas where the mine air can potentially be contaminated are sepa-
rated from conventional areas, each having a separate ventilation regime. 

In the repository, only conditioned waste packaged in qualified containers can be accepted for dis-
posal. Independent waste package quality control procedures ensure compliance with corresponding 
acceptance criteria. In spite of this, a radiation protection entrance check is performed to confirm that 
dose rates and contamination comply with the package acceptance criteria. 
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Radiological monitoring at the repository includes dose rate surveillance at certain points of interest as 
well as the surveillance of exhaust air discharged from the surface buildings and from the repository 
mine. The instruments measure volatile aerosols and radioactive gases. Further radiological monitor-
ing of the air on site and in its vicinity as well as of water and soil in the vicinity is carried out. Mete-
orological data are also registered.  

The personnel is kept under radiological surveillance by measuring the air at work places, the individ-
ual dose and, if necessary, the incorporation. Design dose targets for exposed workers were considered 
for the (in principle) avoidable incorporation of radionuclides and the unavoidable external radiation 
exposure. To achieve this, a specific ventilation regime has to be implemented, and a sound balance 
between radiation source shielding and shielding of the work places has to be achieved. Where neces-
sary, remotely controlled waste handling will be applied. In general terms, exposure to external radia-
tion is much more important than the effective dose by incorporation. 

 

3 Incident Analysis 
 

Generally, it is assumed that compliance with the mining and radiation protection requirements during 
normal operations and during operational breakdowns and accidents, including criticality safety, can 
be guaranteed by appropriate technical-organizational measures. The evaluation of the operational 
safety thus focuses on the identification and consideration of possible weak points and relevant acci-
dents. The examination of the radiological safety was done for the delivery and reloading stages above 
ground, for the shaft transportation, and for the radiologically controlled area of the final repository. 
The evaluation of conventional operational safety with regard to mining aspects was carried out only 
for shaft transportation and the controlled area of the repository. 

The radiological operational safety evaluation is based on rules and requirements applicable to nuclear 
power plants. In the project “Updating of the Regulatory Guidelines” (Federal Ministry for the Envi-
ronment, Nature conservation and Nuclear Safety, 2005) an RSK - Reactor Safety Commission - rec-
ommended a hierarchical safety concept (RSK, 2005). This concept covers a combination of different 
technical systems and administrative measures for avoiding or controlling faults and accidents (safety 
levels: 1 - normal operation, 2 - anomalous operation and 3 - accidents); for limiting the effects of 
accidents (safety level 4 - very rare events, accidents and accidents with serious nuclear damage) as 
well as measures for supporting the authorities responsible for emergency services (level 5 - accidents 
with considerable release into the environment). In this paper only safety level 3 was considered. 

Within the framework of said regulations updating, the safety criteria for nuclear power plants and the 
radiological safety objectives for safety level 3 were redefined (GRS, 2002). According to them, the 
relevant limiting values are taken as maximum exposure values for personnel involved in activities 
controlling events, limiting their effects or eliminating their consequences. The accident design values 
of the Radiation Protection Ordinance are to be used as a maximum for the plant design with respect to 
protecting the population against radiation exposure caused by accidental releases. 

Furthermore, the regulation (GRS, 2002) lists other events to be considered. According to these, “a 
broad spectrum of events which are not expected to occur during the operational phase of the installa-
tion, but are nevertheless to be assumed” (safety level 3) is to be considered for measures and facilities 
to be realized. The completeness of the scenarios considered and their relevance are to be guaranteed 
for the specific facility. When defining the design basis accidents (safety level 3), not all theoretically 
conceivable accidents are taken into account. Only such accident causes and the ensuing sequences of 
events are considered that, due to probability considerations of their occurrence and courses of events, 
appear to be relevant. 

The following events are not design basis accidents (safety level 4) due to their low risk. Measures 
against these events serve as risk minimization: 

• events as a consequence of an aircraft crash, 
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• events as a consequence of external actions of dangerous materials and 

• events as a consequence of external blast waves from chemical reactions. 

The proof of accident control is done by means of a safety analysis. In this case it will be distinguished 
between deterministic and probabilistic safety analysis. 

It seems reasonable to use the basics developed for nuclear power plants when considering the special 
features of a final repository to show that all relevant and necessary precautions have been taken. For 
the repository operational phase, compliance with the radiological protection objective “safe contain-
ment of radioactive substances” can be shown, and this for external and internal initiating events, irre-
spective of the final repository design or of the host rock. 

 

3.1 Deterministic safety analysis 
The method used during the deterministic safety analysis consists of the subsequently described steps: 

(1) Proof of completeness 

The proof of completeness is to show that all possible accidents have been considered. It basically 
consists of the (abridged) description of the emplacement procedure specifying the disposed sub-
stances, of the compilation of the activity inventories, the specification of the possibilities of release of 
radionuclides considering the existing barriers, the determination of the basic radiological principles 
and of the performance of a pre-analysis. 

(2) Compilation of relevant effects 

Radionuclides can be released as a result of internal and external initiating events. 

Internal effects taken into consideration are: 

• criticality, 

• canister crash, 

• mechanical damage by fall of heavy loads or by vehicle collision, 

• cage crash, 

• rope slide, 

• cage overwinding, 

• disturbance of heat dissipation, 

• failure of safety-relevant systems, 

• fire, 

• explosion, 

• rock mechanics accidents, 

• intrusion of mine waters, 

• gas generation, 

• gas leakage, 

• operating error (human error), 

• actions of third parties. 

Additionally, the following external effects are to be considered: 

• aircraft crash, 

• effects of hazardous materials, 
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• blast wave from chemical reactions, 

• earthquake,  

• lightning strike, floods, wind, ice and snow, 

• external fire, 

• other site-related effects.  

(3) Determination of design basis accidents: 

It is to be examined whether the events and event combinations considered possible could in reality 
lead to considerable activity release under the specific repository conditions. Those subsystems of the 
system are selected for detailed analysis that in such an event would probably have the most serious 
effects (design basis accidents). This procedure ensures that failures of other subsystems are covered 
as well with regard to the possible radiological effects. 

(4) Proof of the required precaution against damages 

The proof that the required precautions have been taken is performed for the selected design basis 
accidents by a detailed analysis of such accidents. The initiating event, the course of events, the barri-
ers becoming effective and the consequences mitigating measures are described and the preventive 
safety features are detailed. Subsequently, the released activity and its radiological effects are assessed 
taking into account the discharged inventory and its retention in the barriers. 

The required proof of damage precautions is carried out for events with a low probability of occur-
rence by specifying the risk minimization measures taken. 

 

3.2 Probabilistic safety analyses 
The probabilistic safety analysis (PSA) carried out in the framework of the periodic NPP safety in-
spections is required for existing nuclear power plants. At present, there is no licensing requirement to 
perform probabilistic safety analyses for a final repository. Despite this, some recommendations for 
the application of probabilistic safety analyses to the construction and operation of a final repository 
for HLW and spent fuel are given in the following. 

According to (Guideline, 2005) the results of the PSA should 

• supplement the deterministic safety assessment, 

• be used to determine the necessity and urgency of safety improvements, 

• be able to find weak points by comparing the frequencies of individual non-controllable system 
conditions and 

• facilitate the safety equilibrium of the system concept. 

For the performance of the PSA, the methods suggested in (Guideline, 2005) form a suitable set of 
instructions. 

 

4 Conclusion 
 

If all open issues regarding the operational safety can be resolved, the radiation protection require-
ments are met, and the incident analysis has been performed, then operation of the HLW repository 
can be licensed based on the considered planning parameters. 
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