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Abstract 
 

In a deep geological repository for radioactive waste, in absence of oxygen and in presence of 
water, corrosion of various metals and alloys will lead to the formation of hydrogen. If present, 
organic materials may slowly degrade and generate carbon dioxide, methane and other gaseous 
species. Depending on local conditions, gaseous species can be consumed by chemical reactions 
and by microbial activity. If the resulting rate of gas generation exceeds the rate of migration of 
dissolved gas molecules in the pores of the engineered barriers or the host rock, the solubility 
limit of the gas will eventually be exceeded and the formation of a discrete gas phase will occur. 
Gases could continue to accumulate until the pressure becomes sufficient to be released in 
gaseous form.  

This report deals with the evolution of gas-related processes that can influence the long-term 
behaviour and safety of low- and intermediate-level waste (L/ILW) and high-level waste (HLW) 
repositories in Opalinus Clay. The main aim is to present a synthesis of processes and pheno-
mena related to repository-produced gases and to assess their influence on repository perfor-
mance. A current overview of gas sources, reactions and interactions, generation, consumption, 
and transport is provided. Furthermore, current scientific understanding is used to define safety 
function indicators and criteria, which are employed to evaluate the potential influence of 
repository-generated gas on safety-relevant properties of engineered and natural barriers. 

The assessment of gas generation, consumption and transport is addressed separately for the 
HLW and the L/ILW deep geological repositories. The employed methodology, which is 
common for both repository types, consists of the description and quantification of the potential 
gas sources, which include the waste, barrier components such as disposal canisters and other 
gas-generating repository components, and of the processes and reactions leading to the genera-
tion or consumption of gas. The evolution of the gas generation rate and of the cumulative gas 
volume during the time frame for safety assessment is then calculated. The outcome is used as 
input to the modelling of gas transport and the resulting build-up of gas pressure and gas-
induced water flow, which are used as safety function indicators. Uncertainties and options are 
combined into specific assessment cases, which are used to specify the expected ranges of 
safety-relevant parameters, to highlight the potential effects of mitigating measures aiming to 
decrease the amount of generated gas, and to identify areas where further research could provide 
the most benefit.  

The main outcome of the performance assessment is that for pessimistic base cases, and even 
for the upper bounding cases, gas production in the HLW and L/ILW repositories does not com-
promise the post-closure safety functions of the host rock and the engineered barriers. In all the 
cases explored there is a safety margin with regards to the defined assessment criteria. More-
over, there are several design options available that can further mitigate the consequences of gas 
production in the repositories if necessary. In both repository types, gas production is dominated 
by hydrogen resulting mainly from the corrosion of carbon steel. As a result, alternative 
emplacement and building technologies, alternative disposal canister materials, or treatment of 
metallic waste by melting could reduce the amount of repository-generated gas during the 
period for safety assessment. The build-up of gas overpressure and resulting porewater displace-
ment could also be mitigated by thriving gas-consuming microorganisms or by tailoring the 
engineered gas transport system. 
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Zusammenfassung 
 

In einem geologischen Tiefenlager für radioaktive Abfälle wird die Korrosion verschiedener 
Metalle und Legierungen unter Sauerstoffabschluss und bei Vorhandensein von Wasser zur Bil-
dung von Wasserstoff führen. Falls vorhanden, kann auch organisches Material langsam abge-
baut und zu Kohlendioxid, Methan und anderen gasförmigen Spezies umgesetzt werden. Je 
nach lokalen Bedingungen können gasförmige Spezies durch chemische Reaktionen und mikro-
bielle Aktivität verbraucht werden. Wenn jedoch die resultierenden Gasbildungsraten die Diffu-
sionsaten von gelösten Gasmolekülen in den Poren der technischen Barrieren oder des Wirtge-
steins übersteigen, werden schliesslich die Löslichkeitsgrenzen der Gase überschritten, wodurch 
es zur Bildung einer freien Gasphase kommt. Die verschiedenen Gase könnten weiterhin akku-
mulieren bis der Druck ausreicht, um in der Gasphase freigesetzt zu werden.  

Der vorliegende Bericht behandelt die Entwicklung von gasinduzierten Prozessen, die das Lang-
zeitverhalten und die Sicherheit eines SMA- und HAA-Lagers im Opalinuston beeinflussen 
können. Der Schwerpunkt liegt dabei auf einer Synthese von Prozessen und Phänomenen in 
Zusammenhang mit in einem Tiefenlager produziertem Gas und einer Bewertung ihres Ein-
flusses auf die Funktionstüchtigkeit eines Tiefenlagers. Der vorliegende Bericht bietet hierzu 
einen aktuellen Überblick hinsichtlich Quellen, Reaktionen und Wechselwirkungen, Produktion, 
Verbrauch und Transport von Gas. Darüber hinaus werden basierend auf dem aktuellen wissen-
schaftlichen Verständnis Kriterien definiert, um den möglichen Einfluss von in einem Tiefen-
lager produziertem Gas auf die sicherheitsrelevanten Eigenschaften der technischen und geo-
logischen Barrieren zu bewerten. 

Die Bewertung der Bildung, des Abbaus und des Transports von Gas erfolgt separat für das 
HAA- und das SMA-Lager. Die für beide Lagertypen verwendete Methode umfasst die Beschrei-
bung und Quantifizierung der potenziellen Gasquellen, bestehend aus den Abfällen, technischen 
Barrieren wie den Endlagerbehältern und anderen gasbildenden Lagerkomponenten, sowie die 
Beschreibung der Prozesse und Reaktionen, die zu Gasbildung und Abbau führen. Weiter wird 
die Entwicklung der Gasbildungsrate und des kumulierten Gasvolumens für den jeweiligen 
Betrachtungszeitraum berechnet. Das Ergebnis wird für die Modellierung des Gastransports, 
sowie des resultierenden Gasdruckaufbaus und gasinduzierten Wasserflusses verwendet, wobei 
letztere als Indikatoren für die Bewertung herangezogen werden. Ungewissheiten und Varianten 
werden zu spezifischen Bewertungsfällen kombiniert. Diese werden verwendet, um einerseits 
die zu erwartende Bandbreite der sicherheitsrelevanten Parameter zu bestimmen und mögliche 
Auswirkungen von Massnahmen aufzuzeigen, welche die gebildete Gasmenge verringern kön-
nen. Andererseits sollen Bereiche identifiziert werden, in denen weitere Forschung die grössten 
Fortschritte erwarten lässt. 

Das wichtigste Ergebnis der Bewertung ist, dass für die pessimistischen Basisfälle und sogar für 
die ungünstigsten untersuchten Fälle die Gasproduktion im HAA- und im SMA-Lager die Sicher-
heitsfunktionen des Wirtgesteins und der technischen Barrieren nicht beeinträchtigt. In allen 
untersuchten Fällen ist eine Sicherheitsmarge in Bezug auf die definierten Kriterien vorhanden. 
Darüber hinaus stehen bei Bedarf mehrere Optionen zur Verfügung, welche die Folgen der Gas-
produktion in den Tiefenlagern weiter einschränken. In beiden Lagertypen wird die Gasproduk-
tion von Wasserstoff dominiert, welcher hauptsächlich aus der Korrosion von Kohlenstoffstahl 
entsteht. Demzufolge könnten alternative Einlagerungs- und Bautechnologien, alternative Endla-
gerbehältermaterialien oder die Behandlung von metallischen Abfällen durch Einschmelzen die 
während des Betrachtungszeitraums gebildete Gasmenge verringern. Der Aufbau eines Gasüber-
drucks und die daraus resultierende Porenwasserverdrängung könnten ebenfalls eingeschränkt 
werden durch gedeihende gasverbrauchende Mikroorganismen oder durch die kontrollierte 

Ableitung von Gas entlang der Zugangsbauwerke (EGTS: "engineered gas transport system"). 
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Résumé 
 

Dans un dépôt pour déchets radioactifs aménagé en couches géologiques profondes, en 
l'absence d'oxygène et en présence d'eau, la corrosion de différents métaux et alliages entrainera 
la formation d'hydrogène. Les matières organiques éventuellement présentes pourront subir une 
dégradation progressive, émettant du dioxyde de carbone, du méthane et d'autres espèces 
gazeuses. En fonction de l'environnement de dépôt spécifique, les gaz générés pourront être 
consommés par des réactions et par l'activité microbienne. Si le taux de génération de gaz 
dépasse le taux de diffusion des molécules de gaz dissoutes dans les pores des barrières 
ouvragées et de la roche d'accueil, la limite de solubilité du gaz finira par être atteinte, condui-
sant à la formation d'une phase gazeuse. Les gaz pourraient alors continuer à s'accumuler 
jusqu'à ce que la pression soit suffisante pour qu'ils soient libérés en forme gazeuse.  

Le présent rapport traite de l'évolution des processus liés au gaz qui peuvent influencer le com-
portement à long terme et la sûreté des dépôts pour déchets de haute activité (DHA) et déchets 
de faible et moyenne activité (DFMA) implantés dans l'Argile à Opalinus. Son objectif principal 
est de dresser une synthèse des processus et phénomènes liés aux gaz produits dans un dépôt 
géologique et d'évaluer leur influence sur la performance du dépôt. Il propose une vue d'en-
semble des sources de gaz, de leurs réactions et interactions, de même que des processus et 
phénomènes de génération, consommation et transport. En outre, sur la base des connaissances 
scientifiques actuelles, il définit les indicateurs et critères de fonction de sûreté qui vont servir à 
évaluer l'influence potentielle des gaz générés dans le dépôt sur les propriétés des barrières 
ouvragées et naturelles qui sont déterminantes pour la sûreté. 

La génération, la consommation et le transport des gaz sont étudiés séparément pour les deux 
types de dépôts prévus (DHA et DFMA). La méthodologie utilisée, commune aux deux types de 
dépôts, consiste à décrire et quantifier les sources de gaz potentielles, en l'occurrence les 
déchets, les composants des barrières, tels les conteneurs, et d'autres éléments du dépôt générant 
des gaz, puis les processus et réactions entrainant la génération ou la consommation de gaz. On 
calcule alors l'évolution de la production de gaz et le volume cumulé pendant la période consi-
dérée pour l'évaluation de la sûreté. Les résultats obtenus sont ensuite utilisés comme données 
d'entrée pour la modélisation du transport des gaz, ainsi que de la montée de la pression gazeuse 
et des flux d'eau qui en découlent, ces deux derniers éléments constituant des indicateurs de 
fonctions de sûreté. Les incertitudes et les options sont combinées de différentes manières pour 
évaluer des situations spécifiques, qui servent ensuite à définir le spectre de valeurs prévu pour 
les paramètres pertinents en matière de sûreté, à mettre en évidence l'effet potentiel des mesures 
correctives visant à réduire la quantité de gaz générée, et enfin à identifier les domaines où l'on 
pourrait tirer le plus grand profit de recherches complémentaires. 

Le principal résultat de l'analyse de performance est que pour des situations de référence pessi-
mistes, et même pour les situations à la limite supérieure du spectre envisageable, la production 
de gaz dans les dépôts DHA et DFMA ne compromet pas les fonctions de sûreté de la roche 
d'accueil et des barrières ouvragées après la fermeture. Dans toutes les situations étudiées, il 
reste une marge de sûreté par rapport aux critères d'évaluation définis. De plus, il existe diffé-
rentes options de conception qui pourraient permettre de réduire les conséquences de la produc-
tion de gaz. Celle-ci, dans les deux types de dépôts, est dominée par l'hydrogène, résultant en 
premier lieu de la corrosion de l'acier au carbone. En conséquence, on peut diminuer les quanti-
tés de gaz produites pendant le période d'évaluation de sûreté, soit en mettant en œuvre d'autres 
technologies pour l'emmagasinage des déchets et la construction, soit en ayant recours à d'autres 
matériaux pour les conteneurs, soit encore en procédant à un traitement par fusion des déchets 
métalliques. Le développement d'une surpression de gaz et le déplacement des eaux intersti-
tielles en résultant pourraient en outre être modérés par le biais d'une consommation micro-
bienne des gaz ou en adaptant le système ouvragé de transport des gaz.  
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1 Introduction 

1.1 Background 

In Switzerland, the Nuclear Energy Act requires the disposal of all types of radioactive waste in 
deep geological repositories (NEA 2003). A deep geological repository is described as an instal-
lation located deep underground, which may be closed once the permanent protection of humans 
and the environment is ensured through a system of passive safety barriers. It comprises a main 
installation for the emplacement of the radioactive waste, a pilot facility and test areas, along 
with the underground access structures to these installations.  

The overall approach to implementing deep geological disposal in Switzerland is set out in the 
Waste Management Programme (Nagra 2016a). This programme foresees two deep geological 
repositories: a high-level waste repository (HLW repository) for spent fuel (SF), vitrified high-
level waste (HLW) and long-lived intermediate-level waste (ILW); and a repository for low- 
and intermediate-level waste (L/ILW repository)1. The procedure and the criteria for the selec-
tion of sites for deep geological repositories are specified in the concept part of the "Sectoral 
Plan for Deep Geological Repositories" (BFE 2008). The procedure consists of three stages and 
will ultimately lead to the identification of the sites for repository implementation, the definition 
of the main features of the repositories and the submission of the general license.  

In Stage 1 of the Sectoral Plan, potential host rocks and associated geological siting regions 
were identified. Nagra proposed six geological siting regions for the L/ILW repository and three 
for the HLW repository in November 2008 (Nagra 2008a). These siting proposals were prepared 
on the basis of criteria relating to safety and engineering feasibility, as well as other require-
ments set out in the Sectoral Plan. The proposed regions entered in the Sectoral Plan with a 
decision by the Federal Council (BFE 2011).  

Stage 2 of the Sectoral Plan includes a narrowing-down of the potential geological siting 
regions to at least two for each repository type for further investigation in Stage 3. This has been 
done by conducting a safety-based comparison of the siting regions, with the highest priority 
being assigned to the post-closure safety of the repository. The following siting regions were 
proposed (Nagra 2014a)2: 

 Zürich Nordost (ZNO) in cantons ZH and TG 

 Jura Ost (JO) in Canton AG 

For the purpose of the narrowing-down process in Stage 2 and based on the state of knowledge 
achieved, Opalinus Clay (OPA) has been identified as the preferred host rock in both siting 
regions and disposal perimeters for Opalinus Clay have been delimited. In the siting area JO, the 
proposed disposal perimeter is associated with a repository level between 400 and 600 m bgl. In 
ZNO, the repository level in the proposed disposal perimeter ranges between 550 and 700 m 
bgl. At both sites, the thickness of the host rock is about 110 m. A detailed description of the 
geological site conditions in the two siting regions is given in Nagra (2014b).  

Within a deep geological repository, in the absence of oxygen and in the presence of water, cor-
rosion of various metals and alloys will lead to the formation of hydrogen. If present, organic 
materials may slowly degrade and generate carbon dioxide, methane and other gaseous species. 

                                                           
1  There is also the possibility to construct the HLW repository and the L/ILW repository at the same site, i.e. to 

construct a so-called combined repository. Such a combined repository is, however, not dealt with in the present 
report. 

2  An additional siting region, Nördich Lägern (NL), may also be further investigated in Stage 3. 
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Radiolysis of water will produce small additional amounts of gas. Depending on local con-
ditions, gaseous species can be consumed by chemical reactions or by microbial activity. If the 
resulting gas generation rate exceeds the rate of migration due to processes such as advection 
and diffusion of dissolved gas molecules in the pores of the engineered barriers or the host rock, 
the solubility limit of the gas will eventually be exceeded. This will lead to the formation of a 
discrete gas phase. Gases could continue to accumulate until the pressure becomes sufficient to 
be released through the engineered barriers and the host rock in gaseous form. 

The effects of post-disposal gas generation in, and gas release from, deep geological repositories 
in Opalinus Clay have been assessed in previous Nagra studies: 

 The release of gas from the emplacement caverns of an L/ILW repository has been the sub-
ject of several assessments since the Wellenberg programme (Nagra 1997). The focus of 
previous studies was on: 

 The maximum overpressure in the backfilled underground structures 

 The expulsion of contaminated porewater 

 The release of volatile radionuclides 

In the context of Stage 1 of the Sectoral Plan, the concept of an Engineered Gas Transport 
System (EGTS) was developed as a design option for limiting gas overpressures in the 
L/ILW repository (Nagra 2008b). Furthermore, dedicated analyses of two-phase flow pro-
cesses in different repository components were carried out, comprising the countercurrent 
flow3 of water and gas through the repository seals and the detailed resaturation process in 
the L/ILW near-field (Senger & Ewing 2008). Complementary studies gave emphasis to salt 
precipitation processes around the L/ILW caverns (Senger & Papafotiou 2014a) and micro-
bial consumption of hydrogen (Papafotiou & Senger 2016a). Evaluations of site-specific 
aspects (impact of repository depth, effects of spatial variability of two-phase flow pro-
perties) on gas release were investigated as part of Stage 2 of the Sectoral Plan (Papafotiou 
& Senger 2014a, b; Senger & Papafotiou 2014b). 

 The release of gas from the emplacement structures of a HLW repository has been the sub-
ject of several assessments since the project "Opalinus Clay" (Nagra 2002, 2004). The focus 
of previous studies was on: 

 The maximum overpressure in the backfilled underground structures 

 The interaction of gas-induced and heat-induced overpressures 

 The expulsion of contaminated porewater 

In the context of Stage 1 of the Sectoral Plan, detailed analyses of the thermo-hydraulic evo-
lution of the HLW near-field were conducted using a 3-D model of a single SF/HLW dis-
posal canister (Senger & Ewing 2008). The study was extended to account for other near-
field processes, such as water consumption by the corrosion process (Senger et al. 2008), 
salt precipitation (Senger & Papafotiou 2014a) and microbial consumption of hydrogen 
(Papafotiou & Senger 2016b). Furthermore, pilot studies with a generic 3-D model of a 
combined repository for SF/HLW and L/ILW were initiated to assess the required distance 
between the SF/HLW facility and the L/ILW facility (Senger & Ewing 2011). Site-specific 
aspects (impact of repository depth, effects of spatial variability of two-phase flow proper-
ties) of gas release were investigated as part of Stage 2 (Papafotiou & Senger 2014c). 

                                                           
3  According to Senger & Ewing (2008) gas pressure build-up in the backfilled repository structures will cause a 

countercurrent flow of gas and water in the repository seal, namely gas escapes through the upper part of the 
sand/bentonite seal whereas groundwater from the backfilled access ramp is flowing through the lower part into 
the repository.  
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The generation of gas has also been addressed by several foreign radioactive waste management 
programmes, such as in Sweden (Moreno et al. 2001), in the UK (Swift & Rodwell 2006), in 
Canada (NWMO 2011), in Belgium (Yu & Weetjens 2012), and in France (Talandier 2005). 
Additionally, the recent European Commission FORGE (Fate Of Repository Gases) project was 
specifically aimed at tackling the key research issues associated with the generation and trans-
port of repository gases through links to international radioactive waste management organisa-
tions, regulators and academia. The key messages and outcomes of the project with regard to the 
consideration of gas issues in a safety case are (Norris et al. 2013): 

 The relevant Features, Events and Processes (FEP) with respect to gas are well-known, 
although there are uncertainties that need to be managed as a standard aspect of developing 
a safety case 

 There are coupled mitigation opportunities that can be considered on a repository-specific 
basis, such as inventory optimisation, choice of materials for the Engineered Barrier System 
(EBS), and repository design, operation, sealing and closure 

 The relative importance of gas in a post-closure safety case is a function of the disposal 
concept under consideration, which is itself a function of the disposal inventory (including 
the gas source term, the approach to waste treatment and packaging, and how the packaged 
waste is managed prior to emplacement in the repository) and the properties and safety 
functions provided by the engineered and natural barriers 

 Repository-derived gas needs to be considered at an appropriate level in all repository safety 
cases. This can be done on the basis of existing knowledge 

 The current understanding of repository-derived gas in relation to a range of concepts for 
the geological disposal of radioactive waste provides a justification for increased confidence 
in analyses of the gas issue as undertaken within the safety case 

1.2 Regulatory requirements 

The regulatory guideline on design principles for deep geological repositories and on require-
ments for the safety case (ENSI 2009) provides the following statement: Safety assessment as 
part of a safety case needs to include a description of the expected evolution of the materials in 
the repository, including the radioactive waste and the engineered and natural barriers. The 
description has to take into account possible mutual influences of the different materials. Impli-
cit in this statement is the consideration of post-closure gas generation. 

More generally, the need to assess the consequences of gas generation on safety-relevant pro-
perties of the engineered and natural barriers also arises from the regulatory principle of optimi-
sation (ENSI 2009), which is understood as a continuous process in which various relevant 
alternatives and their significance for operational and post-closure safety are considered. This 
process should lead to design decisions that are, overall, favourable to safety and reasonable 
from the perspective of the state-of-the-art of science and technology. 

ENSI (2015) contains additional recommendations, stipulating an in-depth analysis and safety-
related evaluation of currently available options capable of reducing and/or avoiding organic 
and metallic materials in ILW and L/ILW and alternative materials for the fabrication of 
SF/HLW disposal canisters. 

These efforts are documented in the framework of the Waste Management Programme 2016 
(Nagra 2016a) and the associated Research, Development and Demonstration (RD&D) Plan for 
the year 2016 (Nagra 2016b). 
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1.3 Objectives 

This report describes and evaluates the evolution of safety-relevant processes related to gas that 
can influence the long-term behaviour and safety of L/ILW and HLW repositories constructed 
in Opalinus Clay. The main aim is to present a state-of-the-art synthesis of processes and pheno-
mena linked to repository-produced gases and to assess their influence on repository perfor-
mance. It provides an overview of the currently available understanding of gas sources, reac-
tions and interactions, generation, consumption, and transport. Furthermore, current scientific 
understanding is used to define safety function indicators and criteria that are employed to 
evaluate the influence of repository-generated gas on safety-relevant properties of the engi-
neered and natural barrier system. Finally, the outcome of the analyses presented here is 
intended to form a basis for further RD&D activities in Stage 3 of the Sectoral Plan. 

Within the above-defined framework, additional aims of the report related to the generation of 
repository gases are: 

 To provide quantitative estimates of gas generation rates and cumulative gas volume during 
the post-closure phase of the proposed deep geological repositories based on current 
scientific knowledge 

 To show the impact of model and parameter uncertainties, and of programme and design 
options regarding currently available processes that are capable of reducing the amount and 
rate of generated gas 

Based on generic repository designs, the gas transport analyses aim to identify the key assump-
tions and parameters to which the potential effects of post-closure gas generation on the perfor-
mance of the repositories are most sensitive. The analyses are performed for deterministic sce-
narios related to aspects of the designs and address the following points:  

 Sensitivity of pressure build-up associated with the generation of gas in the emplacement 
caverns of an L/ILW repository and with the generation of heat and gas in the emplacement 
structures of a HLW repository 

 Estimation of the repository resaturation time and of the return to undisturbed porewater 
pressure regime 

 Identification of potential pathways for gas release and their ability to transport gas and 
prevent gas pressure build-up. These include transport through the EGTS, the excavation 
disturbed zone (EDZ), and the host rock 

 Assessment of the contributions of different EGTS components to EGTS performance and 
to pressure build-up in the repository 

 Estimation of the impact of heat and gas generation rates on the evolution of pressure in the 
backfilled underground structures and in the surrounding host rock 

 Assessment of the role of microbial gas consumption on pressure build-up in the L/ILW 
repository and the potential for associated mitigation measures in the repository design 

These aspects are linked and interdependent due to the coupled processes that control the trans-
port of gas and porewater through the repository elements and the surrounding host rock during 
the operational and post-closure phases. 
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1.4 Methodology 

The assessment of gas generation, consumption and transport in the HLW and L/ILW deep geo-
logical repositories currently under consideration in Switzerland is carried out by means of an 
assessment approach that consists of the following broad steps: 

1. Description of reference repository configuration and design, and its expected evolution 
after closure 

2. Description of potential gas sources: the radioactive waste allocated to each repository and 
other gas-generating repository components 

3. Identification and description of processes leading to the generation of gas and quantifi-
cation of their rates 

4. Using Steps 2 and 3 as input, modelling the evolution of the rate of gas generation and of 
the cumulative gas volume with time 

5. Identification and description of processes leading to the consumption of gas and quantifi-
cation of their rates where applicable 

6. Using the outcome of Steps 4 and 5 as input, modelling the transport of gas and the 
resulting build-up of pressure and water flow 

7. Assessment of potential consequences on safety-relevant properties of the EBS and the host 
rock using a set of safety function indicators and criteria 

A feature common to all the above steps is that model and parameter uncertainties, and also 
programme and design options, are combined into specific assessment cases, which are used in 
a comparative manner to specify the impact of varying safety-relevant parameters across their 
expected ranges and to highlight the potential effects of mitigating measures. 

1.4.1 General approach 

The illustrations shown in Fig. 1-1 schematically demonstrate the general approach followed in 
this report to describe and assess the processes related to the production, consumption and trans-
port of gas in the L/ILW repository, and in the ILW and SF/HLW parts of the HLW repository4. 
The different variants explored are described only briefly in the following paragraphs, while a 
more detailed description is given in the gas generation and gas transport modelling sections of 
Chapters 3 and 4. 

  

                                                           
4  The disposal of the ILW in the L/ILW repository is a potential option, which, however, is not explicitly addressed 

in this report. 
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Fig. 1-1: Schematic illustration of the expected sequence of processes and options related to 
gas produced in an L/ILW repository (top), and in the ILW (middle) and SF/HLW 
(bottom) parts of a HLW repository. 

Blue: processes leading to gas generation and the gas species generated. Orange: processes 
leading to gas consumption and the gas species consumed. Green: options leading to 
decrease of gas volumes produced.  
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The analyses presented in this report are based on the Model Inventory for Radioactive Mate-
rials (MIRAM), which characterises and quantifies all Swiss radioactive materials, accounting 
for existing waste as well as expected future waste. The current MIRAM version is MIRAM 14 
(Nagra 2014c), dated 31st of December 2013. The waste allocation to each repository type is 
described in Nagra (2014d). Alternative waste allocations are described in Nagra (2016a). In the 
present study, the inventory for the MIRAM 14 base scenario serves as a starting point for the 
evaluation of gas generation, consumption and transport in the L/ILW and HLW repositories. In 
addition, four alternative MIRAM scenarios have been developed corresponding to melting and 
pyrolysis treatment options aimed at reducing gas producing waste in the L/ILW repository. 
Waste treatment options for ILW are the same as in the case of L/ILW. However, the number of 
treatable waste types is considered to be small and the overall effect of waste treatment on gas 
generation in the ILW part of the HLW repository is expected to be minor. Waste treatment of 
ILW is thus not addressed. Furthermore, two additional alternative MIRAM scenarios are intro-
duced to reflect new data regarding waste arising from the PSI-West research facility that were 
not available during the initial development of MIRAM 14. 

All scenarios considered in the present study assume a 60-year operating lifetime for the 
existing Swiss NPPs (except for the Mühleberg NPP, which is assumed to operate until 2019) 
and the collection of waste from medicine, industry and research until 2065, which is conserva-
tive from the point of view of waste amounts. The masses and volumes of conditioned waste for 
geological disposal according to the base scenario are given in Tab. 1-1. The vast majority 
(96 %) of the available waste, either by mass or by volume, will be disposed of in the L/ILW 
repository. Considerably smaller amounts of SF/HLW (3 %) and of ILW (1 %) will be disposed 
of in the HLW repository. 

Tab. 1-1:  Masses and volumes of conditioned radioactive waste according to the MIRAM 14 
base scenario. 

 

Category Mass 
[kg] 

Volume 
[m³] 

SF/HLW 4.87 × 106 1'479 

ILW 2.33 × 106 891 

L/ILW 1.58 × 108 53'060 

Total 1.66 × 108 55'430 

 

The electrochemical and biochemical processes leading to the generation of gaseous species are 
described in this report. The generation of gas due to radiolysis of water is not addressed since 
the amount of gas produced is expected to be significantly lower than that produced by other 
processes (Nagra 2004). Model reaction mechanisms for the corrosion of metals and for the 
degradation of organic materials under repository conditions are also defined. Reaction rates are 
then assigned to the model reactions, drawing upon currently available scientific knowledge. 
Base case rates generally reflect rather pessimistic values, whereas lower and upper bound rates 
reflect uncertainties in the existing literature and also uncertainty and spatial variability in local 
conditions, such as saturation of the near-field, and the evolution of these conditions during the 
safety-relevant period of waste disposal. 

According to the outcome of earlier studies (e.g. Nagra 2008b), the interplay between water and 
gas in a deep geological repository results in complex system behaviour. On the one hand, gas 
and water transport affect the production/consumption of water and gas, e.g. by controlling the 
gas pressure and the availability of water for corrosion and degradation reactions. On the other 
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hand, water and gas production/consumption exert a strong influence on the movement of water 
and gas. This complex interplay is not implemented in a single model. Instead, the modelling of 
gas generation and corresponding water consumption is carried out essentially separately from 
gas transport and consumption modelling, except where gas consumption occurs abiotically at 
the point of origin. As a result, the hydraulic state of the repository system is an additional 
uncertainty in gas generation modelling. Coupling of water consumption and gas generations is 
not included in the modelling, i.e. the availability of water is not considered to be rate limiting 
for gas generation. According to Senger et al. (2008), the effect of water consumption is small 
when the permeability of the host rock is  10-21 m2. 

The types, amounts and geometry of the gas sources, together with the corrosion and degrada-
tion model reactions and rates, are implemented in a mathematical model comprising: 

 Equations for gas production and water consumption as a function of the mass change of 
gas-generating materials 

 Equations for mass change due to degradation of organic materials 

 Equations for mass and geometry change due to the corrosion of metallic components 

The output of the model is the evolution of the gas generation rate and of the cumulative gas 
volume with time. The influence of a number of options aimed at decreasing gas generation is 
documented in the report. Such options include melting and/or pyrolysis of L/ILW, use of alter-
native disposal canister materials for SF and HLW, alternative packaging for L/ILW and ILW, 
as well as alternative emplacement technology and intermediate seal section construction. 

The potential for gas consumption is assessed for the L/ILW repository and for the ILW part of 
the HLW repository. Some gaseous species (CO2 and H2S) are considered to be consumed at the 
point of origin due to chemical reactions in the near-field. In the case of the L/ILW repository, 
additional consumption of H2 is assumed to take place due to microbial activity in the backfilled 
operation and ventilation tunnels. Model reactions are defined and assessment cases are con-
structed based on different reaction rates and assumptions for the availability of reactants.  

The release of the remaining gas and the consequent evolution of repository saturation, gas 
pressure build-up and water flow between repository components is then modelled. Further-
more, the contribution of various gas release mechanisms is assessed. The assessment of key 
sensitive parameters is carried out via a stepwise approach using bounding cases and selected 
simulation variants. The assessment of gas release is based on a generic L/ILW repository con-
figuration in Opalinus Clay at a repository depth of 550 m and a generic HLW repository 
configuration in Opalinus Clay at a repository depth of 700 m, representing typical conditions in 
the siting regions JO and ZNO, respectively5. Preliminary repository layouts and designs are 
taken from Stage 2 of the Sectoral Plan (Nagra 2014d) consistent with the MIRAM 14 inventory 
(Nagra 2014c) and the corresponding repository allocation in Nagra (2014d). The implementa-
tion timeline is based on the Waste Management Programme 2016 (Nagra 2016a). Reliable gas-
related databases have been compiled in Stage 2 of the Sectoral Plan through the comprehensive 
integration of laboratory tests, field campaigns and gas-related shale characterisation studies for 
the determination of two-phase flow properties of the potential host rocks (Senger et al. 2013). 
The compilation of gas-related properties comprises two different sets of reference parameters, 
namely for the shallow and deep repository configurations (shallow: 300 – 500 m bgl; deep: 
500 – 900 m bgl). The gas-related reference parameters for the backfill materials are derived 
from Papafotiou & Senger (2014a).  
                                                           
5  Additional assessment cases for a L/ILW repository at 400 m bgl and a HLW repository at 450 m bgl are shown 

in Appendices A and B respectively.  
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1.4.2 Performance assessment 

The accumulation and release of repository-generated gases may affect a number of processes in 
the repository near-field that are relevant to post-closure safety. The long-term stability of the 
barrier system should be ensured over the so-called time frame for safety assessment, which is 
the main period of concern from the perspective of post-closure safety and which was first 
defined in Nagra (2008c) based on the decrease in radiological toxicity that occurs over time. It 
extends to 100'000 years for the L/ILW repository and to 1'000'000 years for the HLW reposi-
tory. The specific issues to be considered are: 

 The state conditions (water saturation, pore pressure, stress, porewater composition) in the 
backfilled emplacement rooms and in the surrounding host rock, which will be influenced 
for a period of thousands of years by gas accumulation 

 The integrity of the engineered barrier systems and the host rock, expressed in terms of 
safety-relevant properties, which may be impaired by the build-up of excessive gas 
pressures in the emplacement rooms 

A traceable approach for the assessment of gas-related phenomena and processes in terms of 
long-term safety function indicators and the corresponding indicator criteria has been developed 
for both the HLW repository (Leupin et al. 2016a) and the L/ILW repository (Leupin et al. 
2016b). For both repository types, the safety-relevant phenomena and processes are the same, 
namely: 

 The build-up of gas overpressure in the waste emplacement rooms 

 The displacement of porewater from the emplacement rooms into the host rock due to the 
gas overpressure 

 The displacement of porewater from the emplacement rooms along the backfilled and 
sealed repository structures due to the gas overpressure 

A brief discussion of the related phenomena and processes, as well as of the associated safety 
function indicators and indicator criteria, is presented in the following paragraphs. 

Gas pressure build-up 

Repository-generated gas will enter the host rock by diffusion and, as the gas pressure increases 
beyond the gas-entry pressure, by advection (two-phase flow) through the existing pore space in 
the rock. If the gas pressure increases still further, a critical pressure may be reached at which 
the so-called pathway dilation occurs (Nagra 2008b). This process is not thought to lead to 
significant damage to the favourable properties of the rock, since the microscopic dilated 
pathways are expected to close again once the gas pressure declines. However, if the process 
can be excluded, then this simplifies the analysis of the system and excludes some uncertainties. 
At still higher pressures (if reached), the formation of macroscopic gas-induced fractures cannot 
be ruled out a priori. If this were to occur, irreversible changes to the favourable properties of 
the rock cannot be excluded. Thus, a safety function indicator criterion on gas pressure for the 
exclusion of pathway dilation (threshold pressure for pathway dilation pdilation) needs to be 
defined. Currently, the onset of pathway dilation is assumed to take place if gas pressure reaches 
about 80 % of the lithostatic stress (as a proxy for the minimum principal stress; see also Nagra 
2016a, b).  

The use of the generic indicator criterion "pdilation < 80 % of lithostatic stress" is motivated by the 
fact that there is currently limited information about the in-situ stress state at repository level in 
the geological siting regions. Therefore, a comprehensive literature review in the fields of 
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underground gas storage and CO2 sequestration has been conducted to confirm the applicability 
and robustness of the specified indicator criterion6 (Nagra 2008b). The selected indicator crite-
rion is considered adequate for the present stage of the site selection process, in the absence of 
more site-specific data. Future site-specific geomechanical investigations will feed into refined 
assessments of the maximum acceptable gas pressures at repository depth at specific locations, 
which will also take the potential effects of repository construction on the local stress field into 
account.  

Gas-induced porewater displacement into host rock  

Even in the absence of pathway dilation, high gas overpressures in a repository could lead to the 
displacement of porewater in the near-field and far-field and thus potentially impair the barrier 
efficiency of the host rock. Specifically, gas-induced porewater displacement would affect the 
safety functions: 

 Retention of radionuclides in the near-field and geosphere 

 Attenuated release of radionuclides to the environment 

The same criterion has been set for both L/ILW and HLW repositories in Opalinus Clay (Leupin 
et al. 2016a, b), such that the potential displacement of porewater does not lead to any signifi-
cant increase in the dose rate maximum. More specifically, the criterion requires that the gas-
induced specific porewater displacement rate (flux) in the host rock does not exceed 10-11 m/s. 
The criterion applies to the host rock around backfilled and sealed emplacement rooms of the 
main repository and pilot facility according to the current reference disposal concept and its 
associated requirements on elements of the barrier system; in this context most notably the seals 
of the emplacement rooms. Justification for this criterion comes from comprehensive sensitivity 
analyses of radionuclide release through the host rock and access structures for both repository 
types, which show that the regulatory safety criterion of 0.1 mSv/a can be fulfilled for all waste 
types, if vertical hydraulic conductivity remains at or below about 10-10 m/s (assuming a hydrau-
lic gradient of 0.1 m/m), i.e. if the vertical water flux remains below 10-11 m/s (Figure A5.2-1 of 
Nagra 2008c). 

Gas-induced porewater displacement along the backfilled repository structures  

Excessive gas overpressure in a repository might also lead to the displacement of porewater 
along the backfilled and sealed repository structures and through their EDZs. Safety function 
indicator criteria on the hydraulic conductance of the repository and access structures, including 
their EDZs, have been set in Leupin et al. (2016a, b) according to the current reference disposal 
concept and its associated requirements on elements of the barrier system. The criteria are based 
on calculations reported in Poller et al. (2014), which evaluate groundwater flow in the reposi-
tory structures in a range of cases, including cases in which the tunnel backfill and seals are 
more conductive than expected, and the resultant dose rates. Flows in these calculations are ulti-
mately driven by the natural head difference that is assumed to exist between relatively perme-

                                                           
6  Benson et al. (2002) reviewed the safety results of underground storage in the United States as part of a compre-

hensive study considering CO2 storage in deep geological formations. The authors emphasise the importance of 
vertical pressure gradients as an indicator for the onset of dilatancy-controlled leakage through the caprocks that 
cover natural gas storage formations. According to Ibrahim et al. (1970), the critical pressure gradient for 
dilatancy-controlled gas leakage is bracketed by the hydrostatic gradient (≈ 9.8 kPa/m) and the lithostatic gradient 
(≈ 22.6 kPa/m assuming a bulk density of the overburden of about 2.3 g/cm3), where the lithostatic pressure 
gradient represents a lower limit for the initiation of macroscopic fractures. Further references with a collection of 
case studies on critical pressure gradients in the field of reservoir engineering are found in Evans (2008). 
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able formations that lie above and beneath the host rock. The calculations do not specifically 
address gas-induced porewater displacement. However, it may be assumed that flow rates in the 
repository and access structures that are found to be acceptable when the flow is driven by 
natural head differences will also be acceptable when the flow is gas-induced. For both reposi-
tories, Poller et al. (2014) show that the repository and access structures with their adjacent 
EDZs provide more significant pathways contributing to peak dose rates than the host rock in 
cases where the tunnel backfill and seals are most conductive7. The flow rate along the reposi-
tory access tunnel/ramp in these cases is around 0.1 to 0.2 m3/a for both repositories, i.e. some-
what less than 10-8 m3/s. Flow rates in other cases are higher, although even then the regulatory 
dose rate guideline of 0.1 mSv/a is not exceeded. For the present study, we therefore assume 
that, if the gas-induced porewater displacement rate along the ramp is less than 10-8 m3/s, then 
this is not likely to be significant from the point of view of dose rates. It should further be noted 
that any gas-induced porewater displacement is a transient phenomenon and that any displace-
ment that occurs before the time of SF and HLW canister breaching has no significance for the 
transport of radionuclides released from these canisters, even if the 10-8 m3/s criterion is 
exceeded.  

1.5 Report outline and relation to other reports 

This report provides a state-of-the-art overview of gas-related processes that are expected to 
occur in L/ILW and HLW deep geological repositories in Switzerland. Chapter 2 describes and 
quantifies the potential gas generating and consuming processes that can occur in either a 
L/ILW or a HLW deep geological repository. Then each repository type is addressed separately. 
Chapter 3 is dedicated to the evaluation of gas-related processes in the L/ILW repository, while 
Chapter 4 is dedicated to the evaluation of gas-related processes in the HLW repository. Chap-
ter 5 presents the conclusions and identifies areas where focused RD&D activities can contri-
bute to the improvement of our understanding of gas-related phenomena and to more refined 
assessment of their potential consequences. 

This report is a synthesis, which draws on a number of reference reports that explore each 
individual aspect in more detail and provide the scientific basis for the overall assessment. 
These reference reports are: 

 Nagra (2014c), which gives the modelled inventory of radioactive materials in Switzerland 
MIRAM 14 

 Stein (2015), which assesses the feasibility of waste treatment by pyrolysis and melting 

 Stein (2016a), which reports alternative MIRAM 14 scenarios with an updated waste 
database taking into account the expected results of optional waste treatments 

 Cloet et al. (2014), which describes the degradation of organic materials 

 Diomidis (2014), which discusses the corrosion mechanisms of metallic materials and the 
scientific basis for the selection of reference corrosion rates 

 Poller et al. (2016), which presents in detail the modelling of gas generation in deep geo-
logical repositories after closure 

 Leupin et al. (2016c), which discusses the processes leading to the consumption of gas 

 Papafotiou & Senger (2016a and b), which explore in detail the transport and release of gas 
in the L/ILW repository and in the HLW repository, respectively. 

                                                           
7  See in particular cases SA4, SA5 and SA6 and Figures 5.1-2, 5.1-3 and 5.1-5 in Poller et al. (2014).  
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The production, consumption and transport of gas are part of the more general subject of 
repository-induced effects. This broader subject is discussed in Leupin et al. (2016a) and in 
Leupin et al. (2016b) for the HLW repository and for the L/ILW repository, respectively. 
Furthermore, the present report provides input to Nagra's future RD&D activities, which are 
described in Nagra (2016b). 
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2 Gas producing and consuming processes 

2.1 Degradation of organic materials 

2.1.1 Degradation mechanisms 

In order to estimate the impact of organic materials on gas generation, it is necessary to assess 
their stability and the degradation mechanisms that may occur under repository-relevant condi-
tions. However, only limited relevant empirical data regarding the stability and degradation 
mechanisms of organic compounds is currently available from experiments, since the majority 
of the organics degrade very slowly and because experimental conditions are often not com-
parable with those expected in the repository. Moreover, the conditions in the waste packages 
might not be entirely homogeneous and different degradation paths may occur. A recent 
synthesis of anaerobic degradation experiments was made by Warthmann et al. (2013a, b). 

Given this lack of empirical data, a modelling approach for the degradation of organic materials 
under anaerobic conditions, as described by Wiborgh et al. (1986) and Wieland (2010), has been 
adopted. The degradation of organic materials (paper, textile, plastics, resins, etc.) will most 
probably take place by a combination of hydrolysis and microbial degradation. Conditions that 
are suitable for microbial activity can be found in the heterogeneous waste matrix. For microbes 
to thrive, sufficient pore space, water and nutrients should be present. The cement backfill is 
assumed to exhibit a low microbial activity due to its high pH. However, inside the disposal 
containers, the pore space and water content is sufficient for microbial activity, a reduced or 
even neutral pH might be found locally (Small et al. 2008), and a large assortment of nutrients 
will be available. Micro-organisms alone are not capable of degrading complex organic materi-
als. This means that hydrolysis is needed to reduce the molecular size of the organic waste 
before micro-organisms can degrade them into even smaller molecules. Thus, the degradation 
model for organic materials considers a combination of hydrolysis reactions and microbial 
degradation reactions, examples of which are the following: 

Hydrolysis: C H O xH O → xC H O  (2.1) 

Microbial degradation: C H O → 3CO 3CH   (2.2) 

This example considers the degradation of cellulose, which is an easily hydrolysable polymer 
consisting of monomeric glucose (C6H12O6) units. The degradation reaction of glucose into CO2 
and CH4 under neutral conditions could take place by, for example, methanogenesis. In reality, a 
range of microbial degradation reactions is possible, depending on the redox potential of the 
environment and the presence of electron acceptors (NO3

-, Fe3+, SO4
2-). However, methanogene-

sis, which takes place under strongly reducing conditions when none of the above-mentioned 
electron acceptors are available, is conservative with respect to gas generation (i.e. gas genera-
tion tends to be over-estimated if methanogenesis is assumed), since it gives rise exclusively to 
the gaseous compounds CO2 and CH4.  

For the purposes of gas generation modelling, each organic material in the MIRAM 14 inven-
tory can be assigned a model degradation reaction that leads to the production of CO2, CH4 and 
other compounds. For the degradation of organic compounds containing nitrogen (e.g. bitumen, 
polyacryl amide) or sulphur (e.g. naphtaline sulphonate, bitumen), the production of NH3 or H2S 
as gaseous compounds is taken into account. A list of the degradation reactions for each organic 
compound can be found in Appendix 1 of Cloet et al. (2014) and in Appendix A of Poller et al. 
(2016). Further information on microbial activity in the L/ILW repository and on the potential 
pathways of microbial gas production and consumption can be found in Leupin et al. (2016c).  



NAGRA NTB 16-03 14 

2.1.2 Degradation rates 

Many organic compounds degrade very slowly and there is a lack of experimental data on 
degradation rates under repository-relevant conditions. In view of this, following the modelling 
approach first described by Wiborgh et al. (1986), organic materials are classified as either low 
molecular weight organics (O1) or high molecular weight organics (O2). Low molecular weight 
organics comprise non-polymeric and short-chained organic compounds, such as ethanol, deter-
gents, cellulose and superplasticisers. High molecular weight organics comprise long-chained 
polymers, such as ion exchange resins, nylon, PVC and bitumen. This second category accounts 
for the majority of the organic materials present in L/ILW (91 %). A complete list of materials, 
each with their corresponding category, can be found in Cloet et al. (2014) and in Poller et al. 
(2016). 

A single, fast degradation rate is assumed for the low molecular weight organics and a single, 
slower degradation rate is assumed for the high molecular weight organics. This approach is 
based on the fact that the degradation mechanism for both types of organics (high and low 
molecular weight) consists of a combination of hydrolysis and microbial degradation, and the 
fact that hydrolysis (see Eq. 2.1) is considered to be the rate-determining step in both cases, 
while microbial degradation is considered not to be rate-limiting.  

The degradation rate for the low molecular weight organics is based on the experimentally 
determined degradation rate for cellulose. In a water-saturated environment, a gas production 
rate of 0.7 mol gas/kg a has been determined for this material. There are strong indications, 
however, that the degradation of cellulose in a partly saturated environment is an order of 
magnitude slower (0.07 mol gas/kg a, see Molecke 1980), which is taken as the reference value 
for the gas production rate. Microbial degradation is expected to come to a complete halt when 
water activity is below 0.96 (see Section 2.3), but hydrolysis is still likely to be possible, albeit 
at a reduced rate. Furthermore, according to Warthmann et al. (2013b), actual degradation rates 
may be still lower than this. Therefore, lower and upper bounding values are set by increasing 
the reference degradation rate by one order of magnitude and by setting the lower bounding 
value to zero. The upper bounding values were selected based on expert judgement and a small 
set of experiments that simulated worst-case conditions (Wiborgh 1986). 

The much slower experimentally determined degradation rate for bitumen (0.005 mol gas/kg a) 
is taken as the reference gas production rate for high molecular weight organics (Brandberg 
1982). An upper bounding value is set by increasing the reference rate by one order of magni-
tude and, as a lower bounding value, the degradation rate is set to zero, since it remains unclear 
whether some high molecular weight organics decompose at all under repository relevant condi-
tions (Warthmann et al. 2013a). No degradation of organics is expected in the case where the 
saturation is insufficient for hydrolysis to occur. The reference, lower and upper bounding gas 
production rates are summarised in Tab. 2-1. Nagra is currently performing experiments to 
assess the gas production due to degradation of organic waste (e.g. ion exchange resins). These 
experiments will provide new data on the degradation rates. 
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Tab. 2-1:  Amounts and gas production rates [mol gas/kg a] for low (O1) and high (O2) mole-
cular weight organics. 

 

Class Amount 
[% of total mass] 

Reference Lower bound Upper bound 

O1 9 0.07 0 0.7 

O2 91 0.005 0 0.05 
 

2.2 Corrosion of metallic materials 

2.2.1 Corrosion mechanisms 

Metallic corrosion in an aqueous environment is an electrochemical process involving two 
separate, but coupled, reactions proceeding simultaneously. The oxidation reaction of the metal 
produces metal ions and liberates electrons, resulting in material loss. The produced electrons 
are subsequently consumed by the reduction reaction, thus preserving electrical neutrality. 
During the operational period and during the early stages after repository closure, the corrosion 
of metallic materials will proceed by the reduction of oxygen until all available oxygen in the 
repository is consumed. In the absence of oxygen or other oxidising agents, the consumption of 
electrons occurs thereafter by the reduction of water, which results in the production of hydro-
gen and is thus a source of gas. In the present study, the oxidation of metallic materials due to 
the presence of oxygen or other oxidants, both pre- and post-disposal, is conservatively dis-
regarded. Consequently all the available amount of metallic materials contributes to gas pro-
duction. 

For the majority of the engineering metals and alloys, general corrosion results in low-solubility 
corrosion products that tend to precipitate and form layers on the surfaces of the metals. Such 
layers form the interface between the metal and the environment and thus play a critical role in 
determining the nature and rate of the interfacial electrochemical reactions involved in further 
corrosion. The composition and properties of such surface layers depend on the metal, the 
environment and local conditions. In some cases, the presence of surface layers can shield the 
metal from the environment and hence considerably decrease its corrosion rate. 

From the point of view of corrosion, the main difference between L/ILW and ILW on the one 
hand and SF and HLW on the other, has to do with the chemical environment in the near-field. 
In the ILW part of the HLW repository, as in the L/ILW repository, cement grout is used as 
backfill material, while in the SF and HLW parts of the HLW repository, bentonite is used as 
buffer around the disposal canisters. The main consequence of this difference in buffer and 
backfill materials is that the pH of the porewater is near neutral in presence of bentonite, and 
thus differs significantly in this respect from the strongly alkaline porewater in cement grout. In 
our current approach, the difference in the pH of the environment is assumed not to influence 
the corrosion mechanisms, but can influence the corrosion rates of some materials. 

Apart from general corrosion, which is more or less uniformly distributed over the metal sur-
face, localised corrosion may also occur, but is disregarded in the present study. Omitting 
localised corrosion mechanisms tends to underestimate gas production rates, but the potential 
effects are considered small because such mechanisms usually affect only a very small part of 
the total metal surface.  
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For the purposes of the present study, the metals and alloys present in the repositories, including 
metallic construction materials, are organised in groups according to their corrosion properties. 
Each group is assigned a model corrosion reaction, and base case, lower and upper bounding 
corrosion rates, reflecting the current state of knowledge. The corrosion reaction mechanisms 
assumed for each metallic material group are discussed individually in the following para-
graphs, while the corrosion rates assigned to each group are discussed in Section 2.2.2 and 
shown in Tab. 2-2. 

Iron and carbon steel 

Carbon steel is an alloy of iron containing < 2.0 wt. % carbon. The two half-reactions contribu-
ting to the anaerobic corrosion of carbon steel and iron under anoxic conditions are: 

Fe → Fe 2  and (2.3) 

2H O 2 → 2OH H   (2.4) 

Ferrous (Fe2+) and hydroxyl (OH-) ions react in solution to produce ferrous hydroxide (Fe(OH)2) 
which is insoluble and tends to precipitate as a layer on the metal surface, thus giving the 
following overall reaction: 

Fe 2H O → Fe OH H   (2.5) 

Depending on local conditions, ferrous hydroxide may transform, via the following reaction 
known as the Schikorr reaction, into magnetite, leading to the production of additional hydro-
gen: 

3Fe OH → Fe O 	H 2H O   (2.6) 

giving an overall reaction: 

3Fe 4H O → Fe O 4H   (2.7) 

According to Equation 2.5, one mole of hydrogen is produced from each mole of corroded iron. 
On the other hand, according to Equation 2.7, 1.33 moles of hydrogen are produced for each 
mole of iron oxidised. For the modelling of gas generation, Equation 2.7 is conservatively 
assumed to occur exclusively. 

Stainless steel and nickel alloys 

The anaerobic reaction mechanism for the corrosion of stainless steels follows quite closely that 
for carbon steel, as described above, but with additional corrosion reactions for the main 
alloying elements, such as Cr, Ni and Mo. The presence of such alloying elements and their 
respective corrosion products changes the chemical composition, structure and properties of the 
surface layer considerably. The passive layer on stainless steel, which consists mainly of 
chromium oxide, is only a few nm thick but highly protective and thus results in significantly 
decreased corrosion rates. For the determination of gas generation, stainless steel is mechanisti-
cally treated as if it were iron, and thus it corrodes according to Equation 2.7. Nickel based 
alloys are grouped together with stainless steels due to their very similar corrosion rates. 
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Zircaloy 

The corrosion of Zircaloy is dominated by the oxidation of zirconium according to the 
following reaction: 

Zr 2H O → ZrO 2H   (2.8) 

Zirconium forms oxide surface films with a thickness of a few nm that are stable over a wide 
range of pH conditions and decrease the corrosion rate considerably. 

Aluminium 

Aluminium in alkaline solutions tends to dissolve by forming aluminate ions and active 
corrosion follows: 

Al H O OH → AlO 3/2H   (2.9) 

Even though the corrosion rate of aluminium tends to increase with pH due to the increased 
solubility of its oxides and hydroxides, this is offset to some extent by the protective calcium 
aluminates such as CaO.Al2O3.xH2O and Al2O3.6CaO.3SO3.32H2O formed in presence of 
Ca(OH)2 or cement.  

Copper 

Copper is assumed to be thermodynamically stable in metallic form in the absence of oxygen 
and thus does not corrode except in the presence of sulphide, when it corrodes according to the 
reaction:  

		2Cu HS H → Cu S H  (2.10) 

Other metals 

The model reactions or the remaining metallic materials present in the waste inventory used for 
the calculation of gas generation are: 

Pb H O → PbO H   (2.11) 

Zn H O → ZnO H   (2.12) 

Mg H O → MgO H   (2.13) 

2.2.2 Corrosion rates 

As noted above, corrosion can result in the formation of surface layers consisting of corrosion 
products. The corrosion rates of metals on which surface layers are formed are usually not con-
stant with time. The corrosion rates are initially high and tend to decrease as the surface layers 
grow and thicken and their protective character increases. After some time, which can be up to a 
period of a few years, a steady state is reached in which the rate of layer growth is equal to the 
rate of its dissolution, and its thickness and the corrosion rate of the metal remain stable. Since 
the time required to reach the steady state is small compared with the time frame for safety 
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assessment (105 years for the L/ILW repository and 106 years for the HLW repository), the cor-
rosion rates of metals are assumed to be constant at their steady state values for the whole 
assessment period. These corrosion rates are shown in Tab. 2-2. 

The corrosion rates given in Tab. 2-2 for each metal group include a base case rate, as well as 
lower and upper bounding rates. The base case corrosion rates are selected based on a literature 
review and Nagra's own corrosion experiments. The base case corrosion rates take into account 
the uncertainty and variability of the corrosion measurements available in the literature and 
represent conservative values. The lower and upper bound corrosion rates are selected so that 
they reflect the evolution of the near-field conditions and local inhomogeneities. For example, 
the lower bound corrosion rates reflect an unsaturated environment, while the upper bound cor-
rosion rates reflect the possibility of acceleration of corrosion due to galvanic coupling with a 
more noble metal or graphite. Furthermore, the potential effect of local pH differences resulting 
from variability in the disposal environment or from the carbonation of cement is taken into 
account. For iron and carbon steel on the one hand, and stainless steel and nickel alloys on the 
other, pH-dependent corrosion rates are used, reflecting the different environments such materi-
als may be exposed to during disposal. The scientific basis for the definition of the reference 
corrosion rates is discussed in detail in Diomidis (2014). 

Tab. 2-2:  Base case and bounding corrosion rates for different metal groups [µm/a]. 
 

Material group pH Base 
case 

Lower 
bound 

Upper 
bound 

Upper 
bound* 

Iron and carbon steel  10.5 0.02 0.001 0.03 10 

< 10.5 2 0.1 5 

Stainless steel and 
nickel alloys 

 10.5 0.001 0.0002 0.01 

< 10.5 0.1 0.01 1 

Zircaloy 

-- 

0.001 0.0001 0.01 

-- 

Aluminium 10 1 100 

Lead 0 0 1 

Copper 0 0 0.08 

Zinc 100 10 1000 

Magnesium 5 1 15 

*  For waste sorts containing graphite. 
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2.3 Gas consumption 

In the present section, chemical and microbial reactions that can reduce the amount of gas are 
assessed to allow for a more realistic description of the gas pressure evolution in an L/ILW 
repository and in the ILW part of the HLW repository. A more detailed description and assess-
ment of gas consuming processes is given in Leupin et al. (2016c).  

2.3.1 Gas consumption mechanisms 

Depending on local conditions, a number of mechanisms leading to the chemical and biochemi-
cal consumption of repository-produced gases may occur (gas sinks). Fig. 2-1 shows a simpli-
fied view of the potential reaction pathways of repository gases and species that contribute to 
gas consumption. These reactions can reduce the gas pressure build-up in a repository if the 
microbial, chemical and physical in-situ conditions allow.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Fig. 2-1: Schematic representation of potential sources and sinks of species related to the 
production and consumption of gases. 

Microbial sinks are shown in blue, while abiotic sinks are shown in green. 
 

Utilisation of H2 

Due to the large amount of anoxically corroding metals present, hydrogen forms the largest gas 
fraction in each repository type (see Tabs. 3-4 and 4-5). However, hydrogen can be consumed 
by microbial populations that are expected to be present in the backfilled operation and ventila-
tion tunnels. In these tunnels, a combination of pore space, water activity and nutrients may 
enable the microbial oxidation of hydrogen. Since the majority of the time frame for safety 
assessment of the repository will be characterised by anoxic and reducing conditions, anaerobic 
micro-organisms will constitute the bulk of the microbial population for most of the time. A 
number of processes can lead to H2 consumption. Which of these processes will dominate 
mainly depends on the availability of nutrients (electron donors and electron acceptors).  
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The microbially-induced reduction of sulphate is the most probable reaction pathway for hydro-
gen oxidation due to the abundance of sulphate in the Opalinus Clay porewater and its energy 
yield. Sulphate is an important electron acceptor in anaerobic respiration, and sulphate-reducing 
micro-organisms are widespread in nature. They can use many different electron donors for the 
reduction of sulphate: hydrogen gas, lactate, acetate, propionate, pyruvate, etc. leading to the 
production of sulphide (HS-) as shown in the simplified Equation 2.14. 

4H SO 	 H 	→ HS 	 4H O      (2.14) 

Almost all sulphate-reducing bacteria are capable of using hydrogen as an electron donor. The 
presence and viability of sulphate-reducing bacteria have been confirmed in dedicated experi-
ments at the Mont Terri underground rock laboratory (Stroes-Gascoyne et al. 2013, Stroes-
Gascoyne et al. 2007, Bagnoud 2015) and thus these bacteria are also expected to be present and 
viable in the HLW and L/ILW repositories. The microbially-induced reduction of sulphate is 
thus taken into account in some of the variant gas transport modelling cases. 

In addition to sulphate-reducing bacteria, there are two types of strictly anaerobic micro-
organisms that use both CO2 as an electron acceptor and H2 as an electron donor in their energy 
metabolism. The reaction pathways followed are methanogenesis (conversion of H2 to CH4) and 
acetogenesis (conversion of H2 to acetate). In the current approach, the consumption of H2 by 
these processes is not considered because their occurrence in in-situ experiments at the Mont 
Terri rock laboratory remains to be shown as it is work in progress. 

Utilisation of CH4 

Microbial CH4 oxidation is possible using SO4
2- or NO3

- as an oxidant (Alperin & Reeburg 
1985). From a thermodynamic point of view, CH4 should also be degradable under Fe(II) and 
Mn(IV) reducing conditions. Indeed, there is unequivocal biogeochemical evidence that these 
processes can take place (Riedinger et al. 2014, Sivan et al. 2014, Beal et al. 2009, Sivan et al. 
2011, Eppert et al. 2015). However, enrichment or a pure culture catalysing this process have 
not yet been found (Glass 2014). In the current approach, consumption of CH4 is not taken into 
account because again their occurrence in in-situ experiments at the Mont Terri rock laboratory 
remains to be shown as it is work in progress. 

Sink for CO2 

Major microbial sinks for CO2 could in principle be provided by methanogenesis and auto-
trophic carbon fixation. Methanogenesis was described earlier in the section on the utilisation of 
hydrogen, as it results in the formation of methane from CO2 and H2. Autotrophy is the process 
in which CO2 is reduced to make biomass using light for energy metabolism or O2 for the 
carbon fixation. Neither of these reaction pathways are likely to occur in a repository and they 
are not considered further in this report.  

The major abiotic sink for CO2 is the carbonation reaction between CO2 and cementitious 
backfill. After dissolution of CO2 in cementitious porewater, a neutralisation reaction with the 
hydroxides from portlandite (Ca(OH)2) or the C-S-H phases (xCaO.SiO2.nH2O with 0.833 < x 
< 1.667) occurs, as shown in Equations 2.15 and 2.16, respectively. Other minor cement 
minerals, such as ettringite (Ca6Al2O6(SO4)3.32H2O) and AFm-phases (Ca4Al2O6(SO4).12H2O), 
react with CO2 yielding gypsum and amorphous Al and Si oxyhydroxides (Venhuis & Reardon 
2001) as shown in Equations 2.17 and 2.18, respectively. At the same time, water that was 
bound to these cement minerals (C-S-H phases, AFm-phases and ettringite) is released 
(Kosakowski et al 2014). 
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Ca OH CO 	→ CaCO 	H O        (2.15) 

xCaO. SiO . nH O CO → xCaCO SiO nH O       (2.16) 

Ca Al O SO4 . 32H O 3CO → 	3CaCO 3CaSO Al O . 3H O 23H O (2.17) 

Ca Al O SO .12H O 3CO 	→ 	3CaCO 	 	CaSO Al O . 3H O 7H O    (2.18) 

Sink for H2S 

A limited volume of H2S might be produced by the degradation of S-containing organics (e.g. 
detergents, bitumen, sulphonate-containing organics). In an alkaline environment, H2S will be in 
solution as HS- and can react with Fe-containing minerals or Fe ions resulting from corrosion. 
The formation of amorphous FeS(am), mackinawite (FeS) or pyrite (FeS2) might thus control the 
available HS- in solution (Wersin et al. 2014) according to Equation 2.19: 

Fe 	 	 HS 	→ 	FeS	 	 2⁄ H 	         (2.19) 

2.3.2 Quantitative assessment of gas consumption 

In a repository, the gas sources are where the gas producing materials are located, whereas the 
gas sinks may be spatially separated from the sources. This spatial separation may result in 
differences in the geochemical and physical environments between where the gas is being pro-
duced and where gas can be consumed, as illustrated in the case of a L/ILW repository in 
Fig. 2-2. The evolution of the gas pressure build-up will mainly depend on the relative rates at 
which gas is being produced and consumed. On the other hand, the amount of gas that can be 
consumed or fixed by mineral formation is mainly dependent on the abundance of the reactants 
needed for the various reactions. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2-2:  Schematic representation of different gas-related reactions in the case of a L/ILW 
repository. 

 

SO4
2-

CH2O  → CO2 + CH4

HS- 
HS- 

FeSx 
Fe → Fe2+ + H2

H2O CaCO3 

Ca(OH)2 

H2O 
CH4 

H2 

Emplacement cavern

Branch tunnel Operation tunnel

Opalinus Clay



NAGRA NTB 16-03 22 

Chemical fixation of CO2 is most likely where cementitious materials are abundant and is thus 
expected in the near-field of the backfilled L/ILW and ILW emplacement caverns. In the current 
approach, all the CO2 produced in the repository is assumed to be consumed by cement 
carbonation at the point of origin. Mass balance calculations have indicated that there is suffi-
cient cement grout for the total consumption of CO2. Similarly, all the H2S is assumed to be 
consumed by a chemical reaction with Fe at the point of origin. 

The activity of microbially driven gas sinks will mainly depend on the local chemical and 
physical conditions. The most important parameters are: 

 The water activity (> 0.96 according to Stroes-Gascoyne 2011) 

 The physical space (pores), and (iii) the abundance of nutrients 

Sources of nutrients, such as sulphate, can be provided by the backfill material itself8 (e.g. 
dissolution of sulphate minerals such as gypsum) or by the host rock, since the Opalinus Clay 
porewater is rich in dissolved sulphate (up to 25 mM) and soluble sulphate phases, such as 
celestite, are also present in the rock matrix9. In this context, the cementitious near-field of the 
L/ILW emplacement caverns might not be favourable to the development of microbial activity, 
due to the high pH of the porewater. However, gas pressure build-up in the partially saturated 
emplacement caverns will result in a gas flow along the engineered gas transport system, and 
eventually the gas will reach the backfilled operation and ventilation tunnels, where microbial 
activity might occur. The backfill material is, given the greater porosity and neutral pH of the 
porewater, well suited for bacteria to thrive as long as sulphate is available in the porewater of 
the backfill. During the evolution of the repository, as the backfill material saturates and the 
host rock creeps consolidating the backfill, there will be niches within the backfill that microbes 
will be viable. As a result, H2 oxidation by the reduction of sulphate is expected in the EDZ or 
in the operation and ventilation tunnels that are backfilled with a clay-based material (see 
Sections 3.1.1 and 4.1.1).  

From mass balance calculations, it can be concluded that sources of sulphate existing solely in 
the undisturbed host rock are insufficient to consume significant amounts of repository-genera-
ted hydrogen. When also taking oxidised pyrite in the EDZ and additional gypsum in the back-
filled operation and ventilation tunnels (e.g. from Friedland clay) into account, however, these 
additional sulphate sources could potentially consume a significant fraction of the hydrogen 
released from the emplacement rooms (Leupin et al 2016c). 

 

                                                           
8  The main source for sulphate in (crushed) Opalinus Clay, which is a potential backfill material, is gypsum that 

results from the oxidation of pyrite (0.2 – 3.6 wt. %). Friedland clay might be considered as a backfill material 
(mixed with sand) and this could increase the available amount of sulphate in tunnels and drifts. According to 
Wersin et al. (2014), Friedland clay contains 0.8 wt. % pyrite and 2 wt. % gypsum. 

9  Pyrite, the major sulphate mineral in Opalinus Clay, is poorly soluble. There are also minor sulphate phases that 
are more soluble, although these are very difficult to detect by standard methods. Here, soluble sulphate minerals 
in the rock are assumed to be predominantly celestite (SrSO4). A range of 0.02 – 0.06 wt. % was estimated for 
celestite in Opalinus Clay based on excess sulphate in porewater (Leupin et al. 2016c).  
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3 Low- and intermediate-level waste repository 

3.1 Description and evolution of the repository 

3.1.1 Layout and design 

A schematic layout of the L/ILW repository in Opalinus Clay according to the current Swiss 
disposal concept is shown in Fig. 3-1, displaying the main elements of the underground struc-
tures, namely the access tunnel, the operation and ventilation shafts, the operation and ventila-
tion tunnels, the pilot facility, the test area, and the emplacement caverns. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 3-1: Schematic layout of the L/ILW repository. 
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The disposal containers with L/ILW will be emplaced in caverns with a cross-section of 
approximately 11 m × 13 m10, while the length of the caverns is approximately 200 m. The 
caverns are supported using rock bolts and sprayed concrete lining, including reinforcement 
(steel wire mesh). Each cavern is connected to the operation tunnel via a branch tunnel. The dis-
posal containers will be transported to the branch tunnels by rail. At the interface with the 
emplacement cavern, each branch tunnel is enlarged to provide sufficient space for the transfer 
of the disposal containers from the railway wagon to the overhead crane used for emplacement. 
The lower part of the cavern ("cavity") is partitioned into disposal sections of approx. 28 m 
length by reinforced concrete walls ("bulkheads"). The void space between the disposal con-
tainers, between the crane columns and between the disposal containers in the upper part of the 
cavern ("top heading") will be filled with mono-grain cementitious mortar (Jacobs et al. 1994). 

As soon as the emplacement of disposal containers in one disposal section of a cavern is com-
pleted, the voids between the containers and the cavern lining will be backfilled with cementi-
tious mortar. Once all sections of the cavern and the top heading are backfilled, the enlarged 
section of the branch tunnel at the cavern entrance will also be backfilled with the same cemen-
titious mortar. Each cavern will be closed with a concrete plug (V5). It is foreseen that a 
dedicated backfill and sealing concept, called the Engineered Gas Transport System (EGTS), 
will be constructed to enable the controlled release of gases along the access structures (Nagra 
2008b). The EGTS is the total of all branch and access tunnels that are backfilled with a clay-
based material (e.g. processed excavated Opalinus Clay, Friedland Clay, sand/bentonite mix-
tures). Also at this stage, a seal (V4) will be placed within the access tunnel at the intersection 
of Opalinus Clay with the overlying geological formation. The seal is approximately 40 m long 
and consists of highly compacted bentonite blocks. Furthermore, a concrete plug (V3) will be 
placed at repository level at the end of the operation tunnel adjacent to the ventilation shaft. 
Final closure of the facility involves the emplacement of seals within the shafts, also made of 
highly compacted bentonite. 

3.1.2 L/ILW disposal containers 

The conditioned L/ILW will be packed prior to disposal in standardised containers (Stein 
2016b), ensuring easy and safe handling of the waste underground. Six different container types 
are currently foreseen. All container types are made of concrete with steel reinforcement and 
small amounts of organic materials (cement additives). Fig. 3-2 illustrates the packing of twelve 
200-litre drums into a single disposal container. The remaining space around the drums will be 
backfilled with cement mortar. 

3.1.3 Construction materials 

The amounts and properties of construction materials assumed in the present study are based on 
current planning assumptions of the Waste Management Programme 2016 (Nagra 2016a). This 
means, for example, that the assumed amounts and properties of construction materials reflect 
the expected range of geomechanical conditions down to approximately 550 m depth for a 
potential L/ILW repository. A detailed list of construction materials in the individual under-
ground structures is given in Poller et al. (2016). 

 
 

                                                           
10  Several cavern types of different size have been considered by Nagra for L/ILW (Nagra 2010). In this work 

emplacement caverns of the K09 design variant are assumed. 
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Fig. 3-2:  Example of the packing of 200-litre drums into one standard disposal container 
(type LC-86H). 

 

3.1.4 Evolution of the near-field 

The construction of the emplacement caverns and the emplacement of the waste will take 
around 20 years in total. The timeline of construction and waste emplacement, together with the 
emplacement procedures adopted, will set the initial conditions for the thermal, hydraulic, 
mechanical and chemical (THMC) evolution of the near-field. The period of thermal disequili-
brium is restricted to the operational times (cooling of the host rock due to tunnel ventilation) 
and the early post-closure period, after which the exothermal reactions in the cementitious back-
fill will cease. Significant thermal effects due to heat generation from the waste are not expected 
due to their low specific heat output (Darcis et al. 2014). Overall, thermal effects are limited in 
both time and the degree of temperature increase and are therefore expected to have a negligible 
effect on chemical or physical processes.  

Thereafter, the development of the near-field is essentially controlled by the resaturation of the 
backfilled emplacement caverns, gas production by the waste and the physico-chemical inter-
actions of the inflowing porewater with the cementitious backfill and the waste materials. Gas 
production will slow down the resaturation of the emplacement caverns over tens of thousands 
of years, and model calculations (see Section 3.4) indicate that there could be a period during 
which gas would expel porewater from the emplacement caverns into the host rock and along 
the EGTS. The slow inflow of water will initiate cement and waste degradation and could lead 
to cement-waste interactions and to mineral precipitation and dissolution with the potential for 
porosity changes and cement-clay interactions. 

Critical to gas generation is the evolving chemical environment in the near-field. When 
contacted by porewater from the host rock, cement will slowly degrade, resulting in a gradually 
decreasing pH. The cement degradation model employed in the present study divides pH 
evolution in three distinct phases (Neall 1996). During the first phase, alkalis are leached from 
the cement and the pH of the cement porewater is around 13. This phase is expected to last a 
relatively short time (a few water exchange cycles in the context of cement leaching experi-
ments). In the second phase, portlandite dissolves and the pH is buffered at 12.5. Once all port-
landite is dissolved, the pH further decreases in a third phase to a value of 11, controlled by the 
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C-S-H phases. The duration of each phase is strongly dependent on the water flux and the pore-
water composition. In a purely diffusion-controlled host rock, it will take 100'000 years to 
dissolve all portlandite up to a distance of 2 m from the cement-host rock interface (Kosakowski 
et al. 2014). 

Cement also degrades by carbonation, which occurs when portlandite reacts with bicarbonate in 
the host-rock porewater or dissolved CO2 and forms calcite. This reaction also leads to a pH 
decrease. The pH decrease can accelerate the corrosion of metals, leading to higher gas genera-
tion rates. This evolution is accounted for in the gas generation calculations. The extent of 
carbonation in the L/ILW repository has been calculated for each waste sort based on the waste 
material inventory (MIRAM 14) and the reaction between portlandite and CO2 (see Section 2.3 
and reaction 2.15). Waste sorts that produce large quantities of CO2, i.e. that degrade at least 2/3 
of the portlandite in the cement will be assigned to separate caverns of the repository, as des-
cribed in Cloet et al. (2014). Carbonation according to reactions 2.16 – 2.18 is not taken into 
account in the gas generation modelling, because these cement minerals make up a smaller part 
of the weight of the cement.  

The excavation of caverns, shafts and tunnels in the host rock leads to stress redistribution, 
which results in micro- and macro-scale fractures within an excavation disturbed zone. The 
EDZ develops during the operational phase of the repository and consolidates after backfilling 
of the underground structures. The formation and evolution of the EDZ modifies safety-relevant 
properties of the host rock adjacent to the emplacement caverns, sealing zones and other under-
ground structures. In particular, damage to the host rock results in an increased porosity and a 
higher hydraulic conductivity and gas permeability. The EDZ around backfilled underground 
structures represents a viable escape route for gases generated by corrosion and degradation. 
The hydraulic conductivity of the excavation damaged zone after the closure of the repository 
mainly depends on the size, geometry and orientation of the excavation, as well as on rock 
mechanical parameters, the in-situ stress conditions, and the self-sealing capacity of the host 
rock. In the case of the Opalinus Clay, the self-sealing capacity of the rock will eventually limit 
the hydraulic conductivity and gas permeability of the EDZ (Leupin et al. 2016b). 

3.2 Waste inventory 

The following sections summarise the waste amounts and materials in the L/ILW repository. All 
waste amounts refer to conditioned waste unless it is specifically stated otherwise. More 
detailed information on the MIRAM waste inventory and the allocation of waste to the different 
repositories can be found in (Nagra 2014a) and (Nagra 2014d). 

3.2.1 Base scenario 

The conditioned masses and volumes of the L/ILW inventory11 are presented according to 
MIRAM category and according to origin in Tabs. 3-1 and 3-2, respectively. Considering first 
the waste volumes, the majority (68 %) of the L/ILW volume is decommissioning waste. In 
addition, there is operational waste (31 %) and reactor waste (1 %). More than half of the waste 
(60 %) is produced by the nuclear power plants and by the centralised interim storage facility 
(Zwilag). The research facilities CERN and PSI12 contribute 40 % of the total L/ILW volume. 
Considering next the masses, there is a similar distribution of the waste among the different 

                                                           
11  The conditioned masses and volumes refer to the filled waste containers, including raw wastes, additives, 

containers, filler materials, and fittings. L/ILW disposal containers (described in Section 2.1.2) are not included.  
12  This includes waste from PSI-West. 
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categories. The majority (73 %) of the L/ILW mass is decommissioning waste, with the 
remaining amount consisting of operational waste (25 %) and reactor waste (2 %). A little more 
than half of the waste mass (54 %) is produced by the nuclear power plants and Zwilag. CERN 
and PSI contribute 46 %. 

According to the current disposal concept, L/ILW is subdivided into two different waste groups 
(AG1 and AG2) based on the potential amount of CO2 or complexing agents that might be 
produced in the waste by the degradation of organic materials (see Cloet et al. 2014). Both 
reactions are detrimental because CO2 will degrade concrete through carbonation, thus reducing 
the sorption capacity, and complexing agents (e.g. cyanide, isosaccharinic acid, EDTA) will 
enhance the mobility of certain radionuclides in the cement near-field (e.g. Ni, Co, Sm, Eu and 
An; Wieland 2014). There will be separate emplacement caverns for each waste group with the 
following packed volumes, which include the L/ILW disposal containers (see Section 2.1.2): 

 Low- and intermediate-level waste; waste group 1 (L/ILW-AG1, 75'881 m3) 

 Low- and intermediate-level waste; waste group 2 (L/ILW-AG2, 14'292 m3) 

Tab. 3-1:  L/ILW conditioned amounts, presented according to MIRAM category. 
 

MIRAM category Mass 
[kg] 

Volume 
[m3] 

Decommissioning waste 1.17 × 108 36'282 

Operational waste 3.94 × 107 16'304 

Reactor waste 2.30 × 106 473 

Total 1.58 × 108 53'060 
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Tab. 3-2:  L/ILW conditioned amounts, presented according to origin. 
 

Origin Mass 
[kg] 

Volume 
[m3] 

Beznau NPP 1.92 × 107 7'029 

CERN 1.46 × 107 4'883 

Gösgen NPP 1.31 × 107 4'864 

Leibstadt NPP 3.00 × 107 11'218 

Lucens 5.33 × 105 185 

Mühleberg NPP 1.48 × 107 5'609 

Surface facility LLW 2.76 × 105 92 

PSI-East 2.12 × 106 970 

Federal Office of Public Health  5.88 × 105 248 

PSI-Diorit 9.46 × 105 303 

PSI-Hotlab 8.42 × 105 425 

PSI-PROTEUS 5.31 × 104 14 

PSI-SAPHIR 1.59 × 105 64 

PSI-pilot incinerator 5.54 × 105 256 

PSI-West 5.20 × 107 13'814 

Zwilag 8.60 × 106 3'086 

Total 1.58 × 108 53'060 

 

Tab. 3-3 shows the masses of L/ILW materials, which are presented according to material group 
(inorganic, metallic, and organic materials) and also according to their origin within the waste 
packages. The L/ILW inventory consists of 58 % inorganic, 40 % metallic, and 2 % organic 
materials. The inorganic materials mainly arise from disposal containers (44 %), followed by 
filler materials (30 %) and the waste (26 %). The majority of the metals originate from the waste 
(80 %). The organic materials are almost exclusively part of the waste (95 %). A more detailed 
description of the organic and metallic material groups is given in Figs. 3-3 and 3-4, res-
pectively. More detailed information on the individual gas-generating components and materials 
can be found in Poller et al. (2016). 

  



 29 NAGRA NTB 16-03 

Tab. 3-3:  L/ILW masses [kg] presented according to material group and according to their 
origin within the waste packages. 

 

Material group Waste Container Filler material Fittings Total mass 

Inorganic 2.37 × 107 4.00 × 107 2.70 × 107 1.31 × 104 9.08 × 107 

Metallic 5.07 × 107 1.06 × 107 0 2.43 × 106 6.38 × 107 

Organic 2.83 × 106 2.44 × 104 1.16 × 105 8.58 × 102 2.97 × 106 

Total 7.72 × 107 5.07 × 107 2.72 × 107 2.45 × 106 1.58 × 108 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3-3:  L/ILW organics inventory shown as percentage of total conditioned mass. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 3-4:  L/ILW metal inventory shown as percentage of total conditioned mass.  
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3.2.2 Alternative scenarios 

Alternative waste scenarios for MIRAM 14 have been developed to demonstrate the influence 
of waste treatment options for reducing gas production, as well as to include updated forecasts 
for decommissioning waste arising from the PSI-West facility. The main assumptions and 
results of these alternative scenarios are summarised below. A more detailed description of 
waste treatment methods and the associated alternative MIRAM 14 scenarios can be found in 
Stein (2015) and Stein (2016a). Amongst others, the following basic assumptions have been 
made in each scenario: 

MIRAM 14 melting 

 Melting of unconditioned L/ILW with a metal content of > 80 wt. %13 

 Application of radiological waste acceptance criteria for melting according to experience 
gathered at an existing melting plant 

 Melting of contaminated and activated metal waste to produce both uncontaminated and 
contaminated metal ingots, as well as secondary waste like slag and dust. Note that activa-
ted metal waste cannot be decontaminated by melting, but a reduction surface-to-mass ratio 
can be achieved. 

 Packaging of 9 metal ingots in one standard container (type LC-84) 

MIRAM 14 pyrolysis 

 Pyrolysis of all ion exchange resins produced by the time of commissioning of a hypo-
thetical pyrolysis plant (assumed to take place in 2019) 

 Mass reduction of waste by pyrolysis by a factor ranging between 8 and 12 depending on 
waste type 

 Packaging of pyrolysis products in MOSAIK-II casks (with lead shielding where necessary) 

MIRAM 14 pyrolysis and melting 

 Combined assumptions of the scenarios "Pyrolysis" and "Melting" 

MIRAM 14 pyrolysis of all organics14 

 Pyrolysis of all waste package types that contain ion exchange resins, isolation, con-
centrates, and cable insulation as raw waste 

 Mass reduction of waste by pyrolysis by a factor of 10 

 Packaging of pyrolysis products in MOSAIK-II casks 

  

                                                           
13  Only 5 wt. % of unconditioned L/ILW has a metal content < 80 wt. %. More details can be found in Stein 

(2016b). 
14  This hypothetical scenario was developed to demonstrate the potential effect of the pyrolysis of a very large pro-

portion of organics, including already conditioned waste. 
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MIRAM 14 update PSI-West 

 Implementation of updated forecasts on decommissioning waste amounts from PSI-West 

MIRAM 14 melting and update PSI-West 

 Combined assumptions of the scenarios "Update PSI-West" and "Melting" 

The alternative scenarios listed above involve either melting of metals or pyrolysis of organic 
materials. These waste treatment options are described below. 

The melting of metals is carried out to reduce the amount of metallic materials that requires 
disposal through the production of uncontaminated ingots that can be freely released. A further 
aim is to reduce the specific surface area of remaining metals, and hence the rate of gas pro-
duction by corrosion. Indeed, melting results in a reduction of metals requiring disposal by 
7'452 tons (11 %) in the case of the MIRAM 14 inventory without updated forecasts on decom-
missioning waste amounts from PSI-West. The overall surface area of remaining metals and 
alloys that could potentially corrode and generate gas is reduced by 69 % compared with the 
base scenario without melting.  

In MIRAM 14, the L/ILW metal inventory is dominated by PSI-West decommissioning waste. 
The updated forecast on the future amounts of PSI-West wastes was not available at the time of 
the development of MIRAM 14, but was made available towards the end of the present study. 
Therefore, in order to demonstrate potential changes in the gas production due to the updated 
PSI-West inventory, the new prognoses have been considered in separate, alternative scenarios. 
The updated forecast leads to a total reduction of metal mass by 19'384 tons (29 %). Addi-
tionally, the PSI-West decommissioning waste is characterised by a comparatively high metal 
specific surface area. The overall available metal surface is reduced by 45 % in the MIRAM 14 
Update PSI-West scenario. In the combined "Melting and Update PSI-West" scenario, metal 
masses are further reduced by 7'366 tons (11 %) and the metal surface area by 29 %. An 
illustrative comparison of the alternative MIRAM scenarios "Melting", "Update PSI-West" and 
"Melting and Update PSI-West" is shown in Fig. 3-5. 

The aim of the pyrolysis waste treatment is the reduction of the amount of organic materials. 
The total organics inventory is reduced by 421 tons (14 %) following pyrolysis in the 
MIRAM 14 "Pyrolysis and Melting" scenario, with ion exchange resins, polystyrene and bitu-
men being particularly reduced. A further significant reduction of the organic materials (by 
1'997 tons, 66 % compared with the base scenario) is obtained in the MIRAM 14 alternative 
scenario "Pyrolysis of all organics". In addition to the impact on organic materials, the inventory 
of metals is also changed by pyrolysis. In the MIRAM 14 base scenario, ion exchange resins are 
conditioned in 200 litre drums. Since the activity of the resins is concentrated, it might be 
required to condition pyrolysis products in cast iron casks (e.g. MOSAIK II containers). In some 
cases, the activity of the pyrolysis products makes lead shielding obligatory. These requirements 
lead to a reduction in the steel and an increase in the cast iron and lead masses. As a result, the 
overall metal inventory of the "Pyrolysis" scenario is increased by 630 tons (1 %). 
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Fig. 3-5:  Relative comparison of metal masses and surfaces of gas producing metals in 
different MIRAM scenarios. 

 

3.3 Gas generation modelling 

3.3.1 Model overview 

A conceptual and mathematical model has been developed to evaluate gas generation in the 
L/ILW repository due to the degradation of organic materials (Section 2.1) and the corrosion of 
metals (Section 2.2). Gas generation from the emplaced waste and the disposal containers on the 
one hand, and from construction materials on the other, are treated as independent sources. The 
mathematical model is implemented in spreadsheet-based computer tools and is applied to 
provide quantitative estimates of gas generation rates and associated water consumption rates 
for the post-closure phase of the L/ILW repository. The gas generation model is described only 
briefly in the following paragraphs, while a more detailed description is given in Poller et al. 
(2016). 

The start time of the model coincides with the end of the operational phase of the L/ILW 
repository, i.e. with the beginning of the post-closure phase. It is assumed that waste emplace-
ment and closure of the repository occur simultaneously and instantaneously at this start time 
and that gas production from the waste itself is not delayed by the L/ILW disposal containers15. 
It is further cautiously assumed that the gas-generating materials are not altered prior to the start 
time (e.g. by aerobic corrosion during interim storage)16. For illustrative purposes, the modelling 
period extends to 107 years after closure, albeit a number of assumptions may not be strictly 
valid beyond the time frame for safety assessment, which is 105 years for the L/ILW repository. 

  

                                                           
15  Some waste container types, e.g. the Mosaik-II containers, are gas and water tight and could delay gas generation. 

However, simplified calculations have shown that the expected effect is too small to require explicit considera-
tion. 

16  Simplified calculations have shown that the expected effect is too small to require explicit consideration. 
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The gas generation model assumes that the degradation of organic materials occurs at material-
specific, geometry-independent (i.e. mass-dependent) rates (cf. Section 2.1). The modelling of 
anaerobic corrosion follows the descriptions given in Section 2.2 and takes account of the geo-
metric shape and of the time-dependent surface area of metallic materials. Thus, the corrosion 
rates given in Tab. 2-2 are given in terms of corrosion depth vs. time (depth being equivalent to 
corroded volume per unit area). The initial geometrical size and shape of the individual metal 
pieces are based on technical specifications or are estimated by expert judgement.  

As explained in Sections 2.1 and 2.2, the formulation of the gas generation reactions is such that 
the maximum amount of gas is produced. The environmental conditions that control the reac-
tions (e.g. temperature, concentrations/partial pressures of reactants and products, availability of 
catalysts, salinity, pH, redox potential) are taken into account in the corrosion and degradation 
rates given for the individual model reactions. It is further assumed that corrosion and degrada-
tion rates are constant throughout the modelling period. Any uncertainties with respect to the 
environmental conditions (including their evolution and spatial variability) are included in the 
upper and lower bounds assigned to the constant corrosion and degradation rates. 

The modelling of gas generation accounts for the fact that abiotic sinks exist for some of the gas 
species produced. As discussed in Section 2.3, CO2 from the degradation of organic materials 
will interact with cement via carbonation reactions. Similarly, H2S is also assumed to be con-
sumed by reaction with iron at the point of origin. In gas generation modelling, the total of all 
gas species produced, as defined by the reactions given in Sections 2.1 and 2.2, is denoted by 
the term "gross gas production". The total of the remaining gas species after abiotic reactions at 
the point of origin is referred to as "net gas production". In the remainder of this report, net gas 
production is discussed unless specifically mentioned otherwise. 

For the sake of consistency with earlier assessments, the calculated gas generation rates and the 
cumulative amounts of produced gas are primarily presented in volumetric quantities, notwith-
standing the fact that part or all of the produced gas may react or dissolve at its point of origin 
and thus do not contribute to the formation of a gas phase. The volumetric quantities are given 
for standard ambient temperature and pressure conditions (SATP), which assume a gas pressure 
of 105 Pa and a temperature of 25 °C. It is crucial to note that, in the repository, pressure and 
temperature conditions are very different from standard ambient conditions, resulting in much 
smaller volumes. For convenience, all figures also contain information about the gas produced 
in units of moles. 

3.3.2 Assessment cases 

The approach taken in gas generation modelling, as described in Poller et al. (2016), is to some 
extent simplified and stylised in light of the complex evolution of the L/ILW repository after 
closure. Base cases for gas production from the waste and disposal containers and for gas pro-
duction from construction materials are defined in which many uncertainties are handled using 
model assumptions and parameter values that tend to overestimate gas production rates in terms 
of total amounts, in terms of rates at early times, or both. Starting from the base cases, a syste-
matic and deterministic analysis is made of the key uncertainties and principal programme/ 
design options available with respect to gas generation in the L/ILW repository and its model-
ling. In a second step, uncertainties and options that are identified to be relevant are addressed 
with specific assessment cases. In order to cover the full range of possible future evolutions, 
upper and lower bounding cases are also defined, which incorporate combinations of relevant  
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model assumptions, parameter values and programme/design options that each tends, individu-
ally, to lead to higher or lower gas production rates than those of the base cases. The base cases 
and the bounding cases are defined as follows: 

 The base case for waste and disposal containers is based on the MIRAM 14 base scenario 
and the corresponding reference waste group classification (see Section 3.2), on the refe-
rence assumptions and parameter values, most notably those for degradation and corrosion 
rates, as well as on the assumption of uniform waste distribution of the respective waste 
groups across the individual emplacement caverns 

 The upper bounding case for waste and disposal containers is based on a combination of 
upper bound corrosion rates and upper bound degradation rates. In addition, no distinction 
between waste groups is made 

 The lower bounding case for waste and disposal containers is based on a combination of the 
MIRAM 14 melting scenario, lower bound corrosion rates, lower bound degradation rates, 
drums and Mosaik-II containers removed/replaced, and the assumption of no influence of 
degradation of organic materials on corrosion of metals. In addition, no distinction of waste 
groups is made 

 The base case for construction materials embodies reference corrosion rates and reference 
amounts of construction materials 

 The upper bounding case for construction materials is based on a combination of upper 
bound corrosion rates and high amounts of construction materials 

 The lower bounding case for construction materials is based on a combination of lower 
bound corrosion rates and low amounts of construction materials 

In addition, the effects of the following programme/design options are specifically explored: 

 Removing/replacing all L/ILW containment (drums and Mosaik-II containers17) prior to 
packaging in disposal containers 

 Waste treatment options of pyrolysis and melting (the effect of melting is investigated both 
for the MIRAM 14 base scenario and for the alternative scenario with updated PSI-West 
inventory) 

A more detailed description of the treatment of uncertainties and options in gas generation 
modelling, as well as additional assessment cases, are reported in Poller et al. (2016). 

3.3.3 Modelling results 

The total amounts of different gas species produced from waste, disposal containers and 
construction materials in the L/ILW emplacement caverns, as well as the corresponding water 
consumed by the end of the 105 year time frame for safety assessment, are shown for the base 
case in Tab. 3-4. The composition of the gas produced is dominated by hydrogen from the cor-
rosion of carbon steel in decommissioning waste. Mainly because of the overall relatively small 
amounts of organics compared with metals in the repository, the degradation of organic mate-
rials does not contribute significantly to overall gas production in the L/ILW repository. 
Furthermore, the difference between the net and gross gas volumes is small, indicating that the 
abiotic sinks for CO2 and H2S generally have only a minor effect. In L/ILW-AG2, significant 

                                                           
17  Mosaik-II containers would be replaced by alternative waste containers that provide the required shielding 

function but do not produce gas. 
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contributions to gross gas production come from carbon dioxide and methane from the degra-
dation of various organic substances. However, the total amounts of gas produced from 
L/ILW-AG2 are substantially lower than those from L/ILW-AG1.  

Tab. 3-4: Total amounts of gas produced and water consumed in L/ILW (K09) emplacement 
caverns by the end of the time frame for safety assessment (105 years) in the base 
case. 

 

Gas source Gas produced 
[m3 SATP] 

Water 
consumed 

[kg] 
H2 CH4 NH3 CO2 H2S Gross Net 

L/ILW-AG1 2.2 × 107 8.8 × 105 8.0 × 104 6.3 × 105 6.7 × 104 2.4 × 107 2.3 × 107 1.7 × 107 

Construction 
materials for 
L/ILW-AG1 

1.5 × 106 0 0 0 0 1.5 × 106 1.5 × 106 1.1 × 106 

L/ILW-AG2 2.1 × 106 1.3 × 106 2.6 × 104 7.5 × 105 2.6 × 104 4.2 × 106 3.4 × 106 2.5 × 106 

Construction 
materials for 
L/ILW-AG2 

2.9 × 105 0 0 0 0 2.9 × 105 2.9 × 105 2.1 × 105 

 

Fig. 3-6 shows length-specific (i.e. per meter of emplacement cavern) net gas production rates 
and cumulative net amounts of gas produced from the waste and disposal containers, as well as 
from construction materials in the L/ILW emplacement caverns, for the base cases and for the 
respective upper and lower bounding cases. It can be seen that there is some degree of overlap 
in the ranges for the calculated gas production rates for waste and disposal containers on the one 
hand and for construction materials on the other hand for certain periods. Thus, it is not a priori 
apparent which group of gas sources plays the dominant role. However, gas production from 
waste and disposal containers is not completely independent from gas production from con-
struction materials. Rather, the two are linked via the environmental conditions within the 
emplacement caverns. Therefore, the conclusion can be drawn that, in L/ILW emplacement 
caverns, gas production from waste and disposal containers plays – on average – a more domi-
nant role than gas production from construction materials. This is also reflected in the gas 
volumes produced during the time period for safety assessment in the base case, where the total 
amounts from the construction materials are around one order of magnitude less than those from 
the waste. It can also be seen that the base case gas production rates and gas volumes tend to be 
rather close to, or at least of the same order as, those of the upper bounding cases, reflecting the 
conservative bias that arises from the definition of the base cases. 
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Fig. 3-6: Length-specific net gas production rates (top) and cumulative net gas volumes 
(bottom) from waste and disposal containers (L/ILW), as well as from construction 
materials in the L/ILW emplacement caverns (K09). 



 37 NAGRA NTB 16-03 

If it is assumed that, prior to packaging in disposal containers, drums are removed and/or 
Mosaik-II containers are replaced by alternative disposal containers producing insignificant 
amounts of gas, then reductions in gas production rates are obtained for those time intervals 
during which these materials would produce gas if they were present (Fig. 3-7). It can be seen 
that the effect is most pronounced for L/ILW-AG2. However, the overall reduction of the total 
volume of gas produced over the 105 year time period for safety assessment is less than a factor 
of two (Poller et al. 2016). 

The potential effect of the waste treatment options of pyrolysis and melting on gas production in 
the L/ILW repository is illustrated in Fig. 3-8. The gas production rate for the scenario of 
pyrolysis, and even for the hypothetical scenario of total pyrolysis, is almost the same as for the 
base scenario. The potential effect of pyrolysis is thus small. The gas production rate for the 
melting scenario is evidently lower than for the base scenario, most notably in the period from 
about 200 years until the end of the time frame for safety assessment. This is mainly due to the 
considerable decrease of the total surface area of metallic materials (see Section 3.2.2). This is 
also reflected in the cumulative amount of gas, where melting, although only slightly reducing 
the theoretical total amount of gas produced, substantially reduces the total gas volume pro-
duced during the assessment time frame by a factor of two. 

The comparison of the results for the scenario with the updated PSI-West inventory with those 
of the base scenario shows that gas production rates in the period from about 200 years until the 
end of the time frame for safety assessment are markedly lower for the updated PSI-West 
inventory, which is also reflected in the total amounts produced by the end of this time frame 
(reduction of about 30 %). The melting scenario for the updated PSI-West inventory shows an 
additional reduction in gas production. The resulting curve is rather similar to, and only slightly 
lower than, the curve for the melting base scenario, which indicates that melting in the base sce-
nario has an effect primarily on gas production from PSI-West decommissioning waste.  

The exploration of additional uncertainties with regard to waste and disposal containers on the 
one hand, and construction materials on the other, in Poller et al. (2016) reveals that the cor-
rosion rates of metals can significantly affect overall gas generation rates. However, corrosion 
rate uncertainties also affect the total volumes of gas produced from the waste and disposal 
containers during the time period for safety assessment, since, depending on the selected rates, 
there may be uncorroded metals still present at the end of this period. The gas volumes pro-
duced from building materials are, however, less affected, since the majority of metals are 
expected to be completely corroded by the end of the safety-relevant period, irrespective of the 
selected corrosion rate within the uncertainty band. The uncertainty with respect to the amounts 
of construction materials is generally less important than the uncertainty related to the corrosion 
rates. However, the influence of the distribution of the waste among the individual emplacement 
caverns can be considerable, due to the significant variability in gas production from individual 
L/ILW waste types. Furthermore, Poller et al. (2016) show that both the influence of the degra-
dation rates of organic materials and the influence of local pH values due to the degradation of 
organic materials on corrosion rates are small. 
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Fig. 3-7: Length-specific net gas production rates from waste and disposal containers (top: 
L/ILW-AG1, bottom: L/ILW-AG2) for the base case and for alternative cases, in 
which drums and/or Mosaik-II containers are removed/replaced. 
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Fig. 3-8: Length-specific net gas production rates (top) and cumulative net gas volumes 
(bottom) from waste and disposal containers (AG1 and AG2 combined) for the 
base case assuming different waste scenarios. 
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3.4 Gas transport modelling 

3.4.1 Model overview 

Two-phase flow simulator 

Sensitivity analysis of gas release in the L/ILW repository requires the modelling of isothermal 
two-phase flow through the repository structures and surrounding host rock. For this, a numeri-
cal model is used with the equation-of-state module EOS5 for water and hydrogen of TOUGH2 
(Pruess et al 1999). Diffusive transport of dissolved gas is neglected in this study, providing a 
conservative approach with respect to gas pressure build-up. 

Complementary sensitivity analysis, taking into account microbial consumption of H2, requires 
the simulation of two-phase flow coupled with H2 and sulphate transport. For the complemen-
tary simulations, the equation-of-state module EOS7R for air, brine and two species ("compo-
nents") that can both be volatile or dissolved. Brine is used to describe water with dissolved 
sulphate. Air in the repository structures originates from ventilation prior to backfilling. The 
first species can be used to model hydrogen. The second species can be used to model methane. 
Hydrogen gas generated in the emplacement caverns can be explicitly tracked as a mass fraction 
of H2 in the gas phase. The microbial consumption of the hydrogen component in the backfill of 
the operation and ventilation tunnels can be modelled as a function of dissolved sulphate con-
centration in the pore water, whereby four moles of H2 are consumed for each mole of SO4 
consumed. Although the solubility of hydrogen is accounted for, the viscosity of the gas mixture 
is assumed to be the same as that of air. This is a reasonable assumption at early times (due to 
the air phase existing in the pore space of the backfilled structures), and constitutes a conserva-
tive approach with respect to gas pressure build-up at later times, as the viscosity of air is higher 
by a factor of about 2 than that of hydrogen. The process couplings are implemented in the 
multiphase flow framework and can be decomposed into processes occurring in the solid, liquid 
and gas phases, respectively. The solid phase is assumed to be an immobile elastic medium. The 
phase transition processes implemented are evaporation/condensation (liquid/gas phase), dis-
solution/exsolution (liquid/gas phase) and sorption/desorption (liquid/solid phase). The following 
source and sink terms associated with the liquid phase have been implemented: 

 Water consumption and hydrogen production associated with corrosion processes18 (based 
on Equation 2.7, instantaneous reaction) 

 Water production, hydrogen consumption and SO4 consumption by microbial processes 
(based on Equation 2.14, instantaneous reaction) 

 Desorption of SO4 from the solid phase in the porewater (reversible, instantaneous linear 
sorption) 

Implementation of model geometry 

The repository-scale model is similar to that originally developed for sensitivity analyses of gas 
release from a generic L/ILW repository design, as discussed in Papafotiou & Senger (2014a), 
but slightly modified to be consistent with the Waste Management Programme (Nagra 2016a) 
(see Section 1.4.1). 

  

                                                           
18  Note: for computational reasons, the sink term (water consumption) was activated only in some sensitivity runs. 
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The model is built on an Integrated Finite Differences (IFD) grid with nested refinements in the 
vertical and horizontal directions. The nested grid allows for a finer discretisation around the 
repository elements that coarsens away from the repository and towards the model boundaries, 
resulting in a total number of nodes of approximately 345'000, with 1'053'000 connections 
between them. The grid consists of 30 horizontal layers in total. The emplacement caverns are 
discretised as two inner layers comprising 5 × 10 × 3 m3 cells and two outer layers with 
4 × 10 × 2 m3 cells. The operation and ventilation tunnels are discretised with cells with dimen-
sions of 10 × 3 × 3 m3. The coarsest cells, with dimensions of 80 × 80 × 30 m3, correspond to 
the edges of the rectangular model domain. 

The L/ILW repository is implemented in the IFD grid based on the following considerations and 
assumptions:  

 The model comprises the access tunnel to the main repository (ramp), one pilot cavern with 
branch tunnel and the pilot operation tunnel, nine L/ILW emplacement caverns with branch 
tunnels, two vertical shafts extending to the top boundary of the model, the operation tunnel 
and parallel to it the ventilation tunnel, two tunnels connecting the operation tunnel with the 
ventilation tunnel, and the test area with the observation gallery 

 The lengths of the L/ILW caverns, V5 seals, and branch tunnels are 200, 20 and 97 m, 
respectively, with a distance of 90 m between them. The length of the pilot cavern is 45 m. 
60-m long V2 seals are assumed to be emplaced in the operation and ventilation tunnels. 
The pilot facility has a separate access tunnel, which is 385 m long (within the host rock 
only). The access tunnel to the main repository is 392 m long (within the host rock only) 

 The repository seals (V4), 40 m in length, are assumed to be emplaced at the boundary 
between the host rock and the overlying confining unit. The main access tunnel and pilot 
operation tunnel are treated as horizontal, i.e. their inclination is not explicitly included in 
the model geometry. Hydraulic effects associated with the inclination of these tunnels and 
the relative difference of elevation of the ramp ends are accounted for by appropriate 
boundary conditions 

 The cross-sections of all repository elements are rectangular and do not precisely represent 
the actual cross-sections of the repository design (discussed in Papafotiou & Senger 2016a). 
Discrepancies in cross-sectional areas and volumes are compensated through scaling of the 
hydraulic properties assigned to the repository elements in the model 

 The seals, plugs and emplacement caverns are not represented in detail (i.e. disposal con-
tainers, backfill, concrete etc.), but described through effective hydraulic properties and 
volumes relevant to gas transport. Similarly, liners and installations are not explicitly des-
cribed 

 An EDZ is accounted for around all repository elements. Depending on the discretisation, 
the EDZ may be modelled around the entire circumference of a tunnel/cavern or only at its 
top and bottom. The hydraulic permeability of the EDZ is then scaled accordingly 

Fig. 3-9 shows detailed views of the implemented repository elements in horizontal and vertical 
cross-sections. The grid coordinates indicated in the figure represent local coordinates; the 
reference elevation Z = 0 m corresponds to the horizontal plane through the repository, with the 
vertical extent of the model ranging from -213 to 95 m. In plan view, the model extends 
from -240 to 2'560 m and -680 to 680 m in the horizontal X and Y directions, respectively. The 
repository plane is assumed to lie in the middle of the Opalinus Clay, which is assigned a thick-
ness of 110 m, whereas the upper and lower confining units above and below the Opalinus Clay 
(referred to as UCU and LCU in this report) have thicknesses of 75 m and 160 m, respectively.  

  



NAGRA NTB 16-03 42 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Fig. 3-9: Detailed views of model geometry and grid.  

Top: plan view. Middle: XZ slice through emplacement cavern. Bottom, left: plan view 
detail including the repository seals and access tunnels. Bottom, right: XZ cross-section 
showing the operation tunnel and shaft (specified lengths in italic letters: reference con-
cept).  

(1) L/ILW emplacement caverns (cross-section K09, 200 m). (2) V5 plugs (20 m). 
(3) Branch tunnels (97 m). (4) Operation tunnel. (5) Ventilation tunnel. (6) V2 plugs 
(60 m); (7) Test area. (8) Observation gallery. (9) Pilot facility (cross-section K09, 45 m). 
(10) Pilot branch tunnel. (11) Access tunnels. (12) V4 repository plug (30 – 40 m). (13) 
Access tunnel/ramp (not explicitly represented in this model). (14) V3 seal (47 m). 
(15) Operation shaft. (16) Upper Confining Unit. (17) Lower Confining Unit.  
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Initial and boundary conditions  

The model domain is assumed to be initially fully water-saturated and hydrostatic pressures are 
assigned to the nodes prior to repository construction. The top and bottom layers of the 3-D grid 
are connected to external boundary elements with prescribed hydrostatic pressures. The initial 
pressure distribution and the prescribed pressures at the top and bottom boundaries are adjusted, 
depending on the assumed repository depth for the gas release modelling cases (i.e. 550 m bgl). 
All vertical model boundaries are assigned no-flow conditions.  

Additional pressure boundary conditions are assigned to the access tunnel/ramp after the repos-
itory is sealed19 (post-closure period). The prescribed pressure values correspond to hydrostatic 
pressure at the top of the Opalinus Clay host rock (55 m above the repository plane). The 
thickness of the Opalinus Clay is assumed to be the same in all model runs, so that the 
hydrostatic pressure prescribed at the ramp only depends on the repository depth (i.e. 4.95 MPa 
for a repository depth of 550 m bgl). The assumed thickness of the UCU and LCU are 75 and 
160 m, representing broadly the thicknesses of the UCU and LCU in the two candidate siting 
regions.  

Although the model sensitivity runs are carried out isothermally, fluid properties such as 
viscosity and density depend on temperature. Depth-dependent ambient temperatures are thus 
assigned to the grid nodes, depending on the actual depth in each simulation case. For this, a 
temperature gradient of 0.043 °C/m is assumed, with 10 °C as the surface temperature.  

Internal boundary conditions are assigned to open structures during the ventilation period 
through a prescribed atmospheric pressure and a capillary suction corresponding to a relative 
humidity of 60 % and ambient temperature at the repository depth. The emplacement saturation 
of all the backfill and seal materials is assumed to be 50 %. 

Implementation of operational and post-closure phases 

The repository timeline is of marked significance for the development of gas pressure in the 
early post-closure phase; it is implemented in the gas release model as follows:  

 Operational phase 1: construction and operation of rock laboratory (0 – 13 years) 

 Operational phase 2: construction and operation of main repository (13 – 36 years) 

 Operational phase 3: first monitoring phase, the emplacement caverns and pilot facility are 
backfilled (36 – 46 years) 

 Operational phase 4: second monitoring phase, the access tunnel, operation tunnel and 
ventilation tunnel are backfilled (46 – 86 years) 

 Post-closure phase (86 – 100'000 years) 

The progress of construction, as well as initial and boundary conditions associated with dif-
ferent construction stages, are described in detail in Papafotiou & Senger (2016a). 

                                                           
19  Note, only a part of the access ramp is modelled; for the sake of simplicity, it is assumed that this part is located 

horizontally in the plane of the repository.  
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Gas generation rates 

For the simulations of gas release, the following assumptions are made: 

 The gases released from the L/ILW caverns are the same as the net gas generation rates, as 
described in Section 3.3 

 The gas sources associated with the building materials are uniformly distributed along the 
underground structures outside the emplacement caverns 

The gas generation rates are prescribed uniformly to the grid cells representing the backfill 
material of the L/ILW and pilot caverns. In order to achieve an adequate computational perfor-
mance, given that most of the gas generated is H2, it was assumed that waste-generated gas 
behaves as a single component with the viscosity, density and solubility of H2. The validity of 
this assumption was confirmed with a few complementary simulations using two separate gas 
components H2 and CH4 (Papafotiou & Senger 2016a). 

Consumption of hydrogen by microbial activity 

Section 2.3 suggests that hydrogen is consumed by microbial activity, provided sulphate is 
available in the porewater of the backfilled underground structures. The concentration of 
sulphate in the porewater of the backfill (including gypsum in the backfill, which is available 
for dissolution) that is available for reduction is 25 mmol/L. In addition, sulphate is available in 
the Opalinus Clay pore space and as soluble minerals in the rock matrix (0.06 wt. % of 
celestite). Additional sulphate could be added to the backfill of the operation and ventilation 
tunnels by mixing crushed Opalinus Clay with gypsum, or by the use of Friedland clay as back-
fill (assumption 2 wt. %). 

As stated in Section 2.3, the microbial processes are limited to water activities  0.96, which 
compares to an osmotic suction of: 

KMPaa
MV

TR
we

ww

300@6.5log 



 , (3.1) 

where R, Vw, Mw, T and aw are the universal gas constant, molar volume of water, molecular 
weight of water, temperature and water activity, respectively. This means that microbial con-
sumption of H2 ceases when the total suction exceeds a value of 5.6 MPa. Assuming that total 
suction in the backfill of the operation and ventilation tunnels can be represented essentially by 
the capillary suction of the backfill (e.g. crushed Opalinus Clay), the capillary pressure – water 
saturation curve in Fig. 3-10 indicates that microbes will be active over a wide saturation range. 
The critical capillary pressure of 5.6 MPa is reached only when the residual (irreducible) water 
saturation of the backfill material is approached20.  

  

                                                           
20 Note that, in this assessment, the additive component of osmotic suction is not considered (osmotic suction tends 

to increase with decreasing saturation). 
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Fig. 3-10:  Capillary pressure curve of the crushed Opalinus Clay (from Papafotiou & Senger 
2016a).  

Sw,r denotes the residual water saturation, Sw and Sg = 1 – Sw represent the effective water 
and gas saturation and Pc is the capillary pressure (water retention) curve. According to 
Equation 3.1, the threshold value Pc,microbio indicates the capillary pressure at which microbal 
activity ceases out.  

 

Property models representing the host rock and the EBS 

In the two-phase flow simulations, it is assumed that the rock mass always behaves like an 
elastic medium. The propagation of the gas phase through the porous medium is controlled by 
the gas entry pressure, also known as the capillary threshold pressure, which represents the 
difference between gas pressure and water pressure needed to displace the porewater from the 
initially fully saturated medium. Once the gas entry pressure has been exceeded, the gas mobi-
lity is controlled mainly by the intrinsic permeability of the formation, the permeability-satura-
tion relationship (commonly known as relative permeability) and the relationship between the 
capillary pressure and the water saturation (also known as suction or water retention curve). The 
functional dependency between the pore space saturation and the relative permeability or the 
capillary pressure is commonly described with parametric models, such as that by van 
Genuchten (1980), describing the functional relationship between water saturation and capillary 
pressure. Relative gas/water permeability can be derived by integration of the capillary pressure 
curve following the approach of Mualem (e.g. Helmig 1997) and represented by the van 
Genuchten model using the same shape parameters obtained from the capillary pressure func-
tion. The fundamental equations of two-phase flow and the parametric models for capillary 
pressure and relative permeability used in the present study are given in Papafotiou & Senger 
(2016a).  
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The reference parameters for hydraulic and two-phase flow in the intact host rock (Opalinus 
Clay) are described in detail in Senger et al. (2013) and comprise two different sets of reference 
parameters, namely those for the shallow and deep repository configurations (shallow: 300 – 
500 m bgl; deep: 500 – 900 m bgl). The two-phase flow properties for the repository compo-
nents are based on the compilations in Nagra (2008b) and summarised in Papafotiou & Senger 
(2016a), which also described the relevant parameters for the upper and lower confining units 
(permeability of the UCU and LCU, respectively: 10-17 and 10-18 m2).  

3.4.2 Assessment cases 

The assessment of gas release from an L/ILW repository is carried out by defining a base case, 
which is then used as a basis for comparison with a number of alternative assessment cases 
(simulation variants). These assessment cases account for different configurations and scenarios 
related to: 

 The properties of the EGTS, including the permeabilities of different repository components 
and length of the repository seal 

 The two-phase flow properties of the EDZ and Opalinus Clay 

 The rates of gas generation in the L/ILW repository 

 The microbial consumption of hydrogen 

Base case  

The base case for gas transport modelling, termed simulation variant BC, assumes an absolute 
permeability of 5 × 10-18 m2 for the V3 and V4 seals placed at the lower ends of the repository 
shaft and ramp, and a value of 10-16 m2 for the V5 and V2 cavern and intermediate plugs. The 
rest of the backfilled repository structures are assigned a value of 10-15 m2. These values cor-
respond to the high-k set of EGTS permeabilities used in Papafotiou & Senger (2014a). The 
relationships of capillary pressure and relative permeability to saturation are parameterised with 
the van Genuchten/Mualem model. Two-phase flow properties correspond to the reference 
values for deep Opalinus Clay and for the backfilled repository structures (Papafotiou & Senger 
2016a). The gas generation rates correspond to the base case for gas generation given in 
Section 3.3.  

Variants accounting for the properties of the EGTS 

Previous studies for generic repository designs (Papafotiou & Senger 2014a) have indicated that 
the absolute permeability assigned to the operation/access tunnels and seal/plug sections deter-
mines how fast gas is transported towards the V3 plug in the shaft and the V4 repository seal, 
which in turn impacts the pressure evolution in the emplacement caverns and surrounding host 
rock. For the current model layout, this sensitivity is demonstrated by deterministically varying 
the absolute permeability for individual seal and tunnel sections, namely the V2, V3, V4, and 
V5 plugs, and the remaining repository tunnels (operation, ventilation, access, test facility, and 
observation gallery). These variants can be summarised as follows (see also Tab. 3-5):  

 Simulation variants V2a and V2b respectively assume permeabilities of 5 × 10-18 and 
10-18 m2 for the intermediate V2 plugs. 

 Simulation variants V3a and V3b respectively assume permeabilities of 10-20 and 2 × 
10-21 m2 for the V3 plugs placed in the shafts, which are the horizontal and vertical reference 
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values for the deep Opalinus Clay. This is combined with a van Genuchten P0 value of 
18 MPa21 (base case: P0 = 34 MPa). Furthermore, variant V3c assumes a higher perme-
ability of 10-16 m2 combined with a P0 value of 4 × 103 Pa corresponding to a gas-permeable 
V3 plug. 

 Simulations V4a, V4b, V4c, and V4d correspond to variants of the repository seal V4. 
Variant V4a assumes a V4 seal permeability of 10-16 m2. Variant V4d additionally adopts 
the gas-permeable V3 plug used in variant V3c. On the other hand, variants V4b and V4c 
respectively assume a longer (60 m) V4 seal with a low permeability of 10-18 m2, and a 
shorter (20 m) V4 seal with the original permeability value of 5 × 10-18 m2. 

 Simulation variant V5 assumes a permeability of 5 × 10-18 m2 for the V5 plugs. 

 Simulation variant Tun assumes a permeability of 10-16 m2 for the repository tunnels. 

 Simulation variants V4e and V4f correspond to combinations of low-permeable repository 
components. Both variants assume a longer (60 m) and low-permeability V4 seal. 

Variants accounting for the two-phase flow properties of the Opalinus Clay and 
EDZ 

The impact of repository depth and the associated hydraulic properties of the host rock (i.e. for 
shallow and deep Opalinus Clay) has been demonstrated in previous studies for the L/ILW 
repository that accounted for hydrogeologic conditions associated with different siting regions 
(Papafotiou & Senger 2014a, 2014b). In the present study, some additional considerations 
targeting specific aspects of the two-phase flow parameterisation are made (Tab. 3-6):  

 Simulation variant OPA modifies the base case by assuming a P0 value of 18 MPa (instead 
of 34 MPa) and a van-Genuchten n value of 1.67 (instead of 1.6). This corresponds to the 
shallow Opalinus Clay two-phase parameters. Absolute permeability is however kept at the 
reference value for deep Opalinus Clay. 

 Simulation variants Slra and Slrb aim to indicate the sensitivity to residual water saturation 
Slr. In variant Slra, a residual saturation of 0.5 is used for both capillary pressure and 
relative permeability. In variant Slrb, a residual saturation of 0.01 is used. 

 Simulation variants Gma and Gmb indicate the sensitivity related to enhanced gas mobility 
as described by the so-called Grant model22 (see Papafotiou 2016a). In Gma, the Grant 
model is used for relative permeability of the Opalinus Clay, whereas, in Gmb, the Grant 
model is applied to the EDZ. 

  

                                                           
21  The functional dependency between the pore space saturation and the relative permeability or the capillary pres-

sure is commonly described with parametric models, such as that by van Genuchten (1980), which describes the 
functional relationship between water saturation and capillary pressure Pc, as: 

∙ / 1
/

  

where P0 is the capillary strength parameter (or apparent gas-entry pressure), n is the shape factor and Sl is the 
effective water ("liquid") saturation. 

22 In the Grant model with enhanced gas mobility (Senger et al. 2013), the relative permeability kr,g of the gas phase 
is given by: , 1 ,  where kr,g represents the relative permeability the liquid phase. 
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Variants accounting for different gas generation rates 

The impact of gas generation rates and location of waste types in the repository is demonstrated 
with the following variants (Tab. 3-7):  

 Simulation variant AG accounts for the two different waste groups L/ILW-AG1 and 
L/ILW-AG2, as described in Section 3.2. For this, gas generation rates corresponding to 
L/ILW-AG1 are assigned to the 7 outermost caverns of the repository (i.e. away from the 
shafts), and gas generation rates corresponding to L/ILW-AG2 are assigned to the innermost 
2 caverns of the repository (i.e. near the shafts). Gas generation from the construction 
materials corresponds to that of the base case.  

 Simulation variant K09 aims to illustrate the contribution of gas generated from construc-
tion materials in the backfilled tunnels to gas pressure build-up. To achieve this, gas genera-
tion in the tunnels is omitted in this run. Gas generation in the emplacement caverns 
corresponds to that of the base case.  

 Simulation variants UB and LB correspond to the upper and lower bounding values of gas 
generation, respectively, taking into account gas generated by the waste as well as by the 
construction materials.  

Variants accounting for microbial consumption of hydrogen 

A number of variants are analysed to demonstrate aspects of the microbial consumption of 
hydrogen (Tab. 3-8).  

For this purpose, an EBS-model has been developed, in which the host rock and EDZ sur-
rounding the repository are omitted23. In the absence of host rock and EDZ, the release of gas 
takes place only through the caverns and tunnels. Moreover, there is no exchange of water 
between the repository structures and the host rock. This variant assumes that there is no micro-
bial consumption of hydrogen and is used for comparison with the subsequent variants. This 
simulation is denoted as SRB:  

 Variant SRBs assumes a "slow" consumption rate for hydrogen and sulphate when both 
constituents are present. It is assumed that the consumption rate corresponds to 0.02 m3/m/a 
for hydrogen (and the equivalent rate for sulphate based on stoichiometry). The production 
of water as a product of the microbial reaction is not taken into account. The amount of 
sulphate available for consumption corresponds to 25 mmol/L (2.4 × 10-3 kg SO4/kg H2O) 
following emplacement and no additional sources from solids are taken into account.  

 Variant SRBf assumes a "fast" consumption rate for hydrogen and sulphate when both 
constituents are present. It is assumed that the consumption rate corresponds to 0.2 m3/m/a 
for hydrogen (and the equivalent rate for sulphate based on stoichiometry). The production 
of water as a product of the microbial reaction is not taken into account. The amount of 
sulphate available for consumption corresponds to 25 mmol/L (2.4 × 10-3 kg SO4/kg H2O) 
following emplacement and no additional sources from solids are taken into account. 

 Variants SRBsm and SRBfm include the effect of sulphate release due to dissolution of 
minerals in the consumption variants with slow and fast consumption rates, respectively. 
For this, an adsorption coefficient of 1.1 × 10-2 m3/kg is assumed, corresponding to the 
average value for clays provided by Alves & Lavorenti (2002).  

                                                           
23  The simplified EBS-model was developed to avoid excessive CPU times. Complementary simulations 

(Papafotiou & Senger 2016a) indicated clearly that the ingress of sulphate from the host rock is negligible when 
compared with the total amount of sulphate in the backfilled repository structures.  
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 Variants SRBsg and SRBfg account for sulphate present in the backfill in a mix of crushed 
Opalinus Clay and gypsum (sulphate from celestite and gypsum) in the consumption vari-
ants with slow and fast consumption rates, respectively. It is assumed that all sulphate from 
the solids is dissolved instantly in the backfill water at the beginning of the post-closure 
phase. This results in approximately 1.2 mol/L (1.44 × 10-1 kg SO4/kg H2O) in the opera-
tion, ventilation, and access tunnels; for the emplacement caverns it is assumed that the ini-
tial amount of sulphate in the emplacement caverns remains at 25 mmol/L (2.4 × 10-3 kg 
SO4/kg H2O).  

 

Tab. 3-5: Simulation variants accounting for permeabilities [m2] and length [m] (in parenthe-
ses) of the repository components.  

Shaded entries indicate the parameters of the simulation variants, which were modified as 
compared to the base case. 

 

Simulation 
variants 

V2 plugs V3 seal V4 seal V5 plugs Tunnel 

BC 10-16 5 × 10-18 5 × 10-18 (40) 10-16 10-15 

V2a 5 × 10-18 5 × 10-18 5 × 10-18 (40) 10-16 10-15 

V2b 10-18 5 × 10-18 5 × 10-18 (40) 10-16 10-15 

V3a 10-16 10-20 5 × 10-18 (40) 10-16 10-15 

V3b 10-16 2 × 10-21 5 × 10-18 (40) 10-16 10-15 

V3c 10-16 10-16 5 × 10-18 (40) 10-16 10-15 

V4a 10-16 5 × 10-18 10-18 (60) 10-16 10-15 

V4b 10-16 5 × 10-18 10-18 (20) 10-16 10-15 

V4c 10-16 5 × 10-18 10-16 (40) 10-16 10-15 

V4d 10-16 10-16 10-16 (40) 10-16 10-15 

V5 10-16 5 × 10-18 5 × 10-18 (40) 5 × 10-18 10-15 

Tun 10-16 5 × 10-18 5 × 10-18 (40) 10-16 10-16 

V4e 5 × 10-18 10-20 10 -18 (60) 5 × 10-18 10-16 

V4f 5 × 10-18 2 × 10-21 10-18 (60) 10-18 10 -17 
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Tab. 3-6: Simulation variants accounting for different two-phase flow parameters of the 
Opalinus Clay and EDZ.  

Shaded entries indicate the parameters of the simulation variants that were modified with 
respect to the base case (Pc-S – water retention curve/van Genuchten, Kr-S – relative per-
meability curve/van Genuchten-Mualem; see Helmig 1996). 

 

Simulation 
variants 

BC OPA Slra Slrb Gma Gmb 

van Genuchten P0 
[Pa] 

3.4 × 107 1.8 × 107 3.4 × 107 3.4 × 107 3.4 × 107 3.4 × 107 

van Genuchten n 1.6 1.67 1.6 1.6 1.6 1.6 

Slr for Pc-S 0.01 0.01 0.5 0.01 0.01 0.01 

Slr for Kr-S 0.5 0.5 0.5 0.01 0.5 0.5 

Kr-S OPA van Gen. van Gen. van Gen. van Gen. Grant van Gen. 

Kr-S EDZ van Gen. van Gen. van Gen. van Gen. van Gen. Grant 

 

Tab. 3-7:  Simulation variants accounting for different gas generation rates. 

Shaded entries indicate the parameters of the simulation variants that were modified with 
respect to the base case. 

 

Simulation 
variants 

BC AG K09 UB LB 

From waste Base case Base case, distinguish 
between L/ILW-AG1 

and L/ILW-AG2 

Base case Upper 
bounding 

rates 

Lower 
bounding 

rates 

From building 
and emplace-
ment materials 

Base case Base case No gas 
generation 

Upper 
bounding 

rates 

Lower 
bounding 

rates 

 

Tab. 3-8:  Simulation variants accounting for microbial gas consumption. 

Shaded entries indicate the parameters of the simulation variants that were modified with 
respect to the base case. 

 

Simulation 
variants 

SRB SRBs SRBf SRBsm SRBfm SRBsg SRBfg 

Gas 
consumption 

No "Slow" "Fast" "Slow" "Fast" "Slow" "Fast" 

SO4 
dissolution 
from solids 

Not 
included 

Not 
included 

Not 
included 

With 
adsoprtion 

Kd 

With 
adsoprtion 

Kd 

Instantly 
from 

celestite and 
gypsum 

Instantly 
from 

celestite and 
gypsum 

Initial 
sulphate  

25 mmol/l 25 mmol/l 25 mmol/l 25 mmol/l 25 mmol/l 1.2 mol/l 1.2 mol/l 
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3.4.3 Base case 

The base case comprises the simulation of the four operational phases followed by the post-
closure phase during which gas generation occurs. The following discussion of results gives 
emphasis to the post-closure phase. A comprehensive discussion of all simulated stages of 
repository evolution is given in Papafotiou & Senger (2016a).  

3-D spatial plots of gas saturation after 1'000, 5'000, 10'000, and 50'000 years are shown in 
Fig. 3-11. By 1'000 years, it is calculated that gas has already migrated into the host rock 
between the operation and ventilation tunnels, and around the test area and the observation 
gallery. This effect is related to the depressurisation of the host rock during the operational 
phases. On the other hand, the gas front in the less depressurised host rock around the emplace-
ment tunnels is only just beginning to form after approximately 1'000 years. After 5'000 years, a 
gas front has formed in the host rock around the caverns and all repository structures with the 
exception of the pilot facility and the operation/access tunnels. After 10'000 years, the gas front 
continues to extend into the host rock and reaches about 27 m above and 15 m below the centre 
of the emplacement caverns. Thus, the gas front expands more slowly as gas generation rates 
decrease and the gas phase dissolves in porewater. After 50'000 years, it is calculated that gas 
saturations have decreased significantly due to dissolution. After 100'000 years, most of the gas 
phase in the host rock has dissolved. It is observed that the gas phase does not reach the top of 
the Opalinus Clay at any time during the simulation.  

Fig. 3-12 shows 3-D spatial plots of pressure at the same times. It is calculated that, after 
1'000 years, pressure in the repository structures and near-field host rock is still lower than the 
surrounding ambient hydrostatic pressure, owing to the initial depressurisation during the 
repository construction and operation period. After 5'000 years, the pressure build-up from the 
release of gas has increased above hydrostatic pressure. The increase of pressure is uniform 
across the different parts of the repository and extends into the host rock around the repository 
structures (ca. 20 m laterally and also above the emplacement caverns). After 10'000 years, it is 
indicated that pressure in the main repository has decreased again, practically reaching the 
hydrostatic value after 50'000 years.  

A complementary view of the temporal evolution of gas saturation and pressure is given in the 
time-histories for different locations shown in Fig. 3-13. The time-history of pressure does not 
indicate significant pressure differences between different parts of the repository except in the 
early phase (i.e. first 400 years). The pressure then equilibrates and is only slightly lower near 
the repository seal compared with the emplacement caverns. In general, this behaviour indicates 
an effective EGTS that allows gas to migrate through the repository structures and thus results 
in the same pressure history at different locations. Hydrostatic pressure is exceeded after appro-
ximately 1'500 years following closure of the repository. Peak pressure is reached after approxi-
mately 3'800 years and equals 6.9 MPa. The pressure decreases back to hydrostatic after appro-
ximately 50'000 years. Gas saturations in the emplacement caverns increase continuously until 
the late post-closure phase (approximately 60'000 years). Gas saturation in the operation tunnel 
and the access tunnel near the shaft gradually decreases in the first 300 years due to early 
resaturation, and then increases as a gas phase forms, until the late post-closure phase when 
pressure decreases back to the hydrostatic value and the tunnels resaturate. Gas saturation at the 
access tunnel near the repository seal indicates a temporary complete resaturation after approxi-
mately 550 years due to porewater inflow from the repository ramp.  
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Fig. 3-14 shows the time-histories of total water flow24 between the operation, ventilation, and 
access tunnels and the host rock. It is indicated that flow from the host rock into the EDZ is ini-
tially high and decreases with the gradual build-up of pressure in the repository. After approxi-
mately 1'500 years, the total water flow between host rock and EDZ reverses as pressure in the 
tunnels increases above hydrostatic (see also Fig. 3-12). The total water flow is then from the 
EDZ to the host rock until approximately 7'000 years. As the pressure build-up extends into the 
near-field, pressure gradients between the EDZ and the host rock decrease and flows are then 
negligible until the end of the simulation. Furthermore, it is indicated that, during the first 7'000 
years, the total water flow from the tunnels to the EDZ is positive, with the exception of the 
access tunnel between 700 and 1'500 years due to the resaturation of the tunnel section near the 
repository seal. This indicates that, at early times, even though water flows from the host rock to 
the EDZ, it does not always reach the backfilled tunnels as these can maintain a slightly higher 
pressure than the EDZ and the near-field. As a result, water is stored in the EDZ and also flows 
along the EDZ and parallel to the tunnel axes. It should be noted that this represents the bulk 
behaviour and these effects may differ locally, i.e. in the operation gallery, resaturation of the 
backfill takes place near the emplacement caverns, while water is displaced from the backfill 
into the host rock near the shafts. Fig. 3-14 also shows that inflow of porewater from the UCU 
and LCU to the Opalinus Clay begins at early times and is associated with the host-rock 
depressurisation during the excavation and operation of the repository, and peaks after approxi-
mately 1'500 years. Following equilibration of hydrostatic conditions in the repository, inflow 
from the UCU and LCU gradually decreases and eventually reverses after approximately 4'000 
years due to the pressure build-up in the host rock. Displacement of water from the Opalinus 
Clay into the UCU and LCU is sustained until approximately 15'000 years at relatively small 
rates (i.e. less than 1 m3/a). At later times, some water inflow from the UCU and LCU is again 
observed, associated with the final resaturation of the repository.  

Fig. 3-15 shows the flow of gas through different sections of the model compared with the total 
rate of gas generated in the emplacement caverns and the remaining tunnels. It is shown that gas 
flow through the EDZ and into the surrounding host rock is an effective mechanism of gas 
release from the very early post-closure phase. At the same time, gas is evacuated through the 
EGTS so that, after 200 years, a large portion of the gas generated in emplacement caverns 
already flows through the V2 seals. After 1'000 years, gas breaks through the V3 plug and into 
the shaft, but the magnitude of gas flow via this path is about 2 orders of magnitude lower. After 
2'000 years, gas breaks through the V4 repository seal into the ramp. Gas flow through the V4 
seals continues to increase until approximately 7'000 years. After that time the amount of gas 
generated in the emplacement caverns is virtually the same as that flowing through the V2 plugs 
and eventually the V4 seal, whereas gas flow through the EDZ decreases along with the decrease 
of water displacement through the EDZ. Fig. 3-15 additionally shows the total flow of gas from 
the Opalinus Clay to the UCU. It is indicated that small quantities of gas are released into the 
UCU through the Opalinus Clay surrounding the shafts.  

The above discussion indicates that, at early times, gas is stored in the repository structures and 
released to the host rock through the EDZ, while, at later times, the gradual evacuation through 
the EGTS allows gas to be released mainly through the repository seal.  

  

                                                           
24  Total flow is derived as cumulated flux over a cross-section perpendicular to the tunnel axis, comprising the 

backfilled tunnel and the EDZ (details are found in Papafotiou & Senger 2016a). 
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Fig. 3-11: Gas saturation after 1'000, 5'000, 10'000, and 50'000 years in the base case.  
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Fig. 3-12: Pressure after 1'000, 5'000, 10'000, and 50'000 years in the base case.  
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Fig. 3-13: Time-history of pressure (top) and gas saturation (bottom) at selected locations of 
the repository in the base case. 

The locations of the various points are shown in the plan view of the model.  
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Fig. 3-14: Time-history of water flow rate between the Opalinus Clay, the EDZ, and the 
operation, ventilation and access tunnels; and between Opalinus Clay and UCU/ 
LCU in the base case. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 

Fig. 3-15: Time-history of gas flow rate through different sections of the model compared 
with the total amount of generated gas in the base case. 
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3.4.4 Performance assessment  

The overall hydraulic evolution of the repository and surrounding host rock has been assessed 
for all the assessment cases described in Section 3.4.2 with special emphasis on pressure build-
up and saturation evolution in the backfilled underground structures, the gas transport capacity 
of different mechanisms of gas release, and gas and liquid flows through the repository and host 
rock. The base case (simulation variant BC) was used as a basis for comparison with other vari-
ants in which selected input parameters were modified and their effect evaluated. 

Pressure build-up: properties of the EGTS  

The simulations of gas release included a number of EGTS variants. Specifically, the perme-
abilities assigned to the V2 intermediate plugs, the V3 plugs in the shafts and V5 plugs at the 
entrances to emplacement caverns, the backfilled repository structures and the V4 repository 
seal were varied. Three different lengths were also considered for the V4 repository seal, 
namely 20, 40 and 60 m. The calculated pressure transients are shown in Fig. 3-16. Overall, it is 
shown that the evolution of pressure in the repository can be manipulated through the design 
and properties of the EGTS. The base case reaches a peak pressure of 6.86 MPa after 3'800 
years. Variants with low permeability assigned to EGTS components result in higher peak pres-
sures at later times, whereas variants with higher permeability result in lower peak pressure at 
earlier times. In general, the components most sensitive to pressure build-up are the V4 reposi-
tory seal, the V2 intermediate plugs and the operation/access tunnels.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 

Fig. 3-16: Time-history of pressure in the emplacement caverns for the simulation variants 
that assume different properties of the EGTS. 

The parameters of the simulation variants are shown in Tab. 3-5. 
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Pressure build-up: two-phase flow properties of EDZ and Opalinus Clay  

A number of variants were used to assess the sensitivity to parameter values used for the two-
phase flow parameterisation of the Opalinus Clay. Fig. 3-17 shows the calculated pressure 
transients for these variants. It is shown that uncertainty in the residual water saturation can 
result in minor pressure differences. The Grant parameterisation for relative permeability allows 
more gas flow through the host rock and thus results in less pressure build-up. It should be 
noted that these variants did not account for different repository depths and associated values of 
absolute permeability of the host rock, which could affect the transport mechanisms and thus 
result in different responses to changes in two-phase flow parameters.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3-17: Time-history of pressure in the emplacement caverns for the simulation variants 
that assume different two-phase parameters for the EDZ and Opalinus Clay. 

The parameters of the simulation variants are shown in Tab. 3-6. 
 

Pressure build-up: gas generation rates  

Fig. 3-18 shows the calculated pressure transients for variants considering different gas genera-
tion rates. The upper bound values result in an earlier peak pressure that is 1.42 MPa higher 
compared with the peak pressure calculated using the base case gas generation rates. The lower 
bound values result in peak pressures only slightly higher than the hydrostatic value. It is also 
indicated that pressure build-up in the repository is mainly due to the release of waste-generated 
gas. The assignment of different waste types (i.e., L/ILW-AG1 and L/ILW-AG2) in different 
emplacement caverns does not result in significant changes in the evolution of pressure owing 
to the effective EGTS system that allows quick equilibration of pressures in the main repository.  
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Fig. 3-18: Time-history of pressure in the emplacement caverns for the simulation variants 
that assume different gas generation rates.  

The locations of the various points are shown in the plan view of the model. 

The parameters of the simulation variants are shown in Tab. 3-7. 
 

Pressure build-up: microbial consumption of hydrogen  

Fig. 3-19 shows the pressure transient from variants taking into account the microbial consump-
tion of hydrogen in the operation, ventilation, and access tunnels25. It is shown that the dissolved 
sulphate initially present in the tunnels cannot sustain sufficient microbial consumption to 
reduce the pressure build-up in the repository. On the other hand, dissolution of additional 
sulphate from the backfill solids (i.e. in crushed Opalinus Clay, potentially also enriched with 
gypsum) can supply enough sulphate to sustain microbial consumption over longer periods and 
decrease the pressure in the repository. It is indicated that the kinetics of the microbial reaction, 
expressed in the models with a "slow" and "fast" consumption rates, can result in a minor 
pressure decrease either in the late post-closure phase in the case of slow kinetics (i.e. after 
20'000 years), or in the early phase in the case of fast kinetics (i.e. after 2'000 years). Microbial 
consumption could act as a mitigation measure against pressure build-up.  

  

                                                           
25  Note that peak-pressure in the baseline model (SRB) is significantly higher than the one in the base case (BC). 

This is because gas release through the host rock and the EDZ is not considered in the SRB model.  
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Fig. 3-19: Time-history of pressure in the emplacement caverns for the simulation variants 
that account for microbial hydrogen consumption. 

The parameters of the simulation variants are shown in Tab. 3-8. 
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Water flow between host rock and the Upper Confining Unit 

In Section 1.4.2, the gas-induced porewater displacement through the host rock has been speci-
fied as a safety function indicator for assessing the influence of gas accumulation on the long-
term safety of the repository. A corresponding criterion has been set that the gas-induced 
specific porewater displacement rate in the host rock should not exceed 10-11 m/s. 

Fig. 3-20 shows the specific and cumulative porewater flow from the UCU to the Opalinus Clay 
for selected simulation variants. In general, water flow initially takes place from the UCU to the 
Opalinus Clay due to the host-rock depressurisation, then reverses temporarily due to pressure 
build-up in the repository and finally reverses again from the UCU to the Opalinus Clay with 
the late resaturation of the repository following pressure dissipation. It is thus indicated that 
water exchange between the UCU and the Opalinus Clay is tied to the pressure build-up. 
Variants with low-permeable EGTS components result in more pressure build-up and therefore 
also more displacement of pore water into the UCU. On the other hand, variants with high-
permeable EGTS (or low gas generation rates) can result in almost continuous inflow of water 
from the UCU to compensate for depressurisation of the host rock and late resaturation of the 
repository as the pressure build-up in the repository in excess of hydrostatic pressure is small.  

The calculated flows of pore water between the Opalinus Clay and the UCU are additionally 
used to estimate the time-history of specific water flux for each simulation variant. For this, the 
total water flow rate between the Opalinus Clay and the UCU is divided by the surface area 
corresponding to the footprint of the emplacement caverns (200 m × 810 m). The resulting time-
histories, shown in Fig. 3-20 (bottom), indicate that the highest specific rates of water displace-
ment from the Opalinus Clay to the UCU are about 3.0 × 10-13 m/s. These are observed in 
variants with low-K EGTS components (i.e., V4f), indicating that the actual displacement rates 
are far below the safety function indicator criterion for gas-induced specific porewater displace-
ment in the host rock of 10-11 m/s. 
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Fig. 3-20: Time-history of the cumulative volume of water (top) and the water flux (bottom) 
flowing from the Opalinus Clay to the UCU. 

The superimposed spatial plot shows an example (Base Case, after 5'000 years) of distribu-
tion of water flux between Opalinus Clay and UCU: color indicates flow from Opalinus 
Clay to UCU; grayscale indicates flow from UCU to Opalinus Clay. The dashed red area 
marks the footprint used to derive the flux time-histories.  

The parameters of the simulation variants are shown in Tabs. 3-5, 3-6 and 3-7. 
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Water flow from the repository structures to the ramp 

In Section 1.4.2, the gas-induced porewater displacement along the backfilled repository struc-
tures has been specified as another safety function indicator for assessing the influence of gas 
accumulation on long-term safety of the repository. Accordingly, gas-induced total porewater 
displacement rate along the repository seal V4 may not exceed 10-8 m3/s.  

Fig. 3-21 shows the time-histories of flux of water from the V4 seal and surrounding EDZ to the 
repository ramp for selected simulation variants26. In the early post-closure phase, water flows 
from the ramp into the access tunnel to the main facility due to low pressures in the repository 
(negative fluxes in Fig. 3-21). At later times, the direction of water flow reverses as water flows 
from the access tunnel to the ramp due to the pressure build-up in the repository. The highest 
flux of less than 10-10 m/s is observed in variant V4b, whereas a shorter (20 m) V4 seal is 
assumed. This indicates that the actual (total) displacement rates are below the safety function 
indicator criterion for gas-induced specific porewater displacement of 10-8 m3/s for a cross-
sectional area for the V4 seal and the corresponding EDZ of 100 m2 (Papafotiou & Senger 
2016a). The variants with a low-permeability EGTS result in even lower fluxes. The upper 
bounding values of gas generation rates result in an earlier peak, but with rates of water flow 
that are similar to those in the base case. It is observed that, in several simulation variants, the 
flux increases in the late post-closure phase (i.e. > 20'000 years). This is due to the resaturation 
of the repository structures, which allows higher water fluxes towards the repository seal. On 
the other hand, the simulation variant with the lower bounding values of gas generation (LB) 
results in relatively fast resaturation of the repository and accordingly an earlier increase of 
water flow through the V4 seal that reaches quasi steady-state after 100'000 years.  

  

                                                           
26  Note that the cross-sectional area of the backfilled tunnel sections and the surrounding EDZ is roughly 100 m2. 

Total water flow along the backfilled underground structures in [m3/s] is calculated as specific flow × cross-
sectional area.  
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Fig. 3-21: Time-history of water flux from the V4 seal and EDZ to the repository ramp. 

The parameters of the simulation variants are shown in Tabs. 3-5, 3-6 and 3-7. 
 

Gas release mechanisms 

The simulation variants indicate that the most important mechanisms for the release of the gas 
phase are flow through the V4 repository seal and into the ramp, and flow along and across the 
EDZ and into the surrounding host rock. Fig. 3-22 shows the cumulative volumes of gas 
released through the V4 seal and through the EDZ for selected simulation variants. For com-
parison, the cumulative volume of gas released from the waste and emplacement materials in 
the caverns and from the tunnel materials is also shown. It is indicated that the ratio by which 
the release of gas is split between the V4 and the EDZ depends on the EGTS properties. For 
highly permeable EGTS components, most of the generated gas has been released through the 
V4 after 100'000 years. For low-permeability EGTS components, the release of gas after 
100'000 years through the EDZ becomes more important.  
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Fig. 3-22: Cumulative volumes of gas passing through the V4 repository seal (top) and 
through the EDZ (bottom) compared with the cumulative volume of gas released in 
the emplacement caverns and in the tunnels. 

The parameters of the simulation variants are shown in Tabs. 3-5, 3-6 and 3-7. 
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The simulation results can be synthesised to demonstrate the correlation between pressure build-
up and the mechanisms of gas release. For this, the difference in peak pressure relative to the 
base case is calculated for each simulation variant. Moreover, the percentage of the total gas 
volume released through the V4 and through the EDZ is calculated relative to the total volume 
of generated gas. A cross-plot is shown for variants accounting for different EGTS properties in 
Fig. 3-23. The base case corresponds to approximately 87 % of the generated gas released as gas 
phase through the V4 seal and 10 % of the generated gas released as gas phase through the 
EDZ. The remaining 3 % is accounted for by additional release mechanisms, i.e. gas flow 
through the V3 plug and dissolution in the Opalinus Clay porewater.  

A direct correlation between peak pressure and the mechanisms of gas release is observed: vari-
ants with highly permeable EGTS (i.e. permeable or shorter V4 seal) and accordingly a higher 
percentage of gas released through the V4 seal correlate to lower pressures in the repository. On 
the other hand, variants with low-permeability EGTS and more gas released through the EDZ 
correlate with increasing pressures. The correlation indicates that the EGTS can be designed and 
optimised to yield the desired amounts of released gas and associated peak pressures. It is 
moreover indicated that the correlation can provide back-of-the-envelope estimates of peak 
pressure for given amounts of released gas (assuming the same repository layout and hydro-
geologic conditions). The lines of V4- and EDZ- flow versus pressure do not meet at 50 % of 
the generated gas volume and the sum of flow through the V4 seal and EDZ (also shown in 
Fig. 3-23) indicates that additional release mechanisms (i.e. gas flow through V3 plug and gas 
dissolution) gain importance at higher pressures relevant to scenarios with less effective EGTS.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3-23: Total volume of gas flow through the V4 seal and through the EDZ relative to the 
total volume of generated gas versus pressure relative to the base case for simula-
tion variants accounting for different properties of EGTS components.  

The parameters of the simulation variants are shown in Tab. 3-5. 
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3.5 Summary 

The generation, consumption and release of gas in a deep geological repository for low- and 
intermediate-level waste have been described and the resulting gas pressure build-up and gas-
induced porewater displacement have been assessed.  

Both in terms of volume and mass, decommissioning waste contributes most to the L/ILW 
inventory, followed by operational waste and reactor waste. The waste disposed of in the L/ILW 
repository consists of inorganic materials (58 %), metallic materials (40 %) and organic 
materials (2 %). Alternative waste inventories are used to assess waste treatment options and/or 
uncertainties regarding the generated waste volumes. The waste treatment options considered 
here are: melting of metallic materials, pyrolysis of organic waste and a combination of pyro-
lysis and melting. Melting results in a reduction of metal mass and in a significant reduction of 
the specific surface area of metallic components. Pyrolysis of a selected amount of organic 
materials has only a limited effect on the inventory. However, a hypothetical pyrolysis of all 
organics, analysed to assess a theoretical upper bound of the amount of treatable waste, could 
result in a more significant waste reduction.  

The gas producing processes taken into account are the degradation of organics and the 
corrosion of metals. These processes are characterised by their reaction mechanisms, the related 
model assumptions and corresponding rates. In the case of corrosion, a steady-state corrosion 
rate is assumed to be established upon repository closure. The reference corrosion rates for the 
different metals present in the repository are estimated based on literature studies and Nagra's 
own corrosion experiments. The uncertainties regarding the evolution of chemical conditions in 
the near-field are reflected in the definition of the upper and lower corrosion rates. In the case of 
the degradation of organics, due to slow kinetics and the lack of long-term data, a model has 
been used that divides the organic materials in two broad categories: the high molecular weight 
organics that degrade slowly and the low molecular weight organics that degrade faster. For 
each category, the reference rate of degradation is based on literature studies, whereas the 
estimation of the upper and lower limit relies on expert judgement.  

The total amount of gas produced and water consumed in the L/ILW repository, as well as the 
evolution of the gas generation rate during the post-closure period, are estimated using a gas 
generation model. Several assessment cases are calculated, including waste inventory variants, 
variants addressing alternative waste packaging scenarios, and variants addressing uncertainties 
regarding degradation and corrosion rates. The model shows that gas production in the L/ILW 
repository is dominated by H2 resulting from corrosion and is mainly influenced by a small 
number of factors, namely the amounts and geometric properties of carbon steel, the associated 
corrosion mechanisms and corrosions rates, as well as the environmental conditions that prevail 
during the time period for safety assessment, as expressed by the corrosion rate uncertainty 
band. In addition, gas generation modelling indicates that: 

 The removal and/or replacement of L/ILW containers prior to disposal can have a limited 
beneficial effect 

 Melting can significantly reduce both the total volume and the generation rate of gas from 
certain waste types 

 The impact of pyrolysis, including its hypothetical upper bound, is negligible 

Repository generated gases may chemically interact with the environment at their place of 
origin or be consumed by micro-organisms in the backfilled operation and ventilation tunnels, 
where conditions can be suitable for microbial activity. Based on mass balance, chemical sinks 
are sufficient to completely consume some repository-generated gas species (carbonation of 
cement backfill by CO2 or precipitation of H2S as mackinawite or pyrite), since the required 
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reactants are present in sufficient amounts. A reduction in the amount of H2 gas is most likely 
mediated by sulphate-reducing bacteria. However, the spatial distribution of the reactants and 
the related reaction kinetics are potentially important, thus a quantitative evaluation of the 
effects of microbial sulphate reduction has been accounted for in a gas transport model.  

Gas transport modelling has been used to assess the gas release from the underground structures 
of the L/ILW repository. The gas transport simulations focus on exploring the effects of: 

 The properties of the EGTS expressed through the permeabilities of repository components 
and the length of seals 

 The two-phase flow properties of the EDZ and Opalinus Clay 

 The gas generation rates 

 The microbial consumption of H2 

The output of the modelling is assessed in terms of safety function indicators and criteria related 
to: 

 The build-up of gas pressure 

 The water flow between the host rock and upper confining units 

 The water flow between the repository structures and the ramp  

The simulations show that the defined safety function indicator criterion on gas pressure is not 
reached for any of the explored variants, even for those that reflect an upper bound conservative 
parameter selection. Furthermore, the majority of the calculation cases exhibit a significant 
safety margin. The permeability of the EGTS and intermediate plugs has a large influence on 
the pressure build-up: a lower and earlier peak pressure is reached when the permeability is set 
to higher values. An equally important parameter that controls the pressure build-up is the gas 
generation rate: the simulation using the upper bound gas rates leads to a relatively early and 
high peak pressure, whereas the simulation applying the lower bound gas generation rates 
results in almost no overpressure. On the other hand, minor pressure differences are observed in 
simulations that account for uncertainties in the residual water saturation, in simulations taking 
into account different waste emplacement options and in simulations that include/exclude 
microbial gas consumption by sulphate initially present in the porewater. However, it is shown 
that microbial gas consumption can be significant if sulphate minerals in the backfill are taken 
into account. Adjusting the amounts of such minerals could be an effective measure in limiting 
gas pressure build-up if local conditions allow for a high microbial viability. 

The water flow between the host rock and the UCU is linked to the pressure build-up in the 
repository. Initially water flows from the UCU to the Opalinus Clay. Flow is then reversed due 
to pressure build-up, and finally reverses again after pressure release. A similar evolution of 
water flow along the EDZ between the repository structures and the access ramp is exhibited. 
The water fluxes of the above two water displacement cases are used as safety function indica-
tors for the assessment of repository performance. In the base cases, the modelled water fluxes 
are considerably lower than the respective criteria with a significant safety margin.  

Simulations have also shown that the most important gas release routes are along the EDZ and 
through the repository seals to the ramp. The correlation between the pressure build-up and the 
gas release route shows that, in cases of highly permeable seals, the gas release through the 
EGTS components dominates. This indicates that, if needed, the design of the EGTS can be 
tailored to reduce the peak pressures in the L/ILW repository.  
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4 High-level waste repository 

4.1 Description and evolution of the repository 

4.1.1 Layout and design 

A schematic layout of the HLW repository in Opalinus Clay according to the current Swiss 
disposal concept is shown in Fig. 4-1. The repository comprises an array of parallel emplace-
ment drifts containing SF or HLW, while ILW will be emplaced in separate emplacement 
caverns. Access to the repository will be provided, during construction and operation, by an 
access tunnel/ramp and/or by shafts. The repository also contains ventilation and construction 
shafts, ventilation and operation tunnels, a pilot facility and a test area. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4-1:  Schematic layout of the HLW repository and of an axial cross-section of the 
SF/HLW emplacement drifts. 
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The disposal canisters containing SF and HLW will be emplaced in ~ 800 m long parallel 
emplacement drifts with a diameter of about 3 m, which are supported by rock bolts, steel mesh 
and low-pH shotcrete. The disposal canisters will be placed every 3 m on pedestals made of 
compacted bentonite blocks with a dry density of about 1.8 Mg/m3. The region around and 
between the canisters will be backfilled with granular bentonite with a dry density of about 
1.45 Mg/m3. A so-called intermediate seal, with an assumed length of 8 m, will be constructed 
between every tenth canister and its neighbour, as shown in Fig. 4-1 (Nagra 2010). The inter-
mediate seals will be constructed using a combination of compacted bentonite blocks and 
pellets. The current reference assumption is that tunnel lining will be interrupted at the locations 
of these intermediate seals; instead tunnel support will be provided by steel arches. However, 
for the purposes of the present study, an alternative case assuming that tunnel lining extends 
across the intermediate seal sections is also explored.  

A potential option for the emplacement of the SF/HLW disposal canisters and the backfilling of 
the respective emplacement drifts is to be carried out using steel rails. However, the corrosion of 
the steel rails would contribute to the generation of gas, and thus that contribution is evaluated 
in different assessment cases. For the assessment cases that rail-based technology is assumed, 
quantitative information about the rails is taken from the as-built state of the Full-Scale 
Emplacement (FE) experiment at Mont Terri (Jenni & Köhler 2015). 

ILW will be emplaced in separate caverns, each about 8 m in width and up to 200 m in length. 
The ILW caverns are supported by concrete liners and backfilled with cementitious mortar. The 
ILW is embedded within a cementitious matrix or, in some cases, within a matrix of bitumen, 
polystyrene or borosilicate glass. The waste matrix is usually packed in steel drums, which are 
then placed in concrete containers. The containers and the emplacement caverns for ILW are 
essentially the same as those of the L/ILW repository (Sections 3.1.1 and 3.1.2).  

4.1.2 SF/HLW disposal canisters 

The spent fuel assemblies and the flasks containing the vitrified high-level waste will be packed 
into disposal canisters in the surface facility and then transported to the emplacement drifts of 
the repository. The present study is based on the current reference SF and HLW disposal canis-
ter concept, which foresees the use of thick-walled carbon steel canisters (see Fig. 4-2).  

It is assumed that each HLW canister contains 2 HLW flasks, while each SF canister contains 
either 4 pressurised water reactor (PWR) or 9 boiling water reactor (BWR) spent fuel assem-
blies27. According to the current Nagra reference design (Patel et al. 2012), both canister types 
have a cylindrical shape with flat ends, while the lid of the canister incorporates a handling 
feature. The disposal canister for HLW contains no internal structure, while the SF disposal 
canister contains an internal lid and a basket structure, which contains the spent fuel assemblies 
and which is also made of carbon steel. The basket structure consists of either 4 or 9 boxes with 
a square cross-section at the required size to hold the fuel assemblies. Design data related to 
size, weight and reference lifetime for the disposal canisters are given in Tab. 4-1. In addition to 
the reference carbon steel canister, the potential use of highly corrosion resistant alternative 
canister materials (e.g. copper, titanium, nickel, ceramics) resulting in negligible gas generation 
is also explored in the present study.  
  

                                                           
27  Alternative canister concepts containing 3 HLW flasks or 12 BWR fuel assemblies are also under consideration 

as this could decrease the total number of canisters and the number of handling steps in the surface facility, and 
also lead to a more efficient use of space in the repository. 
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Fig. 4-2: Schematic cross-sections of the current reference design for HLW and SF disposal 
canisters. 

 

Tab. 4-1:  Design data related to SF and HLW disposal canisters. 
 

Canister type HLW SF 

Outer diameter [mm] 720 1'050 

Inner diameter [mm] 440 770 

Approximate external length [mm] 3'000 5'000 

Wall thickness body [mm] 140 

Wall thickness base [mm] 150 
180 

Wall thickness lid [mm] 170 

Approximate unloaded weight [kg] 6'400 19'500 

Number of canisters 317 1'894 

Reference lifetime [a] 10'000 
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4.1.3 Construction materials 

As noted in Section 3.1.3, the amounts and properties of construction materials assumed in the 
present study are based on current planning assumptions in the context of the Waste Manage-
ment Programme 2016 (Nagra 2016a). This means, for example, that the assumed amounts and 
properties of construction materials reflect the expected range of geomechanical conditions 
down to approximately 700 m depth for a potential HLW repository. A detailed list of construc-
tion materials in the individual underground structures is given in Poller et al. (2016). 

4.1.4 Evolution of the near-field 

The evolution of the main processes occurring in the ILW caverns are qualitatively the same as 
in the L/ILW caverns, as described in Section 3.1.4. Consequently, in the following paragraphs, 
only the expected near-field evolution in the SF/HLW emplacement drifts is described. 

After waste emplacement, the evolution of the safety-relevant properties of the SF/HLW drift 
near-field is essentially controlled by the interplay between various thermal, hydraulic, mecha-
nical and chemical (THMC) processes, including saturation of the backfilled emplacement 
drifts, heat and gas production, as well as the swelling of the bentonite buffer and the reconsoli-
dation of the surrounding host rock. Creep of the host rock is expected to further consolidate the 
backfill.  

Decay heat from SF and HLW will increase temperatures within and around the repository for 
long periods of time. The effects of this heat on the engineered and geological barriers cannot be 
completely eliminated, but can be kept low by ensuring sufficient duration of interim storage, 
optimised canister loading and suitable waste emplacement density. The bentonite backfill will 
become saturated, after which pore pressures in the buffer will increase to those in the sur-
rounding host rock (Leupin et al. 2016a). Because of the low hydraulic conductivity of the 
Opalinus Clay, the transport conditions after saturation of the buffer are diffusion controlled. 

As in the case of the L/ILW repository, the excavation of tunnels and drifts in the host rock 
leads to stress redistribution, which results in micro- and macro-scale fractures within the exca-
vation disturbed zone. The formation of the EDZ is associated with an increased porosity, thus 
leading to a higher hydraulic conductivity, gas permeability and thermal conductivity around the 
emplacement drifts, sealing zones and other underground structures. The EDZ develops during 
the operational phase of the repository and gradually consolidates after backfilling of the under-
ground structures. The EDZ adjacent to the emplacement drifts becomes partially de-saturated 
as a result of evaporation due to ventilation during the construction and operation phase and due 
to the heat generated by the SF and HLW. The hydraulic conductivity of the EDZ after the 
closure of the repository depends on the size, geometry and orientation of the excavation, as 
well as on the stiffness, self-sealing capacity and strength of the host rock and on the in-situ 
stress conditions. In the case of SF/HLW emplacement drifts, the combined effects of the 
swelling pressure of the bentonite buffer and the self-sealing capacity of the Opalinus Clay will 
limit the effective hydraulic conductivity and gas permeability of the EDZ (Leupin et al. 2016a). 

Significant for gas generation is the evolving chemical environment in the near-field. Oxygen, 
which is trapped in the bentonite pore space during the operational period, will be quickly 
consumed by a number of processes such as corrosion of metallic components of the repository, 
mineral oxidation and microbial activity. Once all the available oxygen is consumed, it is 
expected that anaerobic conditions will prevail indefinitely. 
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Other potentially significant processes include:  

 Degradation of the cementitious tunnel liner and migration of high-pH porewater a small 
distance into the host rock and bentonite, where chemical interactions can occur. 

 Canister breaching as a result of a combination of wall thickness loss due to corrosion and 
external stresses, which will lead to the exposure of the internal components of the canister 
and the SF and HLW to porewater. It is expected that the SF/HLW disposal canisters will 
breach at different times, with 10'000 years being the expected lower limit of this distribu-
tion in time and is also Nagra's design target. 

4.2 Waste inventory 

The waste amounts and materials to be disposed of in the HLW repository, consisting of SF, 
HLW and ILW, are summarised in the following sections. All waste amounts refer to condi-
tioned waste unless specifically mentioned otherwise. A more detailed description of the Swiss 
waste inventory can be found in Nagra (2014a). 

The amounts of waste28 allocated to the HLW repository are shown in Tabs. 4-2 and 4-3, based 
on the respective MIRAM categories and origins. The majority (58 %) of the waste volume is 
comprised of fuel elements, followed by operational waste (25 %), reprocessing waste (9 %), 
and decommissioning waste (8 %). The origins of the waste are almost exclusively the nuclear 
power plants (92 %, including waste from reprocessing and operational waste from the surface 
facilities), while the majority of the remaining waste arises from PSI (including Lucens and PSI-
West facilities). From the point of view of waste mass, there is a similar distribution of the 
waste between the different categories. The majority (63 %) of the waste mass is fuel elements, 
while the rest is operational waste (20 %), reprocessing waste (10 %) and decommissioning 
waste (7 %). The major source (92 %) is the nuclear power plants and the surface facilities, 
while the remaining mass (8 %) comes from PSI. 

 

Tab. 4-2:  MIRAM categories and respective waste amounts28 for SF, HLW and ILW. 
 

MIRAM category Mass 
[kg] 

Volume 
[m³] 

Decommissioning waste 5.03 × 105 200 

Operational waste 1.44 × 106 589 

Fuel elements 4.56 × 106 1'364 

Reprocessing waste 6.95 × 105 217 

Total 7.20 × 106 2'370 

 

                                                           
28  The masses and volumes given here refer to the filled waste containers, including raw wastes, additives, con-

tainers, filler materials, and fittings. In the case of spent fuel, masses and volumes refer to unpacked fuel ele-
ments. SF/HLW disposal containers (see Section 4.1.2) are not included. 
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Tab. 4-3:  Origins of waste and respective waste amounts28 allocated to the HLW repository. 
 

Origin Mass 
[kg] 

Volume 
[m3] 

Beznau NPP 9.31 × 105 264 

Reprocessing (France) 6.03 × 105 181 

Gösgen NPP 1.19 × 106 353 

Leibstadt NPP 2.12 × 106 643 

Lucens 6.37 × 104 24 

Mühleberg NPP 3.22 × 105 103 

Surface Facility HLW 1.35 × 106 554 

PSI-East 5.60 × 103 2 

Federal Office of Public Health  1.12 × 105 36 

PSI-Diorit 6.05 × 103 1 

PSI-Hotlab 3.31 × 105 147 

PSI-West 8.21 × 104 27 

Reprocessing (UK) 9.21 × 104 36 

Total 7.20 × 106 2'370 

 
 

The waste allocated to the HLW repository can be divided into subcategories and waste groups. 
Like L/ILW, ILW is subdivided into two different waste groups (AG1 and AG2) based on the 
potential amount of degradation products including gases or complexing agents, with separate 
emplacement caverns for each waste group. 

The following packed volumes, which include the SF/HLW disposal containers (see 
Section 4.1.2) are considered:  

 Spent fuel (SF): 8'134 m3 

 Vitrified high-level waste (HLW): 381 m3 

 Long-lived intermediate-level waste; waste group 1 (ILW-AG1): 3'556 m3 

 Long-lived intermediate-level waste; waste group 2 (ILW-AG2): 377 m3 

In terms of mass, the waste comprises 4.91 × 106 kg (61 %) inorganic materials, 3.08 × 106 kg 
(38 %) metals and 3.81 × 104 kg (< 1 %) organics. The disposal canisters for the packing of SF 
and HLW increase the abovementioned metal inventory by approximately 3.90 × 107 kg (see 
Tab. 4-1). 

Fig. 4-3 shows the split of the HLW metal inventory (excluding the SF and HLW disposal 
canisters) into different metals and metal groups. The main contributor is Zircaloy (42 %), 
which derives from the fuel cladding. Iron and carbon steel (28 %) mainly derive from the cast 
iron containers for ILW. Other significant contributors to the HLW metal inventory are stainless 
steel (18 %) and lead (10 %). Tab. 4-4 shows the distribution of inorganic, organic and metallic 
materials in the waste subcategories. 
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Fig. 4-3:  Metal inventory (wt. %) of the waste allocated to the HLW repository, including 
HLW stainless steel flasks and fuel cladding, but excluding the SF and HLW 
disposal canisters. 

 
 

Tab. 4-4:  Subcategories and material groups of waste allocated to the HLW repository. 
 

Waste subcategory Material group Total mass 
[kg] 

Spent Fuel 

Inorganic 3.32 × 106 

Metallic 1.25 × 106 

Organic 0 

HLW 

Inorganic 2.47 × 105 

Metallic 5.94 × 104 

Organic 0 

ILW 

Inorganic 1.35 × 106 

Metallic 1.77 × 106 

Organic 3.81 × 104 
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4.3 Gas generation modelling 

4.3.1 Model overview 

The gas generation model for the HLW repository is in most respects similar or identical to the 
model for the L/ILW repository described in Section 3.3 and the same spreadsheet-based com-
puter tools are used. One major difference concerns the time frame for safety assessment, which 
is 106 years for the HLW repository. Another difference arises from the assumption that gas pro-
duction from SF, HLW and internal structures of the SF/HLW disposal canisters is delayed by 
the disposal canisters. Eventual breaching of the SF/HLW disposal canisters causes a sudden 
rise in the canister surface area available for corrosion and the onset of gas production from 
materials contained within the canisters. It is assumed that all SF/HLW disposal canisters 
breach simultaneously after 10'000 years. A more detailed description of the gas generation 
model for the HLW repository is given in Poller et al. (2016). 

4.3.2 Assessment cases 

Base cases for gas production from the SF/HLW and disposal canisters, for gas production from 
construction materials in the SF/HLW emplacement drifts, for gas production from the ILW and 
disposal containers, and for gas production from construction materials in the ILW emplace-
ment caverns are defined, in which many uncertainties are handled using model assumptions 
and parameter values that tend to overestimate gas production rates in terms of total amounts, in 
terms of rates at early times, or both. Starting from the base cases, a systematic and determinis-
tic analysis is made of the key uncertainties and principal programme/design options available 
with respect to gas generation in the HLW repository and its modelling. In a second step, 
uncertainties and options that are identified to be relevant are addressed in specific assessment 
cases. In order to cover the full range of possible future evolutions, upper and lower bounding 
cases are defined, which incorporate combinations of relevant model assumptions, parameter 
values and programme/design options that each tends, individually, to lead to higher or lower 
gas production rates than those of the base cases. The base cases and the bounding cases pre-
sented are defined as follows: 

 The base cases for SF and HLW are based on the reference assumptions described in 
Section 2.2 on reference corrosion rates and on the current reference design for a disposal 
canister made of carbon steel. 

 The upper bounding cases for SF and HLW use upper bound corrosion rates.  

 The lower bounding case for SF and HLW assume an alternative disposal canister with neg-
ligible gas production and also adopts lower bound corrosion rates for metals inside the 
canisters. 

 The base case for construction materials in the SF/HLW emplacement drifts embodies refe-
rence corrosion rates, reference amounts of construction materials, steel arches at the posi-
tion of intermediate seals, and a non-rail-based emplacement and backfill technology. 

 The upper bounding case for construction materials in the SF/HLW emplacement drifts is 
based on a combination of rail-based emplacement and backfill technology, upper bound 
corrosion rates and high amounts of construction materials. 

 The lower bounding case for construction materials in the SF/HLW emplacement drifts is 
based on a combination of emplacement technology that does not involve rails, lower bound 
corrosion rates and low amounts of construction materials. 
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 The base cases for ILW and disposal containers are based on the MIRAM 14 base scenario 
and the corresponding reference waste group classification (see Section 4.2), on reference 
assumptions and reference parameter values, most notably on those for degradation and 
corrosion rates, as well as on the assumption of uniform waste distribution across the 
individual emplacement caverns of the respective waste groups. 

 The upper bounding case for ILW and disposal containers is based on a combination of 
upper bound corrosion rates and upper bound degradation rates. In addition, no distinction 
of waste groups is made. 

 The lower bounding case for ILW and disposal containers is based on a combination of 
lower bound corrosion rates, lower bound degradation rates, drums and Mosaik-II con-
tainers removed/replaced, and the assumption of no influence of degradation of organic 
materials on corrosion of metals. In addition, no distinction of waste groups is made. 

 The base case for construction materials in the ILW emplacement caverns embodies refe-
rence corrosion rates and reference amounts of construction materials. 

 The upper bounding case for construction materials in the ILW emplacement caverns is 
based on a combination of upper bound corrosion rates and high amounts of construction 
materials. 

 The lower bounding case for construction materials in the ILW emplacement caverns is 
based on a combination of lower bound corrosion rates and low amounts of construction 
materials. 

In addition, the following design options are explicitly addressed in further assessment cases:  

 An alternative SF/HLW disposal canister, which is made of a material that has negligible 
gas production (given that such alternative canister concepts are still in early stages of 
development, the current Nagra design target is followed by assuming that the alternative 
disposal canister will become breached after 10'000 years) 

 Emplacing a liner at the locations of intermediate-seal sections of the SF/HLW emplace-
ment drifts instead of using steel arches 

 Using rail-based emplacement and backfill technology in the SF/HLW emplacement drifts 

 Removing/replacing all ILW containment (drums and Mosaik-II containers) prior to 
packaging in disposal containers 

A more detailed description of the treatment of uncertainties and options in gas generation 
modelling as well as additional assessment cases are reported in Poller et al. (2016). 

4.3.3 Modelling results 

An overview of the total amounts of different gas species produced and water consumed from 
waste and disposal containers, as well as from construction materials and intermediate seals in 
SF, HLW and ILW emplacement rooms by the end of the 106 year time frame for safety assess-
ment is shown for the base cases in Tab. 4-5. For SF and HLW, the net production is the same 
as gross production, since H2 is the only gaseous corrosion product. In terms of total gas volume 
in the SF/HLW emplacement drifts, the contribution of the intermediate seals is insignificant 
compared to the other sources. For ILW, the net gas volume is slightly smaller than the gross 
volume due to the degradation of organic materials and the presence of abiotic sinks for CO2 
and H2S, as discussed in Section 2.3. Indeed, for waste group ILW-AG2, significant contribu-
tions to gross gas production come from carbon dioxide and methane. However, the total 
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amounts of gas produced from ILW-AG2 are substantially lower than those from ILW-AG1. 
Thus, the degradation of organic materials does not contribute significantly to overall gas 
production in the HLW repository over the time period for safety assessment.  

Tab. 4-5: Total amounts of gas produced and water consumed in SF, HLW and ILW 
emplacement rooms by the end of the time frame for safety assessment (106 years) 
in the base case. 

 

Gas source Gas produced 
[m3 SATP] 

Water 
consumed 

[kg] 
H2 CH4 NH3 CO2 H2S Gross Net 

SF 2.2 × 107 0 0 0 0 2.2 × 107 2.2 × 107 1.6 × 107 

Construction  
materials for  
SF (F) 

1.5 × 106 0 0 0 0 1.5 × 106 1.5 × 106 1.1 × 106 

Intermediate 
seals for SF 
(ZS) 

3.1 × 105 0 0 0 0 3.1 × 105 3.1 × 105 2.2 × 105 

HLW 1.2 × 106 0 0 0 0 1.2 × 106 1.2 × 106 8.8 × 105 

Construction  
materials for  
HLW (F) 

1.8 × 105 0 0 0 0 1.8 × 105 1.8 × 105 1.3 × 105 

Intermediate 
seals for HLW 
(ZS) 

4.6 × 104 0 0 0 0 4.6 × 104 4.6 × 104 3.3 × 104 

ILW-AG1 9.7 × 105 1.4 × 104 1.6 × 103 1.0 × 104 6.7 × 102 9.9 × 105 9.8 × 105 7.2 × 105 

Construction  
materials for  
ILW-AG1 

1.4 × 105 0 0 0 0 1.4 × 105 1.4 × 105 9.9 × 104 

ILW-AG2 4.0 × 104 1.0 × 104 1.2 × 102 8.1 × 103 8.3 5.8 × 104 5.0 × 104 3.5 × 104 

Construction  
materials for  
ILW-AG2 

1.4 × 104 0 0 0 0 1.4 × 104 1.4 × 104 1.0 × 104 

 
Figs. 4-4 and 4-5 show length-specific (i.e. per meter of emplacement drift in the respective dis-
posal and intermediate seal sections) net gas production rates and cumulative net amounts of gas 
produced from SF, HLW and disposal canisters, as well as from construction materials in the 
SF/HLW emplacement drifts, for the base cases and for the upper and lower bounding cases, 
respectively. Gas production from waste and disposal canisters occurs predominantly during the 
first 40'000 years after closure, while corrosion of the current reference carbon steel disposal 
canisters is ongoing. A particular characteristic of these plots is the gas generation peak at 
10'000 years coinciding with the breaching of the disposal canisters and the increase of the 
exposed metallic surface area. Gas production in SF/HLW emplacement drifts is dominated by 
hydrogen generation from the corrosion of:  

 The outer surfaces of the disposal canisters 

 Once the canisters are breached, the inner canister surfaces, as well as corrosion of the 
baskets for the SF assemblies, the SF assemblies themselves (stainless steel and Zircaloy) 
and the surfaces of the HLW stainless steel flasks 

 To a lesser extent, steel anchors in the emplacement sections (F) 
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The gas volume produced during the million-year time period for safety assessment (per unit 
length of drift) for SF is around an order of magnitude higher than that produced by the cor-
rosion of construction materials. For HLW, it is a factor of seven higher than that from the con-
struction materials. However, the gas production rates for the disposal canisters and for the con-
struction materials during the first few thousands of years are comparable. In both SF and HLW 
emplacement drifts, even though the length-specific contribution from the intermediate seals is 
comparable to the one from other sources, their overall contribution is small since the inter-
mediate seal sections account for only about 10 % of the total drift length. 

In the ILW case (Fig. 4-6), similarly to L/ILW (cf. Section 3.3.3), it can be concluded that, 
although there is some degree of overlap in the ranges for the calculated gas production rates for 
waste and disposal containers on the one hand and for construction materials on the other, gas 
production from waste and disposal containers plays – on average – a more dominant role than 
gas production from construction materials. This is also reflected in the gas volumes produced 
during the time period for safety assessment in the base case; the total amounts of gas from the 
construction materials are up to around one order of magnitude less than those from the waste. 

For all waste categories, it can be observed that the base case gas production rates and gas 
volumes tend to be rather close to, or at least of the same order as, those of the upper bounding 
cases, reflecting the bias that arises from the definition of the base cases (cf. previous section). 
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Fig. 4-4: Length-specific net gas production rates (top) and cumulative net gas volumes 
(bottom) from waste and disposal containers (SF), as well as from construction 
materials (F) and intermediate seals (ZS) in the SF emplacement drifts. 
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Fig. 4-5: Length-specific net gas production rates (top) and cumulative net gas volumes 
(bottom) from waste and disposal containers (HLW), as well as from construction 
materials (F) and intermediate seals (ZS) in the HLW emplacement drifts. 
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Fig. 4-6: Length-specific net gas production rates (top) and cumulative net gas volumes 
(bottom) from waste and disposal containers (ILW), as well as from construction 
materials (K04) in the ILW emplacement caverns. 
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Fig. 4-7 shows that, if the SF and HLW disposal canisters are assumed to be made of a material 
that has negligible gas production, rather than carbon steel, gas production associated with the 
waste only commences once the canisters are breached, which itself occurs when gas production 
from construction materials is already declining (cf. Figs. 4.4 and 4.5). Sources of gas are then 
limited to the baskets for the SF assemblies, the SF assemblies themselves and the surfaces of 
the stainless steel flasks containing the vitrified HLW. The gas volumes produced by these 
sources during the time period for safety assessment are about an order of magnitude less than 
in the respective base cases, and are hence rather similar to those produced by the construction 
materials. 

The gas generation rates and volumes of gas produced by corrosion of construction materials 
within the intermediate-seal sections of the SF/HLW emplacement drifts can be further reduced 
by a factor of around two if tunnel support in intermediate-seal sections is provided by a cemen-
titious liner, as in the non-seal sections, rather than by steel arches. On the other hand, the rates 
and volumes within the disposal sections of the SF/HLW emplacement drifts are increased by a 
factor of around two, if it is assumed that SF/HLW canister emplacement and backfilling of the 
SF/HLW emplacement drifts occurs with rail-based technology, i.e. if rails and other materials 
remain in the drift. In both cases, corrosion of the reference carbon steel canister and its internal 
components remains the dominant gas production process in terms of volumes (Poller et al. 
2016). 

If, for ILW, it is assumed that, prior to packaging in disposal containers, drums are removed 
and/or Mosaik-II containers are replaced by alternative disposal containers, then reductions in 
gas production rates are obtained during those time intervals in which these materials, if present, 
would produce gas (Fig. 4-8). A significant effect can be observed for both waste groups 
ILW-AG1 and ILW-AG2. However, the overall effect on the total volumes of gas produced 
from ILW over the time period for safety assessment is less than a factor of two. 

The exploration of additional uncertainties with regard to waste and disposal containers in 
Poller et al. (2016) reveals that the corrosion rates of metals can significantly affect overall gas 
generation rates. In the case of ILW, this also affects the total volumes of gas produced during 
the time period for safety assessment, whereas, for SF and HLW, the total gas volumes are 
hardly affected, since the vast majority of metals will be completely corroded by the end of the 
safety-relevant period, irrespective of the selected corrosion rate within the uncertainty band. 
For ILW, as in the case of L/ILW (cf. Section 3.3.3), the influence of the degradation rates and 
the influence of local heterogeneities in pH associated with the degradation of organic materials 
affecting corrosion rates are small. However, the influence of the distribution of the waste 
among the individual emplacement caverns can be considerable due to the significant variability 
in gas production from individual ILW waste types. The uncertainty with respect to the amounts 
of construction materials is generally less important than the uncertainty related to the corrosion 
rates. 
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Fig. 4-7: Length-specific net gas production rates (top) and cumulative net gas volumes 
(bottom) from SF, HLW and disposal canisters for the base cases and for the cases 
assuming an alternative disposal canister with negligible gas production. 
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Fig. 4-8: Length-specific net gas production rates from waste and disposal containers (top: 
ILW-AG1, bottom: ILW-AG2) for the base case and for alternative cases in which 
drums and/or Mosaik-II containers are removed/replaced. 
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4.4 Gas transport modelling 

4.4.1  Model overview 

Two-Phase Flow Simulator  

A generic 3-D model of the HLW repository, similar to that described in Section 3.4 for the 
L/ILW repository, was developed using the TOUGH2 code using the equation-of-state module 
EOS5 for water and hydrogen (Pruess et al 1999). Diffusive transport of dissolved gas is neg-
lected in this study providing a conservative approach with respect to gas pressure build-up. The 
thermal evolution of the repository was explicitly considered by introducing heat source terms 
for the heat emitting waste. 

Implementation of the model geometry  

The repository-scale model was originally developed for sensitivity analyses of gas release from 
a generic HLW repository design, as discussed in Papafotiou & Senger (2014c), but has been 
slightly modified to be consistent with the Waste Management Programme (Nagra 2016a) (see 
Section 3.4.1). The model is built on an Integrated Finite Differences (IFD) grid with nested 
refinements in the vertical and horizontal direction. The nested grid allows for a finer discreti-
sation around the repository elements that coarsens away from the repository and towards the 
model boundaries, resulting in a total number of nodes of approximately 356'000 with 1'086'000 
connections between them. The grid consists of 33 horizontal layers in total. The SF/HLW 
emplacement drifts are discretised in one layer of the model with a single row of cells each with 
5 × 2.5 m2 cross-section and 10 m length. The operation and access tunnels are discretised with 
two layers and two rows of cells each with 5 × 2.5 m2 cross-section and 10 m length. The 
coarsest cells, with grid spacing of 80 × 80 m2, correspond to the edges of the rectangular model 
domain.  

The HLW repository is implemented in the IFD grid based on the following considerations/ 
assumptions:  

 The model comprises the access tunnel to the main repository (including the central area), 
the access tunnel to the pilot facility, 3 pilot emplacement drifts (corresponding in total to 
the length and volume of one SF emplacement drift) with branch tunnels and the pilot 
operation tunnel, 2 ILW emplacement caverns with branch tunnels, 2 vertical shafts exten-
ding to the top boundary of the model, the operation tunnel, and parallel to it the ventilation 
tunnel, 2 tunnels connecting the operation tunnel with the ventilation tunnel and the test area 
with the observation gallery, 3 HLW emplacement drifts, and 24 SF emplacement drifts 
(length 700 m). Plugs and seals are placed at the entrance to the emplacement drifts (V5), 
the entrance to the operation and ventilation tunnels (V2), and at the end of the access 
tunnels (V4).  

 The distance between the SF/HLW drifts is 40 m, whereas the ILW caverns have a 100 m 
separation (Fig. 4-9). The pilot facility has a separate access tunnel, which is around 500 m 
long (400 m within Opalinus Clay only; 100 m central area). The access tunnel to the main 
repository is 910 m long in total (assuming 440 m in Opalinus Clay, with the rest cor-
responding to the central area). The twin-tube operation tunnel is implemented in the model 
as a single tunnel with rectangular cross-section.  
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 The V4 seal sections separating the access tunnels from the ramp are 40 m long. In the 
model, the impact of the ramp is represented in terms of a fixed head boundary, which is 
solely connected to the adjacent element of the seal section. The access tunnels are hori-
zontal and their inclination is not explicitly included in the geometry. Hydraulic effects 
associated with the inclination of these tunnels and the difference in elevation between 
opposite ends of the ramp are accounted for by appropriate boundary conditions.  

 The cross-sections of all repository elements are rectangular and so do not precisely 
represent the actual cross-sections of the repository underground structures (discussed in 
Section 4.1). The SF/HLW emplacement drifts are positioned perpendicular to the operation 
tunnel. Discrepancies in cross-sectional areas and volumes are compensated through scaling 
of the hydraulic properties assigned to the repository elements in the model.  

 The seals, plugs, and emplacement drifts are not represented in detail (i.e. waste canisters, 
bentonite blocks, granular bentonite etc.), but described through effective hydraulic proper-
ties and volumes relevant to gas transport. Similarly, liners and installations are not expli-
citly described.  

 Major underground structures (tunnels, drifts, caverns) are each connected to an EDZ, 
which is represented by a single element layer above/below the structure with a thickness of 
2 m. For the SF/HLW drifts and for the pilot facility, the EDZ is represented by a single 
layer above the tunnel.  

The details of the implemented HLW repository model, including the Opalinus Clay, the UCU, 
the LCU and the underground structures are shown in the horizontal and vertical cross-sections 
in Fig. 4-9. The grid coordinates indicated in the figure represent local coordinates; the refe-
rence elevation, Z = 0 m, corresponds to the horizontal plane through the base of the repository 
(tunnels invert), with the vertical extent of the model ranging from -210 m to 160 m. In plan 
view, the model extends from -500 m to 1740 m and -480 m to 1200 m in the horizontal X and 
Y directions, respectively. The reference elevation is set as being in the middle of the Opalinus 
Clay, which has an overall thickness of 120 m, whereas the upper and lower confining forma-
tions extend 90 m above and 160 m below the host rock formation, respectively. 
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Fig. 4-9: Detailed views of model geometry and grid.  

Top: plan view. Middle: YZ slice through emplacement drift. Bottom: XZ cross-section 
showing the operation tunnel and shaft. 

(1) SF/HLW emplacement drifts. (2) V5 plugs. (3) Branch tunnels. (4) Operation tunnel. 
(5) Ventilation tunnel. (6) V2 plugs. (7) Test area. (8) ILW emplacement caverns. (9) 
Observation gallery. (10) Pilot tunnel. (11) Pilot branch tunnel. (12) Pilot operation tunnel. 
(13) Access tunnels. (14) V4 repository plug. (15) Access ramp. (16) V3 seal. (17) Opera-
tion shaft. (18) Upper Confining Unit. (19) Lower Confining Unit. 
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Initial and boundary conditions  

The model domain is assumed to be initially fully water-saturated and hydrostatic pressures are 
assigned to the nodes prior to the repository construction. The top and bottom layers of the 3-D 
grid are connected to external boundary elements with prescribed hydrostatic pressures. The 
initial pressure distribution and the prescribed pressures at the top and bottom boundaries are 
adjusted depending on the assumed repository depth for the gas release modelling cases (i.e. 
700 m bgl). All vertical model boundaries are assigned no-flow conditions.  

The specific pressure distributions are based on the steady-state temperature distribution. This is 
assigned to the model grid based on a geothermal gradient of 0.043 °C/m and a prescribed 
temperature of 10 °C at ground surface.  

Additional pressure boundary conditions are assigned to the repository ramp after the repository 
is sealed (post-closure period). The prescribed pressure values correspond to hydrostatic 
pressure at the top of the Opalinus Clay host rock (55 m above the reference elevation). The 
thickness of the Opalinus Clay is assumed constant for all model runs, so that the hydrostatic 
pressure prescribed at the ramp only depends on the repository depth (i.e. 6.43 MPa for 700 m 
repository depth).  

Internal boundary conditions are assigned to open tunnels during the ventilation period through 
prescribed atmospheric pressure and a capillary suction corresponding to relative humidity of 
60 % and ambient temperature at the repository depth. The emplacement saturation of all the 
backfill and seal materials is assumed to be 50 %.  

Implementation of operational and post-closure phases 

The repository timeline is of marked significance for the development of gas pressure in the 
early post-closure phase; it is implemented in the gas release model as follows:  

 Operational phase 1a: construction and operation of rock laboratory (0 – 21 years) 

 Operational phase 1b: construction of main repository (21 – 34 years) 

 Operational phase 2a: construction and emplacement period for HLW (34 – 36 years) 

 Operational phase 2b: gradual construction and emplacement period for SF (36 – 46 years) 

 Operational phase 3: first monitoring phase (46 – 56 years) 

 Operational phase 4: second monitoring phase (56 – 96 years) 

 Post-closure phase (96 – 100'000 years) 

The stages of construction, as well as initial and boundary conditions associated with different 
construction stages, are described in detail in Papafotiou & Senger (2016b). 
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Gas generation rates 

The following assumptions are made for the simulations of gas release: 

 Gas generation from SF, HLW, ILW and building materials evolves as described in 
Section 4.3. 

 The gas generation rates are prescribed uniformly to the grid cells representing the backfill 
material of the SF/HLW drifts and the ILW and pilot caverns, respectively. The H2 sources 
associated with the support structures and emplacement materials are uniformly distributed 
along the underground structures outside the emplacement caverns, and can be assigned to 
the entire access/operation tunnel (represented by two element layers) or to the lower part of 
the tunnel (represented by one element layer). 

For modelling the gas release, it is assumed that waste-generated gas has the properties of H2 in 
terms of viscosity, density and solubility.  

Heat generation rates  

Based on the emplacement schedule, the three emplacement drifts in the main repository next to 
the access tunnels are assumed to be the HLW emplacement drifts, whereas the remaining 
24 drifts are considered to be SF emplacement drifts. The total storage volume and length of the 
3 emplacement drifts in the pilot facility corresponds to one SF emplacement drift. Heat genera-
tion rates are prescribed in the model according to tunnel type and taking into account the distri-
bution of compartments and intermediate seals in each drift. The IFD grid along the emplace-
ment drifts is discretised with 10-m cells. The timesteps used for heat generation in the model 
are shown in Fig. 4-10.  

The assignment of heat generation to the IFD model grid is illustrated in Fig. 4-11. For the 
HLW drifts, each 60-m compartment comprises 6 cells and is separated from the next compart-
ment by one cell that corresponds to a 10-m long intermediate seal. To mimic the effect of 
maximum temperatures at the heat sources (disposal canisters) and lower temperatures between 
them (bentonite buffer between canisters), heat generation is prescribed in every second cell 
within each compartment. Modelling studies on upscaling from a detailed HLW single-drift to a 
repository-scale model have indicated that this is a necessary consideration to reproduce canister 
peak temperatures with the repository-scale model (Papafotiou & Senger 2014c). This results in 
3 heat generation cells per compartment. For 10 HLW canisters emplaced in each compartment, 
this corresponds to 3.4 canisters per generation cell.  

For the SF emplacement drifts, each 80-m compartment comprises 8 cells and is separated from 
the next compartment by one cell that corresponds to a 10-m intermediate seal. Similarly to 
HLW, every second cell within each compartment is assigned heat generation. This results in 
4 generation cells per compartment. For 10 SF emplaced in each compartment, this corresponds 
to 2.6 canisters per generation cell.  
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Fig. 4-10: Heat production for a single canister of SF (top) and HLW (bottom) as a function 
of time and the corresponding time steps used for the implementation in TOUGH2. 

BE-S-1: Canister containing 9 BWR SF assemblies. BE-D-2: Canister containing 1 MOX 
and 3 UO2 PWR SF assemblies. BE-D-3: Canister containing 4 UO2 PWR SF assemblies. 
HLW-1: Canister containing 2 Areva HLW flasks. HLW-2: Canister containing 2 Sellafield 
HLW flasks.  
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Fig. 4-11: Heat generation cells in the HLW (yellow marks) and in the SF (red marks) 
emplacement drifts. 

 

Property models representing the host rock and the EBS 

For HLW repository components that consist of the same materials as used in the L/ILW 
repository, the same hydraulic and two-phase properties are assumed (see Section 3.4). In addi-
tion, specific heat capacities are assigned to the repository components based on the scaled 
values given in Papafotiou & Senger (2016b). The thermal conductivities of the bentonite buffer 
(SF/HLW drifts and pilot facility) and of the sand/bentonite mix (all other backfilled structures) 
are 0.4 for dry conditions and 1.3 W/mK for wet conditions. The thermal expansion coefficient 
used for all backfilled repository structures is 2.5 × 10-5 K-1.  

The reference parameters for hydraulic and two-phase flow in the intact host rock (Opalinus 
Clay) are described in detail in Senger et al. (2013) and comprise two different sets of reference 
parameters, namely for the shallow and deep repository configurations (shallow: 300 – 500 m 
bgl; deep: 500 – 900 m bgl). The two-phase flow properties for the repository components are 
based on the compilations in Nagra (2008b), as summarised in Papafotiou & Senger (2016a, b), 
including the relevant parameters for the upper and lower confining units.  

4.4.2 Assessment cases 

The assessment of gas release from a HLW repository is carried out by defining a base case, 
which is then analysed and used as a basis for comparison with a number of simulation variants. 
These variants are defined such that they account for different configurations and scenarios 
related to: 

 The properties of the EGTS, expressed through the permeabilities of different repository 
components 

 The thermal properties of the bentonite, Opalinus Clay and the EDZ 

 The rates of heat and gas generation in the HLW repository 
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Base case 

The base case for gas transport modelling, termed simulation variant BC, assumes an absolute 
permeability of 10-20 m2 for the V3, V4 and V5 plugs placed at the lower ends of the shaft and 
ramp and at the entrance to the emplacement drifts and a value of 10-18 m2 for the V2 interme-
diate plugs in the operation and ventilation tunnels. The SF/HLW emplacement drifts and ILW 
caverns are assigned absolute permeabilities of 10-20 m2 and 10-15 m2, respectively. The rest of 
the backfilled repository structures (branch tunnels, operation tunnel, ventilation tunnel, access 
tunnels, central area, test facility, shaft in UCU, and observation gallery) are assigned an abso-
lute permeability of 10-16 m2. A detailed survey of all gas-related material properties is given in 
Papafotiou & Senger (2016b). The relationships of capillary pressure and relative permeability 
to saturation are parameterised using the van Genuchten/ Mualem model, as described in 
Section 3.4. Two-phase flow properties correspond to the reference values for deep Opalinus 
Clay, while the thermal conductivity is 1.74 W/mK (Papafotiou & Senger 2016b). Heat and gas 
production rates correspond to the reference rates given in Sections 4.4.1 and 4.3.3, res-
pectively. 

Simulation variants 

The simulation variants comprise the following (see also Tab. 4-6): 

 Simulation variant V4 modifies the base case by assuming an enhanced permeability value 
of 10-18 m2 for the repository seal V4. This value is also used in some of the subsequent 
variants.  

 Simulation variants UB and LB correspond to the upper and lower bounding cases of gas 
generation rates, respectively. The hydraulic properties used are the same as in the base 
case.  

 Simulation variants Ra and Rb account for additional gas generated by the corrosion of rails 
in the emplacement drifts. Variant Ra uses the low, base-case permeability of the V4 seal 
(10-20 m2) whereas variant Rb assumes the higher V4 permeability used in variant V4 
(10-18 m2).  

 Simulation variants Ha and Hb use the upper bound values for heat generation (i.e., 
assuming all SF and HLW canisters are of type BE-D-2 and HAA-1, respectively). Simi-
larly to variants Ra and Rb, Ha and Hb assume the low and high permeability for the V4 
seal, respectively.  

 Simulation variant Tun assumes a permeability of 10-15 m2 for the operation tunnel, ventila-
tion tunnel, access tunnels, central area, test facility, and observation gallery. The perme-
ability assigned to the emplacement tunnels and the plugs and seals is the same as in the 
base case.  

 Simulation variant V5 assumes a higher permeability for the V5 plugs at the entrances to the 
SF/HLW emplacement drifts, namely 10-18 m2. The rest of the tunnel and plugs/seals have 
the same permeabilities as in the base case.  

 Simulation variant TSa combines higher permeabilities for the tunnels (10-15 m2, except the 
emplacement drifts) and for all plugs and seals (10-18 m2). The permeability of the emplace-
ment drifts is the same as in the base case (10-20 m2).  
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 Simulation variant TSb combines higher permeabilities for the tunnels (10-15 m2, except 
from the emplacement drifts) with higher permeabilities for the seals and plugs (10-18 m2 for 
the V2 intermediate plugs and V4 repository seal, and 10-17 m2 for the V5 plugs). Moreover, 
gas mobility is described using Grant's relative permeability model to account for enhanced 
gas mobility in dried-out bentonite during the early phase after emplacement. Grant's 
relative permeability is also used for the EDZ of the emplacement drifts.  

 Simulation variants Tha and Thb adopt a lower thermal conductivity for the emplacement 
drifts corresponding to that of the bentonite buffer. The thermal conductivity used is 0.26 
and 0.96 W/mK for dry and saturated conditions, respectively. Similarly to variants Ra and 
Rb, Tha and Thb assume the low and high permeability for the V4 seal, respectively. 

 Simulation variant Thc modifies the base case by assuming a lower thermal conductivity of 
the Opalinus Clay. The value used is 1.55 W/mK and corresponds to the lowest value 
among the repository depths and siting regions under consideration.  

Tab. 4-6: Summary of parameters and input used in the HLW repository model variants. 

Shaded entries indicate the parameters of the simulation variants that were modified with 
respect to the base case. 

 

Simulation 
variants 

Permeability [m2] Thermal conductivity 
[W/mK] 

Gas and heat production 

V4 V5 Op./acc. 
tunnels 

Buffer OPA Gas rates Heat rates 

BC 10-20 10-20 10-16 0.31/1.32 1.74 Base case Base case 

V4 10-18 10-20 10-16 0.31/1.32 1.74 Base case Base case 

UB 10-20 10-20 10-16 0.31/1.32 1.74 Up. Bound Base case 

LB 10-20 10-20 10-16 0.31/1.32 1.74 Low. Bound Base case 

Ra 10-20 10-20 10-16 0.31/1.32 1.74 W/ rails Base case 

Rb  10-18 10-20 10-16 0.31/1.32 1.74 W/ rails Base case 

Ha 10-20 10-20 10-16 0.31/1.32 1.74 Base case Up. Bound 

Hb 10-18 10-20 10-16 0.31/1.32 1.74 Base case Up. Bound 

Tun 10-20 10-20 10-15 0.31/1.32 1.74 Base case Base case 

V5 10-20 10-18 10-16 0.31/1.32 1.74 Base case Base case 

TSa 10-18 10-18 10-15 0.31/1.32 1.74 Base case Base case 

TSb3 10-18 10-18 10-15 0.31/1.32 1.74 Base case Base case 

Tha 10-20 10-20 10-16 0.261/0.962 1.74 Base case Base case 

Thb 10-18 10-20 10-16 0.261/0.962 1.74 Base case Base case 

Thc 10-20 10-20 10-16 0.31/1.32 1.55 Base case Base case 

1 Dry conditions. 
2 Saturated conditions. 
3 Grant relative permeability for buffer and EDZ around SF/HLW emplacement drifts. 
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4.4.3 Base case 

The base case comprises the simulation of the operational phases described in Section 4.4.1 
followed by the post-closure phase with the generation of heat and gas (Sections 4.4.1 and 4.3 
respectively). The following discussion of the results gives emphasis to the post-closure phase. 
A comprehensive discussion of all simulated stages is given in Papafotiou & Senger (2016b).  

3-D spatial plots of gas saturation after 500, 2'000, 20'000, and 50'000 years are shown in 
Fig. 4-12. After 500 years, the emplacement drifts have mostly become saturated with porewater 
from the surrounding host rock. Similarly, gas saturations in the host rock surrounding the 
access tunnels and test area have decreased as gas dissolves in the porewater and diffuses away 
following backfilling and closure of these structures. After 2'000 years, waste-generated gas 
accumulates in the emplacement drifts and is partially released to the surrounding host rock. 
Similarly, some gas is released in the host rock surrounding the access tunnels and test area. 
After 20'000 years, a front of gas phase has formed around the main emplacement field (SF and 
HLW) and around the pilot facility, extending to approximately 30 m above and below the 
centre of the emplacement drifts. At the same time, gas is released from the remaining reposi-
tory structures to the host rock. After 50'000 years, the gas front has propagated further into the 
rock. The gas front above the main emplacement area and the pilot facility breaks through to the 
UCU after approximately 40'000 years.  

Fig. 4-13 shows 3-D spatial plots of temperature at the same times. After 500 years, the thermal 
pulse has migrated to the host rock, i.e. temperatures have decreased in the emplacement drifts 
but increased in the surrounding rock. After 2'000 years, further heat has migrated into the rock 
and temperatures in the repository and in the near-field have decreased. After 20'000, years, heat 
has dissipated, so that only slightly elevated temperatures are observed in the main emplace-
ment area. After 50'000 years, temperatures have returned to the ambient values, corresponding 
to the assumed depth and geothermal gradient.  

Fig. 4-14 shows 3-D spatial plots of pressure at the same times. After 500 years, pressures have 
increased in the emplacement drifts and surrounding host rock due to thermal expansion. The 
highest pressure increase occurs in the middle of the emplacement area due to the combined 
effects of multiple heat sources. On the other hand, pressures in the pilot facility are signifi-
cantly lower due to the limited number and limited extent of pilot emplacement drifts. Elevated 
pressures are observed in the host rock within a distance of 40 – 50 m above and below the 
emplacement drifts. On the other hand, the access tunnels, test area and surrounding host rock 
remain depressurised as heat production from the waste has minimal effect in these parts of the 
repository. After 2'000 years, pressures inside and around the emplacement drifts have returned 
to near hydrostatic due to the dissipation of heat. At the same time, the pressure in the access 
tunnels and test facility is increasing (but is still below hydrostatic) due to the ongoing resatura-
tion and accumulation of gas in the tunnels. After 20'000 years (i.e. 10'000 years after the 
assumed canister breaching time), pressures in the emplacement area and in the pilot facility 
have increased again due to the accumulation of waste-generated gas. Pressures in the operation, 
ventilation, access, and test area tunnels are only slightly higher than hydrostatic. After 50'000 
years, pressures have dissipated and are noticeably higher than the hydrostatic value only in the 
main emplacement area.  

The temporal evolution of gas saturation, temperature and pressure throughout the operational 
and post-closure phases of the repository is illustrated with the time-histories shown in 
Fig. 4-15. The time-history of gas saturation shows the early resaturation of the emplacement 
drifts in the main emplacement area as well as the pilot facility after approximately 150 years. 
Gas saturations in the emplacement drifts partly decrease to zero in the early post-closure phase 
(i.e. after 500 years) and then increase at later times to values ranging from around 10-3 to 10-2 
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due to gas generation from the waste. The impact of the peak in the SF gas generation rate after 
10'000 years due to the assumed simultaneous breaching of the disposal canisters (see Fig. 4-4) 
is also reflected in the slight increase in gas saturation in the emplacement drifts at that time. On 
the other hand, gas saturations in the operation, access and test facility, as well as in the ILW 
caverns, show an overall increase in the post-closure phase. Between approximately 600 and 
1'000 years, a temporary decrease of gas saturations is observed due to resaturation associated 
with heat and pressure dissipation before pressure starts to build-up again from gas accumula-
tion.  

The temperature time-histories show an earlier peak in the HLW drifts compared with the SF 
drifts due to the earlier emplacement. Peak temperatures, occuring at the canister surface, are 
124 °C and 106 °C in the SF and HLW drifts, respectively, reflecting the lower heat production 
in the HLW. Temperatures in the pilot facility have peak values (126 °C), similar to those in the 
main repository, but there is also faster dissipation of heat through the host rock, due to the 
smaller sizes of the emplacement area and of the waste volume relative to the interface to the 
host rock. The time-histories of the remaining repository structures indicate only minor increase 
of temperatures at later times near the emplacement drifts.  

The time-histories of pressure show two distinctive pressure peaks in the emplacement drifts 
associated with differential expansion due to heat and build-up from gas accumulation. The first 
peak due to thermal expansion occurs after approximately 500 years and is highest in the SF 
drifts (approximately 9.8 MPa) due to the overall higher temperatures. Peak pressure in the 
HLW drifts is lower (approximately 8.0 MPa), whereas pressure in the pilot facility only 
increases to approximately hydrostatic due to the faster dissipation of heat through the near-
field. After approximately 3'000 years, pressures in the emplacement drifts begin to increase 
again and reach a maximum value of approximately 9.6 MPa in the SF and pilot drifts associ-
ated with the peak in the gas generation rate after 10'000 years. On the other hand, gas pressure 
build-up in the HLW is less pronounced (i.e., smaller peak in HLW gas generation and overall 
lower rates). It is furthermore observed that the steep decrease in gas generation by the waste 
after approximately 40'000 years results in significant decrease of pressure in the emplacement 
drifts. Pressure in the remaining repository structures exceeds hydrostatic only after approxi-
mately 6'000 years and then increases moderately due to generated gas until 40'000 years.  

Fig. 4-16 additionally shows time-histories of temperature and pressure in the Opalinus Clay. 
The highest temperature increase takes place in the Opalinus Clay between the emplacement 
drifts (ca. 23 °C above ambient temperature). It is also shown that the heat pulse propagates 
mainly in the vertical direction above and below the drifts. At a distance of 30 m above and 
below the drifts, the maximum temperature is approximately 18 °C above the initial ambient 
temperature at the corresponding depth. The time-history of pressure in the Opalinus Clay 
reflects the different phases of repository evolution during construction, operations, closure and 
beyond. Pressure in the host rock between the emplacement drifts initially fluctuates due to the 
excavation and emplacement of the drifts and drifts, and then increases due to differential 
thermal expansion to a maximum of 9 MPa after approximately 500 years for the selected 
location (the exact time and peak pressure value varies depending on location). The pressure 
then decreases as heat dissipates, and finally increases again with the generation of gas. Overall, 
the pressure evolution is similar to that observed in the emplacement drifts, though somewhat 
smoothed out. Similarly, the time-history of pressure at the repository level outside the main 
emplacement area shows an even smoother pressure change with lower peaks. On the other 
hand, pressure at a distance of 30 m above and below the repository shows a more pronounced 
response to the thermal pulse, with peak pressures of 9.9 MPa and 10.7 MPa after approxi-
mately 300 years, respectively.   
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Fig. 4-12: Gas saturation after 500, 2'000, 20'000, and 50'000 years in the base case. 
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Fig. 4-13: Temperature after 500, 2'000, 20'000, and 50'000 years in the base case. 
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Fig. 4-14: Pressure after 500, 2'000, 20'000, and 50'000 years in the base case. 
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Fig. 4-15: Time-history of gas saturation (top), temperature (middle), and pressure (bottom) at 
selected locations of the HLW repository in the base case. 

The locations of the various points are shown in the plan view of the model.  
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Fig. 4-16: Time-history of temperature (top) and pressure (bottom) at selected locations in the 
Opalinus Clay in the base case. 
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4.4.4 Performance assessment  

A number of evaluation and comparison metrics have been developed for the assessment cases 
defined in Section 4.4.2. These are intended firstly to facilitate the assessment of the overall 
thermo-hydraulic evolution of the repository and surrounding host rock. Secondly, they support 
the evaluation of the impact of different mechanisms of gas release on the evolution of pressure, 
temperature, saturation and the gas transport capacity of the repository, as well as water flows 
between the Opalinus Clay and the Upper and Lower Confining Units (UCU and LCU res-
pectively). The base case (simulation variant BC) is used as a basis for comparison with other 
variants in which selected input parameters were varied to evaluate their effects. 

Temperature and pressure build-up in the HLW repository  

The simulations with the 3-D model indicated that peak temperatures and pressures in the 
repository occur in the centre of the SF emplacement area. The calculated temperature and 
pressure transients in the centre of the SF emplacement area are shown in Fig. 4-17. Tempera-
ture time-histories show peak temperatures shortly after emplacement and backfilling. Pressure 
time-histories show an early peak (i.e. after about 500 years) associated with the thermal expan-
sion from the production of heat by the waste, and a later peak (i.e. after 10'000 years) due to 
the accumulation of gas in the repository structures. In the base case, temperature reaches a 
maximum value of 123 °C and pressure peaks at 9.8 and 9.6 MPa after 500 and 10'000 years, 
respectively. Overall, it is shown that the induced pressures remain below 80 % of the lithostatic 
stress, even in conservative scenarios of heat and gas generation or EGTS properties 
unfavourable to gas transport (i.e., low-permeable repository seal).  

Fig. 4-18 shows temperature and pressure transients in the central area of the main access tunnel 
in the HLW repository. The temperature time-history is practically identical in all simulation 
variants, with a maximum value of 43 °C after approximately 800 years (compared with 40 °C 
ambient temperature at the corresponding depth). Pressure build-up in the central area is mainly 
driven by resaturation and gas generation, and reaches a maximum of 7.3 MPa in the base case 
after approximately 12'000 years. Variants assuming a higher permeability of the repository seal 
(V4, Rb, TSa, TSb, and Thb) result in lower pressure at later times (i.e. after 10'000 years) due 
to the release of gas to the repository ramp.  
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Fig. 4-17: Time-histories of temperature (top) and pressure (bottom) in the SF emplacement 
drifts for all simulation variants. 

The parameters of the simulation variants are shown in Tab. 4-6. 
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Fig. 4-18: Time-histories of temperature (top) and pressure (bottom) in the central area (main 
access tunnel) of the HLW repository for all simulation variants. 

The parameters of the simulation variants are shown in Tab. 4-6. 
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Temperature and pressure build-up in the Opalinus Clay  

Fig. 4-19 shows the time-histories of temperature and pressure in the Opalinus Clay at a 
distance of 30 m above the SF emplacement area. Temperature in the base case reaches a peak 
value of 56.6 °C after approximately 400 years as the heat pulse propagates from the emplace-
ment drifts into the rock. The remaining simulation variants result in very similar temperatures, 
except for the variant with the upper bounding heat generation rate that assumes all emplaced 
waste corresponds to BE-D-2 and HAA-1. It is thus indicated that temperatures in the host-rock 
far-field are not affected either by the design of the EGTS or by the thermal conductivity of the 
Opalinus Clay for the values assumed in these analyses (1.55 and 1.74 W/mK). Pressure time-
histories show a peak value of 9.9 MPa between 200 – 300 years associated with the thermal 
expansion of the fluid and the rock matrix around the repository. The hydrostatic and lithostatic 
stress at the corresponding depth (i.e. 670 m bgl) are also shown in the same figure. Similarly to 
temperature, the pressure increase and decrease due to heating is different only in the variant 
with the upper bounding heat production. The pressure evolution at later times associated with 
gas release is similar to that observed in the repository, but with less overall pressure increase. 
In general, it is shown that pressure build-up in the host rock above the repository is mainly 
associated with thermal expansion, which is in turn determined by the amount of heat produced. 
Pressures relative to lithostatic stress are lower overall compared with inside the repository.  
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Fig. 4-19: Time-histories of temperature (top) and pressure (bottom) in the Opalinus Clay at a 
distance of 30 m above the SF emplacement drifts for all simulation variants. 

The parameters of the simulation variants are shown in Tab. 4-6. 
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Water flow between host rock and the Upper Confining Unit 

Fig. 4-20 shows the cumulative water flow from the Opalinus Clay to the UCU for selected 
simulation variants. In general, water displacement to the UCU initially takes place due to 
differential thermal expansion and increasing pressures in the host rock surrounding the 
emplacement drifts during the heating phase. The volume of displaced water is similar in all 
cases, except the variant with the upper bounding heat production, which results in higher 
pressures in the repository near-field. After approximately 1'000 years, the direction of flow 
reverses as heat dissipates and pressures in the repository and near-field return to hydrostatic 
and below hydrostatic values. After approximately 10'000 years, water is displaced again from 
the Opalinus Clay to the UCU due to the gas pressure build-up in the repository. Two groups of 
simulation variants are identified, each with a broadly different pressure evolution. In particular, 
there is less water displacement to the UCU in variants with a permeable repository seal, as well 
as lower overall pressures in the repository structures (i.e., central area and access tunnels) and 
faster resaturation. Overall, it is shown that the combination of tunnel and seal permeabilities 
can determine the amount of cumulative water flow between the Opalinus Clay and the UCU in 
the late post-closure phase.  

The calculated flows of pore water between the Opalinus Clay and the UCU have additionally 
been used to estimate the time-history of water flux for each simulation variant. For this, the 
total water flow between the Opalinus Clay and the UCU is divided by the surface area cor-
responding to the footprint of the emplacement drifts (700 × 1'045 m2), however local variabili-
ties may exist. The resulting time-histories are shown in Fig. 4-20. In general, water flux from 
the Opalinus Clay to the UCU peaks when water is displaced during the heating phase, i.e. after 
about 300 – 400 years, but the pore water expelled in early times is not contaminated with 
radionuclides since it occurs before the breaching of the disposal canisters. Water flux remains 
around 10-12 m/s or lower even for the conservative cases of heat production and release (i.e. for 
upper heat production rates, decreased thermal conductivity of the host rock). Water fluxes 
associated with gas generation in the late post-closure phase (i.e. after 20'000 years) are overall 
even lower, with values below 10-13 m/s, which are far below the safety function indicator 
criterion for gas-induced porewater flux in the host rock of 10-11 m/s. Note that, at any specified 
time, the total water flow may comprise both water displacement from the Opalinus Clay to the 
UCU above the repository footprint and water inflow from the UCU to the Opalinus Clay in the 
area surrounding the footprint. Accordingly, the spatial distribution of water displacement from 
the Opalinus Clay to the UCU may vary. 
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Fig. 4-20: Time-history of the cumulative volume of water (top) and water flux (bottom) 
flowing from the Opalinus Clay to the UCU. 

The parameters of the simulation variants are shown in Tab. 4-6. 
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Water flow from the repository structures to the ramp 

Fig. 4-21 shows the time-histories of water flux from the V4 seal and surrounding EDZ to the 
repository ramp for selected simulation variants. In the early post-closure phase, water flows 
from the ramp into the access tunnel to the main facility due to low pressures in the repository 
(negative flow rates in Fig. 4-21). At later times, the direction of water flux reverses as water is 
displaced from the access tunnel into the ramp by the pressure build-up in the repository. The 
results illustrate the important role of the V4 repository seal. A higher permeability of the V4 
seal results in higher water inflow from the ramp in the early post-closure phase (indicated by 
high negative fluxes in Fig. 4-21), which results in partial resaturation of the access, operation, 
and test area tunnels. At later times (i.e. > 5'000 years), water flux towards the ramp is corres-
pondingly higher in these variants due to the pressure build-up in the repository. Water fluxes 
towards the ramp have values below 3 × 10-11 m/s during 100'000 years for all variants and are 
thus below the safety function indicator criterion for gas-induced porewater displacement of 
10-8 m3/s for a cross-sectional area for the V4 seal and the corresponding EDZ of 90 m2 
(Papafotiou & Senger 2016b). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig. 4-21: Time-history of water flux from the V4 seal and EDZ to the repository ramp. 

The parameters of the simulation variants are shown in Tab. 4-6. 
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Gas release mechanisms 

The simulation variants indicate that waste-generated gas is mainly released directly from the 
emplacement drifts and EDZ into the surrounding host rock. Some waste-generated gas is, 
however, released to the operation tunnel; the main pathway for the flow of waste-generated gas 
from the emplacement drifts to the operation tunnel is the EDZ. This gas, along with gas gene-
rated from the construction materials emplaced in the remaining repository structures, is trans-
ported through the access tunnels and released to the repository ramp at a rate and with a cumu-
lative amount that depends on the EGTS properties. Fig. 4-22 shows the cumulative volume of 
gas phase released from the tunnels and EDZ directly to the surrounding host rock (bottom 
figure), and from the V4 repository seal to the ramp (top figure) for selected simulation variants. 
For comparison, the cumulative volume of gas released from the waste and tunnel materials in 
the HLW repository is shown. In the base case, approximately 85 % of total generated gas is 
released from the tunnels and EDZ to the surrounding host rock and only 0.5 % is released via 
the ramp. The remaining gas is mainly dissolved in pore water in the tunnels, or released 
through the V3 plug to the UCU. In variant TSa, which assumes higher permeability of the 
repository seal and EGTS, approximately 76 % of the gas is released from the tunnels to the 
host rock and 14 % through the EGTS to the ramp. It is furthermore indicated that lower perme-
abilities of the EGTS result in less overall release of gas phase and more dissolution of gas in 
porewater. 

  



 111 NAGRA NTB 16-03 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 

Fig. 4-22: Cumulative volume of gas flow through the V4 repository seal to the ramp (top) 
and from the tunnels and EDZ to the host rock (bottom) compared with the 
cumulative volume of gas released in the HLW repository. 

The parameters of the simulation variants are shown in Tab. 4-6. 
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4.5 Summary 

The generation, consumption and release of gas, as well as the generation of heat, in a high-
level waste deep geological repository have been described and the resulting gas pressure and 
gas-induced porewater displacement have been assessed. The waste disposed of in the HLW 
repository, including spent fuel, high-level waste and long-lived intermediate-level waste, 
consist mainly of inorganic materials (61 %), followed by metallic (38 %) and organic materials 
(1 %). In addition, according to the current concept, a considerable amount of carbon steel used 
for the construction of the disposal canisters for SF and HLW is also present in the repository. 

The gas producing processes taken into account are the same as for the L/ILW repository, i.e. 
the degradation of organic materials and the corrosion of metals. These processes are treated by 
defining model reactions and ranges of reaction rates, which are used as input to the gas 
generation model. 

In the SF and HLW emplacement drifts, gas production occurs predominantly during the first 
40'000 years after closure, while corrosion of the disposal canisters is ongoing. It is dominated 
by hydrogen from the corrosion of the outer surfaces of the disposal canisters, and once the 
canisters are breached, the inner canister surfaces, as well as corrosion of the baskets for the SF 
assemblies, the SF assemblies themselves and the surfaces of the HLW flasks. The steel anchors 
and other building materials in the emplacement sections also contribute to the volume of 
generated gas to a lesser extent. 

The gas volume produced by the SF disposal canisters during the million-year time period for 
safety assessment is around an order of magnitude higher than that produced by the corrosion of 
construction materials. For HLW, it is a factor of seven higher than that from construction 
materials. As a result, the amount of repository-generated gas can be significantly reduced if 
canister materials that produce little or no gas are used. Further reduction of the gas volume can 
be achieved if the intermediate seals are lined with a non-gas-producing material instead of 
using steel arches and/or if an alternative to the rail system for canister emplacement and tunnel 
backfilling is used. Uncertainties in the corrosion rates of metals can significantly affect the 
evolution of overall gas generation rates, but do not affect the total volumes of gas produced 
during the million-year time period for safety assessment. Compared with the amount of gas 
generated in the SF/HLW emplacement drifts, the contribution of ILW is relatively small. Even 
then, the majority of the gas generated by ILW is H2, with only minor contributions from the 
degradation of organic materials. The removal and/or replacement of ILW containers prior to 
disposal could be considered as an additional measure, but would have only a small beneficial 
effect in decreasing the volume of generated gas. 

Gas transport modelling is used to assess the gas release from the underground structures of the 
HLW repository. The gas transport simulations focus on exploring the effects of: 

 The permeabilities of repository components 

 The thermal properties of bentonite and Opalinus Clay 

 The heat and gas generation rates 

The output of the modelling is assessed in terms of safety function indicators and criteria related 
to: 

 The build-up of pressure 

 The water flow between the host rock and upper confining units 

 The water flow between the repository structures and the ramp 
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The simulations show that the defined safety function indicator criterion related to gas pressure 
is not reached in any of the calculation cases, even those that reflect an upper bounding conser-
vative parameter selection, such as high heat output, high gas generation rate and low perme-
ability of repository components. Furthermore, the majority of the explored cases exhibit a 
significant safety margin with regard to pressure build-up. The evolution of pressure with time 
exhibits two peaks, namely a first peak that occurs after a few hundreds of years, which is rela-
ted to the heat output from HLW and especially from SF, and a second peak that occurs after 
10'000 years, which is due to the increased generation of gas resulting from the breaching of the 
canisters, which exposes additional metallic surfaces to corrosion. The two peaks are temporally 
separated by thousands of years in all realistically conceivably cases and thus there is no risk of 
superposition. It is interesting to note that, in most simulation variants, the pressure peak due to 
thermal expansion is the higher of the two, indicating the importance of heat output from the 
spent fuel. However, during that time the canisters are still intact and thus there are no radio-
nuclides present in the porewater. On the other hand, the peak related to gas generation 
occurring after 10'000 years is related to the assumption of concurrent breaching of all canisters. 
In reality these events will be distributed in time resulting in a lower gas generation peak, and, 
depending on the permeability along the tunnel or EDZ, the resulting pressure peak could be 
lower.  

The water flow between the host rock and the UCU is linked to the pressure build-up in the 
repository. Water displacement to the UCU initially takes place due to the differential thermal 
expansion and increasing pressure. After approximately 1'000 years, the direction of flow 
reverses as heat dissipates and the pressure in the repository near-field decreases. After approxi-
mately 10'000 years, water is displaced again from the Opalinus Clay to the UCU due to the gas 
pressure build-up in the repository. Water fluxes remain around 10-12 m/s even for the conserva-
tive cases of heat production and thermal conductivity. On the other hand, water fluxes asso-
ciated with gas generation in the late post-closure phase are lower overall, with values typically 
below 10-13 m/s, with a safety margin of about two orders magnitude relative to the criterion of 
10-11 m/s. 

In the early post-closure phase, water flows from the ramp into the access tunnel due to low 
pressure in the repository. At later times, the direction of water flow reverses as water gets dis-
placed from the access tunnel to the ramp due to the pressure build-up in the repository. Water 
flows towards the ramp exhibit a safety margin with regards to the safety function indicator 
criterion. 

Simulations have also shown that in the case of the HLW repository the most important gas 
release path is from the tunnels and the EDZ to the surrounding host rock. 
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5 Conclusions 
 

During the post-closure period of a deep geological repository for radioactive waste, the waste 
itself, as well as materials used for the construction of the underground facilities and the engi-
neered barriers, can locally interact with the environment resulting in the production of gases. 
The gas generating processes that are most relevant to geological disposal are the corrosion of 
metallic materials and the degradation of organic materials. Depending on local conditions, 
gaseous species can be consumed by chemical reactions and by microbial activity. If the rate of 
gas generation exceeds the rate of diffusion of dissolved gas, a discrete gas phase will form. 
Gases can then accumulate until the pressure becomes sufficient to be released through the engi-
neered barriers and the host rock in gaseous form. The build-up of pressure and the resulting 
porewater displacement can affect a number of features and processes that influence the long-
term safety of the repository. The main objective of this report is to systematically document 
and evaluate processes related to the production, consumption and transport of gases in L/ILW 
and HLW repositories in Opalinus Clay according to the current Swiss disposal concept. More-
over, this report aims to explore the impact of uncertainties, as well as options that can contri-
bute to the reduction of the amount of repository-generated gas.  

The inventories of gas-producing materials, together with the stoichiometry and rates of gas 
generating reactions are used as input to the modelling of the evolution of the gas generation 
rate and the cumulative gas volume within the time frame for safety assessment. A second 
modelling step assesses the transport, consumption and release of gas from the repository. The 
impact of uncertainties and options is evaluated by defining and analysing assessment cases, 
including base cases defined using relatively cautious assumptions, as well as a number of alter-
native cases, including upper bounding cases that include still more pessimistic assumptions. 
The assessment cases are related to: 

 The waste inventory and the influence of waste treatment 

 Uncertainties regarding the rates of heat and gas generating and consuming processes along 
with interactions between them 

 Options related to alternative materials, and packaging, emplacement and building techno-
logies 

 Options related to the design of repository components such as plugs and seals  

 Uncertainties related to the two-phase flow and thermal properties of the repository com-
ponents, the excavation disturbed zone and the host rock 

The influence of the accumulation and release of repository-generated gas and the effects of 
options and uncertainties on post-closure repository performance are assessed with the use of 
safety function indicators and criteria, which are based on current scientific knowledge and 
which are related to:  

 The build-up of gas pressure in the waste emplacement rooms 

 The gas-induced displacement of porewater from the emplacement rooms into the host rock 

 The gas-induced displacement of porewater from the emplacement rooms along the 
backfilled and sealed repository structures 

The main outcome of the analyses presented in this report is that, for the base cases, and even 
for upper bounding cases, gas production in the HLW and L/ILW repositories does not com-
promise the post-closure safety functions of the host rock and the engineered barrier system. In 
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all the cases explored, there are safety margins with regards to the safety function indicator 
criteria. Moreover, there are several options available that can further mitigate the consequences 
of gas production in the repositories if required. Future site-specific geomechanical investiga-
tions will contribute to the refinement of the safety function indicator criteria which will be 
related to specific repository depths and locations. Furthermore, the potential effects of reposi-
tory construction on the local stress field, as well as an improved understanding of the mecha-
nistic evolution of the EGTS and EDZ are expected to contribute to refined future assessments. 

More specifically, for the L/ILW repository, it has been shown that gas production is dominated 
by H2 resulting from corrosion and is mainly influenced by the amounts and geometric proper-
ties of carbon steel, the associated corrosion mechanisms and corrosions rates, as well as the 
environmental conditions that prevail during the time period for safety assessment, as expressed 
by the corrosion rate uncertainty band. Focused RD&D activities in these areas, which are 
currently being planned (see Nagra 2016b), can decrease the range of uncertainties and increase 
confidence and the accuracy of predictions. Furthermore, it has been shown that alternative 
waste packaging technology and treatment of the waste by melting can decrease the production 
rate and total amount of repository-generated gas. On the other hand, pyrolysis of organic mate-
rials was shown to have a limited effect. The build-up of overpressure and resulting porewater 
displacement could be further decreased if the conditions in the backfilled repository structures 
would allow gas-consuming micro-organisms to thrive, and by tailoring the engineered gas 
transport system.  

In the case of the HLW repository, corrosion is again the dominant gas-producing process and 
H2 is the dominant gas. The major source of gas is the carbon steel disposal canisters, 
accounting for about 80 % of the total gas volume. As a result, the production of repository-
generated gas can be significantly reduced, if necessary, by the use of canister materials that 
produce insignificant amounts of gas. The feasibility of such corrosion resistant disposal canis-
ter designs is currently being assessed. Further reduction of the gas volume can be achieved by 
alternative building and emplacement technologies. The remaining uncertainties influencing the 
generation of gas are linked to the corrosion process and the environmental conditions 
prevailing during the period for safety assessment. These factors will be addressed by future 
research activities (see Nagra 2016b) in order to further reduce the existing uncertainties. On the 
other hand, a refined treatment of certain processes, such as the assumed concurrent breaching 
of all disposal canisters, will decrease conservatism and lead to more realistic assessments. In 
addition to gas generation, build-up of pressure in the HLW repository will occur due to thermal 
expansion from heat-generating waste. The two pressure peaks that arise from these processes 
are temporally separated and thus there is no interaction between them. Furthermore, the heat-
induced pressure peak, which tends to be higher, occurs before the breaching of the canisters 
when radionuclides are yet to be released.  
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Appendix A: Complementary simulation of gas release from a L/ILW 
repository at 400 m bgl 

 

In this additional simulation variant, the repository depth for the L/ILW is assumed to be 400 m 
bgl. For this, the base case is modified by adjusting the initial and boundary conditions to 
account for hydrostatic pressure and temperature associated with the depth and geothermal gra-
dient, respectively. The hydraulic properties of Opalinus Clay correspond to a shallow reposi-
tory and are given in Tab. A-1.  

The temporal evolution of gas saturation and pressure at different locations of the repository is 
shown in Fig. A-1. The time-history of pressure does not indicate significant pressure differen-
ces between different sections of the repository except in the early phase (i.e. first 400 years) 
when pressure builds up faster inside and near the emplacement caverns due to the accumulation 
of waste-generated gas. At later times, the migration of gas through the EGTS allows pressure 
to equilibrate inside the repository structures. Hydrostatic pressure is reached in the repository 
after approximately 1'000 years. Peak pressure is reached after approximately 3'000 years and 
corresponds to 5.1 MPa. The pressure then decreases gradually to hydrostatic conditions after 
approximately 60'000 years. Gas saturations in the emplacement caverns increase continuously 
until approximately 65'000 years and then begin to decrease with the re-saturation of the 
caverns in the late post-closure phase. Gas saturations in the operations and access tunnel near 
the shaft decrease in the first 200 years due to early re-saturation, and then increase as gas phase 
accumulates in the repository structures. The section of the access tunnel closer to the ramp 
indicates temporary re-saturation due to porewater inflow from the repository ramp after 
approximately 800 years. In the late post-closure phase (i.e. after 60'000 years) the tunnels re-
saturate when pressure in the repository decreases back to the hydrostatic value.  

Fig. A-2 shows the cumulative flow of porewater from the UCU to the Opalinus Clay. Water 
flow initially takes place from the UCU to the Opalinus Clay (negative values in Fig. A-2) due 
to the depressurisation of the host rock. The direction of flow then reverses temporarily (i.e. 
between 1'000 and 20'000 years) due to pressure build-up in the repository. At later times, pore-
water flows once more from the UCU to the Opalinus Clay with the late re-saturation of the 
repository following the dissipation of pressures. In general, it is indicated that the higher 
permeability of the Opalinus Clay results in higher water exchange between the host rock and 
the UCU compared to the base case simulation with repository depth of 550 m bgl. Fig. A-2 
also shows the time-history of water flux (m/s) estimated as the total water flow between the 
Opalinus Clay and UCU divided by the surface corresponding to the footprint of the emplace-
ment caverns. The water flux shows the faster response of porewater flow from the UCU to the 
Opalinus Clay during the early post-closure phase, compared to a repository depth of 550 m bgl. 
At later times, the water fluxes from the Opalinus Clay to the UCU associated with pressure 
build-up in the repository do not exceed 4.0 × 10-13 m/s.  

Fig. A-3 shows the time-history of water flux from the V4 seal and surrounding EDZ to the 
repository ramp. In the early post-closure phase, water flows from the ramp into the access 
tunnel due to low pressures in the repository (negative water fluxes in Fig. A-3). At later times, 
the direction of water flow reverses as water flows from the access tunnel to the ramp due to the 
pressure build-up in the repository. The water flux from the repository to the ramp remains 
below 5.0 × 10-11 m/s throughout the entire simulation.  
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Tab. A-1: Values for gas-related parameters of the undisturbed Opalinus Clay for a shallow 
repository (300 – 500 m bgl) in Northern Switzerland. 

RV – reference value, AV – alternative value (from Senger et al. 2013). 
 

Parameter RV AV Remarks 

Intrinsic permeability 
normal to bedding k┴ 
[m2] 

10-20 

 
1: 2  10-21 

 

2: 5  10-20 

RV: Corresponds to the reference value for 
hydraulic conductivity at Mont Terri 

AV1: Corresponds to the reference value for 
hydraulic conductivity in the ZNO 

AV2: Corresponds to the upper range for hydraulic 
conductivity at Mont Terri 

Anisotropy coefficient 
k║/k┴ 

5 1 RV: According to Senger et al. (2013) 

AV: No significant anisotropy 

Capillary pressure – saturation relationship van Genuchten parametric model  

Capillary strength Po 
[MPa] 
Shallow (< 500 m) 

18 
 
 

1: 12 

2: 4.6 

RV: Derived from capillary pressure measurements 
(drying path) 

AV1: Derived from capillary pressure measurements 
(wetting path) 

AV2:  Estimates from field tests  

Shape parameter n 1.67 
 
 

1.54 

RV: Derived from capillary pressure measurements 
(drying path) 

AV: Derived from capillary pressure measurements 
(wetting path) 

Relative permeability – saturation relationship van Genuchten/Mualem parametric model using the 
shape parameter n from the Pc-S curve 

Residual water 
saturation Swr  
[-] 

0.5 
 
 
 
 

0.1 

RV: According to the results of 
adsorption/desorption measurements, 
suggesting that 50 % of the total pore space 
can be classified as micro- and mesopores 

AV: Assuming that most of the pore water is 
mobile (not supported by experimental data)  

Residual gas 
saturation Sgr  
[-] 

0.00 
 
 

0.003 

RV: Effective gas entry pressure of the rock is 
infinitesimal 

AV: The residual gas saturation determines the 
effective gas entry value. Effective gas entry 
values were determined by gas permeability 
testing at Mont Terri and Benken 

Total porosity  
[%] 

12 % 
 
 
 
 

16 % 

RV: Corresponds to the reference value for the 
porosity of the ZNO area. At Mont Terri, the 
sandy facies exhibits typical porosity values of 
about 12 % 

AV: Porosity of the shaly facies at Mont Terri: 
16 % 



 A-3 NAGRA NTB 16-03 

Tab. A-1: continued 
 

Parameter RV AV Remarks 

Lower bound of 
fracture pressure 
[MPa]  

σv = rock·g·z 

RV: Lithostatic pressure σv at repository level 
(rock = 2.5 Mg/m3, overburden z in m bgl) 

AV: – 

Threshold pressure for 
pathway dilation 1) 

[% of σv]  
80 % 

RV:  The on-set of pathway dilation is assumed at 
about 80 % of the lithostatic pressure 

AV:  – 

Relationship between intrinsic permeability and hydraulic conductivity: 

 at T = 20 °C 

w Dynamic viscosity of water, [Pas] 
w Density of water, [kg m-3] 
g Gravitational acceleration, [m s-2] 

1)  Linear permeability enhancement assumed, when gas pressure exceeds threshold pressure for pathway dilation 
(see Senger et al. 2013).  
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Fig. A-1: Time-history of the pressure (top) and saturation (bottom) at selected locations of 
the L/ILW repository. 

The locations of the various points are shown in the plan view of the model.  
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Fig. A-2: Time-history of the cumulative volume of water (top) and water flux (bottom) 
flowing from the Opalinus Clay to the UCU.  
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Fig. A-3: Time-history of water flux from the V4 seal and EDZ to the repository ramp.  
 

0

1.0×10-10

-5.0×10-10

-4.0×10-10

-3.0×10-10

-2.0×10-10

-1.0×10-10

W
at

er
 fl

ux
 V

4 
to

 ra
m

p 
[m

/s
]

Time [a]
102 103 104 105



 B-1 NAGRA NTB 16-03 

Appendix B: Complementary simulation of heat and gas release from 
a HLW repository at 450 m bgl 

 

In this additional simulation variant, the base case is modified by assuming a repository depth of 
450 m bgl. For this, the initial and boundary conditions are adjusted accordingly to account for 
hydrostatic pressure and temperature associated with the depth and geothermal gradient, 
respectively. The hydraulic properties of Opalinus Clay correspond to a shallow repository and 
are given in Tab. A-1. The thermal conductivity of Opalinus Clay is 1.74 W/mK (Papafotiou & 
Senger 2016b) 

The temporal evolution of temperature and pressure throughout the operation and post-closure 
phases in the repository is shown in Fig. B-1. The temperature time-histories show a peak 
temperature of 114 °C and 95 °C in the SF and HLW drifts, respectively. Temperature in the 
pilot facility reaches a maximum of 114 °C and then dissipates faster compared to the main 
repository due to the smaller size of the emplacement field and waste volume relative to inter-
face to the host rock. The time-histories from the remaining repository structures indicate only 
minor increase of temperatures at later times and near the emplacement drifts. The time-histo-
ries of pressure show two pressure peaks in the emplacement drifts associated with thermal- and 
gas-induced effects, respectively. In the SF drift, the early peak due to differential thermal 
expansion corresponds to approximately 6.6 MPa after 400 years. Peak pressure in the HLW 
corresponds to 5.3 MPa, whereas pressure in the pilot repository does not exceed the hydrostatic 
value during the first 1'000 years due to the faster dissipation of heat through the surrounding 
rock compared to the main emplacement field. Pressures in the SF emplacement drifts reach a 
maximum value of approximately 6.5 MPa associated with the peak in the gas generation rate 
after 10'000 years. On the other hand, gas pressure build-up is less pronounced in the HLW 
drift. The decrease in waste-generated gas rates after 40'000 years results in fast decrease of 
pressures in the emplacement drifts.  

Time-histories of temperature and pressure in the Opalinus Clay are shown in Fig. B-2. The 
highest temperature increase in the Opalinus Clay is observed between the emplacement drifts 
and corresponds to approximately 23 °C higher temperature than in ambient conditions. At a 
distance of 30 m above and below the drifts the maximum temperature increase is approxi-
mately 18 – 19 °C compared to the initial ambient temperature at the corresponding depth. The 
time-histories of pressure in the Opalinus Clay reflect the different phases of the repository 
cycle. Pressure in the host rock between the emplacement drifts exhibits a significant decrease 
during the repository operation due to host-rock depressurisation associated with the perme-
ability of shallow Opalinus Clay. Pressure then increases due to differential thermal expansion 
and reaches a maximum of 5.9 MPa after approximately 400 years. After thermally induced 
pressures dissipate, a second increase is due to the release of waste-generated gas with the 
pressure time-history depicting the evolution of gas generation rates in the repository. The time-
histories of pressure at distance of 30 m above and below the repository show peak pressures of 
5.9 MPa and 6.7 MPa associated with the thermal expansion, respectively.  

Fig. B-3 shows the cumulative water flow from the Opalinus Clay to the UCU. Early water 
displacement from the Opalinus Clay to the UCU (i.e., first 500 years) is associated with the 
thermal expansion and increasing pressures in the host rock during the early post-closure phase. 
The direction of flow then reverses as heat dissipates and pressures in the repository and near-
field return to hydrostatic and below-hydrostatic. After approximately 4'000 years the direction 
of flow reverses once more due to the accumulation of gas in the repository structures and the 
gas release into the surrounding host rock. Fig. B-3 also provides the time-history of water flux 
(m/s) estimated as the total water flow between the Opalinus Clay and UCU divided by the sur-
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face corresponding to the footprint of the emplacement drifts. The water flux indicates the fast 
hydraulic pulse as a response to thermally induced pressures in the early post-closure phase, 
reaching a peak of approximately 1.3 × 10-12 m/s after 200 years. At later times, the water fluxes 
from the Opalinus Clay to the UCU associated with gas-induced pressures in the repository and 
the surrounding host rock are less and do not exceed 10-13 m/s.  

Fig. B-4 shows the time-history of water flux from the V4 seal and surrounding EDZ to the 
repository ramp. In the early post-closure phase, pressures in the access tunnel remain below 
hydrostatic and result in porewater flow from the ramp. It is indicated that porewater flow into 
the access tunnel is higher compared to that simulated for a repository depth of 700 m bgl due to 
the higher conductivity of the shallow Opalinus Clay. As pressure increases in the repository 
due to the accumulation of gas, porewater is displaced back into the ramp through the V4 seal. 
The water flux from the repository to the ramp remains below 3.0 × 10-11 m/s throughout the 
entire simulation.  
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Fig. B-1: Time-history of the temperature (top) and pressure (bottom) at selected locations of 
the HLW repository. 

The locations of the various points are shown in the plan view of the model.  
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Fig. B-2: Time-history of the temperature (top) and pressure (bottom) at selected locations in 
the Opalinus Clay.  
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Fig. B-3: Time-history of the cumulative volume of water (top) and water flux (bottom) 
flowing from the Opalinus Clay to the UCU.  
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Fig. B-4: Time-history of water flux from the V4 seal and EDZ to the repository ramp.  
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