
NEA/RWM/R(2013)9 

THE SAFETY CASE FOR DEEP GEOLOGICAL DISPOSAL OF RADIOACTIVE WASTE: 2013 STATE OF THE ART 351 

Radioactive and conventional toxic waste  
compared – An integrated approach, useful for  

an appraisal of carbon capture and storage (CCS) 

Thomas Flüeler 
Institute for Environmental Decisions, ETH Zurich 

Switzerland 

Goal 

The interplay of nuclear and conventional toxic (“special”) waste is investigated, 
using a novel integrated system assessment: material and system characteristics, risk 
assessment and regulatory approaches. The goal is to create profiles of strengths and 
weaknesses of wastes that are similar in their risk characteristics but dealt with differently 
in risk management and regulation. A further objective is to draw lessons from the 
comparison of different discourses and procedures of waste with a similar profile with 
regard to decision-making processes (the reasons for the different regulation of both 
waste systems are not investigated here). Finally, a side glance is ventured on carbon 
capture and storage (CCS) in view of the keynote lecture of Session 5. 

Background 

The different perception and management of comparable technical risks have long 
been explored by various sciences, and attempts for harmonisation were proposed 
(Flüeler and Seiler, 2003), including an appraisal of both waste fields (Brasser, 1995; Little, 
1996; Flüeler and van Dorp, 2000). The present assessment approach was successively 
developed – conceptually (Flüeler, 2011), methodologically and substantively (Flüeler, 
2006, 212a). This contribution is based on Flüeler (2012a, 2013). The focus of that work lay 
on technical and procedural aspects supposedly relevant for the perception by various 
actors. The structure followed four steps: A) analytical fundamentals and system 
inter-relationships; B) decision-making processes in waste management; C) interaction of 
A and B; D) suggestions for further research: Formulation of hypotheses and scenarios for 
the study on perception (Part II, not covered in this contribution). Here we present central 
findings of each aspect or criterion under scrutiny (we are aware that our overview 
neglects possible national cases and is intrinsically generic, the empirical system basis is 
predominantly Switzerland). 

System characteristics 

On far as the waste notion, there is no “scientific” or even object-based definition of 
what “waste” actually is, neither in the nuclear nor the special waste field. What 
represents “waste” depends on its user or owner and is, therefore, a social construct. The 
boundaries between resources, products and waste are blurred. Thus, decision strategies 
and regulations cannot be separated from the (objective) respective waste system. In the 
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conventional field, all substances have to be investigated with respect to their classification 
(as resource or waste, e.g. batteries may have a positive market value if recycled, negative 
if they are a legacy to be landfilled; mercury can be reused as an extraction medium in 
gold mines or emitted to the environment, it has been valuable in clinical thermometers 
or batteries, it is, however, going to be banned or extensively reduced shortly (UNEP, n.d.). 

Substances burdened with radioactivity are cleared or decontaminated if possible. 
The remaining waste is classified into around 160 types for conditioning and disposal 
(Nagra, 2002, 2008). Conventional materials can either be completely recycled, burnt, 
conditioned or landfilled (in which case they are indeed considered waste). Special waste 
in particular can be divided into around 450 waste types, of which one-fifth (in Switzerland) 
is disposed of in a dedicated landfill (BAFU, 2012a). For the sake of completeness, mixed 
waste also exists, meaning hazardous waste with radioactivity. 

Regarding the management principles, sustainability suggests to close material cycles 
in both fields. The ultimate closing of the fuel cycle has been the strategy in the nuclear 
industry ever since the OECD/NEA report Nuclear Energy in a Sustainable Development 
Perspective (2000) was issued (even though current reprocessing extracting plutonium, 
partly uranium, for reuse, cannot be considered full recycling). Once waste is defined, it 
must be kept away from man and the environment by disposal in landfills or repositories. 
In both fields the principle of “confine and concentrate” has finally prevailed over “dilute 
and disperse” even though in reality this is not always the case, and exceptions do exist 
(e.g. the trade-off in 14C treatment between real doses today and potential doses in the 
future; or natural microbial decomposition versus a rigorous concentration strategy). 
Both waste communities agree that waste is either a resource in the wrong place (not yet 
recycled) or residual material to be disposed of. Residuals are toxic in the long term and 
require safe long-term disposal. 

Long-term deposits are usually above ground in the conventional domain, and are 
often (always in the case of high-level waste) in deep geological repositories underground 
in the nuclear domain. Both fields exhibit areas of transition, such as controllability and 
retrievability on the one hand, no need for maintenance and ultimacy (in the sense of no 
intention of retrieval) on the other hand. Therefore, target conflicts are quite possible, as 
can be shown with the notion of retrievability, either meant in case of system failure or 
to have access to valuable material (Flüeler, 2012b). Whereas in the radioactive field there 
are basically only two (or three) repository types (for low-level and high-level waste), the 
conventional field maintains a lively dynamic, partly by increasing deposition, and partly 
through progress in recycling. Thus, there exists no accurate selectivity as to which 
“special waste” will be effectively deposited in the future or rather recovered. 

With respect to quantity (not toxicity) it is quite obvious who prevails. In Switzerland 
only, the annual accumulated special waste to be deposited in landfills corresponds to 
the total waste the five nuclear power plants produce during an operation period of 
50 years (including an expected nuclear waste from medicine, industry and research over 
a collection period of 80 years). In the conventional sector, however, the recycling rate is 
high and increasing, whereas the nuclear handling is limited to decontamination or 
possibly reprocessing (BAFU, 2012a; Nagra, 2002). 

The conventional domain is characterised by a great number of actors and a multitude 
of regional regulatory bodies, whereas producers and users of nuclear material are small 
in numbers, the competences are centralised and supervision rests with a few federal 
agencies. Even though there is a flourishing international waste business, the conventional 
community is usually regionally, at best nationally, connected regarding municipal solid 
waste and sewage sludge; the nuclear community, though, is closely internationally 
linked and institutionalised (with standardisation and review mechanisms). 

By law financing both fields of application is, in general, based on the polluter pays 
principle (PPP, or principle of causality). It is evident, however, that this is easier to follow 
in the nuclear field with relatively few actors and waste types (and a dedicated up-front 
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producer-paid fund for disposal) whereas the picture is much more complex in the case 
of conventional waste management. With municipal waste the Swiss Federal Supreme 
Court ruled that all municipalities had to introduce a so-called bag fee; not more than 
30% of the disposal costs are allowed to be paid by public funds, i.e. taxes. This PPP 
conforming sentence results in about one-third less municipal waste, and this fraction is 
collected separately and largely recycled (BAFU, 2012b). Waste from the building industry 
and trade are organised by the private sector itself. Sewage sludges are paid by way of a 
domestic and industrial waste water fee, respectively. Special waste is either covered by a 
pre-paid disposal fee or the waste specialist directly charges a fee to the waste owner. 
Long-term safety in the waste treatment on landfills, however, is not covered by the 
waste producers but by the state. Concerning legacy waste (on contaminated sites) in 
Switzerland there exists a separate fund provisioned by the respective land owners or, in 
case they cannot be held accountable, the state. 

Nuclear repositories and conventional landfills are both associated with a similar risk 
mechanism: a long-term chronic release of the pollutants into the environment. The 
performance assessment for nuclear waste is not addressed here (OECD/NEA, 2008). The 
comparable complexity of the disposition of special waste is not reflected in the practised 
risk methodology. In this domain we are also confronted with time frames of hundreds to 
hundreds of thousands of years. Swiss standard leaching tests, even though stringent in 
an international comparison, permit no information on the long-term behaviour of a 
disposition system, let alone long-term safety (SFA, 2011). The definition of protection 
goals for landfills is vague and quite general, whereas the nuclear domain works with 
calculable annual doses which may be compared with a defined regulatory limit as  
the protection goal. The measured variable here is radioactivity, which can usually be 
accurately quantified whereas the conventional domain largely refers to concentrations 
of contaminants. The heterogeneous composition of waste increases the risk to miss 
interactions of known and even new substances. 

Apart from unintentional human intrusion, the main risk mechanism of repositories 
and landfills (and contaminated sites, for that matter) is a low-level but long-term chronic 
release into the environment; it may be described as a slow degradation of an open system 
(geological formations and geotechnical barriers/weather conditions, respectively) with 
concurrent large uncertainties. Substances with chronic effects are hard to detect. In the 
nuclear field, they are quantified by means of an uptick of radioactivity; in the conventional 
field, however, concentrations of noxa are given in the absence of impact analyses. 

In view of the recognised complex system mechanism there is consensus in the nuclear 
community that for the required long-term safety of repositories “is not intended to 
imply a rigorous proof of safety, in a mathematical sense, but rather a convincing set of 
arguments that support a case for safety” (OECD/NEA, 1999; OECD/NEA, et al., 1991, passim). 
In the conventional field, understanding of the (technical) system and the data basis is 
often insufficient. Input data (e.g. chemical-physical waste characteristics), but even more 
so long-term mechanisms (e.g. multiple-phase thermodynamics), are not well known. 
Flux and transport models in unsaturated conditions are premature and partly difficult to 
obtain. The rough understanding of individual processes, to date, does not permit reliable 
safety analyses for above-ground disposition systems (Herrmann, 1998, passim). 

Processes and procedures 

As “waste” cannot be scientifically defined and is a societal construct the associated 
processes (of handling, site selection and decisions in general) are pivotal. In both fields 
under investigation there are major failure stories, albeit not rendered in this presentation 
(nuclear, e.g. Asse in Germany, conventional, e.g. the hazardous waste dump of Kölliken 
in Switzerland – both are cases with a clear remediation need). Systematic site selection 
approaches have gained a foothold in the nuclear domain (e.g. BFE (2008) following and 
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adapting the blueprint of AkEnd (2002), see Session 3.2). The conventional field offers the 
advantage of having a large option space for most conventional hazardous substances. 

Some conclusions for further studies of integration 

Science cannot define what waste is, in either field. Thus, decision strategies and 
regulation cannot be separated from the “objective” waste system (Figure 1). 

Figure 1: Waste substances of both domains are in a continuum  
even in their “technical” definition, but also depending on the focus  
selected: composition, hazard potential, origin (polluters) or handling 

a) Conventional domain 

 

b) Nuclear domain 

 

Source: UNEP (2004), p. 7. 

In the conventional domain, all substances have to be investigated in view of their 
classification (as resource or waste). Waste is a resource in the “wrong” place or a residual 
to be disposed of. Residual substances are toxic in the long term and have to be disposed 
of accordingly. Procedural and process issues make it explicit that perspectives (and their 
changes) and dynamics play an important role. A clear regulation of parameters and 
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requirements as well as competencies and responsibilities of the involved parties are 
central. Independent regulators, on a par with the implementer, must accompany and 
supervise all relevant steps. They need respective competence, resources and staff. It is 
wise to adequately involve third parties – and the larger public – at an early stage. 

A nuclear-waste-informed look on CCS 

Carbon dioxide (CO2) capture and storage (CCS) is a technical option for avoiding 
higher CO2 concentrations in the Earth’s atmosphere while still using carbon-intensive 
technologies in power production and other industries. It highlights the tension between 
the advantage of a short-term “quick fix” and the disadvantage posed by the risk of 
long-term leakage and, from a technology policy perspective, the danger of perpetuating 
carbon lock-in. In another study (Flüeler, 2012a) we assessed CCS against criteria taken 
from the controversial and long-lasting governance of radioactive waste (recognising that 
CO2 is not a conventional toxin but harmful in the context of climate change). As the 
dimensions of this issue are manifold and intertwined, there is no “one” methodology 
with which to analyse it (such as a technology assessment of the n-th order). Instead, 
cross-disciplinary investigations make it possible to draw lessons from contentious 
long-term environmental issues and social science research, which is necessary before 
embarking on this route on a large scale. 

The approach was to assess the CCS issue using a mix of disciplines and perspectives. 
These can include systems theory, integrated risk assessment, social sciences, technology 
assessment and management (implementation, compliance) (Flüeler, 2006). The following 
six criteria address issues that have proven to be crucial in technology policy debates 
[(Ropohl, 1999; Ravetz, 1980; Vlek, 1980; Wynne, 1983; Morone, 1986; Kasperson, 1992), 
approach developed in Flüeler, 2006)]: i) need for deployment and comparative benefits; 
ii) total system analysis and safety concept; iii) dedicated, internationally harmonised 
regulation and control; iv) economic aspects (costs and incentives); v) implementation; 
vi) societal issues. Here we focus on the safety concept in No. 2. 

Comparing radioactive wastes with CO2 reveals differences and similarities, both in 
systemic and risk aspects (Tables 1 and 2, respectively). It is less about the sheer size of 
the release into the environment and has more to do with the nature of it (Benson, 2005). 
Disposal and storage systems are both associated with a similar risk mechanism: It is 
expected that, just as with toxic waste above, a low-level but long-term chronic release of 
pollutants into the environment will happen, along with a slow degradation/alteration of 
an open system (geological formations and geological formations/climate, respectively) 
with concurrent large uncertainties. With the exception of some scenarios of human 
intrusion, potential impacts are hard to detect with respect to location and time. 

In the radioactive waste community, evidence, analysis and arguments for the safety 
of radioactive waste disposal sites must be gathered into a so-called “safety case”, which 
involves a stepwise and iterative procedure to provide risk assessments and appraisals, 
as well as confidence statements from site selection to closure and post-operational 
monitoring of a specific facility (OECD/NEA, 2008). The key idea of compliance is the 
multiple-barrier concept, according to which a multitude of technical and natural barriers 
take effect in case one single barrier breaches (though no complete redundancy can  
be achieved). 

This defence-in-depth paradigm, which is central to nuclear installations, is missing 
in the CO2 safety concept for geological storage (IPPC, 2005, p. 35). The basic idea here is 
that caprocks, such as aquifers, must prevent CO2 from leaking back through sealed, 
abandoned or dedicated injection wells or other pathways into the atmosphere. The 
dependence on what is basically one barrier is risky even if potential storage locations, 
such as (relatively few) depleted oil and gas reservoirs, are proven long-term traps of gas. 
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It is symptomatic that the term used is “storage” rather than “disposal”. In the nuclear 
community, the term “storage” always refers to interim storage, whereas disposal is 
meant to be final in the sense that there is no intention of retrieval and that, if successful, 
(most) radionuclides will be kept out of the biosphere (IAEA, 2006, p. 1). Retention is also 
possible by building CO2 into minerals (mineralisation, carbonation) but this has only 
been conceptualised in research, let alone implemented as state of the art (Kelemen, 2008). 

The CCS community is far from an intricate build-up of scientific evidence and 
confidence, even though the issue has been recognised and a degree of international 
harmonisation is under way (IEA Greenhouse Gas R&D Programme) and science has 
become institutionalised [for example, by creating a dedicated journal, the International 
Journal of Greenhouse Gas Control (Gale, 2007)]. The needed technical system goes beyond 
the admittedly well-known injection of CO2 but must still encompass the aspects 
described in the nuclear waste safety case approach. This means that CCS technology is 
not yet “mature”, as maintained earlier (Bachu, 2000, p. 957). Maul, et al. (2007) recognise 
the following research demands in CCS: 

Dealing with the various types of uncertainty, using systematic methodologies to ensure 
an auditable and transparent assessment process, developing whole system models and 
gaining confidence to model the long-term system evolution by considering information 
from natural systems. An important area of data shortage remains the potential impacts 
on humans and ecosystems. (p. 444) 

Grünwald (2008) and Jacobson (2009) list the research demands on leakage phenomena 
(nature, timing, mechanisms, etc.), while Savage, et al. (2004) add scenario development 
to the agenda. 

Table 1: System and institutional properties of radioactive waste disposal 
and fossil CO2 storage 

The large family of technologies is an asset of CO2 whereas the absence of economic 
incentives and disposal funds, the high number of actors (polluters and potential 
implementers), the uncertain regulation and classification, the high volume and the 
non-dedicated type of facilities are burdens to sustainable CO2 storage 

System 
Characteristic 

Radioactive waste (Fossil) CO2 

Origin Nuclear electricity generation; medicine, 
industry, research 

Fossil-fuelled energy generation; oil refinery; 
cement, iron, steel industries 

Sources Comparatively few Few large, innumerable small 

Economy Polluter-pays fee on each kWh Not regulated to date 

Resources (R&D, money) Substantive Sparse 

Actors Few state-by-state implementers; national 
regulatory agencies 

Market-driven international companies; regulation 
undetermined 

Volume (world wide) Small (Mt/60 y) High (Gt/y) 

Waste package Concentrated, consolidated waste stream Dispersed 

Nature of substance Contaminant, waste Greenhouse gas, commodity (waste) 

Regulatory classification Internationally classified No standardised classification 

Facilities Dedicated repository with drifted galleries, 
abandoned mines substandard Exploited reservoirs 

Range of options/flexibility Small Large [from alternatives (e.g. renewables) to 
variants (e.g. ocean storage, mineralisation, etc.)] 

Source: Flüeler (2012a), p. 204. 
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Table 2: Risk-related properties of radioactive waste disposal and fossil CO2 storage 

The longevity of pollutants, leakage as evasion mechanism, the low but chronic risk 
level and the long-term barrier mechanism are common characteristics. The relatively 
simple hazard system, good traceability and the wide range of options may be assets 
of CO2, whereas most other waste and risk management aspects are at an initial phase 
and are therefore currently burdens to sustainable CO2 storage. 

Characteristic Radioactive waste (Fossil) CO2 

Pollutants 

Waste package Concentrated, consolidated waste stream None, dispersed 

Toxicity High (and low with short-lived low-level waste) Low but dispersed 

Duration of toxicity (residence 
time in systems) Very long (millions of years) Long (thousands of years) 

(Long-term) hazard system Complex (ionising radiation) Simple (greenhouse gas effect) 

Risk level Low, chronic Low, chronic 

Protection limits Radiation dose (mSv) None (work safety: yes) 

Indicators Defined for safety functions (such as isolation, 
confinement, decay) None (no thresholds) 

Traceability Bad Better 

Transport mechanism Groundwater, air (gas) Air, groundwater 

Evasion mechanism Leakage Leakage, seepage 

Risk appraisal 

Concept Concentrate and confine Confine 

Barrier mechanism Sorption, diffusion Mineralisation, dispersion 

System understanding Existent, developed Under construction 

Site characterisation Good, dedicated investigations (seismics, 
boreholes, etc.) 

Medium (lost records of abandoned 
reservoirs) 

Barriers: 

Engineered (technical) 
 

Natural 

 

Pellet, canister/container, bentonite 
Sealed galleries and shafts 

Host rock and other confining geological units 

 

None 
Sealed wells 

Cap rock(s) 

Assessment methodology Relatively well-established performance 
assessment (“safety case”) Embryonic 

Other relevant issues 

Conflicts in land use Partly existent (can be avoided) Often intrinsic (abandoned resource 
reservoirs) 

Process of demonstration of 
safety Stepwise, iterative Undefined 

In situ monitoring Accessible shafts and galleries Basically inaccessible (single-barrier 
seals) 

Range of options/flexibility Small Large (variants, e.g. ocean storage, 
mineralisation) 

Source: Flüeler (2012a), p. 205. 
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The institutional situation in the CCS field (involving unclear regulation, many global 
players, and lacking financial incentives and funds) means that no standard site selection 
process has been developed. Despite this, many individual and detached projects have 
been pursued to date. The diverging degree of detail can be seen from Figure 2 in general 
or in applications (Ramírez, 2008; Chalmers, 2009; Jacobs, 2009), as opposed to the site 
selection procedure for radioactive waste in general (OECD/NEA, 2004), or as proposed or 
applied in a national programme (AkEnd, 2002; BFE, 2008). The above conclusions from 
the comparison with conventional toxic waste also hold true for CCS. 

Figure 2: Phases and permits typically associated with CO2 storage projects 

 

Source: Aarnes (2008), p. 1736. 
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