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FOREWORD 

Advanced fuel cycle options address some of the problems raised by the long-term radiotoxicity 
of high-level waste (HLW) by burning most of the long-lived minor actinides. Reducing the amount of 
actinides to be disposed of does not facilitate the short- and medium-term waste management, because 
a key issue during that timeframe is the heat generated by fission products. However, advanced 
separation technologies may offer alternatives for the management of the “trouble-maker” fission 
products, such as nuclides generating large amounts of heat.  

Earlier studies have concluded that partitioning facilities for actinides (such as plutonium, 
americium, curium and neptunium) and some long-lived fission products could be designed and 
constructed as extensions to existing reprocessing plants, although much work remains to be done to 
make these extensions compatible with industrial reprocessing practices. Many studies have 
demonstrated that fast-neutron-spectrum devices (dedicated fast reactor or accelerator-driven facilities) 
are more efficient than current light water reactors for recycling and transmuting long-lived 
radionuclides. A previous NEA study on advanced fuel cycles showed that the development of such 
cycles relies on new reactor designs which will require substantial, long-term R&D efforts and will 
likely take decades to implement. 

The scope of the present study and the fuel cycles assessed are introduced in the first two 
chapters. The waste categories used in this study and the secondary waste flows generated in different 
fuel cycle steps are presented in Chapter 3. In Chapter 4, the alternative fission product management 
options are described. The results of the HLW repository performance assessment calculations are 
presented in Chapter 5. The economic aspects of transmutation strategies are analysed in Chapter 6. 
Each technical chapter carries its own conclusions. The overall conclusions of the study are given in 
Chapter 7. 
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EXECUTIVE SUMMARY 

This study was carried out by the ad hoc Expert Group on the Impact of Advanced Fuel Cycles 
on Waste Management Policies convened under the auspices of the NEA Committee for Technical and 
Economic Studies on Nuclear Energy Development and the Fuel Cycle (NDC); the Integrated Group 
on Safety Case from the Radioactive Waste Management Committee provided support in the field of 
waste repository issues; the Nuclear Science Committee Working Group on Flowsheet Studies 
provided also some input data. 

The study broadens the scope of the analyses carried out in previous Nuclear Energy Agency 
(NEA) studies on advanced fuel cycle schemes focusing on partitioning and transmutation (P&T) and 
accelerator-driven fuel cycle schemes (ADS). It addresses waste management issues, providing for the 
first time a performance assessment for several examples of high-level waste (HLW) repositories. The 
impact of different HLW isotopic compositions on repository performance is analysed. In addition, 
although current repository concepts have not been optimised for the new type of waste, the effect of 
advanced fuel cycle schemes on HLW repository capacity is assessed. 

The overall findings from the present study confirm the vision set up by previous NEA studies. In 
particular, they show that it is possible to establish a strategic progression towards a maximal 
reduction of the waste source term and a maximal use of uranium resources. The nine fuel cycle 
schemes and four variants investigated in the study illustrate the possibility to reduce the activity of 
the waste by burning plutonium, then minor actinides, and then to reduce specific uranium 
consumption (per unit of electricity generated) as the fraction of fast reactors in the mix is increased  
to 100%. 

Given the wide range and flexibility of advanced fuel cycles under development – represented in 
this study by a limited number of representative schemes – it should be feasible to design and 
implement safe and economic nuclear energy systems addressing efficiently natural resource and 
waste management issues. Strategic choices will be based on the priorities of policy makers which 
reflect country specific criteria such as characteristics of available waste repositories, access to 
uranium resources, size of the nuclear power programme, and social and economic considerations. 

The results of the study complement the analysis of effects of advanced fuel cycles on uranium 
use and transuranic losses by a description of their impact on waste management policies. The issues 
addressed include the activity of HLW after 1 000 years, their decay heat after 50 and 200 years of 
cooling, their volume and the maximum dose originating from underground repository concepts in 
four different host rocks, namely clay, granite, salt and tuff. 

The set of fuel cycle schemes considered covers a broader spectrum than it was the case in 
previous studies, including present industrial practices, partially-closed cycles and fully-closed cycles 
with fast-reactor systems. Fuel cycle schemes are analysed with emphasis on primary and secondary 
waste generated at each step. The compositions, activities and heat loads of all waste flows are tracked 
and their impact on the waste repository concepts mentioned above is assessed. The study also 
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investigates economic aspects based on parametric calculations relying on best available cost data and 
expert judgements. 

The data used in the study regarding processes and material flows for each fuel cycle scheme 
considered are drawn from published literature complemented by expert judgments whenever needed, 
e.g., because published data were scarce, uncertain, inconsistent or lacking. Qualitative comparisons 
with current technologies were used for relative assessments of innovative processes when reliable 
data were not available, in particular concerning secondary waste. Ranges of values have been used in 
the assessments to reflect uncertainties on the characteristics of advanced processes. In some cases, 
e.g. for unit costs of processes not yet fully developed at the industrial and commercial scale, 
sensitivity studies were carried out. In those cases, the width of the range reflects the level of 
technology preparedness and the nominal value adopted reflects the most likely value to be reached by 
mature technology, according to expert judgements. The sensitivity study approach provides insights 
on the impact of various assumptions on the findings from the analysis. 

The fuel cycle schemes considered in the study pertain to three main families. The first family, 
based on current industrial technology and its possible extensions, includes the current once-through 
fuel cycle in pressurised water reactors (PWRs) and schemes with only one fuel recycling. 

The second family includes schemes with partially-closed fuel cycles, all fully closed for 
plutonium, while neptunium is always transferred to waste. The schemes differ, however, with regard 
to the treatment of americium and curium. The study shows that these schemes are useful for 
managing the plutonium, but cannot qualify as transmutation strategies, defined as strategies that meet 
the customary hundredfold transuranic elements (TRU) reduction goal. Partially-closed fuel cycles 
cannot achieve high TRU reductions but they are reasonably easy to implement and are useful for 
reducing the amount of plutonium and minor actinides (MA) disposed of in the repository. 

A key feature of the third family of schemes is that the advanced reactors have fully-closed fuel 
cycles, meaning that all actinides are recycled continuously until they fission. As only reprocessing 
losses go to waste, fully-closed fuel cycles produce nearly actinide-free waste. 

The analyses were performed for schemes at equilibrium because the fuels and processes 
(reprocessing and fuel fabrication) considered in the study – and hence the resulting waste streams – 
are not sensitive to transient phenomena. However, in a holistic approach, the lead times necessary to 
reach equilibrium should be taken into account in the assessment of alternative schemes. 

The main findings from the study are summarised in Figure 1 on a logarithmic-scale spider graph 
which provides eleven representative indicators for illustrative schemes representative of the three 
families, including the reference once-through PWR fuel cycle scheme. 

The indicators selected for comparative assessment purpose are: 

� uranium consumption; 

� TRU loss/transfer to waste; 

� activity after 1 000 years; 

� decay heat after 50 years; 

� decay heat after 200 years; 

� HLW, including spent fuel, volume; 

� maximum dose for repositories in granite; 
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� maximum dose for repositories in clay; 

� maximum dose for repositories in tuff; 

� fuel cycle cost; and 

� total electricity generation cost. 

Figure 1. Comparison of eleven representative indicators for various fuel cycle schemes 
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Note: 1a: once-through PWR scheme (reference); 1b: 100% PWRs, spent fuel reprocessed and Pu reused once;  
2a: 100% PWR, spent fuel reprocessed and multiple reuse of Pu; 3cV1: 100% fast reactors and fully closed fuel cycle. 

The uranium consumption is driven essentially by the fraction of fast reactors in the mix. While 
all the schemes based on light water reactors have uranium consumptions differing by less than 15%, 
schemes based on fast reactors reduce uranium consumption by more than two orders of magnitude. 

TRU loss is the indicator which is the most sensitive to the details of the schemes. Multi-
recycling can divide the TRU flow to waste by six and deeper burning schemes allow for a further 
reduction of up to two orders of magnitude of this flow. 

The activity of HLW after 1 000 years describes the radioactive source term after decay of heat 
generating isotopes. At this horizon, the short-lived fission products have decayed strongly and the 
removal of actinides from the waste flux is very efficient in decreasing the “cold” source term. Indeed, 
the fully-closed fuel cycle schemes reduce by almost two orders of magnitude the activity of HLW 
after 1 000 years. 
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Decay heat is a major input for the design of underground repositories. For disposal in granite, 
clay and tuff formations the maximum allowable disposal density is determined by thermal limitations. 
HLW arising from advanced fuel cycle schemes generates considerably less heat than the spent fuel 
arising from the reference PWR once-through scheme. This lower thermal output of HLW allows a 
significant reduction in the total length of disposal galleries needed. Separation of caesium and 
strontium reduces even further the required repository size. For example, in the case of disposal in a 
clay formation the gallery length needed in the HLW disposal is reduced by a factor 3.5 through a 
fully-closed cycle scheme as compared with the reference PWR once-through scheme and by a factor 
9 through a scheme including separation of caesium and strontium. 

After 50 years of cooling, variations in decay heat of HLW do not exceed a factor of four for any 
of the fuel cycle schemes considered in the study. After 200 years, the decay heat of HLW would be 
reduced by a factor of up to 30 in all MA-burning schemes as compared to the reference PWR once-
through scheme. Extending the cooling time from 50 to 200 years will result in a drastic reduction of 
the thermal output of HLW from advanced fuel cycle schemes and, consequently, of the repository 
size needed. 

The volume of HLW to dispose of is a driving factor to determine the total capacity of a given 
repository site. This volume is reduced significantly by closed fuel cycle schemes as compared with 
the reference PWR once-through scheme. Further HWR volume reductions, by an order of magnitude, 
are achievable by progressing towards deeper burning of minor actinides and lesser use of uranium. 

Differences in heat load and waste volume may have a major impact on the detailed concept of 
the repositories. This in turn has technical and economic impacts. For example, a given repository 
could receive the waste issued by the production of 5 to 20 times more electricity if the electricity 
were produced by advanced reactors associated with advanced fuel cycle processes than if it were 
produced by light water reactors operated once through. 

The maximum dose released to the biosphere at any time in normal conditions remains well 
below authorised limits for all the schemes and all the repositories considered. For all the repositories 
considered in the study, the maximum dose resulting from the disposal of the high-level waste does 
not differ significantly for any of the various fuel cycle schemes envisaged. 

The doses resulting from the disposal of HLW from fuel cycle schemes with reprocessing are at 
most a factor eight lower than those from the reference PWR once-through scheme. However, the 
lower dose mainly results from the removal of iodine 129 from the liquid HLW during reprocessing; 
should it be captured and disposed of in the HLW repository, the doses resulting from all scenarios 
would be about equal. In the very long-term, i.e. after a few million years, the total dose is lower in the 
case of the fully closed fuel cycle schemes, because much smaller amounts of actinides have to be 
disposed of in the repository. 

The economic analysis carried out in the study aims mainly at illustrating through parametric 
sensitivity cases the impacts of different cost elements, and moreover of the uncertainties on those 
elements, on the total fuel cycle costs of the various schemes considered. Therefore, the economic 
indicators displayed in Figure 1 are indicative only. 

The fuel cycle costs are directly correlated with the number of recycling operations. However, the 
large costs conservatively ascribed to the more innovative processes, such as pyrochemistry, have a 
small impact on the total fuel cycle cost due to the very small mass flows being processed. For all the 
schemes considered fuel cycle costs vary at most by a factor of two. 
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The share of waste management costs, including repository, in the total is low enough for 
uncertainties regarding the costs of this step of the fuel cycle to have no significant impact in total 
costs. However, it should be noted that, in absolute value, waste management costs represent sizeable 
amounts which justify cost reduction actions. 

Fuel cycle cost is only a small fraction of total nuclear electricity generation cost. Nuclear power 
is a capital intensive technology and the investment cost – associated with building, refurbishing and 
eventually dismantling the reactor – exceeds by far the fuel cycle cost. Therefore, the impact of 
various fuel cycle schemes on the economics of nuclear electricity remains marginal under any set of 
assumptions. The total electricity generation costs vary by no more than 20% from one scheme to the 
other and the uncertainties on unit costs and other parameters which increase with the degree of 
innovation in the fuel cycle scheme are of the same order of magnitude. 

The Monte Carlo simulation carried out in the Study illustrates the impact of the large 
uncertainties on unit costs on the comparative economic assessment of various schemes. It confirms 
that fuel cycle cost differences have a very modest impact on total electricity generation costs. It 
shows also that the range of uncertainties is broad enough to allow for the possibility that advanced 
schemes with recycling would have lower total generation costs than the reference PWR once-through 
scheme. 
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1.  INTRODUCTION 

1.1 Background 

A first series of comprehensive studies investigating the role and feasibility of P&T as an 
alternative waste management option was conducted in the 1970s predominantly in Europe. A 
renewed interest in P&T arose in the late 1980s, this time in Japan. A detailed history of this 
development has been described in [1]. 

The NEA has conducted a series of studies on P&T systems. The first study, between 1996 and 
1998 [2], focused on a review of the progress in the separation of long-lived actinides and fission 
products, the options for their transmutation, and the benefit for waste management. Specific fuel 
cycle schemes were examined, covering plutonium-recycling and the additional burning of minor 
actinides in dedicated systems. However, the study did not address transmutation strategies with fully 
closed fuel cycles, or the technology of ADS, including the specific role of ADS in such closed fuel 
cycles. 

The second P&T systems study 2000-2002 [1] complemented the first one. It aimed at clarifying 
the roles and relative merits of critical and sub-critical fast-spectrum systems in closed fuel cycles with 
the help of a set of representative “fuel cycle schemes”. It also assessed the development status of 
ADS with emphasis on reactor technology and safety, fuel cycle technology, cost/benefit issues, and 
general feasibility. The target values for the waste mass and radiotoxicity reduction to be achieved by 
an effective transmutation strategy were defined and the incentive for closed fuel cycles were 
discussed, including the role of fast-spectrum systems in such fuel cycles.  

One recent study [3] paid special attention to the non-technical aspects, especially sustainable 
dimensions of advanced fuel cycles. This report attempted, by taking an approach broader than only 
the economic and technical aspects, to lay a basis for a more comprehensive decision-aiding 
technique, i.e. multi-criteria analysis (MCA), that can be used in decision making concerning nuclear 
energy and other energy options. Representatives of different parts of society (stakeholders) could use 
this technique to assess the sustainability characteristics of a particular project. MCA is based on the 
identification of the criteria associated with a sustainable development approach and of their key 
quantifying indicators.  

The present study focuses on the impact of advanced fuel cycles on waste management policies. 
The set of fuel cycles considered here covers a broader spectrum than previous studies, from present 
industrial practice to fully closed, fast reactor cycles, via partially closed cycles. Elements of fuel 
cycles are considered primarily as sources of waste (both primary and secondary), the internal mass 
flows of each cycle being kept for the sake of mass conservation. The masses, compositions, activities 
and heat loads of all waste flows are tracked. Their impact is finally assessed on waste repository 
concepts located in four different host rocks: clay, granite, tuff and salt. A track of economic impacts 
has been kept as well. 
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1.2 Sustainable development perspective 

A central goal of sustainable development is to maintain or increase the overall assets (natural, 
man-made and human or social assets) available to future generations. The aim of advanced fuel 
cycles is to improve the sustainability of nuclear energy by enhancing the effectiveness of natural 
resource utilisation and by reducing the volume and long-term radiotoxicity of high-level waste while 
the costs of energy products, for example electricity, stay economically viable. 

Advanced fuel cycles address among others the problem of long-term radiotoxicity of HLW by 
burning the majority of the long-lived MA. Reducing the amount of actinides to be disposed of does 
not facilitate the short and medium term waste management issues, because the problem of the heat 
produced by the fission products remains as an important issue. However, the advanced separation 
technologies offer more degrees of freedom in waste management policies. 

For instance, after being separated from the main waste stream, some of the fission products that 
are key contributors to dose and heat output could be immobilised in specially designed matrices for 
disposal, or some of them could be stored separately and disposed after they have been cooled down, 
or some of them could be transmuted in reactors. This potential reduction of short-term heat load may 
have a direct impact on present repository concepts. 

Previous studies have shown that advanced fuel cycles reduce substantially the uranium 
consumption per unit of energy produced, and thereby all associated waste streams. More specifically, 
transmutation of actinides reduces the source term that dominates the released dose in the long and 
very long terms. 

The reduction of short-term heat load and long-term dose per TWhe can increase drastically the 
mass and volume of waste that can be disposed of in a given repository concept at a specific site. 

The present study aims at providing quantitative estimates of these effects. 

1.3 Main results of earlier studies  

Earlier studies have concluded that partitioning facilities for actinides (such as plutonium, 
americium, curium and neptunium) and some long-lived fission products could be designed and 
constructed as extensions to existing reprocessing plants. But much work is still to be performed in 
order to make these extensions compatible with industrial reprocessing practices. Studies have 
constantly re-demonstrated that the fast neutron-spectrum devices [dedicated fast reactor (FR) or ADS 
facilities] are more efficient than current LWRs for recycling and transmuting long-lived 
radionuclides.  

FR and ADS have been found to have similar performances with respect to criteria concerning 
environmental friendliness. However, they differ considerably regarding their level of technology 
readiness and from the safety viewpoint. Being a sub-critical system, the advantage of the ADS reactor 
concept is that it has fewer limitations on the fuel composition as compared with reactors operated in 
critical mode. On the other hand, the coupling between a reactor and an accelerator presents a 
particular technological challenge [1]. 

Studies on fission product transmutation have shown that transmutation rates are in most cases 
insufficient to reduce significantly the heat generation and the mass of the disposed fission products. 
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Some of the long-lived fission products, such as 129I and 99Tc, could theoretically be transmuted by the 
excess neutrons available in FR and ADS.  

The study on trends in the nuclear fuel cycle [3] showed that the developments of advanced 
cycles rely on new reactor concepts which will require substantial long-term R&D efforts and will 
likely take decades to implement. Furthermore, the partitioning and transmutation fuel cycles may 
need operation for decades to reach equilibrium and to achieve the claimed significant reduction of the 
radiotoxicity of the waste. 

1.4 Current study 

The aim of the current study is to analyse a range of advanced fuel cycle options from the 
perspective of their effect on waste management policies. The characteristics of radioactive waste 
generated by advanced nuclear fuel cycles are evaluated. The fuel cycles considered illustrate 
differences between various technologies, they are not intended to represent foreseeable future 
options. The effects of the advanced fuel cycles on the management of waste are presented relative to 
the current technologies, using tools such as repository performance analysis and cost studies.  

The current study extends the analysis performed in previous studies and assesses the fuel cycles 
as a whole including all radioactive waste generated in each step of the cycles. Comparisons, more 
qualitative in nature, to current technologies are used as a basic method, as the waste generation data, 
especially secondary waste, for the advanced technologies are mainly based on estimates by experts. 

A novelty of this study is the performance assessment performed for the HLW repositories. Two 
aspects of the impact of different HLW forms and radionuclide inventories arising from different fuel 
cycles are analysed: their impact of on repository performance; and the effect on repository size and 
cost, though current repository concepts have not been optimised for the new type of waste. 
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2.  FUEL CYCLES 

2.1 Introduction 

The long-term goal of sustainable, “radiologically clean” nuclear energy systems is an important 
driver for the development of advanced fuel cycles. The goal may be approached in successive steps 
with emphasis, first, on an improved management of the plutonium and, then, on an additional 
management of the minor actinides neptunium, americium and curium by integrating P&T 
technologies in the fuel cycle. Different approaches for implementing such technologies have been 
proposed. A meaningful comparison of the possible choices with regard to the quantity and 
composition of the resulting high-, intermediate- and low-level waste and the impacts on repository 
performance requires a thorough analysis of the mass flows at each step of fuel cycle for all the 
reactors included in each scheme. This is the purpose of this chapter. 

To facilitate the task, the Expert Group selected a number of fuel cycle schemes which are 
representative of most presently considered options. The selection of the schemes was guided by the 
following considerations: 

� As the low resource efficiency of LWRs will not become a limiting factor in the foreseeable 
future, the LWRs can be expected to remain the principal components of reactor mixes. 
Accordingly, most of the selected schemes incorporate LWRs. A Generation IV (Gen-IV), 
all-FR scheme is considered because it represents a long-term goal of nuclear energy 
development. 

� As the conditions for the transient phases of nuclear energy development vary widely 
between countries and are subject to large uncertainties, the analyses are performed using a 
steady-state approach for each scheme, i.e. it is assumed that all reactors operate at constant 
power and all mass flows have reached an equilibrium. In the light of the large variety of 
schemes evaluated in the study, its results should permit the assessment of a country specific 
scenario. 

� Proliferation resistance is outside the scope of the present study and was not considered as a 
basic criterion. However, it is discussed when it has influenced the selection of a scheme. 
The mass flow of separated, pure plutonium has been used as a rough indicator for 
comparing the proliferation sensitivity of different schemes. 

Nine main fuel cycle schemes and 4 variants, grouped in 3 families, were selected for analysis 
and comparison within the study. Sections 2.2 and 2.3 of this chapter present the basic characteristics 
of the selected schemes including reactor types. Section 2.4 describes the analysis methods and 
explains why a steady-state approach is appropriate for the present study, and Section 2.5 summarises 
the principal results with emphasis on the masses of heavy metal (HM), TRU and fission products 
disposed to high-level waste. Particular attention is paid to the decay heat which has consequences for 
the reprocessing of the fuel as well as the handling, conditioning and final disposal of the waste. 
Additional information concerning the schemes including reactors is given in Appendix C. 
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The analyses comprise the optimisation of the different reactor cores as well as the calculation of 
the reactor support ratios, mass flows, fuel compositions, and fuel inventories at equilibrium. As these 
depend on the amount and composition of the fuel which is reloaded into the reactors, it is necessary 
to make assumptions regarding the efficiency of the fuel recovery processes. The actinides which are 
not recovered and all fission products are assumed to go to high-level waste. Being restricted to 
reactor and fuel cycle physics, however, the methods are not capable of assessing intermediate- and 
low-level waste arisings which are considered also in this study. These will be derived from the flow 
sheets presented in Chapter 3. 

2.2 Fuel cycle schemes 

Considering the different potential regarding waste reduction, the required investment in 
advanced technology, and the different time scale for the development and implementation of this 
technology, it is appropriate to distinguish between three families of fuel cycle schemes: 

� Schemes based on current industrial technology and possible extensions. 

� Schemes with partially closed fuel cycles. 

� Schemes involving fully closed fuel cycles. 

The principal features of the 3 families of schemes are illustrated in Figures 2.1, 2.2 and 2.3, 
respectively. Some of these schemes were analysed already in an earlier NEA [1]. The present study 
complements previous analyses extending the scope to cover more conventional fuel cycles as well as 
Gen-IV systems. Furthermore, it emphasises waste management rather than reactor and fuel cycle 
aspects. 

2.2.1 Current industrial technology and extensions 

Family 1 includes the current once-through fuel cycle in PWRs and schemes with a single recycle 
of the fuel. The once-through fuel cycle, Scheme 1a, will serve as the reference fuel cycle for all 
comparisons. Scheme 1b is the conventional reprocessing fuel cycle with a single recycling of the 
separated plutonium in the form of uranium-plutonium mixed-oxide (MOX) fuel. Scheme 1c is a more 
proliferation resistant variant of Scheme 1b where the neptunium goes with the plutonium, thereby 
avoiding the separation of pure plutonium. Scheme 1d, the DUPIC1 fuel cycle with OREOX 
processing, avoids any chemical reprocessing. A brief description of this fuel cycle is given in 
Appendix D. 

2.2.2 Partially closed fuel cycles 

Family 2 schemes feature fuel cycles which are fully closed for plutonium, while neptunium is 
always transferred to waste. The schemes differ, however, with regard to the treatment of americium 
and curium. Two of the schemes are remarkable in that they continuously recycle transuranic elements 
in PWRs only [2]. All fuels are reprocessed using aqueous (“wet”) methods, either PUREX, or 
advanced PUREX if minor actinide separation is involved. 

                                                      
1. DUPIC = Direct Use of spent PWR fuel In CANDU reactors. 
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Schemes 2a and 2cV represent two plutonium burning strategies based on either PWRs or fast 
reactors (FR). The continuous plutonium recycling in Scheme 2a demands a special MOX fuel with 
enriched uranium (MOX-EU) to compensate for the degradation of the plutonium isotopic 
composition in the thermal neutron spectrum of the PWR. The fraction of fast reactors in Scheme 2cV 
could be reduced by incorporating one or two intermediate PWR-MOX stages between the PWR- 
uranium oxide fuel (UOX) and the FR (a FR-based plutonium burning strategy with a single PWR-
MOX stage was investigated in the previous study). 

Schemes 2b and 2c include americium burning in addition to the plutonium burning. The 
americium is recycled either homogeneously in PWRs using a special, americium-loaded MOX-EU 
fuel, or heterogeneously in FRs using moderated target assemblies which are directly disposed after 
irradiation. The concept for recycling minor actinides in moderated target assemblies is described  
in [3]. An additional processing step is required to separate the americium from the curium (A similar 
scheme in the previous study circumvented this step by heterogeneously recycling americium and 
curium together). 

An unusual feature of Schemes 2b, 2c and 2cV is a minor actinide storage facility with a delayed 
recycling option. After about 100 years, much of the stored curium would have decayed and, after 
some additional reprocessing, could be recycled as plutonium. It should, however, be clarified that the 
present analysis does not account for the effect of such a delayed recycling on the fuel composition. 

2.2.3 Fully closed fuel cycles 

A key feature of the Family 3 schemes is that the advanced reactors have fully closed fuel cycles, 
meaning that all actinides are recycled continuously until they fission. As only reprocessing losses go 
to waste, fully closed fuel cycles produce practically actinide-free waste. The fuels are reprocessed 
using aqueous (UREX+ and advanced PUREX) as well as pyrochemical (“dry”) reprocessing 
methods. The latter are particularly suited for fully closed fuel cycles because they circumvent 
unnecessary separation processes (only fission products are extracted) and can cope with the very high 
decay heat of multi-recycled fuels (see Section 2.5.5). 

Schemes 3a and 3b are representative of two alternative P&T approaches, the integral fast reactor 
(IFR) system [4], based on critical TRU burners, and the double strata system [5] which burns the 
minor actinides in a dedicated ADS.2 In the IFR system, the plutonium and the minor actinides are co-
processed; in the double strata system, plutonium and minor actinides are handled separately. In the 
latter, all plutonium is managed in conventional, MOX-fuelled LWRs and fast reactors. By avoiding a 
pure plutonium stream, Scheme 3a features high proliferation resistance, whereas Scheme 3b is unique 
in that it maximises electricity production in conventional reactors (LWRs and MOX-fuelled fast 
reactors). 

Scheme 3bV, a variant of the double strata system, circumvents the MOX-FR stage by 
transferring the plutonium from the MOX-PWR stage directly to the ADS fuel cycle. This may be 
attractive for countries without a FR programme, but implies a three times higher investment in ADS 
technology. For Schemes 3a, 3b and 3bV mass flows were available from the earlier study and were 
adopted in the present analyses; small differences in the assumptions for the fuel cycle parameters (see 
Table 2.1) do not influence the comparisons. 

                                                      
2. The ADS concept allows the degraded core characteristics of a minor actinide burner to be compensated by 

a sub-criticality margin. 
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Schemes 3cV1 and 3cV2 are representative of two all-FR strategies based on either Gen-IV gas-
cooled fast reactors (GFRs) with carbide fuel or European fast reactor (EFR) -type sodium-cooled fast 
reactors with minor-actinide loaded MOX fuel. Scheme 3cV1 minimises the actinide losses to waste 
while simultaneously maximising the uranium resource utilisation. In the FR-MOX version of this 
scheme, the uranium is recovered from the irradiated fuel, but not recycled. This means that the fuel 
cycle of the FR in Scheme 3cV2 is not fully closed as in Scheme 3cV1. It should be noted that the 
closure of the fuel cycle in Scheme 3cV2 also for uranium would influence the uranium mass balance, 
but would not affect significantly the other characteristics of the scheme. 

Figure 2.1. Schemes based on current industrial technology and possible extensions 
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“DUPIC fuel cycle” 
PWR spent fuel is reused in 
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Figure 2.2. Schemes with partially closed fuel cycles 
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Figure 2.3. Schemes with fully closed fuel cycles 
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Scheme 3b 
“Double strata fuel cycle” 
Burns all plutonium in conventional 
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2.3 Reactor and fuel cycle characteristics 

The schemes are composed of PWRs, HWR CANDUs, FRs and fast-spectrum ADS which utilise 
different types of fuels. The 10 reactor-fuel combinations are: 

� PWR-UOX (All schemes except 3cV1 and 3cV2) 
EPR-type pressurised water reactor with uranium oxide fuel [6]. 

� PWR-MOX (Schemes 1b, 1c, 3b and 3bV) 
Same reactor with 100% MOX fuel. 
Variant with uranium-plutonium-neptunium mixed-oxide fuel (MOX-Np). 

� PWR-MOX-EU (Schemes 2a and 2b) 
As PWR-MOX, but with enriched instead of depleted uranium. Variant with different 
plutonium content and different fissile-plutonium and uranium enrichment (MOX-EU1), 
variant with admixed americium (MOX-EU2). 

� CANDU (Scheme 1d) 
CANDU heavy water reactor with DUPIC fuel. The concept is described in Appendix D. 

� FR-MOX (Schemes 3cV2, 2c and 2cV) 
EFR-type sodium-cooled FR [7] with minor-actinide loaded MOX-fuel (Scheme 3cV2). 
Plutonium burning variant (FR-MOX1) with pure MOX fuel, with or without irradiation 
positions for americium target assemblies (Schemes 2c and 2cV). 

� FR-HBU (Scheme 3b) 
EFR-type plutonium burner with a high burn-up core (HBU) [8]. The plutonium content of 
the MOX fuel is increased to 44% to maximise the plutonium consumption. For more 
information on the optimisation of this burner see “plutonium burner” in [1]. 

� FR-metal (Scheme 3a) 
Advanced liquid metal reactor (ALMR)-type sodium-cooled actinide burner with a metal-
fuelled, low conversion ratio core. The reactor model is the same as that used in the 
600 MWe, metal-fuelled, multiple recycle burner core benchmark exercise of the NEA 
Nuclear Science Committee Working Party on the Physics Plutonium Recycling (currently 
Working Party on the Scientific Issues of Reactor Systems) [9]. For the core optimisation 
see “critical TRU burner” in [1]. 

� FR-carbide (Scheme 3cV1) 
Gas-cooled fast reactor (GFR) with solid solution carbide fuel as proposed for Gen-IV [10]. 

� ADS-MA (Scheme 3b) 
Small ADS with a lead-bismuth cooled core with nitride fuel, following a minor actinide 
burner concept proposed by JAERI [11]. The core geometry is similar to that of the ALMR 
Reference Model A. For detailed specifications see “accelerator-driven minor actinide 
burner” in [1]. 

� ADS-TRU (Scheme 3bV) 
ADS, lead-bismuth cooled TRU burner with nitride fuel [12]. 

Important fuel cycle parameters include fuel burn-up and cooling and storage time before 
reprocessing and after fabrication, and reprocessing losses. To achieve low actinide losses to waste, 
the fuel burn-up should be high, and the reprocessing losses should be small. Reprocessing losses of 
0.1% are assumed for all fuel types and reprocessing methods. This value is an extrapolation from the 
current technology to a technology which can be expected to be available when advanced fuel cycles 
could be introduced on a large scale. 
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For some of the reprocessing methods, a recovery efficiency of 99.9% has already been proven 
on a laboratory scale. To ensure that transmutation strategies can meet the goal of a hundredfold 
reduction in the long-term waste radiotoxicity, it has to be demonstrated that such high recovery 
efficiencies can be achieved also on an industrial scale. 

An overview of the reactor design and fuel cycle parameters is given in Table 2.1. 

Table 2.1. Reactor design and fuel cycle parameters 

Reactor Thermal 
power 
(MW) 

Net electric 
power 
(MW) 

Electrical 
efficiency 

(%) 

Fuel Fuel 
burn-up 

(GWd/tHM) 

Storage/ 
cooling 
time (y) 

PWR-UOX 4 250 1 450 34.1 UOX 601 2/53 
PWR-MOX 4 250 1 450 34.1 MOX 602 2/5 
MOX-EU 4 250 1 450 34.1 MOX-EU 60 2/5 
CANDU 2 159 713 33.0 DUPIC 15 2/– 
FR-MOX 3 600 1 450 40.3 MOX 140 2/5 
FR-HBU 3 600 1 450 40.3 MOX 185 2/5 
FR-metal 1 575 600 38.1 Ac-Zr 140 1/2 
FR-carbide 2 400 1 158 48.3 (U,Pu)C-SiC 100 2/5 
ADS-MA 377 119 31.6 AcN-ZrN 150 1/2 
ADS-TRU 850 280 33.0 AcN-ZrN 150 1/2 

1.  35 GWd/tHM for Scheme 1d and 50 GWd/tHM for Schemes 3a, 3b and 3bV. 
2.  50 GWd/tHM for Schemes 3b and 3bV. 
3.  10 years cooling for Scheme 1d and 4 years cooling for Schemes 3a, 3b and 3bV. 

2.4  Analysis methods 

2.4.1 Steady-state simulation of the schemes 

The analysis of most fuel cycle schemes was performed by CEA/Cadarache, France. The mass 
flows for Schemes 3a and 3b (IFR and double strata systems) were drawn from a previous study [1]. 
CIEMAT, Spain, supplied the mass flows for Scheme 3bV, and KAERI, Republic of Korea, supplied 
all data for Scheme 1d (DUPIC fuel cycle). As mentioned before, the analysis was restricted to the 
equilibrium state of the schemes. 

The analysis of the schemes with partially and fully closed fuel cycles involves the difficulty of 
repeated fuel burn-up calculations with subtraction of the material which is not recycled and addition 
of “top-up” material when the recovered material is fabricated into new fuel. The calculations have to 
take into account the shutdown time for fuel reloading between reactor cycles as well as the fuel 
storage and cooling times. While ensuring, at any time, adequate reactor core characteristics, the 
iterations have to be continued until the fuel composition reaches equilibrium. 

The simulations of the Schemes 3bV and 1d were computed respectively with the EVOLCODE 
(or EVOL code) system developed by CIEMAT [13] and with the FAST code developed by KAERI 
[14]. All the other simulations were carried out using the DARWIN code system [15] developed by 
CEA, COGEMA, EDF and Framatome. The neutronic input data for DARWIN consist of self-
shielded cross-sections and neutron fluxes, prepared by either the APOLLO2-CRONOS2 or the 
ECCO-ERANOS route. Both APOLLO2 [16], the standard French thermal reactor analysis code 
system, and the European fast reactor analysis code system ERANOS [17] use neutronic data libraries 
based on the JEF 2.2 nuclear data file. 
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The characteristics of the HLW during storage were calculated by means of the CESAR code 
[18]. Applying actinide decay chains with about 100 isotopes from 206Pb to 257Fm, this code calculates 
quantities such as activity, decay heat, neutron source strength, and radiotoxicity up to one million 
years. The library of the code includes 208 explicit fission products from 72Zn to 166mHo and  
125 activation products. CESAR is particularly suited for this application because it accounts for the 
necessary number of explicit fission products for accurately predicting activity and decay heat, and 
can deal with the spontaneous fissions in californium which contributes significantly to the neutron 
emission of multi-recycled minor actinide fuels. 

2.4.2  Choice of a steady-state approach 

The steady-state approach does not take into account that the equilibrium phase of a nuclear 
energy scenario is preceded by a deployment phase and followed by a shutdown phase when nuclear 
power plants are replaced eventually by another type of energy system. The deployment phase lasts 
until the heavy metal inventory of the fuel cycle has built up and the fuel composition has reached 
equilibrium. For a transmutation strategy with multiple recycling of the fuel, the deployment phase 
takes many decades. The transmutation benefits (i.e. the TRU and radiotoxicity reduction) are, 
however, not impeded during this time, although the detailed isotopic composition of the waste might 
show significant differences with the values for the cycle at equilibrium. 

The preservation of the TRU reduction of a transmutation strategy during the shutdown phase, on 
the other hand, requires the TRU inventory to be burnt in dedicated TRU burners when the reactors are 
phased out. Otherwise, the TRU inventory would become an important contributor to the total TRU 
waste legacy, even after a long operation of the reactors. 

The TRU inventory can be burnt either in critical TRU burners (FRs as in Scheme 3a), or in sub-
critical TRU burners (ADSs as in Scheme 3bV), whereby the burners consume, first, the remaining 
TRU from the decommissioned LWRs and, later, their own TRU inventory. After the shutdown of the 
LWRs, the TRU burners can continue operating by reloading their own fuel, and while the total fuel 
inventory decreases, the burners will progressively terminate operation until the TRU reduction goal is 
met, or the residual fuel inventory is no longer sufficient for running the last reactor [19, 20]. 

As to the significance of the transient phenomena for the present study, it should be noted that the 
fuels used, the processes applied (reprocessing and fuel fabrication) and hence the resulting waste are 
not sensitive to these phenomena. This means that, for the purpose of the present study, there is no 
need for a transient modelling. 

2.5  Results 

2.5.1  Heavy metal mass flow and equilibrium fuel composition 

Table 2.2 summarises the results of the reactor and fuel cycle analyses in terms of the HM mass 
flow and the fuel composition at the end of the fuel cooling period (for the fuel cooling time after 
irradiation see Table 2.1). For reactors with partially or fully closed fuel cycles, the fuel composition 
corresponds to the equilibrium state of the scheme of which the reactor is a component. The HM mass 
flow is of importance because it determines the capacity of (a) the repository for fuels going directly to 
disposal and (b) the reprocessing plant for fuels to be recycled. In both cases, a higher mass flow 
results in an increased fuel cycle cost. 
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In comparison with the light water reactors, the HM mass flow of the heavy water reactor is 
large, and the mass flows of the fast-spectrum systems are smaller. It is interesting to note that the 
mass flows and the fuel burn-ups of all fuels investigated in the present study approximately obey a 
simple reciprocal law (for the fuel burn-up see Table 2.1). 

Regarding the fuel composition, unusual features are the high plutonium content of the FR-HBU 
fuel and the high TRU content of the ADS fuels (the ADS fuels are practically uranium free). The 
technological challenges arising from these unusual compositions will be discussed in Section 2.5.5. 

Table 2.2. Heavy metal mass flow and equilibrium fuel composition 

Fuel composition after irradiation (%) 
Reactor 
(Scheme) 

HM mass flow 
(kg/TWhe)1 U Np Pu Am Cm 

PWR-UOX (1a)2 2 050 98.5 0.10 1.35 0.08 0.01 

PWR-MOX (1b) 225 91.9 0.02 7.24 0.68 0.16 

PWR-MOX-Np (1c) 215 90.4 0.42 8.35 0.71 0.14 

PWR-MOX-EU (2a) 575 89.5 0.05 9.32 0.89 0.22 

PWR-MOX-EU1 (2b) 238 91.3 0.06 7.74 0.71 0.18 

PWR-MOX-EU2 (2b) 711 92.7 0.09 6.05 0.84 0.34 

CANDU (1d) 1 997 99.0 0.06 0.87 0.04 0.01 

FR-MOX (3cV2) 890 77.6 0.12 21.12 0.88 0.29 

FR-MOX1 (2c, 2cV) 390 78.6 0.07 20.71 0.55 0.05 

FR-HBU (3b) 106 57.1 0.06 39.81 2.56 0.51 

FR-metal (3a) 289 69.8 0.65 26.60 2.00 0.98 

FR-carbide (3cV1) 849 79.3 0.12 19.48 0.87 0.24 

ADS-MA (3b) 46 5.4 6.09 47.58 23.15 17.72 

ADS-TRU (3bV) 117 1.9 3.29 73.48 12.37 8.96 

Am targets (2c) 0.453 1.4 0.14 43.13 9.78 45.57 

1.  Per TWhe of each reactor. 
2.  PWR-UOX (60 GWd/tHM) used in all Family 1 and Family 2 schemes, except Scheme 1d. 
3.  Per TWhe of the FR-MOX1 reactor in Scheme 2c. 

The characteristics of the irradiated americium targets in the heterogeneous recycling scheme 
(Scheme 2c) differ considerably from those of the fuels. For an effective TRU reduction in a single 
irradiation (the targets are not reprocessed), the targets are irradiated for 8 years to the very high burn-
up of 90%, meaning that 90% of the loaded americium is directly or indirectly fissioned. While the 
mass flow of the targets is small compared with that of the fuels, the remaining heavy metal is highly 
enriched in curium. The curium mass disposed with the targets amounts to about one third of that 
going to the special curium storage facility. 
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2.5.2 TRU inventories 

The multi-recycling of fuels in the Family 2 and 3 schemes leads to high in-pile and out-of-pile 
TRU inventories. These have safety implications due to their high radiotoxicity and influence the time 
constants under transient conditions, e.g., in the deployment and shutdown phases of a nuclear energy 
scenario (see Section 2.4.2). As the respective issues and requirements are different, it is appropriate to 
decompose the out-of-pile TRU inventory into: fresh fuel (fuel storage inventory); irradiated fuel (fuel 
cooling inventory); and – in the case of Schemes 2b, 2c and 2cV – minor actinide in storage facility 
(decay storage inventory). The inventories in Figure 2.4 have to be compared with in-pile inventories 
of 0.6 and 1.3 kg/MWe for the once-through and the conventional reprocessing fuel cycle (Schemes 1a 
and 1b), respectively. 

Figure 2.4 shows that all Family 2 schemes have similar fuel storage and fuel cooling inventories 
and that the thermal americium recycling and the substitution of PWRs by fast reactors somewhat 
increase the in-pile inventory. Regarding Scheme 2c, the in-pile inventory shown in Figure 2.4 is that 
of the fuel and is augmented by about 0.1 kg/MWe if the in-pile inventory of the americium targets is 
taken into account. The additional decay storage inventory in Schemes 2b and 2cV is significant as it 
is comparable to the in-pile inventory. 

Figure 2.4. TRU Inventories 
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Regarding the schemes with fully closed fuel cycles, one can distinguish between the 
transmutation schemes (Schemes 3a, 3b and 3bV) and the all-FR schemes (Schemes 3cV1 and 3cV2). 
Whereas the TRU inventories of the transmutation schemes and the schemes with partially closed fuel 
cycles are comparable, a change to an all-FR scheme implies an increase in the TRU inventory by a 
factor of about 2. In the light of their smaller TRU inventories, transmutation strategies can respond to 
unexpected changes in the nuclear energy development programmes more flexibly than all-FR 
strategies. This is of importance, e.g., for preserving the transmutation benefits in the shutdown phase 
of a nuclear energy (see Section 2.4.2). Schemes 3a and 3bV feature respectively the smallest total, 
and the smallest in-pile, TRU inventory of all Family 2 and 3 schemes. 
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2.5.3 Heavy metal losses and fission products in HLW streams 

Compared with the once-through fuel cycle and the conventional reprocessing fuel cycle with 
vitrification, advanced fuel cycles generate additional waste streams with unusual characteristics, and 
these are processed into novel types of waste forms which influence waste management and disposal 
concepts. Table 2.3 quantifies the waste arising from the fuel cycle schemes in terms of the HM and 
fission product (FP) mass flow for different types of high-level waste. 

In the case of the Family 2 and 3 schemes, new types of waste arise from the irradiated 
americium targets and the pyrochemical reprocessing of metal, nitride and carbide fuels. If the 
material accumulating in the minor actinide storage facilities is not recycled, this material also has to 
be further processed and disposed. Waste from activated structural materials such as waste from the 
liquid-metal targets of the ADSs in Schemes 3b and 3bV, which also have to be disposed as high-level 
waste is not shown in the table. 

Table 2.3. Heavy metal losses and fission products in HLW streams 
(Mass flow in kg/TWhe) 

Spent 
fuel 

HLW, wet 
processing 

HLW, dry 
processing 

Irradiated 
targets 

Decay 
storage 

Total Scheme 

HM FP HM FP HM FP HM FP HM HM FP 

1a 1 920 130 – – – – – – – 1 920 130 

1b 210 15 5.06 116 – – – – – 215 131 

1c 201 14 3.40 116 – – – – – 205 130 

1d 1 933 130 – – – – – – – 1 933 130 

2a – – 10.71 128 – – – – – 10.71 128 

2b – – 3.62 129 – – – – 2.82 6.44 129 

2c – – 2.17 101 – – 0.25 2.3 0.30 2.72 103 

2cV – – 2.17 101 – – – – 2.85 5.02 101 

3a – – 1.43 78 0.25 40 – – – 1.68 118 

3b – – 1.81 112 0.04 6 – – – 1.85 118 

3bV – – 1.91 103 0.10 19 – – – 2.00 122 

3cV1 – – – – 0.76 86 – – – 0.76 86 

3cV2 – – 0.79 98 – – – – – 0.79 98 

 

The results in Table 2.3 can be commented as follows: 

� The single recycle schemes (1b and 1c) with recovery of the irradiated uranium reduce the 
HM losses to waste only by a factor of about 10 as compared with the once-through fuel 
cycle. Family 3 schemes with fully-closed fuel cycles achieve at 1 000-fold, or higher, HM 
reduction, but useful reduction factors in the range 200 to 700 can also be obtained with 
partially-closed fuel cycles. 
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� By replacing all thermal reactors by fast reactors, the fission product mass flow can be 
reduced by about 30%. The reduction results primarily from the higher electrical efficiency 
of the fast reactors (see Table 2.1). 

� The all-FR Scheme 3cV2 allows the HM content of the waste from reprocessing to be 
reduced by a factor of 5 as compared with Scheme 1b. However, as the HM content of this 
waste is always small (7.7% for the plutonium burning Scheme 2a and less than 5% for all 
other schemes), the total waste mass to be vitrified is not noticeably affected by this 
reduction. 

� Waste with particularly unusual characteristics arises from the irradiated targets in 
Scheme 2c, and from the minor actinide storage facilities, if the decay products are not 
recycled. 

Reductions in the heavy metal content alone have a negligible effect on the mass and volume of 
vitrified waste because the waste consists mainly of fission products and the fission product content of 
the glass is limited.3 This means that the mass and volume of the vitrified waste can only be reduced 
by reducing the mass of the fission products. It appears that a saving of about 30% could be achieved 
by changing from an all-LWR to an all-FR reactor strategy. 

2.5.4 TRU losses to waste 

An important goal in the development of advanced fuel cycles with or without P&T is a reduction 
in the long-term radiotoxicity of the waste which arises primarily from the TRU it contains. The TRU 
losses of the different fuel cycle schemes are compared in Figure 2.5. From this figure, the following 
conclusions can be drawn: 

� The single recycle Schemes 1b, 1c and 1d reduce the TRU losses to waste by only about one 
third as compared with the once-through fuel cycle Scheme 1a. 

� Scheme 2a, which closes the fuel cycle for plutonium but not for the minor actinides, 
achieves a TRU loss reduction factor of 3.4. This means that plutonium burning strategies 
are useful for managing the plutonium, but cannot qualify as transmutation strategies as a 
TRU reduction factor of 100 is a generally accepted P&T goal. 

� Only the Family 3 schemes with fully closed fuel cycles achieve the hundredfold TRU 
reduction goal of P&T. Of the typical transmutation Schemes 3a, 3b and 3bV, the FR 
Scheme 3a features the highest reduction factor. In the pure breeding Scheme 3cV1, the 
closure of the fuel cycle also for uranium slightly increases the TRU mass flow to waste. 

� The Family 2 schemes with minor actinide management (Schemes 2b, 2c and 2cV) achieve 
TRU reduction factors in the range 6 to 19 if the delayed recycle option for curium is not 
considered. These schemes fail to meet the hundredfold TRU reduction goal even if this 
option is implemented. 

It should be noted that the TRU losses in Figure 2.5 are potential losses. They apply to the 
equilibrium phase of the schemes and do not account for any TRU inventories which may be disposed 
when the reactors are phased out (see Section 2.4.2). 

                                                      
3. The limiting factors are the molybdenum concentration in the glass and the heat generation of the fission 

products (see Chapter 4). 
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Figure 2.5. TRU losses to waste 
(Mass flows in kg/TWhe) 
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2.5.5 Activity, decay heat and neutron source strength 

Closing the fuel cycle also for the minor actinides increases the activity of the fuel to a level far 
beyond the potentiality of current reprocessing methods. The previous study showed that some 
advanced fuels feature a more than 100 times higher decay heat and a more than 1 000 times higher 
neutron source strength per kg HM than conventional UOX fuel. For the fuel cycles considered in the 
present study, important consequences are: 

� Regarding the wet reprocessing of multi-recycled MOX fuels as, e.g., the FR-HBU fuel in 
Scheme 3b, the current PUREX flow sheet has to be adapted and optimised for the high 
plutonium content and the short cooling time of the fuel. In particular, measures have to be 
taken to guarantee the required high plutonium dissolution and recovery yields in the 
presence of the prevailing strong radiation fields. 

� Regarding the reprocessing of fuels from dedicated actinide burners as, e.g., the ADSs in 
Schemes 3b and 3bV, the activity of these fuels is so high that the radiation stability of the 
organic extractant in aqueous processes can no longer be guaranteed and the fuels can only 
be reprocessed by means of pyrochemical methods. The pyrochemical methods produce new 
types of waste streams and waste forms which have not yet been characterised fully. 

� Regarding fuel handling techniques and radioprotection measures at various stages of the 
fuel cycle, these have to be automated and enhanced to cope with the strong radiation fields 
and especially the intense source of spontaneous neutrons. 
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Closing the fuel cycle entails a significant reduction in the actinide content of the waste and its 
consequences for waste management can be expected to be much smaller than those for reprocessing 
and fuel handling. 

Figure 2.6 compares the relative decay heat of the waste per scheme, where the decay heat  
is averaged over the waste types from the different reactor components and normalised to that of the 
once-through fuel cycle. Cooling times of 50, 200 and 1 000 years are considered, the 50 and 
200 years being representative for the time when the waste goes to the repository and the time when 
the majority of the original fission products have decayed. Additional activity, decay heat and neutron 
source strength data are given in Appendix C. 

Figure 2.6. Decay heat per scheme relative to Scheme 1a 
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Figure 2.6 shows that the long-term effect of closing the fuel cycle is to reduce the total decay 
heat for all schemes as compared with the once-through fuel cycle. Except for Scheme 1c, which 
shows a small increase in the decay heat at disposal time due to the breeding of 238Pu from 237Np, this 
observation holds also for shorter cooling times. However, for the schemes without minor actinide 
management (Schemes 1b through 2a), the reductions are small, independent of the cooling time, and 
the maximum reduction at disposal time (Scheme 3cV1) is only about 70%. Since the decay heat at 
disposal time is dominated by the fission products, a significant part of the reductions can be attributed 
to smaller fission product mass flows (see Table 2.3). 

After 1 000 years, the relative decay heat has dropped below 1% for Schemes 2b, 2cV and all 
Family 3 schemes. The somewhat higher value for Scheme 2c as compared with Scheme 2cV results 
from the high decay heat of the americium targets which also go to waste. The rapid cooling of the 
waste from these schemes after a relatively short dwelling time in the repository is an advantage for 
most repository concepts. 
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The schemes with minor actinide management (Schemes 2b through 3cV2) offer the possibility 
of further reducing the initial heat load for the repository by allowing the fission products to decay 
before the final disposal of the waste. Figure 2.6 shows that a 17- to 30-fold heat reduction relative to 
the once-through fuel cycle could be achieved with a cooling time of 200 years. 

Figure 2.7 shows the evolution of the actinide part of the decay heat for some of the reactor 
components (the respective schemes are indicated in Table 2.2). The normalisation to the thermal 
energy produced allows the decay heat of the fission products to be represented by a single curve. It 
can be seen that, whereas the recycling of plutonium and neptunium in LWRs generally increases the 
decay heat of the actinides in the waste, fast-spectrum systems with fully closed fuel cycles can 
achieve decay heat reduction by several orders of magnitude, compared with the once-through fuel 
cycle (the less pronounced reductions for the ADSs are a consequence of the very high decay heat per 
kg HM of the ADS fuels). 

Figure 2.7. Long-term evolution of decay heat from actinides in waste 
(per TWh(th) produced by different reactors) 
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With regard to the heat conditions prevailing at the time of disposal, Figure 2.7 shows that the 
large heat reduction potential of the fast-spectrum systems cannot be exploited unless the heat from 
the fission products is mitigated in parallel. In practice, this means that reduction in the initial heat 
load of a repository can only be achieved by considerably increasing the waste cooling time and/or 
combining actinide transmutation methods with suitable fission product separation and management 
methods as, for example, in the ORIENT4 fuel cycle [21]. 

                                                      
4. ORIENT = Optimisation by removing impedimental elements. 
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2.5.6 Separated plutonium in the fuel cycle 

Although questionable as a single indicator, the mass flow of separated, pure plutonium can be 
used as a rough indicator of the proliferation risk of a fuel cycle. Schemes 1a, 1c, 1d, 3a, 3cV1 and 
3cV2 do not involve pure plutonium stream. The remaining schemes can be divided into two groups: 
schemes with relatively low, and schemes with 3 to 4 times higher, mass flows of separated plutonium 
(see Table 2.4). 

Table 2.4. Separated plutonium 
(Mass flow in kg/TWhe) 

1b 2a 2b 2c 2cV 3b 3bV 

23 69 72 80 80 67 22 

Note: Schemes 1a, 1c, 1d, 3a, 3cV1 and 3cV2 do not involve separated, pure plutonium streams. 

The reduction of the pure, separated plutonium mass flows is in some cases associated with 
technical or economic drawbacks. For example, Scheme 1c has a lower separated plutonium mass 
flow than Scheme 1b, but the Np in the MOX-Np fuel, via the build-up of 238Pu, increases the � 
activity of the fuel as well as the TRU losses to waste (see Figure 2.5). The Family 2 schemes feature 
the highest plutonium mass flows, but have the advantage of minimising the requirements for the 
development of advanced technology. Finally, the higher plutonium mass flow in Scheme 3b as 
compared with Scheme 3bV is a consequence of the aim to improve the economics of the scheme by 
burning as much plutonium as possible in conventional MOX-fuelled thermal and fast reactors (the 
impact of the different approaches on economics is presented in Chapter 5). 

2.5.7 Uranium mass balance 

For all fuel cycle schemes including LWRs in the reactor mix natural uranium requirements range 
form 10 to 20 t/TWhe and residual uranium streams are similarly large (see Figure 2.8). If the residual 
uranium is not considered as a resource for future fast reactors, its long-term radiological impact must 
be assessed. As shown in [13], uranium decay products always dominate the global radiotoxicity in the 
very long term, if all radioactive residues of the fuel cycle are taken into account. 
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Figure 2.8. Uranium mass balances 
(Positive values production; negative values consumption) 
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Finally, it should be noted that 238U is the natural fuel for fast reactors. In practice, the 238U will 
come, first, from the stock of depleted uranium left over by the thermal reactors and, when this is 
exhausted, from natural uranium. In principle, the (smaller) stock of irradiated uranium can also be 
utilised in fast reactors. Considering the current size of the depleted uranium stock, any fast reactors 
which could be constructed in this century would not depend on the availability of natural uranium. 
On the other hand, as nuclear energy may be phased out prematurely, the long-term storage or disposal 
of the residual uranium has to be considered as an integral part of waste management for all advanced 
fuel cycles. 

2.6 Conclusions 

The main conclusions derived from the mass flow calculations carried out can be summarised as 
follows: 

� Fully closing the fuel cycle can reduce the heavy metal content of the waste by more than 
three orders of magnitude as compared with the once-through fuel cycle. Being dominated 
by the fission products, the volume of the high-level waste will, however, not be noticeably 
affected by this reduction. 

� Due to the higher efficiency of fast reactors, a change from an all-LWR to an all-FR reactor 
strategy reduces the fission product mass, and hence the high-level waste volume, by  
about 30%. 

� Only transmutation strategies with fully-closed fuel cycles can meet the hundredfold TRU 
reduction goal of P&T. Partially-closed fuel cycles, which cannot achieve such high TRU 
reductions but are easier to implement, are also useful for managing plutonium and minor 
actinides. In the eventuality of nuclear energy phase out, it has to be ensured that the TRU 
waste reduction achieved in the equilibrium phase would not be jeopardised by the disposal 
of the residual TRU inventory. 

� The high decay heat and neutron emission of multi-recycled fuels have consequences for the 
reprocessing and the handling of the fuels. As to the reprocessing, improvements to the flow 
sheets of aqueous processes and the introduction of pyrochemical methods will be necessary. 
The pyrochemical methods produce waste with unusual characteristics which will require 
new methods of conditioning and disposal. 

� Minor actinide management techniques that allow recovering of most actinides reduce the 
total decay heat of the waste. While the achievable heat reduction at normal disposal time 
(50 years) is modest (Factor 2 to 4 depending on the scheme), there exists a significant heat 
reduction potential for longer cooling times. For example, a 20- to 30-fold heat reduction 
relative to Scheme 1a could be achieved with a cooling time of 200 years. 

� The schemes considered may be classified in three groups with regard to pure separated 
plutonium mass flows which may serve as a rough indicator of proliferation risk: no, 
relatively low, and 3 to 4 times higher mass flows of pure plutonium. Measures for reducing 
these flows may be associated with technical or economical drawbacks. 

� As to the natural uranium demand, the reduction potential of advanced LWR strategies is 
about 10% as compared with Scheme 1a. A significant (40%) uranium saving can be 
achieved with Scheme 1d (DUPIC). Higher savings are possible by incorporating fast 
reactors into the mix. An all-FR schemes allow the uranium demand to be reduced by more 
than two orders of magnitude. 
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� All reactor mixes including LWRs produce significant amounts of residual uranium. The 
long-term storage or disposal of this uranium has to be considered as an integral part of the 
waste management. 
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3.  WASTE GENERATION PROCESSES AND WASTE CHARACTERISTICS 

3.1 Introduction 

All the operations associated to the production of nuclear energy, including mining, milling, 
front-end activities such as conversion, enrichment or fuel fabrication as well as the operation of 
nuclear power plants, generate waste that has to be managed adequately according to technical 
requirements and following internationally accepted principles [1]. The objective of radioactive waste 
management is to deal with waste in a manner that protects human health and the environment now 
and in the future without imposing undue burdens on future generations. 

Waste types arising at each stage of the nuclear fuel cycle are of different classes and categories. 
In order to comply with the objective of radioactive waste management, it is necessary to consider the 
quantities (volumes), activity, radiotoxicity physical and chemical characteristics of the waste during 
the operations of treatment, conditioning and disposal. Table 3.1 provides an overview of the relative 
volumes, activities and radiotoxicity of waste arising at different steps of the fuel cycle including 
reactor operation and decommissioning. 

Table 3.1.  Relative characteristics of fuel cycle generated waste 
 

Waste generating process Relative volume Relative activity Relative 
radiotoxicity 

Mining & milling Very large Low Low 
Refining Small Low Low 
Conversion and enrichment Small Low Low 
Fuel fabrication, fresh Small Low Low 
Fuel fabrication, recycled Small Low/Medium Medium 
NPP operation Large Medium Low 
Spent fuel management 

– reprocessing  
Small/Medium High/Very high High 

Spent fuel management 
– direct disposal 

Medium High High 

Decommissioning Very large Low Very low 

3.1.1 Waste categories 

Several methods are used to categorise radioactive waste types; the method selected usually is 
dependent on the generator of the material. For example, a nuclear power plant operator is likely 
categorise waste types based on the originating stream. This system is difficult to use widely because 
streams differ from case to case. A classification system that takes into account qualitative 
considerations affecting final disposal of the conditioned waste is preferable. This report adopts the 
waste categories defined in the IAEA classification, shown in Table 3.2 [2]. 
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Table 3.2. Waste categories 

Category HLW 
(deep geological disposal) 

LILW-LL 
(geological disposal) 

LILW-SL  
(surface or  

geological disposal) 

Main 
characteristic 

Highly radioactive waste, 
containing mainly fission 
products, as well as some acti-
nides, separated during repro-
cessing of irradiated fuel. Spent 
fuel, if it is declared a waste. 

Waste which, because of its 
radionuclide content 
requires shielding but needs 
little or no provision for heat 
dissipation during its 
handling and transportation. 

Waste, which, because of 
its low radionuclide 
content, does not require 
shielding during normal 
handling and transportation. 

Heat 
generation 

Any other waste with radio-
activity levels intense enough to 
generate heat more than 2 kW/m3 
by the radioactive decay process. 

 
< 2 kW/m3 

 
 < 2 kW/m3 

Half-life  > 30 y < 30 y 

Other 
characteristic 

  Activity content < 400 Bq/g 
of long lived alpha emitters. 

 

The classification system described in Table 3.2 distinguishes radioactive waste types based on 
two key characteristics thermal hazard and requirement for disposal. Two types are identified: high 
level; and low- and intermediate-level waste (LILW) with short and long lifetimes. 

High-level waste originates from spent nuclear fuel (SNF) and contains large concentrations of 
both short and long lived radionuclides. It requires a high degree of isolation from the biosphere. 
During the reprocessing of SNF, the liquid concentrate from its dissolution generates significant 
amounts of heat from radioactive decay. This decay heat generation continues for several centuries, 
until the concentration of high energy emitters is significantly reduced. Typical activity levels range 
from 5x104 to 5x105 TBq/m3. They correspond to a heat generation rate of about 2 to 20 kW/m3 for 
decay periods of about ten years after discharge of spent fuel from the reactor [2]. 

The second type of waste, LILW is characterised by low heat generation. It is subdivided in two 
categories depending on the degree of containment required for long-lived radionuclides and alpha 
emitters. 

Long-lived waste (LILW-LL) requires geological disposal while some countries dispose of short-
lived waste (LILW-SL) in surface facilities. The boundary between short- and long-lived waste 
categories cannot be specified in a universal manner regarding concentration levels for radioactive 
waste disposal, because allowable levels depend on management options. However, current practices 
in several countries limit the average concentration of long-lived alpha emitters to 400 Bq/g in near 
surface disposal facilities. Sometimes long-lived beta emitters, such as 129I and 99Tc are taken into 
consideration also. 

A distinction is made in the requirements of shielding during the normal transport of these waste 
types; guidelines in this regard are found in the IAEA Regulations for the Safe Transport of 
Radioactive Material [3]. A radiation requirement is included also for low specific material, usually 
the conditioned waste from nuclear power plants. The IAEA regulations require that LSM have an 
unshielded radiation level below 10 mSv/h at a distance of 3 metres. As a result, some LILW might 
have to be transported with shielding to ensure compliance with the transport regulations. 
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Some countries have different approaches to categorising radioactive waste. For example, in the 
United States radioactive waste types are classified for land disposal (Classes A, B or C depending on 
the concentration of defined radionuclides and thus requiring different degrees of stability and length 
of the institutional control [4]), HLW and greater than Class C waste [5]. 

3.1.2  Low- and intermediate-level waste 

LILW is characterised by various chemical and radiochemical compositions, activities, 
physicochemical properties (e.g. phase) and other parameters. Raw (“as generated”) waste is usually 
treated directly at the facility with the aim of reducing its volume for storage at the facility and/or 
facilitating its further final conditioning for storage or disposal. Waste treatment technologies are well 
established and commercially available for each common waste flow stream; extensive operational 
experience has been accumulated. There are no technological limitations and constraints in their 
application. However, the development and implementation of advanced, more efficient technologies 
is still in progress, reflecting increased requirements for operational safety of nuclear facilities and the 
need to enhance the competitiveness of nuclear energy.  

Effective sorting and segregation of waste at the generation points, regulated discharge of cleared 
waste together with recycle/reuse of media and materials are among the most efficient tools prior to 
any waste processing.  

Treatment technologies 

Solid waste treatment technologies are predominantly aimed at reducing the waste volume and 
the size of bulk pieces, in order to simplify temporary storage and facilitate final processing for 
disposal. The most common solid waste treatment technologies are: 

� Decontamination followed by clearance of bulk material and processing of small volumes of 
decontamination media. 

� Shredding and cutting of bulk pieces to facilitate their embedding into inert matrix. 

� Compaction (low pressure) mostly to reduce temporary storage volume. 

� Incineration and super-compaction are treatment methods resulting in a product (ash, pellets 
from super-compactor) which has to be further encapsulated/embedded for final disposal. 
Both methods will be discussed further, in the section on LILW conditioning.  

Aqueous liquid waste treatment technologies aim either at reduction of bulk volume of liquid 
waste mostly through evaporation resulting in liquid concentrates with high salinity and higher activity, 
or at separation of radionuclides from raw liquid waste using various advanced filtration and sorption 
techniques resulting in the generation of substantially smaller volume of filtration materials and 
absorbents, belonging usually to intermediate level waste category [6]. 

The treatment of various kinds of raw waste flow streams results in the following main categories 
of treated waste: 

� dry solid waste (dispersed solids, pieces of various materials, small equipment and  
tools, etc.); 

� wet solid waste (spent filtration materials, ion exchange resins, etc.); 
� liquid waste (mostly aqueous concentrates, and, in smaller quantities, organic liquids – 

solvents, oil, etc.). 
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Conditioning technologies 

Treated waste must be further conditioned for final disposal. The purpose of the conditioning 
procedure is to provide for proper isolation of radioactive waste substances from the environment, 
inside waste packages. The package includes the processed waste either transformed into a more stable, 
solid form or incorporated in an inert matrix with or without chemical binding of the radionuclides, 
and a container providing additional isolation of the conditioned waste from the environment. 

A set of mature waste conditioning technologies is commercially available, and extensive 
operational experience has been accumulated. However, the development and implementation of 
advanced conditioning technologies is ongoing to respond to the growing demand for higher quality 
and longer term durability of the waste forms and for the reduction of conditioned waste volume 
leading to final disposal cost reduction [7]. 

Solid waste conditioning 

Technology for solid waste conditioning should be selected considering the particular waste 
properties and expected waste form. 

For dry solid waste (mostly textile material, paper, small tools and equipment, air filters, 
maintenance waste, metals, insulation, electric cables, as well as fuel cladding hulls from fuel 
reprocessing, etc.) the following technologies can be considered: 

� Compactable (including ash from incineration) – super-compaction [volume reduction factor 
(VR) 5-10, depending on the type of the waste] with following embedding of waste pellets in 
inert matrix or packaging in high integrity containers (HIC). 

� Combustible – incineration (VR up to 40) with follow up processing of ash either by super-
compaction or encapsulation in inert matrix (cement, polymers, etc.). 

� Non-compactable, non-combustible (e.g. metals, concrete, etc.) usually (after size 
optimisation) embedding into inert matrix – cement, polymers, etc. In some cases the cement 
mixture is prepared within liquid radioactive waste. 

� Various – processing in plasma torch (VR depends on the kind of the waste) – very advanced 
technology, still not commonly applied, resulting in glass- or ceramic-like waste form with 
excellent chemical durability. 

� Metals – recycling or reuse after proper decontamination or, for metal activated or which 
cannot be decontaminated, embedding in inert matrix or melted and poured in canisters. 

For wet solid waste (mostly spent ion exchangers, filtration materials, sludge, etc.) conditioning 
treatments include: 

� Packaging into high integrity containers after dewatering and/or drying (calcinations).  

� Encapsulation (usually after drying and/or calcinations) in inert matrix (cement, bitumen, 
polymers, etc.). 

� High temperature technologies e.g. steam reforming, or vitrification resulting in glass- or 
ceramic-like waste form with excellent chemical durability. These advanced methods still 
have a limited industrial application. 

� Incineration together with other combustible waste – used rarely for spent ion-exchange 
resins. 
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Liquid waste conditioning technologies 

Liquid waste types to be processed are predominantly aqueous (radioactive concentrates), 
sometimes containing crystallised salts and/or sludge generated mostly in storage tanks. 

Organic liquid waste (oil, solvents, etc.) is generated in substantially smaller volume and usually 
with low activity. Organic solvents and extractants from fuel reprocessing might cause some specific 
problems. However, given that they are mostly recycled and considering that the array of specific 
technologies applied for each batch of organic waste produce in the end small volumes, they are not 
further described in this document. 

Cementation and bituminisation are well matured and technologically proven methods for 
aqueous liquid waste conditioning. Modern high temperature technologies (vitrification, plasma torch, 
etc.) are now investigated and tested. 

� By cementation, the radioactive liquid waste (usually after further pre-concentration)  
is mixed in various technological apparatus (operated batch wise or continuously) with 
cement and special additives, aiming at binding the radioactive components, increasing the 
quality (lower leachability) of the resulting waste form or overcoming problems with some 
specific components of the waste. Depending on the chemical composition of the waste, 
radioactive constituents are either just encapsulated or, in more favourable conditions, 
chemically bonded into the cement matrix. Volume reduction factors depend on many 
parameters and range from 0.5 (i.e. the final volume is greater than the original waste 
volume) to around 2 [8]. 

� Bituminisation is a medium temperature technology (more than 100°C), based on 
encapsulation of crystallised waste components (radioactive constituents) into a bitumen 
matrix. In the most common technology, the liquid waste is injected into the heated bitumen 
stream in thin film rotor evaporator, where water is evaporated and a pseudo-homogenous 
mixture of crystalline salts with bitumen is prepared and poured into the containers  
(e.g. standard 200 litres steel drums). A less common technology involves mixing of 
evaporate with bitumen in extruder mixers. Volume reduction factors depend on the salinity 
of the waste and are typically expressed as content of salts in the final product (usually 40-
50%). The leaching properties of this waste form are generally better then those of cemented 
waste. The main constraints are the potential biodegradation of the bitumen component of 
the waste form (followed by increased leaching probability) and the risk of fire during 
elaboration connected with oxidants (e.g. nitrates) in the waste. Both can be overcome using 
over-pack (secondary containers), e.g., from reinforced concrete, where several drums with 
bituminised waste are placed in the repository and free space is filled with cement grout or 
another filling [9]. 

� Vitrification is industrially used for processing high-level waste from spent fuel reprocessing 
– sufficient knowledge and operational experience has been accumulated and can be simply 
transposed into LILW vitrification. Promising results have been already achieved in 
development and pilot plant tests of LILW vitrification, especially in its “cold crucible” 
variant.  
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3.1.3 High-level radioactive waste 

Origin and constitution of HLW 

Most of the HLW originates from the reprocessing of spent fuel. The details of the HLW stream, 
in terms of chemical and isotopic composition of fission products and TRU elements, result from the 
exact operating conditions along the fuel cycle including enrichment at the isotopic separation plant, 
burn-up level in the reactor, separation factors at the reprocessing plants. 

A wide range of nuclear fuel types are or have been in use, ranging from natural uranium metal, 
with burn-up of some few GWd/tU, to light water reactor fuel with burn-up of over 50 GWd/tU or fast 
neutron reactor fuels with burn-up of more than 100 GWd/tU. The fission product composition can  
be calculated for each type of fuel and operating conditions. However, differences in spectra are 
generally small and chemical processing can have a much more important effect on the composition of 
the HLW [10]. 

TRU elements such as neptunium, americium and curium are formed by neutron capture. The 
amount of these products is small when the fuel burn-up is low, particularly the amount of curium, but 
the yields become significant as the burn-up increases, for fuel irradiated in fast reactors or when Pu is 
used in PWR-MOX fuel. These elements are of particular concern for long-term waste management 
because their half-lives are very long. 

Other chemical compounds that exist or are added to the HLW prior to the conditioning process, 
such as vitrification, are for example soluble poisons (gadolinium), additives (sugar), alkaline 
solutions for neutralisation of acidity and metal fines from dissolution process. 

Vitrified waste form 

Several vitrification processes have been developed in France, Germany, India, Japan, the 
Russian Federation, the United Kingdom and the United States. The French and British reprocessing 
plants use a two step vitrification process, calcination and borosilicate glass melting. Other processes 
have used a single step, liquid fuel ceramic melter, or phosphate glass instead of borosilicate glass. 

The basic glass properties required for vitrified HLW are containment capacity, radiation 
resistance and vitreous state stability. The vitrification meets two fundamental criteria [11]: 

� Feasibility: the selected glass composition allows to “digest” all the elements that are to be 
confined, and the process masters the issues related to the glass pouring viscosity, crucible 
corrosion and possible volatilisation of some radioactive elements. 

� Containment: the glass matrix is stable with respect to chemical, thermal and irradiation 
effects, and keeps its containment integrity over very long times, typically hundreds of 
thousands of years in leaching conditions. 

The thermal stability of glass is sufficient to withstand the thermal power released by fission 
products during the first decades of storage. The vitrification and glass storage and disposal process 
implementation aims at avoiding de-vitrification and crystallisation of some parts of the glass, a 
condition which is not considered acceptable although it has not been explicitly demonstrated that it is 
detrimental [12]. This objective is met by storing spent fuel for cooling purposes before reprocessing, 
cooling reprocessed solutions prior to vitrification, limiting the weight fraction of fission product 
oxides in the glass, and cooling the suitably dimensioned containers into which glass is poured. In 
addition, vitrified waste is stored on surface for several decades prior to their disposal. Cooling by 
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natural or forced convection in the repository ensures that the glass is maintained at a temperature well 
below the de-vitrification zone. 

Irradiation stability must be taken into account also. The �-� activity of the fission products is not 
any more preponderant after 200-300 years; the long-lived actinides subsequently account for most of 
the energy release. They also generate helium, as an effect of �-decay, which can diminish the 
mechanical properties of the glass. These problems are addressed through testing long-term glass 
behaviour for specific specimens [13]. 

Two important phenomena could affect the glass containment integrity under these conditions, 
water corrosion and insufficient self �-irradiation resistance. 

Ceramic and metal waste forms 

Regarding waste generated in pyrochemical separation, two HLW types have to be considered. 

After electro-refining, remnant metallic materials are melted down. These remnant metals include 
scrap cladding hulls, metallic fission products, and fuel components like zirconium which are inert in 
the electro-refiner salt. The resulting alloy, nominally stainless steel-15 wt% zirconium, is a durable, 
corrosion-resistant ingot suitable for disposal. 

Waste types soluble in the salt baths include some transuranic elements, alkali, alkaline earths, 
and rare earths halides. They are immobilised in ceramic waste forms. 

Classical vitrification systems employ melters, heated through Joule effect. Cold crucible melters 
are a new advanced vitrification system that overcomes some limitations of the classical systems. The 
technology is based in inductively heated crucible, which can reach over 2 000°C. In addition to the 
much higher temperature, the process allows to reduce secondary waste types. 

The cold crucible melter is assembled from metal tubes, transparent to electromagnetic waves. 
The tubes are cooled with water creating a protective insulation layer of non melted glass, preventing 
the tubes from melting. 

Cold crucible melters that could be used in the future would reduce the size and maintenance 
requirements of industrial equipments. The high temperatures achieved allow radioactive waste to be 
incorporated in a broad range of glasses; not only borosilicate or phosphate glass can be sintered, but 
crystalline materials such as igneous rocks could also be used. This variety of vitrified waste forms 
that can be produced, would allow for developing better forms in terms of resistance to leaching. 

Cold crucible melters can be used also to produce ceramic matrices for the containment of 
specific long-lived radionuclides. Radioisotopes separated by advanced reprocessing could then be 
conditioned in tailor made matrices. Mineral species known in nature for their selective insertion 
capabilities with certain radionuclides and their stability over time are potential candidates to be 
sintered. Such are the cases of apatites, hollandites, perowskites or zirconolites known as Synroc. 

Up to 30 wt% Pu and MAs can be immobilised in this way. Once in the embedded form, retrieval 
of the nuclides from the matrix is very difficult. Their solubility in geologic fluids is a few orders of 
magnitude lower (10-6g/m2/d) than the one of conventionally vitrified waste. Since the leach rate and 
the solubility in ground waters determine the ultimate radiological risk, such a process would 
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significantly decrease the long-time risk of a repository as compared with conventional vitrification of 
HLW [14]. 

Other waste forms 

Advanced reprocessing technologies could separate “trouble-making” elements, such as long-
lived actinides or I and Tc – known as soluble and easily migrating – in well-know and chemically 
pure form. This offers a possibility to place them in specially adapted matrix having improved 
performance as compared to current methods. For example apatites are studied to accommodate iodine, 
caesium and actinides [15]. 

Before final disposal, the spent nuclear bundles will be encapsulated into the disposal canisters 
after having cooled in an interim storage for at least 20-30 years. At present, there is no encapsulation 
plant in operation. During the normal operation of an encapsulation plant radioactive waste is 
produced only when activated materials (crud) is released from the structures of the bundles. This may 
happen in a wet storage pool. Crud may come loose also in a so-called hot cell of an encapsulation 
plant, where the bundles are dried and placed in disposal canisters. However, most of the crud released 
in the hot cell is planned to be collected there and put into the disposal canisters. Some airborne 
radioactive particles will be collected with the filters of the air-conditioning system. About 2 m3 of 
HEPA filters may be produced yearly in the Finnish encapsulation plant [16]. 

Several concepts for the decommissioning and disposal of spallation targets have been developed. 
In the reference concept (based on MEGAPIE experimental facility), lead-bismuth together with the 
most activated structures will be encased in a shielded stainless steel canister designed for final 
disposal. The other parts are packed in a standard LLW container. 

Storage 

Spent fuel is stored in water pools or dry air cooling facilities or containers. Vitrified HLW from 
reprocessing is stored in dry facilities or containers. 

Normally, the spent fuel is discharged from a reactor into water pools which provide excellent 
heat transfer essential in the early phase of cooling. Generally these pools are integrated in the reactor 
building and spent fuel management in these pools is part of the plant operation. Water pool storage is 
also a rather common technology for the facilities located outside the reactor building. Water pool 
storage requires active process systems to ensure satisfactory performance and continuous attention to 
preserve water purity. However, new designs including passive cooling have recently been considered. 

The spent fuel assemblies could be moved to a naturally cooled dry storage after a few years of 
initial cooling in the water pool. The minimum required time of initial cooling in pools is mainly 
related to the burn-up and the irradiation history. Taking into consideration the 20 to 50 years or more 
required for storage, it is obvious that the naturally cooled dry storage facilities could be an attractive 
alternative to water pools. 

Several generic types of dry storage facilities are commercially available. They differ from each 
other in terms of construction materials, size, modularity, configuration, layout of the storage 
containers (horizontal, vertical, etc.) and methods of fuel handling. Dry storage in casks is being 
particularly recognised as a flexible option with the advantages of transportability in case of future 
need, and the option of leasing of casks from vendors. The dry storage facilities for spent fuel or HLW 
are similar, though, having different geometry. 
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The main additional challenge of the long-term storage facility of separated Cm compared to 
other HLW storages is the high decay heat. The separated Cm has to be diluted, because otherwise the 
cooling cannot be based on natural convection. The alternative choices are a target reprocessed for 
further transmutation or one that is directly disposed of. In the once-through case, an inert matrix is 
used. In case of reprocessing, a uranium matrix is envisaged to minimise the amount of secondary 
waste. 

3.1.4 Chemical toxicity of radioactive waste 

Radioactive waste can contain toxic non-radioactive components, such as heavy metals and 
organics that can be harmful for humans and the environment. Some radionuclides can be chemo-toxic 
as well. Therefore, safety assessments of radioactive waste repositories have to consider chemical 
toxicity consequences as well as radiological consequences [17]. 

LILW 

The amount of chemo-toxic waste strongly depends on recycling and reuse of materials and 
components. For Scheme 1a (UOX in LWR) and the schemes involving recycling of Pu as MOX the 
IAEA report [17] gives a good overview of the chemical toxic elements than have to be considered. 

Typical chemical-toxic substances occurring in ILW are metals (Cr, Cu, Ni, Pb, Bi, Cd, Hg, Be, 
Se, U, Pu), nitric and hydrofluoric acids and various organic components such as oils, solvents, 
extraction fluids and complexing agents. 

In case of disposal of LILW containing non-negligible amounts of toxic metals or organic 
components, a detailed analysis of the possible chemical toxic consequences of the disposed waste 
will be required. 

HLW 

In the case of geological disposal of high-level waste, the radiological consequences will 
generally dominate the chemical toxic consequences. Many toxic metals have low solubility in the 
reducing chemical conditions prevailing in a geological repository or are strongly sorbed on 
engineered and natural barriers. In principle HLW forms such as spent fuel or vitrified high-level 
waste, do not contain organic components.  

3.1.5  Management of depleted and separated uranium 

Most of the fuel cycle schemes considered do not consume all the natural uranium entering into 
the cycle leading to the accumulation of depleted uranium (DepU) from enrichment and separated 
uranium (SepU) from reprocessing. The choice of DepU and SepU management strategies depends on 
several factors, including government and business policy, possible uses, economic value of the 
materials, regulatory aspects, disposal options available, and international market developments in the 
nuclear fuel cycle [18], [19]. Some management options for depleted uranium are presented in  
Figure 3.1. 
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Figure 3.1. Diagram of some depleted UF6 management options 

 
 

The storage of depleted UF6 in metal cylinders is considered generally as an interim measure 
because its long-term storage may raise environmental risks if cylinder integrity defects lead to HF 
release. For long-term storage, the ideal solution is to convert the depleted UF6 into a stable, non-
corrosive and easily re-usable form such as uranium oxide [20]. 

SepU compounds derived from reprocessing plants usually contain radionuclide impurities 
(fission products and alpha-emitters such as americium, curium, neptunium and plutonium) which 
limit their reuse. Chemical impurities are also common e.g. phosphate and sodium. The main option is 
to reuse SepU in fuel fabrication. Radioactive impurities can lead to classify the compounds as 
intermediate-level radioactive waste. 

3.2  Waste generated by processes of the fuel cycle 

3.2.1 Front-end of the fuel cycle 

Mining and milling generate large volumes of waste with diverse characteristics. All require 
appropriate management though only a part is considered to be radioactive waste. For example, waste 
rock contains such a small amounts of uranium that it could be used for landscaping the site after the 
extraction of ore has been completed.  
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The management of waste associated with uranium production, the largest volume of which are 
mill tailings, is the major issue due to its physical volume, and radiological and chemical contaminants. 
Tailings are rarely inert and they contain residues of process chemicals and some degree of 
radioactivity [21]. 

The amount of waste per kilogram of extracted uranium varies largely between different 
production sites mainly because of large variations in uranium ore concentrations. Mining and milling 
waste are not included in the fuel cycle waste flow estimates of the present study because their type 
and management requirements differ drastically from those of radioactive waste generated in other 
parts of the fuel cycle. 

As with mining and milling, the primary risks associated with conversion are chemical and 
radiological. Strong acids and alkalis are used in the conversion process, which involves converting 
the yellowcake powder to very soluble forms, leading to possible inhalation of uranium. In addition, 
conversion produces extremely corrosive chemicals that could cause fire and potential explosion 
hazards. The conversion generates relatively small amounts of radioactive waste, such as air filters, 
clothes and cleaning liquids. 

The enrichment plants are characterised by low specific activity of the materials treated. This 
means that enrichment plants generate only low-level waste and also relatively small amounts. 
Currently two technologies are in use, gas diffusion and centrifugation, though, all the new plants are 
based on the latter. A modern centrifuge plant generates around 4x10-5 m3/SWU of LILW-SL [22]. 

3.2.2  Fuel fabrication plants 

The waste types generated in stand-alone fuel fabrication plants are describe below; for the fuel 
cycle schemes including pyrochemical separation, the fuel fabrication is assumed to be part of the 
reprocessing complex. 

UOX fabrication plant 

UOX fabrication plants are, like enrichment plants, characterised by low specific activity of the 
materials. Low enriched uranium (maximum 5% of 235U) is only slightly radioactive thus reducing the 
handling and processing requirements. However, the picture can be complicated if second or higher 
generation uranium from reprocessing operations (RepU) is recycled through the facility leading to 
increased activity from transuranic elements (Pu, Np and Am) and fission products (mainly 99Tc). For 
this study, the amount of LILW-SL generated by UOX fabrication plants is assumed to be the same as 
for MOX fabrication plants and the LILW-LL generation is assumed to be negligible. 

MOX fabrication plant 

The materials that arise from the operation of the LWR-MOX fuel manufacturing plants are 
characterised by the handling of radiotoxic plutonium in significant quantities and fission products at 
impurity levels. Mixed oxide fuel is normally handled within containment structures known as glove 
boxes. They come in several different types ranging from fibreglass to painted mild steel to stainless 
steel. Viewing is via Perspex or polycarbonate windows built into the glove boxes. The present trend 
is to use remote handling techniques. 
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Liquid radioactive waste originates mainly from the water and cooling circuits in the production 
area and from the water used for cleaning the production rooms. Plutonium-contaminated effluents are 
mainly produced by the plant analytical laboratories. These effluents can include variable amounts of 
plutonium – from less than 1 milligram up to several grams per litre. If the plutonium content is high, 
the liquid waste undergoes a plutonium recovery treatment. Otherwise it is classified as radioactive 
waste. 

Solid waste production consists of three main categories of nuclear waste (contaminated with 
plutonium, low and very-low contaminated). Nuclear waste products are sorted not only according to 
their level of activity, but also according to treatment requirements – incineration, compacting or 
embedding in cement. Typically around 0.6 m3/tHM of LILW-LL and 0.6 m3/tHM of LILW-SL waste 
material are produced. All materials leaving the glove boxes are considered to be contaminated waste. 
This waste includes tissues, tools and gloves [23]. 

For this study it is assumed that the amount of waste generated in the MOX fabrication plant does 
not change even when the other actinides are handled together with plutonium. However, in this case 
remote handling techniques have to be used in all the fabrication steps.  

OREOX 

The key process of the DUPIC fuel cycle as described in Appendix D, is oxidation and reduction 
of PWR spent oxide fuel (OREOX) to prepare powder for CANDU fuel fabrication. This is a dry 
process without any separation of fissile isotopes from the spent PWR fuel. 

The main waste stream coming from the DUPIC fuel fabrication process consists primarily of 
metallic components from spent PWR fuel, and the fission gases and semi-volatile fission products 
released from the bulk fuel material treatment. Noble gases such as Kr and Xe are compressed in 
50 litres cylinders for the long-term storage and decay. Tritium and Carbon are trapped on a molecular 
sieve and barium hydroxide, respectively, and these are then conditioned with cement in 200 litre 
drums. The discarded cladding hulls are also cemented. The radioiodine is trapped on a silver zeolite, 
and Cs and Ru are fixed on filters. Then the filtered Cs and Ru with the dirty scrap, coming from the 
re-fabrication process, are vitrified for disposal. Other miscellaneous waste types are also generated 
from the process.  

The estimate of waste generated assumes that the fuel process loss rates are 1% volatile products 
and that the release rates of semi-volatile nuclides are 100%. The spent DUPIC fuel discharged from a 
CANDU reactor is packaged into a corrosion resistant container with a capacity of 72 bundles 
equivalent to 1.270 tHM for disposal in a deep geological formation.  

ADS nitride fuel 

The “double strata” fuel cycle has two different feed processes for the accelerator driven system 
fuel fabrication, Figure 3.2. Actinides separated in the aqueous process as oxides are converted into 
nitrides for example using carbothermic reduction. In this study the nitrification process is assumed to 
produce a negligible amount of radioactive waste. The spent ADS fuel goes through pyrochemical 
treatment to separate actinides. The obtained actinides in metallic form go through liquid-metal 
nitrification process before they are sent to fuel fabrication. 
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Figure 3.2. Fabrication process of actinide nitride fuel [24] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FR carbide fuel 

One possible fabrication method of carbide fuel is the carbothermic reduction of oxides with 
subsequent crushing and grinding of the reaction product before pressing and sintering, Figure 3.3. 

The amount and type of waste arising in that case is assumed to be similar to the ones generated 
by fast reactor MOX fabrication. 
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Figure 3.3. Examples of carbide fuel fabrication processes [25] 

 

Target fabrication 

The minor actinide target fabrication is envisaged in a distinct chain with reinforced shielding; 
target pins would be fabricated from a support material inert to neutrons. This prevents from polluting 
all MOX fabrication plants with Am and especially Cm, strong emitter of neutrons and alphas. Targets 
loaded in special assemblies contain a neutron moderating material (11B4C or CaH2), to improve the 
efficiency of actinide fission. The targets are “incinerated” in a single irradiation campaign long 
enough to fission 90% of the initial actinide atoms and rejected to waste without further reprocessing. 
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The amount and type of waste arising is assumed to be similar to the ones generated by fast 
reactor MOX fabrication. 

3.2.3 Power plants 

The nature and amounts of waste produced in a nuclear reactor depend on the type of reactor, its 
specific design features, its operating conditions and on the fuel integrity. The radioactive waste 
contains activated structural, moderator and coolant materials, corrosion products, and fission product 
contamination arising from the fuel. 

Corrosion products, which originate within the reactor core or out of the reactor and are carried 
through the reactor core by the primary coolant or moderator, are activated. These activated species 
(nuclides) are typically short lived with half-lives of less than 30 years (exceptions include 63Ni and 
14C). Both fission products and activation (corrosion) products are distributed throughout the primary 
coolant system and/or moderator system, thereby becoming the primary contributors to liquid 
processing waste and decontamination and maintenance waste.  

A large part of the soluble radioactivity appears in the primary coolant of water-cooled reactors 
and in the fuel storage pond. Additional liquid waste appears during decontamination of equipment, 
repairs and maintenance of contaminated reactor circuits or materials. Liquid waste from 
decontamination gives rise to high conductivity waste containing detergents with very low activity. 
Drains from reactor, turbine and fuel pond systems give rise to low conductivity waste (BWR). Blow 
down from the primary coolant and from the sampling system give rise to hydrogenated waste 
whereas leakage from purification systems, demineralisation drains, etc., give rise to aerated waste 
(PWR). Reactor building drains and leakages from systems handling heavy water give rise to tritium-
bearing waste (HWR-CANDU); in that case the specific activity of the waste depends on the extent of 
heavy water leakages. 

Table 3.3 identifies the most common types of waste arising from the three root waste streams, 
along with their as-generated physical/chemical form and relative level of radioactivity. Figure 3.4 
illustrates the waste flow streams as they move from cradle to grave (generation to disposal). 

Table 3.3. NPP operational waste arising and their indirect sources 

Waste stream Types of waste arising Physical form 
as generated Waste class 

Gaseous Filters, charcoal absorbers Dry solid LILW-SL 

Liquid organic Oils, solvents Liquid LILW-SL 

Liquid aqueous 
Evaporator concentrates, ion-exchange resin, sludge 
and slurries, filters and filter media 

Wet solid 
LILW-SL to 
LILW-LL 

Solid Core components Dry solid 
LILW-SL to 
LILW-LL 

Solid 
Spent fuel racks, combustible, compactable non 
combustible, metals, wood, concrete, rubble, soil, grit 
blast media, absorbents 

Dry solid 
LILW-SL to 
LILW-LL 
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Figure 3.4. NPP operational waste flow streams 
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Another origin of radioactive waste from nuclear power plants is the use of liquid metal as 

coolant fast breeder reactor in LMFR or ADS. In this study sodium is the coolant in the primary and 
secondary circuits of LMFR and lead-bismuth eutectic (LBE) in the primary circuit of ADS. Besides 
the risk associated with the manipulation of radioactive material, nuclear sodium waste generates 
specific risks due to the chemical properties of the alkali metals. Reactions with water are very strong 
and exothermic, produce hydrogen explosive at low concentrations. The principal activity in sodium is 
determined by 24Na (~34x1010 Bq/kg) with a half life of 15 h, and very energetic gamma emissions. 

During operation, waste types are generated in cleaning components with residual sodium 
removed from sodium circuits. In addition there is a need to control the sodium regarding dissolved 
oxygen and hydrogen using cold traps. The principle used in cold traps to extract tritiated hydrogen 
from sodium is the crystallisation in the form of sodium hydride. There are also requirements to 
maintain the concentration of some radioisotopes at reasonable levels for radiation shielding. 
Corrosion products formed in, or entering, the primary sodium, constitute another source of activity 
with undesirable aspects during maintenance. They consist of isotopes of chromium, manganese, iron 
and cobalt mainly that can be caught using specific traps, the same as for fission products e.g. caesium. 
Liquid effluents are later on processed in the liquid radioactive waste system in a very similar way as 
in LWR. Any intervention for maintenance, repair or modification of a circuit or a component wetted 
with sodium metal will generate sodium contaminated gloves, tissues, tools metallic parts, etc. In the 
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course of such interventions it is sometimes necessary to remove limited quantities of residual sodium 
which have to be processed as waste. 

The molten lead or bismuth coolant is activated in a fast neutron flux. The natural isotope of 
bismuth is 209Bi (abundance ~100%) which by neutron capture results in the formation of 210Po 
(T1/2=139d) and to a lesser extent 210mBi (T1/2=3.6x106y) or 208Bi (T1/2=3.6 x105y). A small amount of 
209Po is formed from 210Po. 210Po having 138 days half-�������	�
���
���� -decay, and 209Po decays in a 
similar way with a half-life of 120 years. Polonium is volatile at coolant operating temperatures, some 
amount of it migrating to the cover gas, where it forms aerosols. Leaks of cover gas or coolant may 
cause contamination problems and maintenance of components requires special measures to protect 
personnel, but not large amounts of contaminated materials will result. The generation of waste in 
those reactors, can be considered similar to the Na cooled reactors [26]. 

Helium coolant is not activated in a neutron flux. Since the GFR concept is in very early phase, it 
is assumed to generate similar amount and type of operation waste as LMFR.  

The spallation target of ADS generally contains lead-bismuth as a target material. The target is 
operating under very hard irradiation conditions. In this study it is assumed that the target is changed 
once a year. This assumption will be verified by the upcoming operation of the MEGAPIE lead-
bismuth target. The operation is scheduled to start in 2006 at PSI, Switzerland.  

3.2.4  Reprocessing plants 

When the spent fuel is reprocessed volatile fission products, especially rare (noble) gases, and 
partially tritium (3H), carbon-14 (14C) and iodine, are liberated from the fuel and collected for further 
treatment. The radiological impact of rare gases is small, thus they are released without any particular 
treatment. Gaseous and liquid tritium is captured in water. 14C is absorbed with sodium solution. 
Current practise is to dilute 14C together with tritium and release them into sea water. Also both 14C 
and 3H have very small radiological impact in environment. 

Iodine is highly mobile, and in contrary to rare gases, is chemically reactive and radiotoxic due to 
its specificity for the thyroid. During aqueous reprocessing, iodine can be removed from the dissolver 
solution with a yield of 95-98%. To improve the separation yield, more complex chemical treatments 
are necessary. Better separation yields may also be achieved with high-temperature pyrochemical 
processes. Special methods for conditioning iodine in the form of AgI, PbIO4, etc. have been 
developed but, because of its extremely long half-life, the eventual migration to the environment 
cannot be excluded. Presently iodine is diluted in the sea [27]. The radiological impact of this 
procedure is totally negligible, because the released very long-lived 129I is diluted in natural iodine 
isotopes. The existence of a maximal dose that a thyroid organ can accept, when combined with the 
considerable isotopic dilution factor and the absence of any concentration factor that would be isotope 
selective, ensures that the dose delivered by 129I can be completely negligible in all cases. The short-
lived radioactive isotope of iodine, 131I has a half-life of 8 days and therefore is totally absent from 
waste. 

PUREX and advanced PUREX 

During reprocessing, the irradiated nuclear fuels are dissolved in nitric acid solution. In the plants 
in operation today, plutonium and uranium are extracted using an organic molecule – tri-butyl-
phosphate (TBP). The remaining solution is vitrified as a high-level waste, containing the dissolved 
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fission products and some impurities, primarily from cladding materials and inactive process 
chemicals, traces of separated Pu and U, and other transuranic elements. 

Recent studies have shown that the conventional PUREX process can be adapted to extract the 
neptunium with a high yield, together with the uranium and plutonium. It is then called UREX. It can 
be assumed that the separation of neptunium does not change the amount of waste generated if Np is 
recycled together with Pu and U. The separation of americium and curium, however, is much more 
challenging and demands additional extraction molecules (new extractant). For this study it is assumed 
that each stage produces a similar amount of secondary waste, but with different chemical contents.  

���� �
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��������� ��� ���� -radiation. In 
order to keep the damage at an acceptable level the residence time is limited. The higher is the burn-up, 
the shorter the residence time.  

UREX+ 

The UREX+ process consists of consecutive solvent extraction processes that separate spent fuel 
into several fractions, such as a uranium product, a technetium product, a caesium-strontium product, a 
plutonium-neptunium product, an americium-curium product. This process offers a possibility to 
recycle actinides and to manage separately Cs and Sr as main heat producers. 

Being an aqueous process, it is assumed in this study that UREX+ process produces similar 
secondary waste as advanced PUREX.  

Pyrochemical processing 

In contrast to conventional aqueous processing, pyroprocessing does not involve dissolving spent 
fuel in an acid solution. Typical steps of pyroprocessing (flow diagrams presented in Appendix E) are 
the following. First the structural materials of fuel assemblies, such as cladding, are removed and the 
fuel is cut or crunched into small pieces. Then the fuel segments are placed in a metal basket and 
inserted into the electro-refining cell containing an electrolyte salt, for example eutectic LiCl-KCl 
mixture. The cell is normally operated at a high temperature, for example 700-800K. Most of the spent 
fuel constituents, including uranium, TRUs and fission products, dissolve into the salt. The uranium is 
electro-transported to a solid cathode where it deposits in purified form. Plutonium, minor actinides 
and reactive fission products accumulate in the salt. After uranium recovery the solid cathode is 
replaced by a liquid cadmium cathode. Plutonium and other minor actinides, the rest of uranium 
together with small amounts of lanthanide fission products are collected in this liquid cathode. Non 
reactive fission products generally accumulate as metallic solids in the anode basket (anode sludge). 
As fission products accumulate, the heat load due to their radioactive decay increases until the heat 
generating elements are removed. The salt is treated to separate the actinides while nearly all of the 
rare earths are left in the salt. 

The cathode deposits from the electro-refining cell are heated to vaporise any contaminating salt, 
and to form an ingot of heavy metal. Pu and MAs are extracted from the cadmium using reductive 
techniques. The separated material may go through for example oxidation or nitrification depending 
on the fuel type before it is transported to the fuel fabrication unit. 

The salt goes through specific treatments to recover the remaining TRU elements and to remove a 
sufficient quantity of fission products so that it can be recycled. The designs of the dry reprocessing 
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plants are sketches and the uncertainty of the amount of salt going to waste is large. It is planned to co-
locate the fuel fabrication and separation plants on the same site because often an inert atmosphere 
(without H2O or O2) is necessary for handling MA (TRU) compounds such as nitrides or chlorides.  

Another solution is to use fluorine components instead of chlorine. In this study the carbide fuel 
is assumed to be reprocessed using fluorine based technology. The waste products are similar to the 
ones described above, except that the ceramic waste product contains fluoride salts instead of 
chlorides.  

A pyrochemical process generates specific waste forms: off-gas trapping solutions, un-trapped 
gases, contaminated salts and metals used for extraction. The management of these waste forms will 
require substantial development work, suitable treatment and stable conditioning processes need to be 
identified [28]. Decontamination processes may include electrostatic filtration for gases, melting for 
metals or metal-salt exchange for salts. The waste conditioning techniques include: 

� defining a suitable containment material for the process secondary waste; 
� characterising the material by determining its structural properties, thermal stability, and 

physicochemical characteristics; and 
� investigating its long-term behaviour (leaching resistance, etc.) under various interim storage 

or disposal conditions. 

The losses of U, TRU and FP go with the spent salt to waste conditioning.  

The amount of salt and metal reagents going to waste depends on how well the processes are 
designed and operated, because these inorganic reagents are not damaged by the radiation contrary to 
organic extracting agents. Because no industrial scale experience exists the amounts can be estimated 
only on basis of laboratory-scale studies. 

Fuel hulls and end pieces and fuel cladding contaminated with the activation and fission products 
constitute waste streams that are conditioned with solidification materials. Another solution is to cast 
them with the metallic primary waste.  

From the industrial experience of the PUREX process, it is known that there is no or nearly 
negligible generation of technological waste by hydrometallurgical processes during the plant life. In 
the case of pyrochemical processes, no industrial experience exists to estimate the volume of 
technological waste but high temperature and corrosive reagents are likely to produce some. Without 
industrial experience it is difficult to estimate the volume of this waste, presumably mainly HLW. 

Table 3.4 shows the waste generation parameter values used to calculate the waste flows per 
TWh generated by the reprocessing plants as shown in Table 3.5. 

Table 3.4. Amount of conditioned waste generated by the reprocessing plants (m3/tHM) 

Reprocessing technology 
Generated waste 

Aqueous Pyrochemical, nitride Pyrochemical, metal Pyrochemical, carbide 

LILW-SL 1.21 0 0 0 

LILW-LL 0.8 2.69 2.25* 2.9 

HLW 0.128 0.15 
0.54/0.18/0.72 

(ceramic/metal/total) 
0.2/0.01/0.21 

(ceramic/metal/total) 
* Cladding metal included in HLW. 
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The basic assumptions are the following: 

� In the pyrochemical-metal fuel process, the stainless steel claddings and end-pieces are 
assumed to be mixed with noble metal waste stream. In pyrochemical-nitride fuel process, 
the claddings and end-pieces are assumed to be conditioned separately. The conditioning 
method of the carbide fuel cladding is not defined and not included in the waste flows. The 
amount is estimated to be 228 kg of SiC/tHM (0.076 m3/tHM). The density of SiC is 
assumed to be around 3 000 kg/m3. 

� The metallic fission products are conditioned with stainless steel. The alloy is directly cast 
into a disposal canister. The waste loadings of pyronitride, pyrometal and pyrocarbide are 
assumed to be 20 wt%, and 1 wt% and 26 wt%, respectively. These values are based on the 
estimates presented in different projects, and they do not represent real differences between 
separation technologies. In all the cases noble metal waste is considered to be HLW. 
However, the heat production of the metallic waste form is low and it might be classified as 
LILW-LL. 

� The most important factor explaining the differences between the volumes of waste from the 
different pyrochemical processes shown in Table 3.4 is the waste loading factor of ceramic 
waste product. The following values are used: pyro-nitride 25 wt%, pyro-metal around 10%, 
pyro-carbide 15%.  

Table 3.5. Waste flows generated by the reprocessing plants 

Amount of conditioned  
radioactive waste (m3/TWh) 

Fuel 
cycle 

scheme 
Technology/fuel 

HM 
mass flow  

(kg/TWh) LILW-SL LILW-LL HLW 

1b PUREX/PWR-UOX  1 825 2.21 1.460 0.234 
1c UREX/PWR-UOX  1 835 2.22 1.470 0.235 
1d OREOX/UOX  1 943 4.30 0.410 0.250 
2a PUREX/(UOX + MOX-EU) 1 475+575 2.91 1.920 0.262 

2b 
Adv. PUREX/(UOX + 
MOX-EU1 + MOX-EU2) 

1 101+238+711 2.48 1.640 0.262 

2c 
Adv. PUREX/(UOX + FR-
MOX) 

905+390 1.57 1.030 0.166 

2cV 
Adv. PUREX/(UOX + FR-
MOX) 

905+390 1.57 1.030 0.166 

UREX/UOX 1 513 1.83 1.210 0.194 
Pyro FR-metal  289 0 0.650 0.208 3a 
Total  1.83 1.860 0.402 
PUREX/(UOX+MOX+FR-
MOX) 

1 579+235+106 2.62 1.730 0.246 

Pyro/ADS-MA 46 0 0.124 0.007 
3b 

Total  2.62 1.850 0.253 
PUREX/(UOX+MOX) 1 785+225 2.43 1.608 0.257 
Pyro/ADS-TRU 117 0 0.315 0.018 3bV 
Total  2.43 1.923 0.275 

3cV1 Pyro/FR-carbide 849 0 2.462 0.178 
3cV2 Adv. PUREX/FR-MOX 890 1.08 0.710 0.114 
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There are large uncertainties on the data regarding waste flows generated in the reprocessing 
plants, due to the fact that the amount of secondary waste produced depends not only on the 
technology used, but also on the composition of the spent fuel treated and on the level of optimisation 
of the processes. 

The process optimisation, as a result of learning and development work, can bring an important 
reduction, for example by factor of 2-3 in currently operating plants, on the amount of secondary 
waste produced. The difference between the amount of secondary waste produced by the COGEMA 
plant in La Hague and the BNFL plant in Sellafield using the same technology illustrates clearly the 
dependence of the waste production on the type of fuel treated. 

The uncertainty is very large on the secondary waste flows of new technologies which exist only 
at laboratory scale or in conceptual phase. The values presented in this study for these technologies are 
based on expert estimates and represent target values. A basic principle in assessing target values is 
that any new technology should not produce significantly more waste than the current one. 

3.3  Decommissioning waste 

Decommissioning of nuclear fuel cycle plants and other nuclear installations (as particle 
accelerators) will give rise to large volumes of concrete, steel, other metals and used components. 
Some of these materials and equipment can be recycled or reused safely but others enter in the 
category of low or intermediate radioactive level waste types. 

The amount and characteristics (specific activity, isotopic composition, etc.) of the waste strongly 
depend on the process each plant carries out. Of course, big differences could be observed in the 
decommissioning waste from plants devoted to a single fuel cycle step due to different design, 
processes and plant ageing. Thus, a reference plant has been considered in each case. 

3.3.1 Power plants 

Decommissioning of nuclear power plants generates significant quantities of LILW, which will 
have been contaminated or activated during plant operation, including: 

� Activated equipment and materials such as reactor internals, reactor vessel and concrete 
shielding surrounding the reactor vessel; and 

� Corrosion products such as deposits (crud) formed from corrosion and release in circulating 
coolant of material from primary system materials (eventually also fission products from 
damaged fuel), followed by subsequent deposition and activation on core surfaces; later, 
activated material is then re-released into the coolant and deposits on the various reactor 
coolant system surfaces, where subsequent release/deposition cycles continue to occur. The 
activated corrosion products can be a major contributor to the radiological impact of 
dismantling materials. 

Pressurised water reactors 

A 1 220 MWe PWR with 40 years operational lifetime has been chosen as the reference plant. 
The main materials arising from the decommissioning of a PWR are steel and concrete. About 
104 tonnes of steel and 105 tonnes of concrete are generated by the decommissioning of a 1 000 MWe 
PWR. Approximately 95% of the large mass of concrete has only very low levels of radioactivity 
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(scope for exemption). In contrast, only a half of the steel would be acceptable for recycle. Around 
10 000 m3 of LILW-SL and 250 m3 of LILW-LL are generated by the dismantling of a PWR. 60Co is 
the main contributor to external irradiation in particular if dismantling begins shortly after the closure 
of the plant. 

CANDU 

The total amount of radioactive waste generated when a CANDU power plant is dismantled is 
around 5 000 m3. The type and portions of waste are assumed to be similar to decommissioning waste 
of PWR described above. The amount of CANDU decommissioning waste relative to amount of 
electricity produced is similar to the PWR case. 

Liquid metal cooled fast reactor  

The main requirement in decommissioning a LMFR is to treat the liquid metal coolant as a 
chemical waste. Without further treatment it (cannot be considered as a stable nuclear waste due to its 
chemical properties: strong reaction with water and potential ignition with air when liquid. Thus in the 
decommissioning phases it will be necessary to transform the coolant into a stable chemical product. 

The presence of sodium or NaK should be taken into account at every step of decommissioning 
operation. For example fuel assemblies and all the components which have been in contact with 
coolant have to be carefully cleaned before they are either dismantled or transported. If the primary 
and the secondary coolants cannot be re-used, they should be treated chemically in order to transform 
these large amounts of metallic radioactive products (several to several hundreds of tonnes) into stable 
products. The primary vessel drained from the primary coolant and the secondary circuit drained from 
the secondary coolant will contain some residual amount of liquid metal adhering to the surface or 
retained inside the structures.  

These cleaning operations produce secondary waste comprised of sodium and highly activated or 
contaminated products such as cold or caesium traps. These waste types cannot be packaged directly, 
but a special treatment is needed to stabilise the sodium. 

The sodium coolant can be stabilised for example by transforming the metal into sodium sulphate 
or sodium hydroxide (NOAH process). Some non-nuclear industries release large amounts of sodium 
sulphate into rivers or seas. Considering the low activity of the primary sodium and the absence of 
fission products it could be possible to release the coolant into rivers or seas without reaching the dose 
limits. However, this method may raise public concerns. The coolant of SuperPhénix reactor is being 
disposed of by another method, solidification of the sodium hydroxide with cement in form of 
concrete blocks for storage as very low-level waste [29]. 

Gas cooled fast reactor  

Because the lack of experience on GFR decommissioning, it has been assumed that this reactor 
type has decommissioning waste similar to LWR decommissioning waste although the reactor might 
be larger due to lower heat transport capacity of gas compared to water. 
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Accelerator-driven system  

The decommissioning waste of ADS is assumed to be similar to the decommissioning waste of a 
lead-bismuth cooled fast reactor plus the accelerator shielding. The proton beam window and the 
spallation targets are taken into account as waste from normal operation. 

Long-term residual radioactivity of typical LBE coolant at the end of the operating life causes 
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determined by 210mBi (T1/2=3.6x106 ��� ������ -activity is controlled by 208Bi (T1/2=3.6 x105 y). 
Purification of LBE coolant from the long-lived radionuclides of bismuth and polonium would be 
expensive, if even possible, limiting re-use of the coolant. Because of the residual activity and the 
chemical toxicity of the LBE, it should be isolated from the biosphere for a long period of time [26]. 

3.3.2 Enrichment plants 

Enrichment plants are characterised by low specific activities. Low enriched uranium (maximum 
5% of 235U) is only slightly radioactive thus reducing the handling and processing requirements. This 
holds true during dismantling as well. LILW-SL are generated by the decommissioning of enrichment 
plants. However, the waste products and characterisation will differ if uranium from reprocessing 
operations (RepU) is recycled through the facility leading to increased activity from transuranic 
elements (Np) and fission products (mainly 99Tc). 

The reference plant is the BNFL diffusion plant at Capenhurst having a capacity of 
325 000 SWU/year. In 1982 the plant ceased operation and BNFL immediately began development 
work on its dismantling and decommissioning. Decontamination processes and techniques made it 
possible to recycle for unrestricted use 99% of the 160 000 tonnes of material contained in the plant. 
Without these decontamination processes, much of this material would have been sent for disposal as 
LLW. The recycling of aluminium, brass, copper and steel recovered from the project provided both a 
cost effective and environmentally responsible solution. The physical components of the waste from 
the decommissioning are metals (46%), building materials (24%), asbestos (4%), aluminium dross 
(8%) and other miscellaneous material (17%) amounting roughly to 4 800 m3. 

3.3.3 Fuel fabrication plants 

Uranium oxide fuel plants 

The average production of a UOX fuel fabrication reference plant over its 40 years operational 
life is assumed to be about 1 000 tonnes of uranium oxide per year a quantity of fuel that will produce 
some 490 TWh of electricity.  

It is assumed that there is no HLW or TRU waste present in the reference plant. The theoretical 
total compacted radioactive waste volume from the decommissioning of this plant amounts to 
36 900 m3, but only about 3% (1 100 m3) is shipped to a LLW disposal facility. The remainder 
(35 800 m3) is either decontaminated and disposed of in non-radioactive waste dumps or is processed 
to recover residual uranium. Most of the material not sent to a radioactive waste disposal facility 
consists of CaF2 solids from the fluoride waste lagoons (29 600 m3, weighting about 38 000 tonnes). 
The rest of the waste (about 6 200 m3) is decontaminated and sent to the local non-radioactive waste 
dump or is sold for scrap [30]. 
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Mixed oxide fuel plants 

The materials generated from the decommissioning of MOX fuel manufacturing plants are 
characterised by the presence of radiotoxic plutonium in significant quantities and of fission products 
at impurity levels. Apart from the primary materials arising from dismantling, Perspex, fibreglass, 
mild steel and stainless steel a considerable amount of secondary waste is generated in the form of 
protective clothing, including PVC suits and overalls, shoes, rubber gloves, PVC bags containing the 
waste, and cutting and handling tools. 

In addition waste arises from the contaminated filters used to capture airborne activity and liquid 
effluent from showers and laundry plant used to decontaminate the suits and equipment. Most, if not 
all of this waste is contaminated with alpha activity which generally classifies the waste as 
intermediate level. Smaller volumes of lower level waste are generated from dismantling external 
structures around the glove boxes themselves before they are cut up and the primary containment 
broken. These materials include instrumentation, wiring, metal piping and structural steelwork. Some 
of this waste can be categorised as free release and sent as scrap for reuse. 

Data on dismantling MOX fuel plants are limited. Average operation data have been provided by 
Belgonucléaire based on the statistics of the last 10 years. During that period some 20 glove boxes of 
3 m3 free volume each were dismantled and average quantities of waste generated each year give an 
estimate of future decommissioning waste for a MOX plant producing 40 tonnes of MOX fuel by year. 

OREOX 

The amount of the decommissioning waste coming from an OREOX plant is estimated to be very 
similar to that from a MOX fuel fabrication plant without any process for blending and co-
precipitating uranium and plutonium solutions, and with the additional processes for the mechanical 
and thermal de-cladding, and for re-sinterable powder preparation. Based on the small scale MOX fuel 
fabrication facility [31] and on the additional processes, and assuming that the portion of ILW be 
62.7% of the decommissioning waste [32], the amount of waste is estimated to be about 
0.61 m3/TWhe of LILW-LL and 0.36 m3/TWhe of LILW-SL. 

3.3.4 Reprocessing plants 

Data on dismantling fuel-reprocessing facilities is limited. Such facilities are generally 
contaminated by the beta and gamma emitting nuclides having relatively short half-life, except certain 
areas of the plant where alpha contamination is dominant. Hence facilities can be generally put into a 
state of care and maintenance while awaiting the benefits of radioactive decay. In addition, such plants 
are extremely complex and commercial facilities are very large. 

Fuel reprocessing plants are characterised by contamination from alpha, beta, gamma and neutron 
emitters resulting from the treatment of irradiated nuclear fuel. In essence, a reprocessing plant is 
similar in nature and design to a chemical plant. Additional features are designed to take account of 
the radioactivity present, including: additional shielding of vessels and cells, safe geometry design to 
prevent criticality, remote handling techniques and high levels of automation. 

Table 3.6 provides data obtained from [33] for the decommissioning of the Sellafield (United 
Kingdom) commercial reprocessing plant. 
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Table 3.6. Estimated amount of waste generated by  
decommissioning Sellafield (United Kingdom) commercial reprocessing plant 

Waste class Material1 Volume2 (m3) 

Metals 96 361 
Concrete 116 155 
Soil 475 000 

LLW 

Foundations 33 000 
Metals 16 307 
Concrete 13 460 
Soil 1 600 

ILW 

Foundations 1 800 
1. Metals: mainly carbon steel and stainless steel, although some other materials as plastics, wood are also included; 

Concrete includes carbon steel rebar.  

2. Volume that waste would occupy in storage, whether in vaults, drums, etc., before conditioning for long-term safe 
management.  

3.4  Comparison between fuel cycles  

The data on waste flows generated in the various steps of the fuel cycles are based on the real 
data from the reference plants. For the new and advanced technologies when no experience or other 
real data is available, values for similar current technologies are used. These values should be 
validated eventually when more information will be available. It should be noted also that the 
technologies were not selected to optimise waste generation.  

The lack of data on the amount of LILW-SL implies that similar assumptions are made for the 
waste streams of many schemes. This is reflected in the small variability of waste volumes presented 
in Figure 3.5. However, the data indicate also that the power plant operation waste dominates this 
category. 

Figure 3.5. Total amount of short-lived low- and intermediate-waste types  
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The amount of LILW-LL generated in the fuel cycle depends on the spent fuel reprocessing 
technology and each additional separation step adds up its own waste. The data presented in Figure 3.6 
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are indicative only because the volume depends on the conditioning technology and the values 
presented here are based on preliminary estimates.  

Figure 3.6. Total amount of long-lived low- and intermediate-waste types 
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The volume of the HLW is largely defined by the waste loading factor at conditioning. In many 
cases the limiting factor is the amount of fission products. Thus, the amount of actinides in the waste 
has only a minor effect on the HLW volume (see Figure 3.7).  

The volume of HLW of once-through cycle corresponds to the volume of the fuel element. Thus, 
the density of the waste is much lower than for conditioned HLW from reprocessing. The differences 
between schemes within Family 3 are a result of differences in waste loading factors. 

The volume of conditioned waste decreases from 20-25 m3 for LILW-SL to 1.5-3 m3 for LILW-
LL and 0.12-0.4 m3 for HLW. 

Figure 3.7. Total amount of conditioned high-level waste 
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The amount of decommissioning waste, Figures 3.8 and 3.9, depends slightly on the number of 
processing steps, though reactors are the largest contributor in all schemes. In this study, 
decommissioning is not expected to generate any HLW, but depending on the national regulation 
some most activated parts such as reactor internals might be classified as high-level waste. 

 
Figure 3.8. Amount of decommissioning LILW-SL (uranium mining excluded)  
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Figure 3.9. Amount of decommissioning LILW-LL (uranium mining excluded) 
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3.5 Conclusions 

The conditioning technology is one of the important factors defining the volume of the HLW 
generated by the reprocessing plants. Current conditioning methods are not optimised for the 
composition of the waste streams produced by the advanced separation technologies, especially 
pyrochemical technologies  

In many cases the amount of certain fission products is the limiting factor o conditioned waste 
loading. This decreases the differences between the volume of conditioned HLW produced by 
different separation technologies and the different fuel cycle schemes. 
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During normal operation, the majority of the LILW-LL is generated by the reprocessing activities. 
The differences between fuel cycles are relatively small but the uncertainties are very large because no 
real or experimental data on secondary waste flows exist. Additionally, secondary waste flows 
depends not only on the technology used but also largely on how the plant is operated. When the fuel 
cycle facilities are decommissioned, reactor plants are also large contributor of LILW-LL. 

The volume of LILW-SL generated by the fuel cycles is dominated by the power plants. 
Uncertainties are also large in this case, as for the LILW-LL case. 
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4.  FISSION PRODUCT MANAGEMENT OPTIONS  

Fission products are the major constituents of high-level waste in the case of a closed fuel cycle, 
especially from a quantitative view point, since all actinides including minor actinides are recycled, 
leaving a very small amount of residual actinides in high-level waste. For example, in the case of 
Scheme 3c the amount of fission products is more than 100 times larger than the total amount of 
actinides in high-level waste (see Table 2.3). Consequently, fission product management could play an 
important role in reducing the vitrified high-level waste in the case of closed fuel cycles. The 
reduction of the vitrified high-level waste will be a key issue, even in closed fuel cycles, for a 
continued sustainable use of nuclear energy. Fission product management, although still at an early 
development stage, is one of the candidate options for sustainable use of nuclear energy.  

4.1 Fission product separation 

The separation of fission products is at the stage of fundamental research, and widely recognised 
proven technology options have not been identified yet in this field. Information on this topic is very 
scarce and therefore the following section is limited to a qualitative approach. 

The main fission products considered candidates for separation are strontium and caesium which 
are heat-generating solid FPs affecting the volume or cooling time of vitrified waste to be disposed, 
and iodine and technetium which are long lived and are highly mobile in certain geological 
environments. 

An example of a separation process flow within an aqueous reprocessing system is described 
below [1,2]. Spent fuel is dissolved in nitric acid. Gaseous iodine released from the solution as off-gas 
is converted into copper iodine (CuI) that is recovered after being trapped on an adsorbent such as 
AgX. Uranium and TRU contained in a clarified dissolver solution are then separated at the extraction 
step. Much of the Tc is removed at the dissolution and extraction steps and converted into oxide. The 
highly-active aqueous raffinate containing MA (americium, curium), some Tc, Sr, Cs and other FPs 
arising from the extraction step is treated to recover MA. Strontium and Cs are co-separated or 
separated by the chlorinated cobalt dicarbolide (CCD) method [3], and are then sent to the interim 
storage or the subsequent step, i.e., vitrification followed by interim storage.  

4.2  Fission product target fabrication 

The transmutation of some long lived fission products is a relevant means to reduce the 
radiological impact of disposal in underground repositories because they have a very high mobility in 
certain geological environments, but it is less effective in reducing the radiotoxicity and mass of 
vitrified waste. 

Fission product targets have been fabricated only for the experimental irradiations [4,5]. The 
metallic powder of Tc was melted several times into small buttons by arc melting to improve the 
purity of the material by evaporation of impurities. Metal rods of Tc were prepared by casting the 
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metal in a cold copper mold using an arc melting system, followed by cutting the rods to the required 
length. The filling of the irradiation capsules, which contain metal rods and are made of stainless steel, 
was performed under a controlled inert (nitrogen) atmosphere. The samples were sealed by tungsten 
inert gas (helium) welding [5]. 

The fabrication process for I targets depends on their chemical forms. Experimental fabrication 
has been performed as described below [4]. First, NaI and CaI2 powder was dried at 400°C in an argon 
atmosphere. Then, the powder was pressed to pellets inserted in stainless steel capsules filled with 
helium.  

Examples of experimental fabrication and irradiation of FP targets carried out in the past are 
shown in Table 4.1. The transformation of the fission products recovered from reprocessing into the 
chemical forms appropriate for target material should be considered. 

Table 4.1. Experimental fabrication and irradiation of FP targets 

 Chemical form Irradiation 
experiment Remarks 

Tc 
Tc metal 
Tc-Ru alloy 

EFTTRA, ANTICORP1 [5,6] No technical limitations were observed 
[7] Out of pile experiment 

I 

NaI, CeI3, PbI2 
CuI, Ca(IO3)2 
NaI, CaI2, MgI2, CuI 

EFTTRA 
 
HFR (NRG) 

[5,6] Swelling was observed in PbI2 
[8] Out of pile experiment 
[4] Chemical interaction between the steel end 
plug and swelling were observed in CuI 

 
Multiple recycling of fission products, separation, target fabrication and transmutation, will be 

necessary to reduce the amount of fission products. Therefore, the chemical form of FP targets should 
be selected taking account of the recycling. Few studies have been reported on this topic. A possible 
flow sheet of long-lived fission products (LLFP) transmutation is shown in Figure 4.1. 

Figure 4.1. Possible flow sheet of LLFP transmutation 

 
 
 
 

 

4.3 Effects of heat-generating fission product separation 

It is desirable to reduce the number of HLW canisters from the viewpoints of environmental 
impact and economical competitiveness. One of the possible approaches for this purpose is to separate 
heat-generating FPs such as Cs and Sr and keep them in interim storage until the heat generation 
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decays down to an acceptable level. An example of quantitative evaluation of the effects of heat-
generating FP separation conducted by JNC is described below [1,9]. 

A study has been performed in order to evaluate the number of HLW canisters and the cost of 
heat-generating FP separation and HLW disposal for two scenarios (shown in Figure 4.2 and compare 
the results. Scenario 1 is a conventional disposal of HLW without MAs. In scenario 2, Cs and Sr are 
separated and temporarily stored, until the heat generation decays down to an acceptable level. The 
separation of Cs and Sr does reduce the number of HLW canisters but entails extra costs. 

The assumptions made for this study are the following: 

� The burn-up of the fast reactor MOX spent fuel is 150 GWd/t and the cooling period is four 
years. 

� High-level radioactive liquid waste (HLLW) is the raffinate generated by an advanced 
aqueous reprocessing of FR spent fuel.  

� The glass content of a vitrified HLW canister is 500 kg/canister.  

� The heat generation from a canister should be less than 2.3 kW based on the criteria accepted 
at the Rokkasho reprocessing plant.  

� Three values are considered for the content of total FP oxides in a canister: 15 wt%, 20 wt%, 
and 25 wt%.  

� The recovery rate of molybdenum (Mo) is 80% in order to clear the content limit of Mo 
oxide (less than 2 wt% [10]), since high burn-up fuels like FR spent fuel have higher Mo 
content than PWR spent fuel.  

� The caesium and strontium co-separation process is the CCD method [3].  

� The heat generation of a HLW canister should be less than 400 W for the disposal in a 
repository.  

� The cost is evaluated taking into account Cs/Sr separation, Cs/Sr interim storage, HLW 
interim storage, and geological disposal.  

The results show that scenario 2, in which Cs and Sr are separated and temporarily stored, can 
reduce the number of vitrified HLW canisters by 25-40% as compared with scenario 1 in which Cs 
and Sr are not separated (see Table 4.2). The interim storage time until the heat generation decays 
down to the level where the content of total FP oxides in a canister becomes the limiting factor is 
evaluated at 12 years and 32 years for the cases of less than 20 wt% content and less than 25 wt% 
content, respectively. 

Scenario 2 involves additional costs for Cs/Sr separation and Cs/Sr interim storage but the cost 
for HLW interim storage and geologic disposal can be reduced, resulting in a 5-10% increase in total 
cost (separation, interim storage and geological disposal) as compared with scenario 1. 
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Figure 4.2. Scenarios for comparative study [9] 
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Table 4.2. Evaluated number of vitrified HLW canisters [9] 

Scenario 1 Scenario 2 
 

Less than 15 wt% 
content of total 
oxide FPs in a 

canister 

More than 15 wt% 
content of total 
oxide FPs in a 

canister 

Less than 20 wt% 
content of total 
oxide FPs in a 

canister 

Less than 25 wt% 
content of total 
oxide FPs in a 

canister 
Number of HLW 
canisters (/ton HM) 1.08 1.03 0.81 0.65 

Interim storage time 
of Cs and Sr (year) – – 12 32 

Limiting factor 
Content of total 
oxide FPs in a 
canister 

Heat generation 
Content of total 
oxide FPs in a 
canister 

Content of total 
oxide FPs in a 
canister 

 

The effects of Cs/Sr separation were evaluated also for the case of Yucca Mountain [11]. The 
main results of the evaluation are the following:  

� The dominant contributions to the thermal load of the waste emplaced in Yucca Mountain 
that leads to reaching one or more of the temperature limits are Pu and Am. Removal of these 
elements and recycling them to reduce the hazard, are essential to increasing the drift loading 
of the repository. The benefit in increasing the drift loading (or decreasing the repository size 
for a given capacity) ranges from a factor of 4.3 to 5.4.  

� After the Pu and Am have been removed, the next elements that need to be considered are Cs 
and Sr. Removing 99.9% of these elements and sequestering them in a separate area of the 
repository or another facility, would allow a further substantial increase in the drift loading of 
the repository, up to a factor of 42.7 as compared with the direct disposal option.  
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4.4 ORIENT-cycle 

Although most of the past research and development studies have been focussed on actinide 
management, the recently proposed ORIENT-cycle [12,13,14] can be considered as one of the 
examples which tries to manage fission products in addition to actinides. 

The basic philosophy of the ORIENT-cycle is “rough removal of unnecessary elements” instead 
of conventional “pure recovery of necessary elements”. Stable and semi-stable fission products that 
amount to about 60 wt% of all FPs were identified as key “unnecessary elements”, since they are 
parasitic neutron absorbers and simultaneously are non-radioactive elements that do not necessarily 
need to be disposed of in a deep geological repository. Therefore, unnecessary elements are selected, 
taking account of the front end and the back end of the fuel cycle, and core design. The elements 
contained in spent fuel are classified into five categories; low-level waste, vitrified waste, valuable 
resources, storage or transmutation, and recycled fuel, as shown in the separation process (Figure 4.3).  

Figure 4.3. Concept of ORIENT-cycle [12] 
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The major elements of the ORIENT-cycle requiring further development are separation 
technology and the feasibility of multi-recycling. Further R&D efforts, in particular for reducing 
newly produced secondary waste, are necessary. Conceptual separation processes are studied for both 
aqueous process and pyroprocess for reprocessing oxide fuel and metallic fuel, respectively. An 
example of conceptual flow sheet for the aqueous process of the ORIENT-cycle is presented in 
Figure 4.4. 
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Figure 4.4. Conceptual separation flow sheet of ORIENT-cycle (aqueous process) 

 

 

Studies of multi-recycling have concluded that it is feasible in fast reactors if stable FPs, highly 
radioactive FPs and FPs that have significant impacts on the core reactivity, are be removed before 
recycling.  

Reduction of vitrified waste is the major concern of the ORIENT-Cycle. In the case of aqueous 
separation process, the vitrified waste generated per unit of energy produced will be reduced to about 
one tenth of the amount resulting from the conventional Pu recycling fuel cycle (see Figure 4.5). This 
reduction is mainly due to the removal of heat generating FPs, such as Sr and Cs, stable FPs, and Mo, 
which causes a soluble phase that deteriorates the chemical durability of the glass. 

Figure 4.5. Mass reduction of vitrified HLW [14] 
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The ORIENT-cycle is still in the conceptual phase. Further R&D efforts on separation processes, 
the design and fabrication of recycled materials, irradiation performance, and the waste matrices will 
be necessary to realise the concept. 

4.5 Conclusions 

Following the structure of this chapter, the principal conclusions are: 

In the case of repository in granite, the separation and temporary storage of Cs and Sr can reduce 
the number of vitrified HLW canisters by 25-40%. The interim storage varies from 12 to 32 years 
depending on the waste loading.  

The additional cost of Cs/Sr separation and Cs/Sr interim storage results in a 5 to 10% increase in 
total cost including separation, interim storage and geological disposal.  

According to the evaluated results for the case of Yucca Mountain, the dominant contributors to 
the thermal load of the emplaced waste are Pu, Am, Cs, and Sr. Removal of Pu and Am increases the 
drift loading of the repository by a factor of 4.3 to 5.4. Removing and sequestering Cs and Sr in a 
separate area of the repository or another facility, would allow a further substantial increase in the drift 
loading of the repository, up to a factor of 42.7 as compared with the direct disposal case for 99.9% 
removal of Pu, Am, Cs, and Sr. 

The number of HLW canisters could be further reduced by optimising the management of all the 
fission products. For example ORIENT-cycle offers a possibility of tenfold reduction of the number of 
HLW canisters as compared with the ordinary Pu recycling fuel cycle, when separating the heat 
generating and stable fission products, and Mo. 
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5.  WASTE MANAGEMENT AND DISPOSAL 

5.1 Introduction 

The different waste types described in Chapter 3 will require long-term management in a final 
repository. Different types of repositories are considered for the disposal of low- and intermediate-
level waste and of high-level waste. This chapter focuses mainly on the disposal of high-level 
radioactive waste1 because advanced fuel cycles are expected to have a considerable impact in this 
regard and the radionuclide inventory of high-level waste can be relatively well estimated from the 
results of neutronic calculations. 

The information collected within this Study on the characteristics and amounts of low- and 
intermediate-level waste which will arise from the advanced fuel cycles was not very precise or 
reliable. As shown in Chapter 3, no major variations are expected on LILW volumes, and since 
activities and heat loads will remain at low levels, no sizeable impact is expected to result from these 
waste streams that might modify repository concepts. However, the impact of low- and intermediate-
level waste will need to be assessed in future studies when information on these waste categories will 
improve. For example, if novel materials were proposed, their impact on geological repository safety 
would have to be evaluated early in the decision-making process when reactor designs were being 
developed and considered. The rigorous assessment processes developed by countries for assessing 
suitability of radioactive waste would need to be followed once the materials to be used in advanced 
fuel cycle schemes will be known. 

5.2 Disposal of LILW 

5.2.1 Disposal of short-lived LILW 

Short-lived LILW can be disposed in a near-surface facility or in a mined repository at a depth of 
typically a few tens of metres (or in a deep geological repository in case of co-disposal with high-level 
and/or long-lived waste). Disposal facilities for short-lived LILW constructed near the surface or at 
moderate depth are in operation in various countries, e.g. in France, Spain, Sweden, Finland, United 
Kingdom, United States, and Japan. Waste acceptance criteria have been drawn up for these facilities. 

For the LLW and ILW that are identified in the fuel cycle schemes it can be verified whether they 
can be considered as LILW-SL and hypothetically could be accepted at the existing disposal facilities 
or their future equivalents. 

5.2.2 Disposal of long-lived LILW  

Long-lived LILW has to be disposed of in a deep geological repository. Just two such facilities 
have been developed and were/are in operation: Morsleben (Germany, ceased accepting waste in 

                                                      
1. For the purposes of this chapter high-level waste includes spent nuclear fuel. 
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September 1998) and WIPP (United States). A third facility (Konrad, Germany) has been licensed but 
is not yet operational. Waste acceptance criteria have been drawn up for these facilities. 

For the LLW and ILW that are identified in the fuel cycle schemes and that do not satisfy the 
waste acceptance criteria for short-lived LILW, it can be verified whether they can be considered as 
long-lived LILW that could hypothetically be accepted at the existing disposal facilities, or their future 
equivalents.  

5.3 Geological disposal of HLW 

5.3.1 Objective 

Long-lived radioactive waste, such as spent nuclear fuel (if declared as waste) and high-level 
waste from fuel reprocessing must be contained and isolated from humans and the environment for 
many thousands of years [1]. Isolation means keeping the waste away from the biosphere by means 
which do not rely on active measures in the future and making deliberate human intrusion to the waste 
difficult without special technical capabilities. The avoidance of locations that may attract inadvertent 
human intrusion is typically a factor in repository siting. Since complete containment cannot be 
guaranteed for the whole period during which waste represents a potential hazard, any eventual 
releases from the repository system should present an acceptable risk. The long-term safety of the 
repository is provided by the protective functions of the geological environment and the engineered 
barriers placed around the waste, as well as by the stability of the waste form. The disposal of long-
lived waste in deep and stable geological formations is a generally accepted option for the long-term 
management of radioactive waste. 

5.3.2 Considered host formations 

At present various types of geological formations are considered as possible host formations for 
deep disposal of long-lived radioactive waste. The main types considered are: 

� hard rock formations, mainly granite; this option is currently studied by countries such as 
Canada, Finland, Japan, Spain, Sweden and Switzerland; 

� argillaceous formations including plastic clays, over indurated clays and mudstones; this 
option is currently studied in counties such as Belgium, France, Japan, the Netherlands, 
Spain, Switzerland and more recently Germany; 

� salt formations: salt layers as well as salt domes are being considered; disposal in salt domes 
is studied in Germany and the Netherlands; 

� volcanic formations including tuff and basalt; the present United States programme for high-
level radioactive waste disposal focuses on a welded tuff formation at Yucca Mountain.  

5.3.3 Functioning of a geological repository 

Repositories are typically sited in stable geological environments that offer favourable conditions 
in which the waste and engineered barriers are protected over a long time period [1]. This means that 
key characteristics that provide safety, such as mechanical stability, low groundwater flux and 
favourable geochemical conditions, should be unlikely to change significantly over relevant 
timescales. 
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Robustness of the repository system is favoured by the multi-barrier concept. The barriers should 
be complementary, with diverse physical and chemical components and processes contributing to 
safety, so that uncertainties in the performance of one or more components or processes can be 
compensated for by the performance of the others. 

The safety functions of a repository system can be described in relatively simple terms. Different 
sets of safety functions have been developed within the main national safety cases and a number of 
international projects. For example, the safety functions that were identified for water bearing 
formations in the SPIN project [2] of the European Commission are: 

� physical containment: a watertight barrier is isolating the radioactive waste from 
groundwater during the first phase after repository closure; as long as this safety function is 
effective, no release of radionuclides can occur from the waste form; physical containment 
makes the disposal system more robust and easier to analyse by preventing dispersion of 
radionuclides during the strongly transient initial phase of the repository history (re-
saturation processes, heat release, strong radiation, pressure rebuilding, etc.); 

� slow release: after container failure, when groundwater comes in contact with the 
conditioned waste, leaching of radionuclides from the waste matrix starts in combination 
with the degradation of the waste matrix; various physico-chemical processes, such as 
corrosion of and lixiviation from the waste matrix, precipitation, sorption or co-precipitation 
strongly limit the radionuclide releases into the surrounding layers;  

� retardation: the radionuclides dissolved in the groundwater that is in contact with the waste 
will start to migrate through the bentonite buffer and the host formation; because of the very 
low groundwater fluxes in potential host formations, this transport will be very slow; 
furthermore, many radionuclides will be sorbed onto minerals of the buffer and the host 
formation; retardation delays the releases and drastically limits the amounts of radionuclides 
that are released into the biosphere per unit of time; 

� dispersion and dilution: once the long-lived radionuclides leave the repository’s barrier 
system, they are released into the overlying or surrounding aquifers and eventually into the 
accessible environment; the dispersion and dilution processes in the aquifers and surface 
waters will further reduce the radionuclide concentrations in the waters that are directly 
accessible by man. 

5.3.4 Repository designs 

In the case of geological disposal of long-lived radioactive waste, the geological barrier is 
complemented with a number of engineered barriers which depend on the characteristics of the host 
formation and of the disposed waste type. For a given repository site, disposal concepts are designed 
by taking into account waste characteristics such as radionuclide content, heat generation, criticality, 
radiation field, leaching rate, gas generation, etc.  

Two main types of disposal configurations are considered for high-level waste: 

� disposal in galleries, where the waste is placed along the axis of a gallery; 

� disposal in boreholes, where the waste is placed in horizontal or vertical boreholes that are 
drilled from a gallery. 

A distinction has to be made between repositories located in water bearing formations on the one 
hand, and repositories located in salt or unsaturated formations on the other hand. 
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Repository designs developed for water bearing formations, i.e. hard rock and argillaceous 
formations, typically consist of the following engineered barriers: 

� a metallic container, often called canister or overpack, that has to remain intact during the 
initial gradient phase of the repository; 

� a buffer surrounding the container, which consists in many designs of a swelling clay 
material, such as bentonite; the buffer has to fill possible voids and fractures and prevent 
advective water flow around the container; 

� a backfill is used to fill transport and access galleries; 

� seals and plugs are used to isolate the disposal gallery or borehole from the transport and 
access galleries and from the part of the host formation that have been disturbed by the 
excavation of the gallery or borehole. 

For repositories located in salt or unsaturated formations several of the above mentioned 
engineered barriers are also used, but some may not be needed. 

a) Example of a repository designed for a granite formation  

The reference disposal concept, developed by ENRESA for a high-level waste repository in 
granite is based on the disposal of four spent fuel assemblies packed in carbon steel canisters in long 
horizontal galleries. The canisters are surrounded by high density bentonite. The disposal galleries are 
grouped in two symmetrically arranged disposal areas. Access is accomplished by means of transport 
galleries, which run perpendicular to the disposal galleries. The transport galleries start from a central 
area, which includes the required underground infrastructure. Transport between the surface and the 
central underground area is accomplished by 4 access shafts and a ramp. Figure 5.1 shows a view of 
the underground installations. 

Figure 5.1. Underground installations for a reference repository concept in granite (Spain) 
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The 10 cm thick canisters are expected to provide a minimum period of containment greater than 
1 000 years. The separation between canisters is mainly determined by thermal constraints. A 
separation of 2 m between canisters and of 35 m between disposal drifts is considered in order not to 
exceed a temperature of 100°C in the bentonite.  

When a disposal drift is filled, it is sealed using blocks of bentonite and structures of concrete at 
the entry to the drifts. Galleries, shafts and other remaining rock cavities are backfilled, after 
completion of waste emplacement, with a mixture of bentonite and sand or an appropriate crushed 
material. The bentonite content of backfilling material is 10%, increasing up to 20% at the top of the 
galleries. Sealing plugs of galleries and shafts are made of compacted bentonite blocks piled over the 
whole cross section.  

b) Example of a repository designed for an argillaceous formation 

The repository configuration that has been developed by the Belgian radioactive waste 
management agency ONDRAF/NIRAS in the SAFIR 2 study for disposal of high-level radioactive 
waste in the Boom Clay formation in Belgium is similar to the configuration shown in Figure 5.2.  

Figure 5.2. Scheme of the near field of a repository in clay (Belgium) 
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The repository is assumed to be constructed in the middle of the host formation. A central access 
facility consists of 2 or more vertical shafts connected by the main gallery, from which transport 
galleries start to the various disposal areas. The disposal galleries are perpendicular to the transport 
galleries. A scheme of a disposal gallery is shown in Figure 5.2. The spent fuel assemblies or vitrified 
high-level waste canisters are packed in stainless steel containers, which are placed in a disposal tube. 
The disposal tube is surrounded by a 60 to 80 centimetres thick bentonite-based buffer. The disposal 
galleries require the use of a concrete lining because of the high plasticity of the host clay formation. 
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c) Example of a repository designed for a salt formation 

The disposal facility considered by GRS is assumed to be located in a salt dome at a depth of 
870 m. The thickness of the overburden is about 300 m. The waste is disposed of in horizontal drifts in 
a single story (single layer) arrangement. The disposal facility consists of a central field, two flank 
drifts and five cross connections, with 100 disposal drifts (Figure 5.3). One cross connection and the 
adjacent 20 disposal drifts and the two segments of the flank drifts form one section. Access to the 
facility is provided by two shafts. 

The volumes and dimensions of the near field assemblies such as flank drifts, disposal drifts, 
shafts and central field can be found in [14]. 

Figure 5.3. Sketch of a disposal facility in salt (Germany) 
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d) Example of a repository designed for a volcanic formation 

The repository concept developed for a repository at the Yucca Mountain site in the United States 
is located in unsaturated, fractured volcanic tuff. As shown in Figure 5.4, the repository consists of 
access ramps from the surface and an array of emplacement drifts about 5 metres in diameter, about 
2 km long and separated by about 80 metres. The emplacement area covers several km2 and is located 
several hundred metres below the surface and several hundred metres above the water table. Both 
intact spent fuel and vitrified high-level waste would be emplaced in horizontal waste packages set on 
an engineered invert in the drifts. The waste packages are double shell, with a layer of corrosion 
resistant nickel-based alloy over a thick structural layer of stainless steel.  
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Figure 5.4. Conceptual design of a disposal facility in unsaturated tuff (United States) 

 

The density of waste emplacement is constrained to meet thermal design objectives for maximum 
temperature at the drift wall and at the centre-point between drifts. The engineered system is designed 
to work with the natural host environment to limit and delay water contact with the waste and 
subsequent radionuclide release and transport to the accessible environment. 

5.4 Evaluations of the impact of advanced fuel cycles on geological disposal of HLW 

In a preceding NEA report [3], the impact of advanced fuel cycles on geological disposal was 
estimated by making extrapolations of the results from existing performance assessments. In the 
present study, specific evaluations were carried out to allow for a more accurate impact assessment. 
Modifications of the existing repository concepts for HLW disposal needed to accommodate the HLW 
types arising from advanced fuel cycles were evaluated and the performance of these concepts for the 
new waste types were assessed as well the resulting radiological consequences. 

5.4.1 Fuel cycles selected for detailed analyses 

In Chapter 2, one reference and twelve advanced fuel cycle schemes have been defined. A 
smaller number of representative schemes were selected for quantitative evaluations. 

The schemes selected for the quantitative evaluations are: 

� the reference Scheme 1a (PWR, open cycle, UO2 fuel); 

� Scheme 1b (PWR, PUREX reprocessing, single recycling of Pu as MOX) representative of 
current technology; 

� one partially-closed fuel cycle, Scheme 2a (PWR, PUREX reprocessing, multi-recycling of 
Pu as MOX); and 

� one fully-closed fuel cycle, Scheme 3cV1 (GFR, pyroreprocessing, carbide fuel).  
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The characteristics of the HLW types that have been considered for the analyses are given in 
Appendix G. For the estimation of those characteristics it was necessary to make a number of 
assumptions that are listed below.  

� It is assumed that 0.1% of the 129I in the spent fuel is present in the vitrified HLW. 

� For most of the analyses it is assumed that HLW is disposed after a cooling period of  
50 years after discharge from the reactor but in one case (Scheme 1b) it is possible to dispose 
one of the HLW types (MOX spent fuel) after more than 50 years because temperature 
limitations could not be respected. 

� For the advanced fuel cycles using pyroreprocessing, the exact conditioning method of the 
HLW is not yet defined. It is assumed that the matrices used have a stability in disposal 
conditions comparable to the glass matrix that is used at present to condition the vitrified 
HLW arising from the PUREX reprocessing of uranium oxide fuels. For all conditioned 
HLW types a matrix lifetime of 100 000 years (70 000 years for Japanese calculations) was 
assumed. For the spent fuels a matrix lifetime of 200 000 years was assumed. 

� For Scheme 3cV1 it is assumed that the noble metal fission products are conditioned 
together with other metallic waste such as cladding and end-pieces. Although this waste is 
not HLW, because its heat production is negligible, it is considered in the analyses to include 
all the fission products. The degradation of the metallic waste matrix is neglected because 
noble metals have a low solubility. 

To illustrate the potential impact of advanced fission product management techniques discussed 
in Chapter 4, a sub-variant of Scheme 3cV1, which assumes that Cs and Sr are separated from the 
HLW, is also considered. For this specific scheme the following assumptions are made: 

� 99% of the Cs and Sr are separated from the liquid HLW; 

� the remaining HLW is vitrified and disposed of in a geological repository after 50 years; 

� Sr can be disposed of in a repository for short lived waste after a sufficiently long cooling 
period;  

� Cs is vitrified after an additional cooling period and disposed of in a geological repository 
after a total cooling period of 100 years.  

5.4.2 Repositories considered in the analyses 

Five organisations participating in the study volunteered to make numerical analyses of the 
impact of advanced fuel cycles on HLW disposal. ENRESA made calculations for a hypothetical 
repository located in a granitic formation. JNC made calculations for a hypothetical repository located 
in a hard rock formation. SCK•CEN made calculations for a hypothetical repository located in a clay 
layer. GRS made calculations for a hypothetical repository located in a salt dome. ANL performed 
analyses of the selected fuel cycle impacts on thermal design limits and long-term performance for a 
conceptual repository located in fractured unsaturated volcanic tuff. 

5.4.3 Impact on repository design  

As already mentioned in Section 5.3.4, repository concepts are designed by taking into account 
waste characteristics such as radionuclide content, heat generation, criticality, radiation fields  
� ������	
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��������The results given in Chapter 2 (Tables 2.2 and 2.6) 



 

 89 

show that the fissile material content of the vitrified HLW arising from reprocessing is much lower 
than that of spent fuel. Also the activity of and emitted neutrons are lower in the case of HLW from 
reprocessing than for spent fuel. In both cases, disposal of spent fuel or of vitrified HLW, gas 
generation in the repository will be due mainly to corrosion of the metallic containers. Consequently, 
it is not expected that the disposal of vitrified HLW arising from the reprocessing of spent fuel from 
advanced fuel cycles will require considerable adaptations of the disposal concepts.  

In some fuel cycle schemes considered in this study but that were not selected for detailed 
analyses, irradiated targets are considered as waste. If these targets are not reprocessed, they can be 
possibly problematic waste forms. For example, the Am targets arising from Scheme 2c generates 
17 times more heat and emits 1 260 times more neutrons per kg than the spent fuel from Scheme 1a. 
The disposal of such very high-level waste forms will require the development of new repository 
concepts and of an adapted engineered barrier system. It should also be noted that most spent fuels 
from fast reactors are significantly hotter than spent fuel from Scheme 1a and therefore, if they would 
not be reprocessed; their disposal would require considerable adaptations of the repository concept and 
of the engineered barrier system or a very long interim storage. 

Temperature limits that have to be respected for a number of the repository components are 
limiting factors for the allowable disposal density of HLW in a geological repository. In the following 
sections the maximum allowable disposal density will be estimated for the selected fuel cycle schemes 
based on temperature limits. 

a) Results of thermal calculations for a repository in granite 

ENRESA carried out thermal calculations for a hypothetical repository in granite. The calculated 
temperatures of the buffer in contact with the container are shown in Figure 5.5. It appears that the 
MOX spent fuel considered for this study, with a burn-up of 60 GWd/tHM, cannot be disposed in this 
repository concept after a cooling time of 50 years. Calculations were performed also on the 
temperatures after 75 and 100 years of cooling period. If the MOX spent fuel should be disposed after 
50 years, the repository concept would have to be modified, e.g. by enlarging the diameter and/or the 
length of the container. 

Figure 5.5. Calculated maximum temperatures in the bentonite buffer as a function of the distance 
between 2 high-level waste containers (ENRESA calculations for a repository in granite) 
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The calculated lengths of the disposal galleries are given in Table 5.1. It may be noted that the 
reduction of the ratio of the required length of disposal galleries for Schemes 2a and 3cV1 as 
compared with Scheme 1a, respectively 0.844 and 0.238, is somewhat higher than the ratio of the 
thermal outputs of the corresponding high-level waste, respectively 0.946 and 0.271. 

Table 5.1. Required excavation length for different schemes 
(ENRESA calculations for a repository in granite) 

Scheme 
Cooling 

times 
(years) 

Container 
load 

Waste 
production 

(cont./TWhe) 

Container 
length 

(m) 

Space 
between 

containers 
(m) 

Excavation 
(m/TWhe) 

Total 
excavation 
(m/TWhe) 

Ratio 

1a 50 3 UOX 1.327 5.28 2.2 9.925 9.92 1 

1 MOX 0.437 5.28 t.l.e.1 t.l.e.1 – 
50 

1 Glass 2.592 1.60 0.3 4.924 
>4.9242 

>0.52 

1 MOX 0.437 5.28 7.0 5.365 
1b 

75 
1 Glass 2.592 1.60 0 4.146 

9.51 0.959 

2a 50 1 Glass 3.987 1.60 0.5 8.373 8.37 0.844 

3cV1 50 1 Glass 1.181 1.60 0.4 2.363 2.36 0.238 

1.  Temperature limit exceeded. 

2.  Values obtained considering only the HLW glasses. 

b) Results of thermal calculations for a repository in clay  

Depending on the host formation the repository site and the design, various temperature limits 
have to be respected. Examples of temperature limitations are: 

� Maximum temperature of the buffer at its interface with the container (canister) wall, which 
has to remain in many repository designs below 100°C. 

� Maximum temperature of the host formation. 

� Maximum temperature in the aquifers overlying the repository. 

For several repository designs the most stringent thermal limitation is the maximum temperature 
of the buffer where it is in contact with the container. In this case detailed thermal calculations can be 
satisfactorily estimated by using a linear thermal output limit. Examples of candidate repository sites, 
for which a linear thermal limit was applied, are: 

� The Boom Clay repository design: 300 W/m [5]. 

� The Opalinus Clay repository design: 200 W/m [6]. 

� The Yucca Mountain repository design (although it is not in clay), for which a maximum 
linear thermal output of 900 W/m was applied [4]. 

An overview of the HLW types arising from the 5 fuel cycle schemes analysed, the 
corresponding thermal outputs, and the estimated length of disposal galleries in case of disposal in 
Boom Clay is given in Table 5.2.  
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Table 5.2. High-level waste types arising, thermal outputs and needed length of disposal galleries for a 
maximum linear thermal loading of 300 W/m (SCK•CEN calculation for a repository in clay) 

 Fuel cycle scheme 

 1a 1b 2a 3cV1 3cV1 (separation of Cs, Sr) 

SF assemblies (#/TWhe) 3.981 0.437 n.a. n.a. n.a. 

HLW canisters (#/TWhe) n.a. 2.592 3.987 1.181 0.705 

NM canisters (#/TWhe) n.a. n.a. n.a. 0.085 0.085 

Cs-waste canisters (#/TWhe) n.a. n.a. n.a. n.a. 0.225 

Thermal output HLW after  
50 years (W/TWhe) 

2 110 2 031 1 997 571 12.5 

Thermal output Cs-waste after 
100 years (W/TWhe) 

n.a. n.a. n.a. n.a. 120.9 

Length of disposal galleries 
(m/TWhe) 

7.033 6.77 6.657 2.016 0.755 

Length of disposal galleries 
relative to 1a 

1 0.963 0.947 0.287 0.107 

 
Table 5.2 shows that single or multiple recycling of Pu does not significantly reduce the thermal 

output of the high-level waste. On the other hand a fully-closed cycle such as Scheme 3cV1 leads to a 
reduction of the required length of disposal galleries by 3.5 as compared with Scheme 1a. Separation 
of Cs and Sr results in a drastic reduction of the thermal output and consequently the required length 
of disposal galleries is reduced by a factor 10 as compared with Scheme 1a. An optimisation of the 
waste packages might allow a further reduction of the required length of disposal galleries. 

c) Results of thermal loading calculations for a repository in tuff 

Thermal design goals restrict repository utilisation by limiting the loading density of the waste 
streams. In Yucca Mountain’s nominal, high-temperature operating mode (HTOM), there are two 
thermal design limits that affect potential repository capacity: 

� The host rock must remain below 200°C everywhere in the repository to limit mineral 
alteration. Meeting this limit at the drift wall results in limits on the linear thermal loading 
density along a drift, driven primarily by early-time fission product decay heat. 

� The temperature midway between storage drifts must remain below the boiling temperature 
of 96°C at all times to permit drainage of water through the fracture network between drifts. 
This results in limits on areal thermal loading density primarily driven by long-term actinide 
decay heat. Drifts in Yucca Mountain are assumed separated by 81 m. 

The decay heat from waste stream was calculated for each scheme, in W/TWhe, for up to 
10 000 years using the ASIDE code for isotopic decay [7]. The maximum allowed loading density for 
each scheme was calculated using the AFCI Repository Thermal Model [8]. Results of these 
calculations are shown in Table 5.3, where calculated utilisation limits are expressed as linear and 
areal densities of waste arising from the generation of the indicated TWhe of electricity. Relative to 
Scheme 1a, all recycle schemes raise utilisation limits and the most prominent increase is associated 
with the Scheme 3cV1. For Schemes 1a, 1b, and 2a, the long-term a real limit driven by actinides 
determines the results. For the complete actinide recycle, Scheme 3cV1, the actinide decay heat drops 
dramatically. The results shown assume extended cooling or other thermal management of the short-
term fission products to achieve the utilisation limits shown. In addition, since the models used 



 

 92 

represent realistically only the central region of a very large repository, the absolute loading limits 
shown in Table 5.3 are likely to be conservatively low.  

Table 5.3. Calculated utilisation limits in an unsaturated tuff repository 

Scheme 1a 1b 2a 3cV1 

Linear (TWhe/m) 0.52 0.60 0.85 8.27 

Areal (TWhe/m2) 6.42E-03 7.35E-03 1.05E-02 1.02E-01 

Linear relative to Scheme 1a 1.00 1.14 1.63 15.90 

d) Results of thermal calculations for a repository in salt 

In the German concept, the maximum temperature for a repository in salt is expected to be 
limited by future regulations to 200°C at the contact surface between a disposal cask and the rock salt. 
Within the estimation of the temperature field a bulk temperature was calculated. The maximum bulk 
temperature has been fixed at 180°C. Starting from this maximum bulk temperature the upper 
boundary of the heat load for the disposal drifts has been determined. The maximum heat load for a 
short disposal drift (length 219.5 m) has been estimated to be in the range of 130 to 135 kW while the 
maximum heat load for a long disposal drift (length 229.5 m) has to be in the range of 140 to 145 kW.  

Figure 5.6 shows the evolution of the temperature (in Kelvin) at a central point of the disposal 
field for waste from Schemes 1a and 3cV1. The temperature for disposal of spent fuel from Sheme 1a 
reaches its maximum of 450K (177°C) at 129 years and is decreasing to 340K after 2 680 years. The 
temperature for disposal of high-level waste from Scheme 3cV1 reaches its maximum of 400K 
(127°C) at 64 years and is decreasing rapidly to 340K after 593 years. The ambient temperature of the 
host rock is assumed to be 303K (30°C). The fast decrease of the temperature of Scheme 3cV1 waste 
is due to the fact that the heat load of this waste is decreasing drastically. Fifty years after unloading 
from the reactor the heat load is 518 W per TWhe and after 400 years it is 1.7 W per TWhe.  

Figure 5.6. Evolution of temperature relevant for salt creep calculation 
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The two completely different shapes of the temperature curves have a significant influence on the 
behaviour of the disposal facility in salt. For Scheme 1a the salt creep will be drastically increased due 
to increasing temperature and will stay for a very long time at a relatively high level. For 
Scheme 3cV1 the salt creep will also increase but not to such a high extent. After a relatively short 
time of increased salt creep, the creep will decrease and remain for a long time at the level of 
unaffected salt. This is important because the salt creep will result in a convergence of the repository 
vaults and thus contribute to the containment of the waste. 

Because of similar heat load characteristics the shapes of the temperature curves of Schemes 1b 
and 2a are somehow similar to the temperature curve of Scheme 1a. Therefore, the four estimates to be 
carried out may be grouped into two categories: three analyses of disposal “hot” waste (Schemes 1a, 
1b and 2a) and one analysis of disposal of “cold” waste (Scheme 3cV1).  

e) Impact of extending the cooling time  

In the analyses presented above it was generally assumed that the high-level waste is disposed of 
after 50 years of cooling. Increasing the cooling time might allow for a considerable reduction in the 
size of the repository in the case of advanced fuel cycles because the thermal output of their high-level 
waste is decreasing much faster than it is the case for the spent fuel in Scheme 1a. An overview of the 
thermal outputs of the schemes considered s given in Table 5.3. 

Table 5.4. Thermal outputs from HLW after 50 and 200 years of cooling 

  Fuel cycle scenario 

 Unit 1a 1b 2a 3cV1 

A. Thermal output HLW (50 y) W/TWhe 2 110 2 031 2 000 571 

B. Thermal output HLW (200 y) W/TWhe 591 506 337 19.3 

B/A  3.57 4.01 5.93 29.59 

A/A for Scheme 1a  1 0.963 0.948 0.271 

B/A for Scheme 1a  0.280 0.240 0.160 0.009 
 

Table 5.4 shows that if the cooling time is extended from 50 to 200 years, the thermal output of 
the spent fuel is reduced by a factor 3.6 while for Scheme 3cV1 the thermal output of the HLW is 
reduced by a factor 30. The standardised thermal outputs after 50 and 200 years cooling time 
(standardised by dividing by the thermal output of the reference fuel cycle 1a after 50 years cooling 
time) show that in the case of advanced fuel cycles the needed size of the repository can be drastically 
reduced. However in this case the linear relationship between the thermal output and the repository 
size can no longer be applied. If longer cooling times are considered, it is necessary also to reconsider 
the cooling time before conditioning (e.g. vitrification) of the waste. Moreover, such long cooling 
times might be seen as contrary to the precautionary principle due to the delay before the waste will 
become passively safe. 
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5.4.4 Assessment of long-term consequences  

a) Objective and limitations of the calculations, and uncertainty 

The main objective of the calculations carried out in this study is to evaluate the impact of 
advanced fuel cycles on the long-term consequences of the disposition of HLW in the geological 
repository concepts that have been developed in recent years. 

Results obtained for different repositories cannot be compared with each other in particular 
because of the uncertainties prevailing in the assessments. In performance assessments a distinction is 
often made between scenario uncertainty, uncertainty in conceptual models and uncertainty in 
parameters. Some of the calculations presented are carried out for generic repository locations, others 
are site specific and the level of characterisation of the repository systems considered can be very 
different. No attempt was made to harmonise the treatment of uncertainty in the reported assessments. 

In a safety case stochastic calculations are often performed to take account of the uncertainty in 
parameter values. However, as most indicators considered in the present study are relative to the value 
obtained for the reference fuel cycle scheme, deterministic calculations have been carried out for the 
impact assessments, with the exception of the repository in tuff. 

b) Considered repository evolution scenarios 

The calculations that are presented in the following sections were done for the expected evolution 
of the repository system, except in the case of the repository in salt. For the salt repository, as long as 
the salt dome remains intact, it is assumed that no groundwater will come in contact with the disposed 
waste and consequently no radionuclide would be released from the disposal system. Therefore, the 
consequences of the occurrence of one of the least unlikely events that can result in an intrusion of 
groundwater into the repository – a brine intrusion – have been chosen as basis for the analysis and an 
alternative less likely evolution has been studied instead of the expected one. 

Human intrusion scenarios, which assume that a future human action short circuits several 
barriers of the repository system due to reduction of the radiotoxic inventory, have not been analysed 
in this study. Advanced fuel cycles might reduce significantly the long-term consequences from such 
scenarios. 

c) Indicators 

The main safety indicator, which has been used for many years in safety assessments of 
radioactive waste disposal systems, is the annual effective dose (or dose rate) to an average member of 
the critical group affected by the repository [9]. To evaluate the safety of a repository the maximum 
dose rate can be compared with a dose constraint determined by the radiological protection authorities. 
The ICRP recommends an upper value for the dose constraint of 0.3 mSv/year in normal exposure 
situations. However, the evaluation of the safety of a repository cannot be reduced to a simple 
comparison of the calculated dose with the dose (or risk) constraint; the time and duration of exposure 
are to be taken into consideration also. 

For exposure situations with a probability of occurrence lower than one, the annual risk defined 
as the product of the dose rate by the probability of occurrence of that situation can be used instead of 
dose rate.  
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During the time scales that have to be considered in the safety assessments of HWL repositories, 
various components of the repository system are expected to undergo significant changes. Figure 5.7 
illustrates the limits of predictability of various components of a geological repository system [10]. It 
indicates that radiological exposure modes and surface environmental processes are expected to 
change considerably after a few decades or centuries, respectively, and that the hydrogeological 
system is expected to change significantly after a few thousands of years. These limits of predictability 
raise problems for calculating long-term doses. This has led to the development of complementary 
safety indicators that are independent of the biosphere and the hydrogeology [2,11]. One of these 
indicators is the radiotoxicity flux released from the host formation or into the biosphere and another is 
the integrated radiotoxicity flux over time which takes into account the duration of the radionuclide 
releases. 

Figure 5.7. Schematic illustration of the predictability of various components  
of a geological repository system over time [10] 

 

The results of the assessments are presented in details in Appendices H to K. A set of normalised 
(per produced TWhe) indicators has been calculated to illustrate various aspects of the long term 
consequences: 

� radionuclide fluxes released from the host formation; 

� radiotoxicity flux, together with its main contributors, released from the host formation; 

� integrated radiotoxicity flux, together with its main contributors, released from the host 
formation; and 

� dose. 

For the disposal facility in the salt rock host formation only the dose (not normalised to the 
produced energy) is presented. 

The following sections focus on the calculated doses. 
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d) Results of calculations for a repository in granite 

The evaluations are based on the computer codes and parameter values that have been used for 
the assessment study of the ENRESA reference disposal concept. 

Figure 5.8 shows the doses per radionuclide for Scheme 1a. 129I controls the peak doses and the 
contribution of 135Cs becomes significant after 1 million years. Doses due to actinides and their 
daughter products become significant only after several million years because these radionuclides are 
strongly sorbed in the bentonite barrier and the geo-sphere. 

Figure 5.8. Dose per radionuclide in Scheme 1a 
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The doses per radionuclide due to the MOX fuel in Scheme 1b are similar to those in Scheme 1a. 
The difference in peak dose is just a factor of 2. Although the inventory of fission products per TWhe 
in the MOX fuel is roughly one order of magnitude smaller than in the UOX, the matrix alteration rate 
of MOX fuel calculated with the ENRESA model [12] is 5 times greater than for UOX fuel(due to 
greater alpha activity.  

Figure 5.9 shows the doses per radionuclide in Scheme 1b due to the vitrified waste only, not 
including doses due to MOX spent fuel. Since the inventory of 129I is only 0.1% of the inventory in 
Scheme 1a, doses due to 129I are much smaller than in that scheme. Doses due to the remaining fission 
products are greater than in Scheme 1a because in the calculations the glass is assumed to dissolve 
completely in 72 000 years while the UO2 (and even the MOX) matrices last much longer. 

The doses per radionuclide for fuel cycles 2a and 3cV1 are similar to those shown in Figure 5.9 
for the vitrified HLW of fuel cycle 1b. This is logical, because the glass matrix alteration model is the 
same in the 3 cases (1b-vitrified waste, 2a and 3cV1) and there are only small differences in the 
inventory of fission products (a factor of 2 at most). 

Time (years) 
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Figure 5.9. Dose per radionuclide due to vitrified waste in Scheme 1b 
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Figure 5.10 shows the total doses in the 4 schemes analysed. The curve for Scheme 1b is the 
superposition of two curves: one for the MOX fuel that controls the doses up to 800 000 years, and 
another for the vitrified waste which is dominant after 1 million years.  

Figure 5.10. Normalised total doses for the different schemes 
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The dose curves for Schemes 2a, 3cV1 and the vitrified waste in Scheme 1b are quite similar as 
shown in Figure 5.9 because in the 3 schemes the same model for the glass matrix degradation is used 
and the inventories of fission products are quite similar. However, the maximum dose due to HLW 

Time (years) 

Time (years) 
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from Scheme 3cV1 is about 2 times higher than the maximum dose from Scheme 2a; this is due to the 
higher 135Cs production in fast reactors than in light-water reactors. The higher 135Cs production can be 
explained by different fission yields of 235U (LWR) and 239Pu (FR) and spectrum effects (135Xe decays 
to 135Cs but it can also capture a neutron; in a fast spectrum 135Xe capture is lower and thus the 135Cs 
production is higher). 

e) Results of calculations for a repository in granite 

The evaluations made by JNC are based on the computer codes and parameter values that have 
been used for the H12 report [13]. Because the disposal of spent fuel was not considered in the H12 
study, JNC did not make calculations for the reference Scheme 1a, nor for the MOX spent fuel of 
Scheme 1b. CASE 1 corresponds to the vitrified HLW arising from the reprocessing of the uranium 
oxide spent fuel from Scheme 1b (excluding spent MOX fuel); CASE 2 corresponds to the HLW that 
will arise from Scheme 2a if the liquid waste from reprocessing of UOX and MOX spent fuels are 
mixed prior to vitrification; CASE 3 and CASE 4 correspond to the HLW that will arise from the 
separate vitrification of, respectively, the UOX and MOX spent fuels from Scheme 2a. 

JNC took over a number of assumptions from the H12 study including: 

� A zero remaining 129I fraction in the vitrified high-level waste (hence in these calculation 
there was no contribution from 129I to the dose from HLW). 

� A 1 000 years of over-pack lifetime. 

� A glass matrix lifetime of about 70 000 years.  

Total doses calculated for the four considered cases have very similar values within a factor of 2 
(see Figure 5.11). 

Figure 5.11. Comparison of total dose 
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Figure 5.12 which shows the dose for each radionuclide in CASE1 (1b) is representative of the 
4 cases considered.  

Figure 5.12. Dose for each radionuclide for Scheme 1b 

 

Table 5.5 shows the main contributors to the total dose for the 4 cases, 79Se, 135Cs and 229Th; the 
underlined radionuclide is the main contributor to the maximum total dose which is 135Cs for all cases. 
For 135Cs which is soluble and 93Zr which did not reach its solubility limit the calculated doses are 
proportional to the inventory. For 107Pd, 79Se, 99Tc, and 237Np and 238U the solubility limits were 
reached. For 229Th, the release rate is the same as for 237Np due to radioactive equilibrium. 

Table 5.5. Main contributors to the total dose 

 Before 100 000 years From 100 000 to 1 000 000 years 

CASE1 (1b) 1st : 79Se 1st: 135Cs -> 229Th 

CASE2 (2a) 1st : 79Se 1st: 135Cs -> 229Th 

CASE3 (2a UOX) 1st : 79Se 1st: 135Cs -> 229Th 

CASE4 (2a MOX) 1st : 79Se 1st: 135Cs -> 229Th 

 

The importance of 135Cs as main contributor highlights the value of reducing the inventory of 
long-lived fission products in HLW rather than reducing the inventory of actinides. Finally, it is 
concluded that the calculated doses are not significantly different for the four types of vitrified HLW 
(Cases 1-4) arising from the fuel cycle schemes considered in the study.  

Total 
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f) Results of calculations for a repository in clay 

The evaluations made by SCK•CEN are based on the computer codes and parameter values that 
have been used for the SAFIR 2 report [5]. 

Figure 5.13 shows the doses per radionuclide for Scheme 1a. The total dose is dominated by 129I. 
Smaller contributions are due to 126Sn, 79Se and 99Tc. Doses due to actinides and their daughters 
become significant only after several million years because these radionuclides are strongly sorbed in 
the clay host formation. 

The doses calculated for the disposal of the MOX spent fuel from Scheme 1b are comparable 
with those shown in Figure 5.13. 

Figure 5.13. Total dose and its main contributors calculated for Scheme 1a  
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When the spent fuels are reprocessed, which is the case for Schemes 1b, 2a and 3cV1, most of the 
iodine escapes as gas during the fuel dissolution phase; it was assumed that 0.1 % of the 129I present in 
the spent fuel is transferred to the vitrified HLW. For the vitrified HLW (see for example Figure 5.14, 
which shows the doses calculated for Scheme 3cV1) the calculated total doses are mainly due to 126Sn 
and 79Se; 129I and 99Tc give smaller contributions. Doses due to actinides become significant only after 
a few million years. 
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Figure 5.14. Total dose and its main contributors calculated for Scheme 3cV1  
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Figure 5.15. Total dose calculated for Schemes 1a, 1b, 2a, 3cV1 and 3cV1 with separation of Cs/Sr 
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Figure 5.15 shows the total doses calculated for the 5 considered fuel cycle schemes. Scheme 1a 
has the highest maximum calculated dose because all the generated iodine is going into the geological 
repository. In the case of Scheme 1b a large fraction of the iodine was released from the HLW during 
reprocessing of the uranium oxide spent fuel, but the disposed MOX spent fuel still contains all the 
generated iodine. For the three schemes for which only conditioned HLW has to be disposed of, the 
maximum calculated doses have a similar shape. The calculated dose for Scheme 3cV1 is somewhat 
lower than the one for Scheme 2a because of the better efficiency of the GFR. The lower calculated 
dose for Scheme 3cV1 with separation of Cs and Sr is essentially explained by the more compact 
repository configuration which strengthens the contribution of the solubility limits for Se, Tc, Sn and 
the actinides, for example. 

g) Results of calculations for a repository in salt 

The results of the performance assessment carried out by GRS for a repository in salt in the cases 
of Schemes 1a, 2a and 3cV1 are shown in Figures 5.16 to 5.18. The calculated dose rates are 
extremely low. The maximum is about eight orders of magnitude below the regulatory limit recently 
applicable in Germany, i.e., 3 x 10-4 Sv per/year. The difference between the three curves is smaller 
than two orders of magnitude; the calculated dose is not normalised to energy produced. 

Figure 5.16. Calculated dose for waste from Scheme 1a 
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Figure 5.17. Calculated dose for waste from Scheme 2a 

 

Figure 5.18. Calculated dose for waste from Scheme 3cV1 
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The assessments presented here are meant to explore whether disposal of the resulting waste is 
feasible and can be implemented in a safe manner. In addition, it might be desirable to identify 
advantages and drawbacks of the considered fuel cycles. The question arises, whether the radiological 
dose calculation described above might serve for such a comparison.  

A central point for the performance assessment in salt is that the scenario under investigation is 
not the normal evolution but one alternative evolution scenario. It should be kept in mind that the 
normal evolution scenario in salt leads inevitably to zero release. Some conditions for the alternative 
scenario studied here have therefore been chosen arbitrarily. One of these conditions is for example 
the point at which the anhydrite vein is connected to the disposal field. A change of this connection 
point can easily result in a difference in the calculated dose of some orders of magnitude. Parameter 
uncertainties have been investigated in previous studies (e.g. SPA project) [14]. The parameters with 
the highest impact on the result are related to the description of the salt convergence (e.g. initial 
convergence rate, temperature, pressure). Small uncertainties on these parameters can easily result in a 
difference in the calculated dose of some orders of magnitude.  

Considering the spread of the calculated doses due to possible uncertainties and the absence of 
optimisation for Scheme 3cV1 disposal facility, it can be concluded that the two orders of magnitude 
difference between the calculated dose curves is too small to be significant. The calculated doses can 
serve as indicators on whether safe disposal can be implemented for waste resulting from each scheme 
but cannot serve as comparative criteria.  

The dose curves for the performance assessment in salt show that some radionuclides which are 
relevant in other host rocks, such as 93Zr, 99Tc, 107Pd, 126Sn, 147Sm, Ac-Chain and Th-Chain, do not 
give a significant contribution to the total dose in this case.  

Due to the increasing uncertainty with time, the Np-peak (after 200 000 years) is not significant. 
The uranium-radium decay chain is dominating the calculated total dose over a very long time for the 
three schemes considered. The amount of 238U in the disposal facility must be reduced below the 
solubility limit through P&T strategies to successfully reduce the dose. The considered efficiency of 
the recovery of U during reprocessing (residue of 0.1%) is not sufficient to reach this objective.  

Also, 79Se, 129I and 135Cs are considered candidates for an effective dose reduction. Figures 5.16 
to 5.18 show that 79Se and 135Cs dominate the dose at early times. In the dose curve of Scheme 1a the 
dose coming from 129I gives a significant contribution to the total dose at early times. For Schemes 2a 
and 3cV1 129I does not appear in the dose curve because iodine is separated from the high-level waste 
flow during the reprocessing.  

It has been considered to separate the heat-producing fission products – Sr and Cs – from the 
waste, to store them for about 300 years and to dispose them afterwards. However, this is not 
necessarily an interesting option for disposal in rock salt because the heat generation of the disposed 
waste guarantees a fast salt creep and void volume reduction. 

h) Results of calculations for a repository in tuff 

To evaluate the effect of Schemes 1a, 1b, 2a and 3cV1 on an unsaturated tuff repository, 
performance assessment calculations for radionuclide release and absorbed dose were carried out at 
ANL with the GOLDSIM [15] code using the “simplified site recommendation model” [16]. The 
results are presented in relative terms, normalised to the reference Scheme 1a, rather than in absolute 
terms because the simplified approach adopted is not designed to provide absolute values. 
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In the simplified model, waste streams make use of two types of waste packages with different 
performance characteristics. Spent fuel that is removed from the reactor and sent to the repository 
without processing is directly disposed in commercial spent nuclear fuel waste packages [17]. 
Alternatively, the waste stream from processed spent fuel is vitrified into waste forms made of high-
level waste glass before placement in co-disposal waste packages.  

The performance assessment calculations reported here utilised an area-loading pattern. Scheme 
1a was chosen as the reference case. The simplified model of direct disposal allows for disposal of 
70 000 Mt of commercial spent nuclear fuel (the statutory limit) within 11 770 commercial spent fuel 
waste packages spread over a repository footprint area of 4.02 × 106 m2, corresponding to an average 
area loading of 17.4 kg/m2. Directly substituting 70 000 Mt of spent fuel from Scheme 1a into this 
model, the total electrical energy generated (3.44 × 104 TWhe) spread over this same footprint results 
in a loading density of 8.56 × 10-3 TWhe/m2. This value is around 34% above the conservatively-low 
utilisation limit calculated for Scheme 1a in Table 5.3.  

For the waste streams of the remaining three fuel cycle schemes, the same total electrical 
generation (3.44 × 104 TWhe), repository footprint, and number of waste packages (11 770) as for the 
reference scheme are assumed. Also, each waste package is assumed to contain the waste from 
generating the same amount of electrical energy, i.e. 3.44×104/11 770 = 2.92 TWhe. With Scheme 1b, 
the vitrified waste was assigned to 10 231 co-disposal waste packages and the spent fuel to 
1 539 commercial spent fuel waste packages. For Schemes 2a and 3cV1, the vitrified waste was placed 
in 11 770 co-disposal waste packages. In all schemes the assumed average loading density is 
8.56 × 10-3 TWhe/m2. This average loading density is slightly above the conservative utilisation limit 
given in Table 5.3 for Scheme 1b and well below the density for Schemes 2a and 3cV1. Thus, the 
following results do not reflect any increased repository utilisation (loading density) made possible in 
Schemes 2a and 3cV1, as the design analysis needed for repository re-optimisation is beyond the 
scope of this study. 

Figure 5.19 shows the total dose rate for the four schemes. All the results are averages based  
on 1 000 independent samples of the stochastic input parameters and are normalised to the peak dose 
rate for Scheme 1a. The curves in Figure 5.19 indicate that Schemes 1b, 2a, and 3cV1 lower the dose 
rate as compared to the direct disposal case, Scheme 1a. However, the greatest reduction in the dose 
rate occurs for Scheme 3cV1. These results are not surprising since for Scheme 1a, the fraction of the 
dose rate contributed by actinides and their decay products is always greater than 90% after about 
80 000 years. After 200 000 years the dose-rate contribution from actinides is essentially 100% for 
Schemes 1a, 1b, and 2a, and even for Scheme 3cV1 is more than 70%. During much of the time period 
prior to 60 000 years, the dose rate is dominated by 99Tc and, to a lesser extent by 129I. The peak dose 
rate from fission products is higher for Schemes 1b, 2a, and 3cV1 than for Scheme 1a because all or 
most of the fission products are in the glass waste form. In the site recommendation total system 
performance assessment model, the glass waste form is not as durable as directly disposed commercial 
spent nuclear fuel with credit taken for cladding. The fission product contribution to the dose rate is 
lower in Scheme 3cV1 than in Schemes 1b and 2a because of the greater thermal efficiency specified 
for the gas-cooled fast reactor. 
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Figure 5.19. Normalised dose rates for Schemes 1a, 1b, 2a, and 3cV1 in an unsaturated tuff repository 

 

i) Activity in the disposed waste 

The above reported analyses assume that the main components of the disposal system will 
function as expected. In that case the disposal system confines the disposed waste in a very efficient 
way and the releases of radionuclides into the environment occur after long time periods and are very 
small. However, it cannot be ruled out that future human actions can strongly perturb and even short-
circuit one or several barriers of the disposal system. The consequences of such intrusions would 
depend on the activity present in the disposed waste. Figure 5.20 shows the evolution of the activity in 
the waste as function of time. For fuel cycle Schemes 1a, 1b and 2a the activity decays by a factor of 
about 100 from 50 to 1 000 years; for the fully closed fuel cycle Scenario 3cV1 the activity decays by 
a factor of 3 500.  
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Figure 5.20. Evolution of the activity in the waste as function of time 

 

5.4.5 Complementarities of conditioning, geological disposal and P&T in handling uncertainties 

Figure 5.7 introduced qualitatively the notion of a limited predictability for every component of a 
geological repository. Using the same graphic support, Figure 5.21 illustrates the time range of 
relevance for the three major courses of action in waste management: conditioning, geological 
disposal, partitioning and transmutation.  

Figure 5.21. Schematic illustration of the coverage of the expected reliability of the main components  
of a geological repository system by different elements of the waste management policies 
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Within the shortest time range – tens to hundreds of years – processing of spent fuel is likely to 
increase the risk of radiological exposure of workers. Additional measures of radiation protection 
(shielding, process optimisation) will keep this risk at accepted levels, inducing extra costs that are 
expected to be marginal. No benefit is yet brought by advanced fuel cycles, except through the 
possibility to isolate and store heat-producing isotopes such as 137Cs and 90Sr; this opens the way to 
optimised repository concepts and the related savings at repository construction time, i.e. within the 
same time frame.  

The stability of geological systems (the host rock) can be assessed for hundreds of thousands of 
years and more. This time scale is the one for migration of the most mobile elements in all candidate 
host rocks (except salt, where transport of radionuclides can only occur after an accidental water 
intrusion). The amount of migrating radionuclides is here controlled by the waste-embedding matrix 
that resists to water leaching, together with the selection of a stable host rock of sufficient dimensions, 
homogeneity, and capability to retard radionuclide migration processes. In this context, it is a 
consistent finding that several fission products are more mobile than the actinides. The situation is 
even more contrasted for rocks where reducing conditions prevail (clay, granite); the actinides are in 
this case strongly sorbed and solubility limited. The radionuclide release to the biosphere in normal 
conditions, is dominated by the most mobile FPs, such as 129I and 79Se.  

The great reliability of geological formations as retention media (the rock itself) becomes more 
delicate to assess on the very long time scales: millions to tens of millions of years. Despite the fact 
that the presence of the geological layers themselves is witness of their stability over hundreds of 
millions of years, predictions of their continued presence in the future do not exceed a few million 
years. At these time scales and beyond, very basic phenomena on very simple systems still can be 
relied upon. The decay of a radioisotope is one of those totally predictable physical behaviours, since 
it depends on one single parameter, insensitive to any change in the environment: the half-life of the 
radioisotope. Whenever no other information on the surrounding systems is available, the activity of 
the radionuclide source term is a good indication for the potential radiotoxicity of the remaining 
radionuclides. Transmutation is the sole physical process that can modify the source term. 

Severe accidental situations such as human intrusion or seismic event leading to breaches into the 
repository are not taken into account in this study. These very unlikely events would establish 
pathways for radionuclide to reach the biosphere much earlier than the evolutions described here. They 
would increase the importance of the physical source term, i.e. the potential radiotoxicity. 

Figure 5.21 illustrates in a qualitative way the decrease in reliability of components by a decrease 
in shade of grey; the range of action (time wise) attributed to the elements of a waste management 
policy appears as labelled superimposed boxes. These boxes also illustrate for any specific value of 
time the number of redundant barriers available to secure and immobilise the waste. It appears that 
P&T does cover the region of gradual decrease of reliance on chemical and geochemical means of 
retention, by providing means to reduce the waste before its physical emplacement in the repository.  

Therefore, the various courses of action on waste management are complementary means to 
achieve redundant confinement of waste, either during the natural loss of predictability of the retention 
barriers or during their accidental disturbance: partitioning followed by transmutation, storing in 
surface halls, embedding radionuclides in durable matrices, conditioning in canisters, emplacing 
canisters in underground galleries within selected host rocks, sealing galleries with engineered 
barriers, all these actions contribute to devise safe ways of dealing with radioactive waste. Many 
technical solutions achieve fulfilment of radiation protection criteria over the decay times of the very 
long-lived radioisotopes. 
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5.4.6 Challenges 

In general the disposal of HLW that is expected to arise from advanced fuel cycles appears to be 
less complicated than the disposal of spent fuel from the reference fuel cycle, because the disposed 
waste contains less fissile materials,�����	�����
�����������������������
���������
���� �	������
������
neutrons. However, some special waste types, such as targets, might not be disposable using currently 
considered technologies. 

Spent fuels from advanced fuel cycles based on the use of FRs with high burn-up and/or ADSs 
�������
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the spent fuels are too high. The reprocessing of such spent fuels may require the application of 
pyrochemical reprocessing. This technology is based on the dissolution of the spent fuel in molten 
salts, such as fluorides and chlorides. How the HLW arising from pyrochemical reprocessing will be 
conditioned is not yet known. It should be noted that the presence of fluorides or chlorides in HLW 
can strongly complicate the design of the near field barriers of the repository system. Indeed, the 
leakage of fluoride and chloride to the water in the near field would strongly accelerate the corrosion 
of many alloys that are considered in existing repository designs as candidate canister materials. It will 
be necessary to try to separate fluorides or chlorides from the HLW prior to conditioning in a solid 
matrix or to develop a matrix material that can guarantee a stable inclusion of F or Cl during very long 
time spans. 

There is, at present, a lack of information on the intermediate level waste. Further work in that 
field is needed to complete that assessment of the impact of advanced fuel cycle schemes on overall 
waste management policies. 

5.5 Conclusions 

The HLW arising from advanced fuel cycle schemes generates less heat than the spent fuel 
arising from the reference Scheme 1a. For disposal in hard rock, clay and tuff formations the 
maximum allowable disposal density is determined by thermal limitations. Especially in the case of a 
fully-closed fuel cycle, the considerably smaller thermal output of the HLW after 50 years of cooling 
allows a significant reduction in the total length of disposal galleries needed. Separation of Cs and Sr 
allows for further reduction in the HLW repository size. For example, in the case of disposal in a clay 
formation the required length of the HLW disposal galleries is reduced by a factor of 3.5 for the fully-
closed Scheme 3cV1, as compared with Scheme 1a, and by the reduction factor reaches 9 when Cs and 
Sr are separated. The separated Cs will include not only the short-lived 137Cs but similar amounts (in 
mass) of the long-lived 135Cs that should be managed somehow. 

For advanced fuel cycle schemes, extending the cooling time from 50 to 200 years will result in a 
drastic reduction of the thermal output of the HLW and, consequently, of the required size of the 
repository. 

In the case of disposal in rock salt the heat generation of the disposed waste contributes to a fast 
salt creep and void volume reduction. Therefore, a lowering of the thermal output of the HLW forms 
necessitates an optimisation of the waste packages and of the disposal configuration.  

The increase in size of any ILW repositories due to the reprocessing of spent nuclear fuel or 
separation of Cs or Sr which has not been considered in this study deserves further investigation. 
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For all the repositories considered the maximum dose resulting from the disposal of HLW from 
the fuel cycle schemes evaluated does not change significantly. The dose reduction factor resulting 
from reprocessing is at most 8 and mainly results from the removal of 129I from the liquid HLW during 
reprocessing. Should 129I be captured and disposed of in the HLW repository, the doses resulting from 
all schemes would be about equal. 

The releases of solubility-limited fission products are somewhat lower in the case of advanced 
fuel cycle schemes, because the denser repository configuration amplifies the contribution of the 
solubility limitation to the repository performance.  

Overall, disposal in reducing conditions results in very late, i.e. after a few million years, and 
very small releases of actinides into the biosphere. Reducing conditions exists in most hard rock or 
argillaceous candidate host formations. 

In the very long-term, i.e. after a few million years, the total dose is somewhat lower in the case 
of the fully-closed fuel cycle schemes, because much smaller amounts of actinides have to be disposed 
of in the repository. However, this effect is not proportional to the amount of disposed actinides 
because most of them are strongly solubility limited. 

The activity of the HLW arising from advanced fuel cycles decreases faster than that of the 
reference fuel cycle. This can considerably limit the eventual consequences of less probable repository 
evolution scenarios, such as future human intrusions, that might strongly perturb the functioning of the 
HLW repository.  

Advanced fuel cycles based on fast reactors or accelerator driven systems may require the 
application of pyroprocessing. The composition of the conditioned HLW forms that will arise from 
pyroprocessing is not yet known. The presence of corrosion accelerating substances, such as fluorides 
or chlorides, can complicate the design of an appropriate engineered barrier system. There is also 
currently a lack of information on the amount and characteristics of LILW types that will arise from 
pyroprocessing. 
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6.  ECONOMIC ANALYSES 

6.1 Introduction 

The objective of this chapter is to evaluate a complex indicator – cost. Recognising that the study 
covers existing, well known technologies available today as well as technologies under development 
that will mature in the future, cost data has various degrees of uncertainties depending on the scheme 
and even process considered. A conservative view has been adopted, which assigns systematically 
higher nominal values to cost related to systems and processes that are not fully industrialised, 
assuming that new technologies are at the beginning of their learning curve. The competitive edge of 
innovative schemes as compared with schemes based on existing technologies might increase with 
expected benefits from technology progress induced by learning and series effect. 

The use of cost as an indicator is very attractive because it offers a means to integrate many 
factors. Estimates of total system cost can be used as a normalising factor for widely dissimilar 
processes and as a de facto integrating factor to roll all indicators into a single value. Another major 
benefit of the cost analysis is its ability to provide, through parametric studies, an assessment of cost 
sensitivity to variations in system components and features. To the extent that indicator inter-
dependencies are understood and incorporated in the analysis, the cost tool can show the relative gain 
or loss in system cost resulting from variations of component characteristics. 

Cost analysis, however, raises a number of issues which complicate its interpretation and its 
relevant utilisation. Assigning costs to fuel cycle components and processes requires a number of 
assumptions which may unconsciously incorporate value judgments into the indicator. Furthermore, 
the eventual cost of a complex process currently at a very early stage of conceptual development is 
very difficult to predict and therefore cost estimates for such processes are open to criticism and 
always may be challenged. 

The following cost analyses are based on estimated costs for fuel cycle materials, processes and 
facilities which are rolled into total fuel cycle and generation costs normalised per unit of energy 
produced. It must be stressed that while the relative costs of different systems evaluated using 
consistent assumptions can provide useful guidance, the absolute cost values, especially when used out 
of the context of the present study, may be misleading.  

Recognising the uncertainty margins on input cost data, the results from the following economic 
assessments provide relative indicators of differences between alternative schemes rather than absolute 
cost values. Sensitivity analyses show how a complex cost indicator may vary when process 
parameters change or when the weight of a parameter itself changes, contribute valuable insight into 
the relative effects of fuel cycle characteristics, and permit evaluation of trade-offs between process 
details. 
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6.2  Methodology  

6.2.1  Cost breakdown structure  

This study follows the cost analysis methodology used in a previous NEA study [1] which 
assumed steady-state equilibrium of mass flows in all the steps of the fuel cycle. The cost breakdown 
structure of a nuclear fuel cycle scheme follows the series of steps (or processes) required for the paths 
included in the scheme. The thirteen fuel cycle schemes considered in this study can be described by 
their main steps as shown in Figure 6.1.  

Figure 6.1. Main steps of the nuclear fuel cycle schemes considered in the study 

 

 
It should be noted that all fuel cycle steps were not taken into account separately in the context of 

the present study. Some steps were aggregated and incorporated into previous or subsequent steps. For 
example, the step of fresh fuel storage and transport to reactor is included in the fuel fabrication step 
and the vitrification of high-level waste from reprocessing is included in the reprocessing step. 

The present study focusing on waste management, this part of the fuel cycle was divided into 
more steps than it was the case in the previous study;1 the waste management steps considered in this 
study are:  

� dry storage (50 years), packaging and geological disposal for spent fuel and high-level waste;  

� disposal for low- and intermediate-level waste; and 

� long-term storage for depleted uranium, reprocessed uranium and separated radio-nuclides 
such as americium and curium. 

                                                      
1. In the previous study, the dry storage and long-term storage options were not considered and packaging and 

geological disposal were aggregated as one step repository. Disposal of low- and intermediate-level waste 
was not considered either assuming that the costs involved would be small enough to be neglected.  
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From an economic analysis viewpoint, total generation cost is the most relevant aggregated 
indicator. However, for nuclear generated electricity, total cost is dominated by the capital cost 
component while fuel cycle cost accounts for no more than some 20%. Fuel cycle cost comparisons 
are included in the following analyses to illustrate better the relative economics of alternative fuel 
cycle schemes. 

6.2.2 Cost calculation 

Each fuel cycle step included in Figure 6.1 serves as a cost centre for conducting the cost 
analysis; assuming steady-state equilibrium of mass flows, the total cost of a fuel cycle scheme can be 
calculated as the sum of costs corresponding to each step in the scheme. 

The cost of each step is supposed to be proportional to its mass flow (in terms of mass, volume, 
electricity generated or decay heat); under this assumption, it can be calculated as the product of unit 
costs by corresponding flows. In this study the mass flows of each fuel cycle scheme are normalised to 
the amount needed for producing 1 TWhe to facilitate the comparison of total generation costs or fuel 
cycle costs for different fuel cycle schemes. 

6.2.3 Unit costs 

The cost analysis of the present study aims at providing some insights on economic trends but 
does not intend to give best estimates. Ranges of unit costs were allocated to each of the steps 
described in Figure 6.1. The width of the range corresponds to uncertainties in terms of technological 
progress, financial arrangement, political and social environment, etc. The nominal unit cost value 
generally corresponds to the best estimate available on unit cost for a given fuel cycle step. The upper 
bound represents the estimated maximal cost value corresponding to the “worst case” taking into 
account all uncertainties. The lower bound corresponds to the lowest possible cost according to 
present knowledge and expert judgements. 

The unit costs used in the present study are drawn from previous NEA studies [1,2,3,4,5] or 
reflect best expert judgments from various members of the group. When economic targets had been set 
explicitly for a given advanced technology, they were adopted as lower bound unit costs. Appendix L 
contains all the unit costs used in the economic analysis presented below, expressed in US dollars  
of 2000. 

6.2.4 Integration tool 

For the purpose of the present study, a computer tool was developed using the Microsoft Excel 
software package. The tool was designed for an efficient conduct of nuclear fuel cycle scheme cost 
analyses. It is simple, transparent and offers users the capability to track down the cost analysis results. 
All the fuel cycle schemes considered in this study are represented in a graphic format in the tool and 
all values related to a fuel cycle step are shown in the graphic interface, i.e., there are no hidden values 
embedded in the calculations. All data on the fuel cycle schemes considered in this study including 
mass flows, waste generation, cost data, and other data such as activities, decay heat and neutron 
sources of spent fuel and high-level waste along time are included in the computer tool and can be 
displayed. The tool is designed to allow the user to modify easily the values of mass flows and/or cost 
parameters and see the corresponding changes in the results. 

The tool calculates: front-end fuel cycle mass flows such as requirements of enrichment and 
conversion services and natural uranium; mass of waste based on the waste generation parameters and 
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the mass flow; and all costs. It performs Monte Carlo simulations with changing the values of all unit 
costs within their respective ranges (from lower to upper bounds).2 

The integration tool will be available as a computer code in the OECD/NEA Databank. 

6.3 Results 

6.3.1  Overall cost trends 

6.3.1.1  Total generation cost 

Figure 6.2 shows the relative total generation costs – normalised to Scheme 1a – for the thirteen 
schemes considered in this study, calculated using the nominal cost units for all fuel cycle steps. The 
figure shows that difference among schemes does not exceed 20%, a variation similar to the one 
induced by varying local and economic conditions for the same technologies within a given scheme. 
Scheme 1a has the lowest cost; schemes 1b, 1c, 1d and 2a are close, within a few percents; schemes 
2b, 2c, 2cV, 3a have costs around 8% higher; Scheme 3b has a cost 12% higher; and schemes 3bV, 
3cV1 and 3cV2 have the highest costs, 20% higher than Scheme 1a. 

Figure 6.2. Relative total generation costs calculated with nominal values of the unit costs  
(Scheme 1a = 100%) 
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2. In the Monte Carlo simulation, it is assumed that all unit costs follow a triangular probability distribution 

function, i.e., the probability that the unit cost has a value increases linearly from its lower bound to the 
nominal value and then decreases linearly to its upper bound.  
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Figure 6.2 also shows the components of total generation costs. Investment cost is the major 
component for all schemes representing between 56 and 63%. Investment plus operating and 
maintenance costs amount to 80 to 90% of total generation costs. Fuel cycle costs range from 10 to 
20% of the total with waste management accounting for only 1 to 5% of the total. While waste 
management costs vary significantly among schemes, their contribution to total generation costs is 
small enough to prevent it from being a major driving factor in decision making. 

Figure 6.3 shows the ranges of relative total generation costs with the upper values calculated 
using the upper unit costs for each step and the lower values calculated using the lower unit costs for 
each step. It illustrates the importance of uncertainties on unit costs, showing that uncertainty ranges 
exceed differences among schemes. 

Figure 6.3. Ranges of relative total generation costs 
(Scheme 1a with nominal values = 100%) 
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This effect of uncertainties is illustrated also in Figure 6.4 which displays the Monte Carlo 
distributions for five schemes. The curve for Scheme 1a has the lowest values and a relatively narrow 
distribution; the curves for schemes 2a, 3a and 3b have slightly higher values but also relatively 
narrow distributions; the curve for Scheme 3cV1 has the highest values and a significantly broader 
distribution. The overlap of all cost probability distributions indicates that cost alone cannot be a 
decisive factor in fuel cycle choices or policy making when considering of innovative technologies at 
a very early stage of technology preparedness. 
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Figure 6.4. Result of Monte-Carlo analysis for total generation costs 

0.00

0.05

0.10

0.15

0.20

0.25

15 19.5 24 28.5 33 37.5 42 46.5 51 55.5 60
$/MWh

1a

3cV1

3b

3a

2a

 

6.3.1.2 Fuel cycle cost 

Figure 6.5 shows relative fuel cycle cost ranges for the thirteen schemes; relative differences 
among schemes, which are larger than those regarding total generation costs, and uncertainty ranges 
are relevant indicators in the context of the present study. 

Figure 6.5. Relative fuel cycle cost ranges 
(Scheme 1a with nominal values = 100%) 
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Generally, the addition of treatment steps increases fuel cycle costs but, as compared with 
Scheme 1a, the benefits from fast spectrum and full recycling in reducing final disposal costs tend to 
exceed the extra costs of separation. Schemes 2c, 2cV, 3cV1 and 3cV2 have fuel cycle costs, 
calculated with nominal unit costs, lower than the reference Scheme 1a and have also rather small fuel 
cycle cost uncertainty ranges. 

The results of the Monte Carlo analysis for fuel cycle costs displayed in Figure 6.6 show 
differences in uncertainty ranges and most probable values of those costs. Several of the seven 
schemes plotted have narrower distributions than Scheme 1a. There is also a wider spread among the 
distributions than it is the case for total generation costs, to the extent that the uncertainty ranges do 
not overlap in all cases. For example, Scheme 2b has a high fuel cycle cost because it requires more 
enrichment services to support multiple recycling while its total generation cost remains low because it 
uses mature commercial technologies for reactor and fuel processing. 

Figure 6.6. Result of Monte-Carlo analysis for fuel cycle costs 
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6.3.2 Sensitivity analyses  

Sensitivity analyses have been performed to estimate the relative importance of different 
parameters in total electricity generation and fuel cycle costs. The impacts of variations in the most 
sensitive parameters and the effect of large uncertainties on the costs and performance of new 
technologies are described below. 

6.3.2.1 FR investment cost 

Figure 6.7 illustrates the impact of FR investment cost on total generation costs for schemes 1b, 
2a, 2c, 3a, 3b and 3cV1. The horizontal axis represents the relative investment cost of a fast reactor 
(GFR and LMFR) as compared with a PWR and the vertical axis the total generation cost for each 
scheme normalised to the total generation cost of Scheme 1a. 
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Figure 6.7. Dependence of relative total generation cost on FR investment cost 
(Scheme 1a = 100%) 
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The uncertainty on FR investment cost is a key issue for the eventual deployment of schemes 
involving this reactor type. In this study, a conservative approach was adopted, assuming that FR 
investment costs would be 20% higher than investment costs of current generation PWRs. Some 
studies suggest that FR investment costs could be lower than PWR investment costs once the learning 
and series effect would have occurred. Schemes involving FRs would become economically attractive 
if and when such investment cost reductions would have been achieved. 

6.3.2.2 ADS investment cost  

In this study the nominal value of accelerator investment cost is assumed to be 15$/W beam, 
which means that ADS investment cost (including accelerator) is about 40% higher than FR 
investment cost. A CEA study [6] suggests much higher values of accelerator investment cost up to 
65$/W beam. In this case, the ADS investment cost would be about 170% higher than FR investment 
cost. Figure 6.8, where the x-axis represents % of ADS investment cost compared to FR investment 
cost, shows the significant sensitivity of total generation costs to ADS investment costs. This helps to 
define the capital cost challenge, and potential benefit, for ADS R&D. 

    % 
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Figure 6.8. Dependence of relative total generation cost on ADS investment cost  
(Scheme 1a = 100%) 
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6.3.2.3 Pyroprocessing cost  

All the data related to pyrochemical separation technology have a large uncertainty because the 
whole process is at an early stage of conceptual design. This does not have a very significant impact 
on total generation cost uncertainties because separation represents only small part of the total cost. As 
an example if the unit cost of the pyrochemical reprocessing of carbide fuel in Scheme 3cV1 (full-
GFR system) is multiplied by 3, increasing from 1 000$/kgHM to 3 000$/kgHM, the total generation 
cost increases only by 5%. 

Figure 6.9 and 6.10 show the dependence of total generation cost and fuel cycle cost respectively 
on pyroprocessing unit cost, the horizontal axis showing the ratio of pyroprocessing cost versus 
PUREX reprocessing cost. 

Recent developments, e.g. by CEA, examine the possibility of reprocessing actinides globally 
(global actinide management), thereby enhancing proliferation resistance and simplifying the 
processing steps. While not considered in this study, this option would most likely show the same 
sensitivity to the processing cost as the one shown in Figures 6.9 and 6.10.  
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Figure 6.9. Dependence of relative total generation cost on pyroprocessing cost 
(Scheme 1a = 100%) 
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Figure 6.10. Dependence of relative fuel cycle cost on pyroprocessing cost 
(Scheme 1a = 100%) 
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6.3.2.4 Uranium price 

In the long term, the motivation for advanced fuel cycles, and in particular fast reactor full 
recycle schemes, is in optimisation of fuel resources. Figures 6.11 and 6.12 show the sensitivity of 
total generation and fuel cycle costs respectively to uranium price. The vertical axis displays the total 
generation and fuel cycle costs respectively normalised to the costs of Scheme 1a. 

Obviously, advanced fuel cycles involving fast reactors are much less sensitive to uranium price 
variations than cycles involving PWR, particularly once-through cycle. Today’s market prices for spot 
and long-term contracts vary from 56 to 70$/kg, as presented in a recent IAEA technical meeting [7]. 
A reappraisal of the uranium price range given by [2] and used in this study might raise the uncertainty 
range of 20-80$/kg to 40-140$/kg range. As shown in Figure 6.12, such a change would not modify 
the relative ranking of the different schemes. Uranium price should rise up to 200$/kg before it 
modifies the ranking of schemes in total generation costs. In this particular case the Scheme 3b would 
crossover the cost of Scheme 2b at this price level and would have a lower cost for higher uranium 
prices. 

 

Figure 6.11. Dependence of relative total generation cost on uranium price 
(Scheme 1a = 100%) 
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Figure 6.12. Dependence of relative fuel cycle cost on uranium price 
(Scheme 1a = 100%) 
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6.4 Conclusions 

Total electricity generation costs are dominated by reactor investment costs and, therefore, do not 
vary widely between schemes. 

Fuel cycle costs vary by a factor of two depending on the scheme and are significantly affected 
by uncertainties on unit costs for advanced technologies and processes. 

The price of natural uranium which is an important factor in fuel cycle cost for the reference 
Scheme 1a has a moderate impact on fuel cycle costs for schemes involving reprocessing and 
recycling. 

The portion of waste management cost, including repository, in the total electricity generation 
cost is so low that uncertainties in unit costs for the waste management steps have no significant 
impact on those total costs. 

Monte Carlo simulations show that, taking into account the large uncertainties on unit costs for 
advanced technologies and processes, innovative schemes eventually may have lower costs than the 
reference Scheme 1a. 
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7.  CONCLUSIONS 

The objective of this study was to analyse a range of possible fuel cycle options from the 
perspective of their effect on waste management policies using to the extent possible indicators or 
metrics that may drive, or at least influence, waste management policy decision. A fundamental 
challenge in this regard was that there is no single, simple, and universally agreed upon indicator 
which can be used to measure “benefit” in the field of waste management. A wide variety of indicators 
are used by different stakeholders, some of which are inter-related, and some of which are more 
independent. The relative importance of these indicators varies with the individual, the organisation, 
country or decision-making entity. Therefore, the adoption of a single combined “quantitative score” 
was not possible in the context of a study carried out by an international group of experts. 

The indicators used in the study include waste volumes, resource consumption, radiation levels, 
thermal decay heat or actinide content. Some of these simple indicators can lead to more complex 
aggregated indicators. For example, the amount of fissile material sent to waste and its isotopic details, 
the heat and radiation levels, and the chemical durability of that waste may be integrated into physical 
security or proliferation resistance indicators. Recognising that there is no consensus on the correct 
way to combine simple indicators into more complex ones, a fair comparison of fuel cycle schemes 
should be based on a multi-criteria approach relying on simple indicators unless the assumptions and 
process for determining more complex indicators is adequately described. 

In order to summarise the main outcomes from the study, eleven indicators were selected as 
representative of the differences identified among the schemes considered. Figure 7.1 presents those 
indicators displayed on a spider chart with a logarithmic scale for four representative schemes. It 
should be stressed, however, that the results from the analyses described in the body of the report 
contain a wealth of additional valuable information of high relevance for comparative assessment of 
different fuel cycle schemes and policy making. 

Overall, the results of this study show that advanced fuel cycles offer possibilities for various 
strategic choices on uranium resources and on optimisation of waste repository sites and capacities, 
while keeping almost constant both the radiological impact of the repositories and the financial impact 
of the complete fuel cycle. It is therefore possible to design for acceptable costs innovative nuclear 
reactor cycles, which at the same time spare resources and make the most efficient use of the foreseen 
geological repository sites. Specific conclusions from the study regarding primary mass flows, waste 
generation, disposal and repository performance, fission product management and economics are 
summarised below. 
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Figure 7.1. Comparison of eleven representative indicators for various fuel cycle schemes 
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Primary mass flows 

By fully closing the fuel cycle, the heavy metal content of the waste can be reduced by more than 
three orders of magnitude as compared with the once-through fuel cycle. During the transition phase 
towards closed cycle or during phase-out of nuclear energy the heavy metal content may be higher 
than in equilibrium state as assumed in this study. 

Due to the higher electrical efficiency of fast reactors, a change from an all-PWR to an all-FR 
reactor strategy would reduce the fission product mass by about 30%. This may have a major effect on 
HLW volume. 

Only transmutation strategies with fully closed fuel cycles can meet the hundredfold TRU 
reduction goal of P&T. Partially closed fuel cycles, which cannot achieve such high TRU reductions 
but are easier to implement, are also useful for managing plutonium and minor actinides. When a 
transmutation strategy is phased out, it has to be ensured that the TRU waste reduction achieved in the 
equilibrium phase is not jeopardised by the disposal of the residual TRU inventory. This could be done 
by optimising the use of FR and/or ADS in burning TRU during phase out period. 
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The high decay heat and neutron emission of multi-recycled fuels have consequences for the 
reprocessing and the handling of the fuel. As to the reprocessing, improvements to the flow sheets of 
aqueous processes and the introduction of pyrochemical methods will be necessary. 

Since the actinides are mostly recovered, minor actinide management techniques, in fact, always 
reduce the total decay heat of the waste. While the heat reduction at normal disposal time (50 years) is 
modest (at most 70%), schemes with minor actinide management show a significant reduction 
potential at longer times. A tenfold reduction could be achieved by prolonging the cooling time from 
50 to 200 years. 

Using the mass flow of pure plutonium as a simple indicator for the proliferation risk, the 
schemes can be divided into groups with high (2a, 2b, 2c, 2cV, 3b), low (1b, 3bV) and no flow (all 
other schemes). Increases in proliferation resistance may be coupled with technical or economical 
drawbacks. 

As to the natural uranium demand, the reduction potential of advanced PWR strategies is about 
10%, compared with the once-through fuel cycle. A significant (40%) uranium saving can be achieved 
with the DUPIC fuel cycle. Higher savings are possible by incorporating fast reactors into the park. 
And an all-FR strategy will allow the uranium demand to be reduced by more than two orders of 
magnitude. 

All reactor parks including PWRs produce significant amounts of residual uranium. The long-
term storage or disposal of this uranium has to be considered as an integral part of the waste 
management.  

Waste generation 

The conditioning technology is one of the important factors defining the volume of the HLW 
generated by the reprocessing plants. Current conditioning methods are not necessary best optimised 
for the composition of the waste streams produced by the advanced separation technologies, especially 
pyrochemical technologies.  

In many cases the amount of certain fission products is the limiting factor on waste loading of the 
conditioned waste. This decreases the differences between the volume of conditioned HLW produced 
by different separation technologies (and the different fuel cycles). 

During normal operation, the majority of the LILW-LL is generated by the reprocessing 
activities. The differences between fuel cycles are estimated to be relatively small. However, there are 
key differences between the open and closed fuel cycles in terms of volume and waste types due to 
reprocessing or partitioning. At the same, the uncertainties are very large because no real or 
experimental data on secondary waste flows exist. Additionally, secondary waste flows depends not 
only the technology used but also largely on how the plant is operated. When the fuel cycle facilities 
are decommissioned, reactor plants are also large contributor of LILW-LL. 

The volume LILW-SL generated by the fuel cycles is dominated by the power plants. 
Uncertainties are also large in this case, because of the same reason as for LILW-LL case. 
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Fission product management 

Separation and temporarily storage of Cs and Sr can reduce the number of vitrified HLW 
canisters by 25 to 40%. The interim storage time needed varies from 12 to 32 years depending on the 
waste loading. Additional cost of Cs/Sr separation and Cs/Sr interim storage results in a 5-10% 
increase in total cost. 

Removing and sequestering Cs and Sr in a separate area of the repository or another facility, 
would allow a further substantial increase in the drift loading of the repository, up to a factor of 43 in 
comparison with the direct disposal case for 99.9% removal of Pu, Am, Cs, and Sr. 

Disposal and repository performance 

Generally, the HLW arising from the advanced fuel cycle scenarios generates less heat than the 
spent fuel. In case of disposal in hard rock, clay and tuff formations the maximum allowable disposal 
density is determined by thermal limitations. Especially in the case of a fully closed fuel cycle, the 
considerably smaller thermal output of the high level waste at the considered cooling time of 50 years 
allows a significant reduction in the total length of disposal galleries required. Separation of Cs and Sr 
allows further reduction in the HLW repository size. For example, in the case of disposal in a clay 
formation the required length of the HLW disposal galleries is reduced by a factor of 3.5 when 
comparing the waste from the fully closed fuel cycle compared to once-through fuel cycle, and by a 
factor of 9 when Cs and Sr are separated. 

Extending the cooling time from 50 to 200 years will result in a reduction of the thermal output of 
the HLW and, consequently, of the required size of the HLW repository. In the case of advanced fuel 
cycles this reduction is a factor of about 30. 

In the case of disposal in rock salt the heat generation of the disposed waste contributes to a fast 
salt creep and void volume reduction. Therefore, a lowering of the thermal output of the high level 
waste forms necessitates an optimisation of the waste packages and of the disposal configuration.  

The increase in size of any ILW repositories due to the reprocessing of spent nuclear fuel or 
separation of Cs or Sr has not been considered in this study. 

For all considered repositories the maximum dose resulting from the disposal of the high level 
waste from the various considered fuel cycles scenario does not significantly change from one 
scenario to another. The doses resulting from the cycles for disposal of fuel with reprocessing are at 
most a factor 8 lower than those from the reference fuel cycle 1a. However, the lower dose mainly 
results from the removal of 129I from the high level waste during reprocessing. Should 129I be captured 
and disposed of in the HLW repository, the doses resulting from all scenarios will be about equal. 

The releases of solubility limited fission products are somewhat lower in the case of advanced 
fuel cycle scenarios, because the denser repository configuration amplifies the contribution of the 
solubility limitation to the repository’s performance.  

Overall, disposal in reducing conditions results in very late, i.e. after a few million years, and 
very small releases of actinides into the biosphere. Reducing conditions exist in most hard rock or 
argillaceous candidate host formations. 
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At the very long-term, i.e. after a few million years, the total dose is somewhat lower in the case 
of the fully closed fuel cycle scenarios, because much smaller amounts of actinides have to be 
disposed of in the repository. However, this effect is not proportional to the disposed amount of 
actinides because most actinides are strongly solubility limited. 

The activity of the high level waste arising from advanced fuel cycles decreases faster than that of 
the reference fuel cycle. This can considerably limit the eventual consequences of less probable 
repository evolution scenarios, such as future human intrusions, that might strongly perturb the 
functioning of the HLW repository.  

Advanced fuel cycles based on fast reactors or accelerator driven systems may require the 
application of pyroreprocessing. The composition of the conditioned high level waste forms that will 
arise from pyroprocessing is not yet known. The presence of corrosion accelerating substances, such 
as fluorides or chlorides, can complicate the design of an appropriate engineered barrier system. There 
is also currently a lack of information on the amount and characteristics of low- and intermediate-level 
waste that will arise from pyroprocessing. 

Economic analyses 

Total electricity generation costs are dominated by reactor investment costs and, therefore, do not 
vary widely between schemes. 

Fuel cycle costs vary by a factor of two depending on the scheme and are significantly affected 
by uncertainties on unit costs for advanced technologies and processes. 

The price of natural uranium which is an important factor in fuel cycle cost for the reference 
Scheme 1a has a moderate impact on fuel cycle costs for schemes involving reprocessing and 
recycling. 

The portion of waste management cost, including repository, in the total electricity generation 
cost is so low that uncertainties in unit costs for the waste management steps have no significant 
impact on those total costs. 

Monte Carlo simulations show that, taking into account the large uncertainties on unit costs for 
advanced technologies and processes, innovative schemes eventually may have lower costs than the 
reference Scheme 1a. 
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Appendix B 
 

ACRONYMS 

ADS  Accelerator-driven system (sub-critical) 

AFCI Advanced fuel cycle initiative 

ALMR  Advanced liquid metal (-cooled) reactor 

An  Actinide, i.e. U, Pu, Np, Am or Cm. “Actinides” stands for any combination of U, Pu, 
Np, Am and Cm. 

ANL  Argonne National Laboratory (United States) 

Bq Becquerel, unit of activity, often TBq (1012) 

BNFL British Nuclear Fuels Limited 

BWR Boiling water reactors 

CANDU  Canadian deuterium uranium Canadian reactor  

CCD Chlorinated cobalt dicarbolide 

CEA  Commissariat à l’énergie atomique (France) 

CIEMAT  Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas 

COGEMA Compagnie générale des matières nucléaires 

CRIEPI  Combined Research Institute of the Electric Power Industries (Japan) 

DAW Dry active waste 

DepU Depleted uranium from enrichement 

DOE  Department of Energy (United States) 

DUPIC Direct Use of spent PWR fuel in CANDU reactors  

EBS Engineering barrier system 

EDF  Électricité de France 

EFR  European fast reactor concept 

ENEA  Ente per le Nuove tecnologie, l’Energia e l’Ambiente (Italy) 

ENRESA Empresa Nacional de Residuos Radioactivos S.A. 

FP Fission product 

FR  Fast reactor (operating at criticality) 

Framatome Franco-Américaine de constructions atomiques 

FZJ  Forschungszentrum (research centre) Jülich (Germany) 
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FZK  Forschungszentrum Karlsruhe (Germany) 

Gen-IV Next generation nuclear energy systems 

GeV  Giga-electron-volt (109 electron volts) 

GFR Gas-cooled fast reactor 

GRS Gesellschaft für Anlagen- und Reaktorsicherheit mbH  

GWd  Gigawatt-day (usually thermal, i.e. without allowance for conversion losses) 

GWe  Gigawatt (electrical) 

HBU High burn-up core 

HEPA High efficiency particulate absorbing 

HEU Highly enriched uranium 

HIC High integrity containers 

HLLW High-level radioactive liquid waste 

HLW  High-level waste  

HM Heavy metal 

HTOM High-temperature operating mode 

HWR Heavy water reactor 

IAEA International Atomic Energy Agency 

ICRP International Commission on Radiological Protection 

IFR Integral fast reactor 

ILW Intermediate-level waste 

JAERI  Japan Atomic Energy Research Institute 

JNC  Japan Nuclear Cycle Development Institute 

KAERI  Korea Atomic Energy Research Institute 

LANL  Los Alamos National Laboratory (US) 

LBE Lead bismuth eutectic 

LILW Low- and intermediate-level waste 

LL  Long-lived waste 

LLFP Long-lived fission products 

LMFR  Liquid metal (cooled) fast reactor 

Ln  Lanthanide 

LLNL  Lawrence Livermoore National Laboratory (United States) 

LSM Low specific material 

LWRs  Light water reactors (either pressurised or boiling) 

MA  Minor actinides, principally neptunium, americium and curium 
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MCA Multi-criteria analysis 

MEGAPIE  MEGAwatt Pilot Experiment 

Mo molybdenum 

MOX  Mixed oxide fuel, uranium and plutonium unless otherwise specified 

Mt Metric ton 

MW  Megawatt (million watts) 

NIRAS Nationale instelling voor radioactief afval en verrijkte splijtstoffen 

ONDRAF Organisme national des déchets radioactifs et des matières fissiles enrichies 

OREOX Oxidation and reduction of oxide fuel  

ORIENT Optimisation by removing impedimental elements 

P&T  Partitioning and transmutation 

PSI  Paul Scherrer Institute (Switzerland) 

PUREX  Plutonium and uranium reduction of oxide fuel  

PWR  Pressurised water (cooled and moderated) reactor 

RIAR  Research Institute of Atomic Reactors (Russia) 

SAFIR 2 Safety Assessment and Feasibility Interim Report 

SCK•CEN  Studiecentrum voor Kernenergie – Centre d’étude de l’Énergie nucléaire 

SepU Separated uranium from reprocessing 

SL  Short-lived waste 

SNF Spent nuclear fuel 

SWU Separating work unit 

TBP tri-butyl-phosphate, an organic molecule to extract plutonium (Pu) and uranium (U) 
from dissolved spent fuel 

tHM ton of heavy metal 

t.l.e. temperature limit exceeded 

TRU  Transuranic elements, i.e. Pu, Np, Am and Cm 

tU ton of uranium 

TWhe  Terawatt-hour (electrical), i.e. 1012 watt-hours after conversion losses 

UOX  Uranium oxide fuel 

UREX+  Aqueous fuel reprocessing scheme  

VR Volume reduction factor 
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Appendix C

FUEL CYCLE DESCRIPTIONS AND MAIN DATA

Scheme 1a
Open cycle

Fuel Characteristics and Mass Flows (kg/TWhe)

PWR/UOX
ENRICHMENT
Natural Uranium
Depleted Uranium
Enriched Uranium

0.71% 235U
0.25% 235U
4.90% 235U

FUEL
Burn Up
Ageing time
Cooling time

UOX
60 GWd/tHM

2 years
5 years

REACTOR
Thermal power
Electrical power

PWR – EPR type
4 250 MWth
1 450 MWe

PWREnrichment

Unat: 20 723 kg

UOX Fuel
2 050 kg

Udep: 18 673 kg

STORAGE
UOX: 2 050 kg

U: 1 890 kg
Pu: 26 kg
Np: 1.9 kg
Am: 1.6 kg

Cm: 0.28 kg
PF: 130 kg
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Scheme 1b
UOX reprocessed (PUREX) – Pu once cycling in MOX

Fuel Characteristics and Mass Flows (kg/TWhe)

PWR/UOX PWR/MOX
ENRICHMENT
Natural Uranium
Depleted Uranium
Enriched Uranium

0.71% 235U
0.25% 235U
4.90% 235U

0.25% 235U

FUEL
Burn Up
Ageing time
Cooling time
Pu Content
Fissile Pu

UOX
60 GWd/tHM

2 years
5 years

–

MOX
60 GWd/tHM

2 years
5 years

10%
63%

REACTOR
Thermal power
Electrical power

PWR – EPR type
4 250 MWth
1 450 MWe

PWR – EPR 100% MOX
4 250 MWth
1 450 MWe

REPROCESSING
Losses

PUREX
0.1% U,Pu

100% MA, FP

–

PWR 89%

PWR 11%

Unat: 18 448 kg

Enrichment

Udep: 16 623 kg

UOX FUEL
1 825 kg

MOX FUEL
225 kg

PUREX
UOX 1 825 kg

STORAGE
MOX: 225 kg

Pu: 15.2 kg
Np: 0.04 kg
Am: 1.4 kg

Cm: 0.33 kg
U: 193 kg
PF: 15 kg

DISPOSAL
Pu: 0.023 kg
Np: 1.7 kg
Am: 1.4 kg

Cm: 0.25 kg
PF: 116 kg

Pu: 23 kg

Uirr

202 kg

1 683 kg
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Power for scenario 1b
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Activity for scenario 1b
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Neutron Source for scenario 1b
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Scheme 1c
UOX reprocessed (UREX) Pu, Np once cycling in MOX

Fuel Characteristics and Mass Flows (kg/TWhe)

PWR/UOX PWR/MOX
ENRICHMENT
Natural Uranium
Depleted Uranium
Enriched Uranium

0.71% 235U
0.25% 235U
4.90% 235U

0.25% 235U

FUEL
Burn Up
Ageing time
Cooling time
Pu, Np Content
Fissile Pu

UOX
60 GWd/tHM

2 years
5 years

–
–

MOX with Np
60 GWd/tHM

2 years
5 years
11.5%
63%

REACTOR
Thermal power
Electrical power

PWR – EPR type
4 250 MWth
1 450 MWe

PWR – EPR 100% MOX
4 250 MWth
1 450 MWe

REPROCESSING
Losses

UREX
0.1% U, Pu, Np

100% other MA, FP
–

COMMENTS:

1. This scenario has been calculated by CEA on the basis of an EPR RMA for MOX fuel.
2. EPR 100% MOX has an increased moderation ratio up to 2.5.
3. For FP mass composition of irradiated MOX with Np fuel, MOX fuel has been used (same

spectra).

PWR 90%

PWR 10%

Unat: 18 549 kg

Enrichment

Udep: 16 714 kg

UOX FUEL
1 835 kg

MOX + Np FUEL
215 kg

UREX
UOX 1 835 kg

STORAGE
MOX: 215 kg
U: 182 kg
Pu: 16.8 kg
Np: 0.84 kg
Am: 1.43 kg
Cm: 0.29 kg
PF: 14 kg

DISPOSAL
Pu: 0.023 kg
Np: 0.002 kg
Am: 1.4 kg

Cm: 0.25 kg
PF: 116 kg

Pu: 23 kg Np: 1.7 kg

Uirr

190 kg

1 720 kg

Udep: 16 524 kg
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Power for scenario 1c
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Neutron Source for scenario 1c
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Scheme 1d
UOX processed (OREOX)

Fuel Characteristics and Mass Flows (kg/TWhe)

PWR/UOX CANDU/DUPIC
ENRICHMENT
Natural Uranium
Depleted Uranium
Enriched Uranium

0.71% 235U
0.25% 235U
3.50% 235U

FUEL
Burn Up
Ageing time
Cooling time
Pu Content/SPWRF
Fissile Pu

UOX
35 GWd/tHM

10 years
–
–

DUPIC
15 GWd/tHM

0.90%
68.40%

REACTOR
Thermal power
Electrical power

PWR
4 250 MWth
1 450 MWe

CANDU
2 159 MWth

713 MWe
REPROCESSING
Losses

OREOX
1% U, Pu, MA, FPs

100% Kr, Xe, Ru, Cs, I
–

PWR
(72.7%)

CANDU
(27.3%)

STORAGE
U: 19 kg

Pu: 0.18 kg
Np: 0.01 kg
Am: 0.01 kg
FP: 21.1 kg

DISPOSAL
UOX, HLW,

ILW

DUPIC Fuel

U: 1 943 kg
Pu: 18.1 kg
Np: 1.06 kg
Am: 1.20 kg
Cm: 0.04 kg
FP: 73.4 kg

Cooling time
10 years

U: 1924 kg
Pu: 17.9 kg
Np: 1.05 kg
Am: 1.19 kg
Cm: 0.04 kg
FP: 52.3 kg

STORAGE
Spent DUPIC
U: 1 895 kg
Pu: 16.6 kg
Np: 1.09 kg
Am: 0.69 kg
Cm: 0.21 kg
FP: 83.2 kg

Unat: 12 178 kg

Enrichment

Udep: 10 141 kg

UOX
2 037 kg

OREOX
processing
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Power for scenario 1d
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Scheme 2a
UOX and MOX-EU reprocessed (PUREX) – Pu recycling

Fuel Characteristics and Mass Flows (kg/TWhe)

PWR/UOX PWR/MOX-EU
ENRICHMENT
Natural Uranium
Depleted Uranium
Enriched Uranium

0.71% 235U
0.25% 235U
4.90% 235U

0.71% 235U
0.25% 235U

3% 235U
FUEL
Burn Up
Ageing time
Cooling time
Pu Content
Fissile Pu

UOX
60 GWd/tHM

2 years
5 years

–
–

MOX-EU
60 GWd/tHM

2 years
5 years

12%
56.8%

REACTOR
Thermal power
Electrical power

PWR – EPR type
4 250 MWth
1 450 MWe

PWR – EPR 100% MOX
4 250 MWth
1 450 MWe

REPROCESSING
Losses

PUREX
0.1% U, Pu

100% MA, FP

PUREX
0.1% U, Pu

100% MA, FP

COMMENTS:

1. For FP mass composition of irradiated MOX-EU fuel, MOX fuel has been used.
2. EPR MOX-EU has an increased moderation ratio up to 2.5.

PWR
72%

PWR
28%

Unat: 17 935 kg

Enrichment

Udep: 15 954 kg

UOX FUEL
1 475 kg

MOX-UE FUEL
575 kg

PUREX

UOX and
MOXUE:
2 050 kg

Pu: 69 kg
Uirr: 1 844 kg

DISPOSAL
Np: 1.6 kg
Pu: 0.07 kg
Am: 5.9 kg
Cm: 1.3 kg
PF: 128 kg
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Power for scenario 2a
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Scheme 2b
UOX and MOX reprocessed (Advanced PUREX) – Am and Cm Partitioning

– Cm storage – Pu and Am recycling in MOX-EU

Fuel Characteristics and Mass Flows (kg/TWhe)

PWR/UOX PWR/MOX-EU 1 PWR/MOX-EU 2
ENRICHMENT
Natural Uranium
Depleted Uranium
Enriched Uranium

0.71% 235U
0.25% 235U
4.90% 235U

0.71% 235U
0.25% 235U
3.48% 235U

0.71% 235U
0.25% 235U
5.85% 235U

FUEL
Burn Up
Ageing time
Cooling time
Pu Content
Fissile Pu
Am Content

UOX
60 GWd/tHM

2 years
5 years

–
–
–

MOX EU 1
60 GWd/tHM

2 years
5 years

10%
42.8%

–

MOX EU 2
60 GWd/tHM

2 years
5 years
6.7%

42.8%
1.13%

REACTOR

Thermal power
Electrical power

PWR – EPR type

4 250 MWth
1 450 MWe

PWR – EPR type
100% MOX
4 250 MWth
1 450 MWe

PWR – EPR type
100% MOX
4 250 MWth
1 450 MWe

REPROCESSING
Losses

Advanced PUREX
0.1% U, Pu, Am

100% Np, Cm, FP

Advanced PUREX
0.1% U, Pu, Am

100% Np, Cm, FP

Advanced PUREX
0.1% U, Pu, Am

100% Np, Cm, FP

COMMENTS:
1. For FP mass composition of irradiated MOX-EU 1 and 2 fuel, MOX fuel has been used.
2. EPR MOX-EU 1 and MOX-EU 2 have an increased moderation ratio up to 2.5.

PWR 54%

PWR 11%

Unat: 20 607 kg

Udep: 18 637 kg

UOX FUEL
1 101 kg

ADVANCED
PUREX

UOX and
MOXUE:
2 050 kg

DISPOSAL
Np: 1.7 kg
Pu: 0.07 kg

Am: 0.008 kg
PF: 129 kg

Pu: 24 kg Uirr: 1 836 kg

PWR 35%

MOX-UE 2 FUEL

711 kg

Pu: 48 kg Am: 8 kg

Enrichment

MOX UE 1 FUEL

238 kg
238 kg

STORAGE
Cm: 2.825 kg

Storage after
100 years

U: 0.018 kg
Pu: 2.286 kg
Am: 0.002 kg
Cm: 0.478 kg
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Power for scenario 2b
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Scheme 2c
UOX and MOX reprocessed (Advanced PUREX)

Am and Cm Partitioning – Cm storage – Am once through transmutation

Fuel Characteristics and Mass Flows (kg/TWhe)

PWR/UOX FR/MOX Am TARGET
ENRICHMENT
Natural Uranium
Depleted Uranium
Enriched Uranium

0.71% 235U
0.25% 235U
4.90% 235U

0.25% 235U

FUEL
Burn Up
Ageing time
Cooling time
Pu Content

UOX
60 GWd/tHM

2 years
5 years

–

MOX
140 GWd/tHM

2 years
5 years
18.6%

Am TARGET

REACTOR
Thermal power
Electrical power

PWR – EPR type
4 250 MWth
1 450 MWe

FR – EFR type
3 600 MWth
1 450 MWe

FR – EFR type
3 600 MWth
1 450 MWe

REPROCESSING
Losses

Advanced PUREX
0.1% U, Pu, Am

100% Np, Cm, FP

Advanced PUREX
0.1% U, Pu, Am

100% Np, Cm, FP
–

STORAGE
Cm: 0.3 kg

PWR 44%

FR 56%

Unat: 9 148 kg

Enrichment

Udep: 8 243 kg

UOX FUEL
905 kg

MOX FR
FUEL 390 kg

ADVANCED
PUREX

UOX 905 kg
MOX/FR 390 kg

TARGETS
DISPOSAL
Pu: 0.11 kg

Am: 0.025 kg
Cm: 0.11 kg
FP: 2.3 kg

Pu: 80 kg

TARGETS
2.55 kg

Am: 2.55 kg

310 kg

Udep: 7 933 kg

DISPOSAL

Pu: 0.08 kg
Am: 0.0025 kg

Np: 1.0 kg
FP: 101 kg

Uirr: 1 090 kg

Storage after
100 years

U: 0.002 kg
Pu: 0.258 kg
Cm: 0.034 kg
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Power for scenario 2c
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Neutron source for scenario 2c

10 000 years
6.51E+03
1.77E+04
4.16E+08
4.16E+08

200 years
2.57E+04
5.91E+04
8.55E+08
8.55E+08

5 years
1.32E+06
1.85E+06
1.21E+09
1.21E+09

50 years
2.61E+05
3.87E+05
9.28E+08
9.29E+08

1000 years
1.77E+04
4.27E+04
7.91E+08
7.91E+08

1,00E+03

1,00E+04

1,00E+05

1,00E+06

1,00E+07

1,00E+08

1,00E+09

1,00E+10

1 10 100 1000 10000

Year

N
eu

tr
o

n
S

o
u

rc
e

(n
eu

tr
o

n
/s

ec
/g

ro
u

p
e/

T
W

h
e)

REP

RNR

CIBLES

Total



153

Scheme 2c Variant
UOX and MOX reprocessed (Advanced PUREX) – Am and Cm Partitioning – Am and Cm storage

Fuel Characteristics and Mass Flows (kg/TWhe)

PWR/UOX FR/MOX
ENRICHMENT
Natural Uranium
Depleted Uranium
Enriched Uranium

0.71% 235U
0.25% 235U
4.90% 235U

0.25% 235U

FUEL
Burn Up
Ageing time
Cooling time
Pu Content

UOX
60 GWd/tHM

2 years
5 years

–

MOX
140 GWd/tHM

2 years
5 years
18.6%

REACTOR
Thermal power
Electrical power

PWR – EPR type
4 250 MWth
1 450 MWe

FR – EFR type
3 600 MWth
1 450 MWe

REPROCESSING
Losses

Advanced PUREX
0.1% U, Pu, MA

100% FP

Advanced PUREX
0.1% U, Pu, MA

100% FP

PWR 44%

FR 56%

Unat: 9 148 kg

Enrichment

Udep: 8 243 kg

UOX FUEL
905 kg

MOX FR
FUEL
390 kg

ADVANCED
PUREX

UOX 905 kg
MOX/FR 390 kg

Pu: 80 kg

310 kg

Udep: 7 933 kg

DISPOSAL

Pu: 0.08 kg
Np: 1.0 kg
FP: 101 kg

STORAGE
Am: 2.55 kg
Cm: 0.3 kg

Storage after
100 years

U: 0.005 kg
Np: 0.268 kg
Pu: 0.274 kg
Am: 2.255 kg
Cm: 0.032 kg

Uirr: 1 090 kg
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Power for scenario 2c variant
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Activity for scenario 2c variant
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Neutron source for scenario 2c variant
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1.34E+06
1.85E+06
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2.66E+05
6.87E+05
6.53E+05

1000 years
1.80E+04
4.26E+04
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Scheme 3a “TRU Burning in FR”
UOX reprocessed (UREX) Metal reprocessed (PYRO) – TRU partitioning and homogeneous transmutation

Fuel Characteristics and Mass Flows (kg/TWhe)

PWR/UOX FR/METAL
ENRICHMENT
Natural Uranium
Depleted Uranium
Enriched Uranium

0.71% 235U
0.25% 235U
4.20% 235U

0.25% 235U

FUEL
Burn Up
Ageing time
Cooling time
Pu Content
MA Content

UOX
50 GWd/tHM

2 years
4 years

–
–

FR METAL AcZr
140 GWd/tHM

1 year
2 years
29.1%
3.9%

REACTOR
Thermal power
Electrical power

PWR
4 250 MWth
1 450 MWe

FR
1 575 MWth

600 MWe
REPROCESSING
Power
Source
Losses

UREX
3.5 W/kgHM

1. E6 n/s-kgHM
0.1% U, Pu, MA

100% FP

PYRO
46 W/kgHM

86. E6 n/s-kgHM
0.1% U, Pu, MA

100% FP

COMMENTS:

1. For FP mass composition of the irradiated metallic fuel, the values calculated by PSI have been
used.

PWR (63.2%)

FR (36.8%)

UREX (UOX)

Actinides

WASTE

U: 1.588 kg
Pu: 0.084 kg

Np: 0.0027 kg
Am: 0.0060 kg
Cm: 0.0026 kg
FP: 117.5 kg

Disposal
PYRO

(metal 78Ac-22Zr)

Pu + MA

FP, HM losses

Unat: 12 991 kg

Enrichment

UOX FUEL
1 513 kg

Uirr: 1413 kg

Udep: 11 478 kg

FR FUEL
289 kg

FP, HM losses
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Power for scenario 3a

1000 years
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3.90E-01
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Activity for scenario 3a
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Neutron Source for scenario 3a
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1.74E+06

10 000 years
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5.56E+05
5.61E+05

5 years
1.73E+06
2.24E+07
2.41E+07

50 years
3.31E+05
5.34E+06
5.68E+06

1000 years
9.63E+03
1.51E+06
1.52E+06

1,00E+03

1,00E+04

1,00E+05

1,00E+06

1,00E+07

1,00E+08

1 10 100 1000 10000

Year

N
eu

tr
o

n
so

u
rc

e
(n

eu
tr

o
n

/s
ec

/g
ro

u
p

e/
T

W
h

e)

UOX

FR-metal

Total



157

Scheme 3b “Double Strata”
UOX, MOX and FR(MOX) reprocessed (PUREX) – Pu once recycling in PWR (MOX) – Pu multi recycling in FR(MOX) –

Pu and MA partitioning and homogeneous transmutation – ADS (nitride) Fuel reprocessed (PYRO)

Fuel Characteristics and Mass Flows (kg/TWhe)

PWR/UOX PWR/MOX FR/MOX ADS Nitride
ENRICHMENT
Natural Uranium
Depleted Uranium
Enriched Uranium

0.71% 235U
0.25% 235U
4.20% 235U

0.25% 235U 0.25% 235U

FUEL
Burn Up
Ageing time
Cooling time
Pu Content
MA Content

UOX
50 GWd/tHM

2 years
4 years

–

MOX
50 GWd/tHM

2 years
5 years

8%

FR MOX
185 GWd/tHM

2 years
5 years
44.4%

ADS Nitride
150 GWd/tHM

1 years
2 years
40.5%
55%

REACTOR
Thermal power
Electrical power

PWR N4 type
4 250 MWth
1 450 MWe

PWR N4 type
4 250 MWth
1 450 MWe

FR EFR Type
3 600 MWth
1 450 MWe

ADS JAERI Type
Lead Bismuth cooled

system
REPROCESSING

Losses

Advanced PUREX
3.5 W/kgHM

1. E6 n/s-kgHM
0.1% U, Pu, AM

100% FP

Advanced PUREX
6.3 W/kgHM

11. E6 n/s-kgHM
0.1% U, Pu, AM

100% FP

Advanced PUREX
21.8 W/kgHM

40 E6 n/s-kgHM
0.1% U, Pu, AM

100% FP

PYRO
455 W/kgHM

1 800 E6 n/s-kgHM
0.1% U, Pu, AM

100% FP

COMMENTS:
1. For FP mass composition of the irradiated ADS fuel, PSI calculated values have been used.
2. For mass composition of the irradiated PWR-MOX and FR-MOX fuels, a “5 years cooling time” versus a

“7 years cooling time” value has been recalculated.
3. For the FR, a metal fuel reprocessed by pyro could be considered as an alternative.

Disposal

Udep: 11 757 kg

Unat: 13 561 kg

PWR
(66%)

PWR
(9.8%)

PUREX (MOX)
(Uirr: 208 kg)

Actinides

Pu

PUREX (UOX)
(Uirr: 1476 kg)

FR
(19%)

Pu

PUREX (MOX)

ADS
(5.2%)

MA

PYRO (29AcN-71ZrN)

Pu

MA

MA

FP, HM
losses

FP, HM losses

Enrichment

UOX Fuel
1 579 kg

MOX Fuel
236 kg

FR Fuel
106.2 kg

ADS Fuel
46.2 kg

WASTE

U: 1.737 kg
Pu: 0.085

Np: 0.0036
Am: 0.0140
Cm: 0.0078
FP: 118.42

Pu 19 kg

Pu 47 kg

Actinides 46 kg
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Power for scenario 3b
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Scheme 3b Variant “Double Strata”
UOX and MOX reprocessed (PUREX) – Pu once recycling in PWR(MOX) – TRU partitioning and

homogeneous transmutation – ADS fuel reprocessed (PYRO)

Fuel Characteristics and Mass Flows (kg/TWhe)

PWR/UOX PWR/MOX ADS/Nitride
ENRICHMENT
Natural Uranium
Depleted Uranium
Enriched Uranium

0.71% 235U
0.25% 235U
4.20% 235U

0.25% 235U

FUEL
Burn Up
Ageing time
Cooling time
Pu Content
TRU Content

UOX
50 GWd/tHM

2 years
4 years

–

MOX
50 GWd/tHM

2 years
5 years

10%

ADS Nitride
150 GWd/tHM

1 years
2 years

42.3%
REACTOR
Thermal power
Electrical power

PWR French N4
4 250 MWth
1 450 MWe

PWR French N4
4 250 MWth
1 450 MWe

ADS JAERI Type
Lead Bismuth cooled

system
REPROCESSING
Losses

Extended PUREX
0.1% U, Pu, MA

100% FP

Extended PUREX
0.1% U, Pu, MA

100% FP

PYRO
0.1%U, Pu, MA

100% FP

COMMENTS:
1. For FP mass composition of the irradiated ADS fuel, PSI calculated values have been used.
2. For mass composition of the irradiated PWR-MOX and FR-MOX fuels, a “5 years cooling time” versus a

“7 years cooling time” value has been recalculated.

WASTE

U: 1.868 kg
Pu: 0.108 kg

Np: 0.0050 kg
Am: 0.0147 kg
Cm: 0.0092 kg

FP: 122 kg

Disposal

Udep: 13 318 kg

PWR
75.1%

PWR
9.4%

PUREX
(MOX)

(Uirr: 198 kg)

Actinides

Pu

PUREX (UOX)
(Uirr: 1667 kg)

Pu

ADS
15.5%

MA

PYRO
(29AcN-71ZrN)

MA

FP, HM losses

FP, HM losses

Unat: 15 328 kg

Enrichment

UOX Fuel
1 785 kg

MOX Fuel
225 kg

ADS Fuel
117 kg

Pu 22 kg

Pu 13 kg

Actinides 104 kg
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Power for scenario 3b variant
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Neutron Source for scenario 3b variant

5 years
1.83E+06
1.79E+06
9.97E+07
1.03E+08

50 years
3.67E+05
3.50E+05
2.37E+07
2.44E+07

1000 years
2.73E+04
1.85E+04
9.86E+06
9.90E+06

10 000 years
9.26E+03
7.01E+03
3.24E-06
3.25E+06

200 years
3.99E+04
3.00E+04
1.11E+07
1.12E+07

1,00E+03

1,00E+04

1,00E+05

1,00E+06

1,00E+07

1,00E+08

1,00E+09

1 10 100 1000 10000

Year

N
eu

tr
o

n
S

o
u

rc
e

(n
eu

tr
o

n
/s

ec
/g

ro
u

p
e/

T
W

h
e)

REP-UOX

REP-MOX

ADS-nitr

Total



161

Scheme 3c Variant 1
Carbide fuel reprocessed (PYRO) – TRU partitioning and homogeneous transmutation

Fuel Characteristics and Mass Flows (kg/TWhe)

GCFR/Carbide
ENRICHMENT
Natural Uranium
Depleted Uranium
Enriched Uranium

0.25% 235U

FUEL
Burn Up
Pu Content
MA Content
Ageing time
Cooling time

Solid Solution: (U, Pu)C; SiC
100 GWd/tHM

17.6%
1.1%

2 years
5 years

REACTOR
Thermal power
Electrical power

GCFR (He)
2 400 MWth
1 158 MWe

REPROCESSING
Losses

PYRO
0.1% U, Pu, MA

100% FP

COMMENTS:

1. For FP mass composition of the irradiated CERCER fuel, MOX EFR fuel with a five year cooling time has
been used (same spectra) with a mass normalisation.

Solid Solution
FUEL

(U,Pu)C; SiC
849 kg GCFR

U, Pu, Am, Cm, Np

PYRO
Reprocessing

PYRO

WASTE
U: 0.605 kg
Pu: 0.149 kg

Np: 0.0009 kg
Am: 0.0067 kg
Cm: 0.0018 kg

FP: 86 kg

Disposal

Pu: 149 kg
Np: 0.9 kg
Am: 6.7 kg
Cm: 1.8 kg
FP: 86 kg
U: 605 kg

Cooling time: 5 years

Udep: 86 kg
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Power for scenario 3c variant1
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Scheme 3c Variant 2
MOX reprocessed (Extended PUREX) – TRU partitioning and homogeneous transmutation

Fuel Characteristics and Mass Flows (kg/TWhe)

FR/MOX
ENRICHMENT
Natural Uranium
Depleted Uranium
Enriched Uranium

0.25% 235U

FUEL
Burn Up
Ageing time
Cooling time
Pu Content
MA Content

MOX
140 GWd/tHM

2 years
5 years

16%
1%

REACTOR
Thermal power
Electrical power

FR – EFR type
3 600 MWth
1 450 MWe

REPROCESSING
Losses

ADVANCED PUREX
0.1% U, Pu, MA

100% FP

FR

Udep: 739 kg
MOX FUEL

890 kg

EXTENDED
PUREX
890 kg

WASTE
Pu: 0.14 kg

Np: 0.0007 kg
Am: 0.0062 kg
Cm: 0.0015 kg

PF: 98.4 kg

Pu, Am, Cm, Np

Uirr: 640 kg

DISPOSAL

Pu: 143 kg
Np: 0.75 kg
Am: 6.25 kg
Cm: 1.5 kg
FP: 98.4 kg

Cooling time: 5years
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Neutron Source for scenario 3c variant2
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Appendix D

OREOX PROCESS FOR THE FABRICATION OF
DUPIC FUEL AND THE RELATED WASTE TYPES

The DUPIC (Direct Use of Spent PWR Fuel in CANDU Reactors) fuel cycle is based upon dry
thermal and mechanical processes to directly fabricate CANDU (Canada Deuterium Uranium) fuel
from spent PWR fuel material without separating the fissile material and fission products. This
concept was proposed and termed the “DUPIC” fuel cycle in a joint development programme
involving KAERI (Korea Atomic Energy Research Institute), AECL (Atomic Energy Canada Limited)
and the US Department of State in 1991 [1]. Since then, KAERI, AECL and the United States, with
the participation of IAEA, have been engaged in a practical exercise to verify the concept.

The fissile material that typically remains in spent PWR fuel exceeds the natural uranium fissile
content of 0.711 wt%. The neutron economy of a CANDU reactor is sufficient to allow DUPIC fuel to
be used in a CANDU reactor which is originally designed for natural uranium fuel, even though the
neutron-absorbing fission products remain as impurities in the DUPIC fuel.

The DUPIC fuel cycle offers several benefits to countries operating both PWR and CANDU
reactors. The benefits include the additional energy extracted from the fuel in a CANDU reactor,
efficient natural uranium utilisation, and a significant reduction in spent fuel arisings through a
proliferation resistant process of reusing spent PWR fuel [2].

The general compatibility and safeguardability of the DUPIC fuel cycle were confirmed in a
broad feasibility study, and the OREOX (Oxidation and Reduction of Oxide fuel) process was selected
as the most promising fabrication method for DUPIC fuel [3]. This OREOX process is the heart of the
DUPIC fuel cycle and the key feature in the DUPIC fuel fabrication. The latter differs from the
conventional CANDU fuel fabrication process in that it has to be done in a shielded facility because
the fuel material remains highly radioactive throughout the process [4]. In the following, the feasibility
of the concept was confirmed in an experimental verification programme. To verify the in-reactor
performance of the DUPIC fuel, a comprehensive fuel development programme was carried out,
including irradiation tests in the NRU reactor in Canada and in HANARO in the Republic of Korea [5].

In the DUPIC fuel cycle, schematically shown in Figure D.1 [6], spent PWR fuel having
a nominal burn-up of 35 MWd/kg discharged from a PWR could be stored for about 10 years prior
to being processed into CANDU fuel. The spent PWR fuel re-fabricated by the OREOX process,
could achieve an additional 15 MWd/kg burn-up in a CANDU reactor. The spent DUPIC fuel
discharged from the CANDU reactor would be cooled for 50 years in an interim storage facility and
then disposed of.
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Figure D.1. Schematic flow sheet of DUPIC fuel cycle

As shown in Figure D.2, the key process of the DUPIC fuel cycle is oxidation and reduction of
oxide fuel (OREOX) for preparing spent PWR fuel powder to be fabricated CANDU fuels, which is a
dry process inherently having no steps to separate any fissile isotopes from the spent PWR fuel.

Figure D.2. Schematic drawing of DUPIC fuel fabrication process
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As shown in this figure, the fabrication process begins with disassembling of the spent PWR fuel
assembly to extract the fuel rods. The fuel pellet is recovered from the rod by decladding using a
mechanical and thermal method. The fuel pellet is then subjected to several cycles of OREOX process
to produce resinterable powder feedback. During the oxidation and reduction treatment, the fuel pellet
is pulverised to fine powder due to crystallographic transformation in the pellet matrix which causes
volume changes and develops more micro-crack in a particle. Once the resinterable powder is
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prepared, the pellet and rod manufacturing processes are almost the same as the conventional
powder/pellet route in CANDU fuel fabrication except all the processes must be done remotely in the
shielded hot cells.

The main DUPIC fuel fabrication campaign has been performed at DUPIC fuel development
facility (DFDF) using spent PWR fuel (G23 assembly discharged from Gori Unit #1 in 1986; burnup
35.5 GWD/tU) since January 2000. Until now, nearly one thousand DUPIC fuel pellets were made for
the fabrication experiments and the fuel pellet irradiation tests. Twelve elements were manufactured
for the irradiation tests in HANARO and for the verification of the DUPIC fuel fabrication technology
[7]. A series of DUPIC fuel element fabrication experiments are being performed for the further
improvement of the fabrication technology and for more irradiation tests to evaluate the DUPIC fuel
performance.

The main waste stream is coming from the DUPIC fuel fabrication process, which mainly
consists of metallic components from spent PWR fuel, and the fission gases and semi-volatile fission
products released from the bulk fuel material treatment, in addition to the measurable discards and
losses such as cladding hulls, trapped or collected fission gases, vitrified Cs/Ru and dirty scrap, and
other miscellaneous waste. The projected waste generation for a 400 tHM/yr facility is summarised in
Table D.1, assuming that the process loss rate is 1% [6]. Also the estimated generation rates of waste
from the DUPIC fuel fabrication plant, based on the electricity of one TWhe produced by the DUPIC
fuel cycle, are included in this table.

Table D.1. Projected annual waste generation in DUPIC facility (400 tHM/yr)

Waste constituent Waste form Volume for disposal package
3H, 14C
Kr, Xe
Iodine
Dirty scrap
Cs, Ru
Spent fuel H/W
Zircalloy hulls
Miscellaneous waste

200 litres cemented drums
Compressed 50 litres cylinders

Silver zeolites
Vitrified
Vitrified

Compacted
Cemented
Cemented

80.0 m3

13.2 m3

0.5 m3

9.98 m3

40.44 m3

35.12 m3

30.34 m3

764.1 m3

Total LLW (Generation rate)
Total ILW (Generation rate)
Total HLW (Generation rate)

844 m3 (5.91 m3/TWhe)
79 m3 (0.55 m3/TWhe)
50 m3 (0.35 m3/TWhe)

On the other hand, the generation rates of the waste coming from the decommissioning of this
plant was estimated under assuming that the waste from this plant be very similar to those from a
MOX fuel fabrication plant without any process for blending and co-precipitating uranium and
plutonium solutions, and with the additional processes for the mechanical and thermal decladding, and
for resinterable powder preparation. Based on the small scale MOX fuel fabrication facility [8] and on
the additional processes, and assuming that the portion of ILW be 62.7% of the decommissioning
waste [9], the rates were estimated to be about 0.61 m3/TWhe for ILW and 0.36 m3/TWhe for LLW.

The major R&D items in the near future will include: 1) data accumulation related to the fuel
performance, 2) improvement of NDA system related to the accountability of fissile materials to
reduce measurement error, 3) improvement of productivity including economics and 4) a safe
management of the produced waste [10].
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Appendix E

SIMPLIFIED BLOCK DIAGRAMS OF REPROCESSING PROCESSES

Simplified block diagram of the Extented PUREX partitioning process

Source: NEA (2005), Actinide and Fission Product Partitioning and Transmutation, Boullis, B.; Lecomte, M.; Ranchoux, M.;
Baron, P.; Rostaing, C.; Warin, D. and Madic, C., “CEA Actual Demonstration Programme for Actinide Partitioning”, Proceedings
of 8th Information Exchange Meeting on, Las Vegas, Nevada, USA, 9-11 November 2004, OECD, Paris.

PUREX process. A new flow-sheet has been designed in order to be able to extract the neptunium
with a high yield, together with the uranium and plutonium.

DIAMEX process. This process, based on the use of the DMDOHEMA diamide extractant will
co-extract the trivalent minor actinides, An(III) = Am and Cm, together with the lanthanides (Ln)
fission products from the high active raffinate issuing the implementation of the PUREX process.

DIAMEX-SANEX process. This process, based on the use of a mixture of DMDOHEMA and an
acidic organophosphorous extractant (HDEHP) will permit to separate the An(III) vs the most
abundant Ln(III) from the product issued from the implementation of the DIAMEX process.

PUREX Am/Cm separation

DIAMEX/SANEX
HA Solution

CmAmU Np Tc I

PUREX

DIAMEX/SANEX

Spent fuel

Pu
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Simplified block diagram of the UREX+ partitioning process

Source: Vandegrift, G.F.; Regalbuto, Monica, C.; Aase, S.B.; Arafat, H.A.; Bakel, A.; Bowers, D.; Byrnes, J.P.; Clark, M.A.;
Emery, J.W.; Falkenberg, J.R.; Gelis, A.V.; Hafenrichter, L.; Leonard, R.; Pereira, C.; Quigley, K.J.; Tsai, Y.; Vander Pol, M.H.
and Laidler, J.J. (2004), “Lab-Scale Demonstration of the Urex+ Process”, Waste Management Symposium, 29 February-
4 March 2004, Tucson, AZ.

The UREX+ process is a series of five solvent-extraction flowsheets that perform the following
operations: (1) recovery of Tc and U (UREX), (2) recovery of Cs and Sr (CDC-PEG), (3) recovery of
Pu and Np (NPEX), (4) recovery of Am, Cm, and rare-earth fission products (TRUEX), and finally
(5) separation of Am and Cm from the rare earths (Cyanex 301).
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Simplified block diagram of carbide fuel reprocessing

Source: CEA.
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Simplified block diagram of nitride fuel reprocessing

Examples of advanced PUREX processes

* Use of supercritical CO2

Supercritical separation may reduce volume of highly radioactive waste

Source: Carrott, Mike J., Waller, Brenda E., Smart Neil G. and Wai, Chien M. (2001), “Reprocessing of Spent Nuclear Fuel in
SC-CO2”, Chem. Commun.
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• The extractant oxidises uranium(IV) to uranium(VI) to form a complex that is very soluble
(0.0025-0.4981 M) in supercritical CO2.

• Solid uranium dioxide, a nuclear fuel, dissolves in supercritical CO2 containing a complex of
tri-n-butylphosphate (TBP) and nitric acid.

• No aqueous solution or organic solvent needed.

• The resulting uranyl-nitrate-TBP complex is recovered by reducing the fluid pressure to
atmospheric pressure and then allowing the gas to expand into a collection vial.

* U crystallisation

Source: Jarvinen, G., Villareal, B., Ford, D., Long, K. (2003), “Actinide Crystallisation Process”, LANL.

• Dissolve spent fuel in nitric acid.

• Crystallise uranyl nitrate at -20 to -40°C by evaporative concentration.

• Several recrystallisation-washing steps needed to obtain desired decontamination.

• U can be separated alone, leaving Pu and Np with the fission products.

• Under oxidising conditions U(VI), Pu(VI) and Np(VI) can be co-crystallised and separated
later by changing the oxidation state.
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Appendix F

MANAGEMENT OF DEPLETED AND SEPARATED URANIUM

Introduction

Depleted uranium (DU) has a 235U content of less than the 0.711 wt% value found in natural
uranium. Over 95% of the global stocks of DU (~1.2 million tU) are produced as uranium
hexafluoride “tails” from the operation of gas diffusion and centrifuge uranium enrichment plants. The
largest holders of depleted UF6 are the United States with ~480 000 tU and the Russian Federation
with ~450 000 tU (NEA and IAEA, 2001).

Minor separated uranium (SepU) stocks have arisen from reprocessing of spent nuclear fuels,
commonly Magnox fuels (DU with < 0.5 wt% 235U) and high burn-up gas cooled or light water reactor
fuel (DU with > 0.5 wt% 235U) (NEA and IAEA, 2001). Separated uranium trioxide UO3 is commonly
produced during the PUREX or tributyl phosphate plutonium uranium reduction extraction process,
which separates uranium as uranyl nitrate solution. This can be concentrated and de-nitrified to form
UO3 solid product. In the United States this was typically packed into plastic bags and placed in
55-gallon steel drums with a plastic liner for storage. SepU salt precipitates e.g. ammonium diuranate,
have also been produced from the reprocessing of spent fuel e.g. from fast breeder reactors. These
stocks of separated uranium that come from fuel processing typically have significantly higher
radioactivity levels than DU from enrichment, primarily due to 236U. Because of this, the storage and
disposal requirements may differ, making it important to differentiate these materials. Traces of DU
may also be present in the highly radioactive liquid raffinate waste but these are not considered here.

Some properties of depleted uranium compounds from enrichment plants

The most important chemical characteristics of the various DU compounds derived from
enrichment plants are their potential solubilities and reactions in water. The chemical properties of
these DU compounds under ambient conditions (e.g. Biwer et al., 2000; USDOE, 1999; Duerksen et
al., 2000) are briefly summarised below:

• DUF6 – uranium hexafluoride is a solid at ambient pressure (m.pt. 64°C) and reacts easily
with water to form uranyl fluoride UO2F2 and hydrofluoric acid (HF), which is highly
chemotoxic and corrosive; DUF6 is stored as a solid in air- and water-tight containers to stop
hydrolysis.

• DUF4 – very slightly soluble – this non-volatile solid compound reacts slowly with moisture
to form DUO2 and HF and eventually other oxides and minerals. Steel container corrosion
can be enhanced by the presence of HF in the DUF4.

• DUO2 – insoluble – finely divided DUO2 i.e. uranium dioxide powder can be pyrophoric in
air; granules and pellets are not pyrophoric; DUO2 reacts very slowly with oxygenated
groundwater to yield more stable oxides e.g. DU3O8, and eventually, minerals; DUO2 is ideal
for disposal in reducing geological environments.
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• DU3O8 – insoluble – uranium sesquioxide reacts very slowly with oxygenated groundwater
to yield more stable uranium minerals; this oxide is very stable, non-corrosive and passively
safe for long-term storage; as a conversion product from DUF6, it tends to be a fine
particulate or powder, which may not be a suitable form for waste packaging for disposal, if
it is to be regarded as waste.

• DU metal – insoluble – reacts slowly with moisture to form oxides in the presence of
oxygen; condensed water moisture promotes the generation of H2 and uranium hydride, UH3,
which is highly flammable; DU may form pyrophoric surface in the absence of oxygen;
oxide layers normally spall to reveal fresh metal surfaces.

Some properties of separated uranium compounds from reprocessing plants

SepU compounds derived from reprocessing plants usually contain radionuclide impurities
(fission products and alpha-emitters such as americium, curium, neptunium and plutonium) which can
render the compounds as intermediate-level radioactive waste. Chemical impurities are also common
e.g. phosphate and sodium.

• UO3 – insoluble – solid uranium trioxide reacts very slowly with oxygenated groundwater to
yield more stable oxides e.g. U3O8, and eventually, minerals.

• ADU – insoluble salt – ADU i.e. ammonium diuranate (NH4)2U2O7 can be stored as a floc in
tanks, e.g. at Dounreay, United Kingdom. It can be easily heated to expel ammonia gas to
yield UO3; also it is easy to convert it to other salts e.g. Na and Ca, for storage or
cementation prior to disposal.

Management of separated uranium from reprocessing operations

United States

The USDOE has a depleted UF6 management programme to manage the DOE’s inventory
of DUF6 in a way that protects the health and safety of workers and the public, and protects
the environment until the DUF6 is either used or disposed. The programme involves three primary
activities: cylinder surveillance and maintenance; conversion of DUF6 to a more stable chemical
form for use or disposal; and development of beneficial uses of depleted uranium (see
http://web.ead.anl.gov/uranium/mgmtuses/index.cfm).

The final programmatic environmental impact statement (PEIS) for alternative strategies for the
long-term management and use of depleted uranium hexafluoride assesses the potential impacts of
alternative management strategies for DUF6 currently stored at three DOE sites: Paducah site,
Kentucky, Portsmouth site, Ohio, and K-25 site on the Oak Ridge Reservation, Tennessee. The
alternatives analysed in the PEIS include no action, long-term storage as DUF6, long-term storage as
uranium oxide, use as uranium oxide, use as uranium metal, and disposal. The DOE’s preferred
alternative is to begin conversion of the DUF6 inventory as soon as possible, either to uranium oxide,
uranium metal, or a combination of both, while allowing for use of as much of this inventory as
practicable (USDOE, 1999).

Along with the impacts from other management options, the PEIS discussed the environmental
impacts from the disposal of depleted uranium oxide from conversion of DUF6. The impacts were
evaluated for three disposal facility options: shallow earthen structures, belowground vaults, and
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mines. These were evaluated for a dry environmental setting representative of the western United
States e.g. the Nevada Test Site (NTS). The environmental impacts of the same options for disposal of
DUF4 have also been aired (ANL, 2001). The DU products are considered to be low-level waste
(LLW) under both DOE orders and Nuclear Regulatory Commission (NRC) regulations. The four
potential forms of DU (DU metal, DUF4, DUO2, and DU3O8) are considered to be acceptable for near-
surface disposal at sites at the NTS, although each form has a degree of uncertainty regarding
acceptability for disposal with the uncertainty decreasing in the order: metal, UF4, UO2, U3O8 (Croff et
al., 2000).

While DU may qualify for disposal as LLW by US NRC regulations, disposal of large quantities
in shallow land burial may cause the site to violate US EPA ground water standards. For this reason,
there have been suggestions to create a regulatory framework for “greater confinement disposal” to
accommodate DU (and separated U), such as placement in abandoned deep mines.

France

To meet general French safety requirements related to environmental protection issues,
COGEMA commissioned an industrial facility in 1984 to convert DUF6 into DU3O8 for safe interim
storage. The by-product is high purity aqueous hydrofluoric acid (70% HF) which is sold on to other
industries in Europe. A second facility was commissioned in 1993, doubling the capacity.
Improvement work has been performed over the years e.g. optimising the de-fluorination output,
reducing the corrosion inside the kilns, improving the uranium oxide powder compaction factor etc.
Up to the end of 2000, about 220 000 tons of DUF6 had been de-fluorinated (Hartmann et al., 2001).

United Kingdom and other countries

About 60% of the United Kingdom stockpile of DU is in the DUF6 form. BNFL in the United
Kingdom has about 30 000 tU of DUF6 and is considering a conversion plant for DU metal. Russia is
also considering conversion technologies for its ~450 000 tU of DUF6. Japan has about 10 000 tU of
DUF6 and is planning to build a conversion plant to store DU sesquioxide as a future energy resource.
Urenco (Germany, Netherlands and United Kingdom) is like-minded with its ~16 000 tU inventory
(NEA and IAEA, 2001).

Nirex has carried out some initial scoping performance assessment (PA) work for the disposal of
cemented DU3O8 on the basis of the Nirex Phased Disposal Concept for ILW/LLW (Nirex, 2001).
Each 2-metre box would hold 50 tU. In this concept there would be a preference for DU in the U(IV)
form e.g. DUO2, rather than U(VI), to help maintain a low redox potential.

Management of SepU from reprocessing operations

Two options have been discussed recently for managing the ~22 700 metric tonnes of separated
UO3 that are stored in 55-gallon drums stacked three high in several buildings at the Savannah River
Site: the feasibility of using the separated UO3 as a high density inert filler in grout for filling HLW
storage tanks for closure; and disposing directly into existing waste facilities on site (Jones, 2002).
However, the fission products present in the oxide are an issue under the WAC for the SRS LLW and
ILW facilities.
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A number of management options of the ADU floc at Dounreay are being considered e.g.
continued safe storage, direct in-drum cementation, conversion to sodium diuranate slurry followed by
direct in-drum cementation, etc.
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Appendix G 
 

CHARACTERISTICS OF THE CONSIDERED HLW PACKAGES 

The number of spent fuel assemblies or containers (in case of reprocessing) per produced TWhe 
is given Table G.1. For the estimation of the number of vitrified HLW containers a number of 
assumptions had to be made. For Scheme 1b a waste loading of 40 kg waste per 150 litre container 
(COGEMA type), which corresponds to the present practise, was assumed. For Scheme 2a two options 
for the HLW vitrification have been considered. In the first option the HLW from the reprocessing of 
both fuels (UOX and MOX) is assumed to be mixed before vitrification. In the second option both 
waste streams are assumed to be conditioned separately. Because the waste at vitrification was too hot 
(> 2300 W/canister), the glass matrix loading was reduced to 30 kg (option 1) and even to 19 kg for 
the HLW from the MOX-EU fuel (option 2). In the case of pyro-reprocessing (Scheme 3cV1) the 
removal of noble metals should allow a higher waste loading (55 kg). The noble metals waste is 
assumed to be packed also in a standard (COGEMA type) container, with the same maximum weight 
(412.5 kg), and a metallic matrix consisting of 26% waste and 74% inert metal. For Scheme 3cV1, 
considering the separation of Cs and Sr, it is assumed that the Cs is conditioned after a sufficient decay 
period in a glass matrix and disposed of in a geological repository, because of the presence of the very 
long-lived 135Cs, after a total cooling time of 100 years.�

Table G.1. Number of waste forms per produced TWhe for each fuel cycle scheme 

Fuel cycle Waste type Waste form Number/TWhe 
1a spent fuel assemblies 3.981 

1b HLW canister 2.592 

1b MOX spent fuel assemblies 0.437 

2a HLW (mixed) canister 3.987 

2a HLW (UOX) canister 2.057 

2a HLW (MOX) canister 1.946 

3cV1 HLW canister 1.181 

3cV1 Noble metals canister 0.085 

3cV1 (Cs,Sr) HLW canister 0.705 

3cV1 (Cs,Sr) Noble metals canister 0.085 

3cV1 (Cs,Sr) Cs-waste canister 0.225 
 

The radionuclide inventories, corresponding to a 50 years cooling time, of the considered high 
level waste types are given in Table G.2. As mentioned in § 5.4.1, it is assumed that 0.1% of the iodine 
in the spent fuel is present in the high level waste. At the bottom of the table the total amount of the 
elements Se and Pd is also given what allows to take into account isotopic dilution when applying 
solubility limits.�
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Table G.2. Radionuclide inventory of the considered HLW types 

 Spent fuel HLW Spent fuel HLW HLW HLW 
Isotope UOX 1a UOX 1b MOX 1b UOX 2a MOX 2a 3cV1 

 (g/TWhe) (g/TWhe) (g/TWhe) (g/TWhe) (g/TWhe) (g/TWhe) 
 SE 79   1.68E+01 1.49E+01 1.79E+00 1.21E+01 4.55E+00 1.30E+01 
 SR 90   5.69E+02 5.07E+02 3.08E+01 4.08E+02 7.85E+01 2.05E+02 
 Y  90   1.43E-01 1.27E-01 7.72E-03 1.02E-01 1.97E-02 5.13E-02 
 ZR 90   1.09E+03 9.73E+02 5.90E+01 7.82E+02 1.51E+02 3.93E+02 
 ZR 93   2.56E+03 2.28E+03 1.95E+02 1.85E+03 4.97E+02 1.31E+03 
 NB 93M  2.33E-02 2.08E-02 1.78E-03 1.68E-02 4.52E-03 1.19E-02 
 MO 95   2.69E+03 2.40E+03 2.54E+02 1.94E+03 6.46E+02 1.52E+03 
 MO 96   2.26E+02 2.01E+02 2.69E+01 1.62E+02 6.84E+01 9.58E+01 
 MO 97   2.90E+03 2.58E+03 2.96E+02 2.09E+03 7.52E+02 1.67E+03 
 MO 98   3.05E+03 2.71E+03 3.38E+02 2.20E+03 8.59E+02 2.07E+03 
 MO100   3.44E+03 3.07E+03 3.90E+02 2.48E+03 9.93E+02 2.36E+03 
 TC 99   2.89E+03 2.57E+03 3.15E+02 2.08E+03 7.99E+02 1.92E+03 
 RU106   7.42E-13 6.59E-13 1.36E-13 5.33E-13 3.57E-13 5.83E-13 
 RH106   6.88E-19 6.12E-19 1.26E-19 4.95E-19 3.31E-19 5.41E-19 
 PD106   1.53E+01 1.36E+01 2.81E+00 1.10E+01 7.36E+00 1.20E+01 
 PD107   8.29E+02 7.38E+02 2.02E+02 5.96E+02 5.19E+02 1.02E+03 
 AG107   3.98E-03 3.54E-03 9.69E-04 2.86E-03 2.49E-03 4.91E-03 
 SN126   7.95E+01 7.08E+01 1.42E+01 5.73E+01  9.18E+01 
 SB126   2.70E-05 2.40E-05 4.82E-06 1.94E-05  3.12E-05 
 TE126   2.48E-02 2.21E-02 4.42E-03 1.78E-02  2.86E-02 
 I 127   1.45E+02 1.29E-01 2.48E+01 1.04E-01 6.61E-02 1.82E-01 
 I 129   6.30E+02 5.61E-01 8.44E+01 4.53E-01 2.20E-01 5.47E-01 
 CS134   2.80E-05 2.50E-05 2.83E-06 2.02E-05 6.28E-06 8.49E-06 
 CS135   1.64E+03 1.46E+03 2.98E+02 1.18E+03 9.60E+02 3.50E+03 
 CS137   1.40E+03 1.25E+03 1.55E+02 1.01E+03 3.98E+02 9.33E+02 
 BA134   1.04E+02 9.28E+01 1.05E+01 7.50E+01 2.33E+01 3.15E+01 
 BA135   2.22E-02 1.98E-02 4.04E-03 1.60E-02 1.30E-02 4.74E-02 
 BA137   2.55E+03 2.26E+03 2.80E+02 1.83E+03 7.22E+02 2.23E+03 
BA137M  2.14E-04 1.90E-04 2.36E-05 1.54E-04 6.07E-05 1.42E-04 
 ND143   3.15E-08 2.81E-08 3.70E-09 2.27E-08 1.09E-08 3.35E-08 
 PM147   8.22E-04 7.33E-04 9.66E-05 5.93E-04 2.85E-04 8.74E-04 
 SM147   1.20E+02 1.07E+02 1.41E+01 8.66E+01 4.16E+01 1.28E+02 
 EU154   2.72E+00 2.43E+00 4.54E-01 1.96E+00 1.12E+00 1.28E+00 
 GD154   9.16E+01 8.16E+01 1.52E+01 6.59E+01 3.75E+01 4.29E+01 
 TL207   3.70E-13 2.60E-13 5.38E-15 2.11E-13 1.07E-14 2,93E-18 
 TL208   9.41E-11 8.37E-14 1.97E-12 6.77E-14 5.00E-15 1,25E-22 
 PB206   2.85E-08 1.12E-08 3.76E-09 9.07E-09 1.92E-09 3,73E-11 
 PB207   7.15E-07 5.50E-07 1.03E-08 4.45E-07 2.25E-08 3,64E-12 
 PB208   1.63E-03 1.45E-06 3.40E-05 1.17E-06 8.64E-08 7,24E-16 
 PB209   3.86E-13 2.95E-13 8.49E-15 2.38E-13 2.21E-14 6,72E-17 
 PB210   7.10E-08 2.08E-08 1.13E-08 1.68E-08 3.71E-09 1,14E-10 
 PB211   2.86E-12 2.01E-12 4.16E-14 1.63E-12 8.27E-14 2,26E-17 
 PB212   5.58E-08 4.96E-11 1.16E-09 4.02E-11 2.96E-12 7,40E-20 
 PB214   4.52E-13 9.85E-14 8.40E-14 7.97E-14 1.82E-14 8,37E-16 
 BI209   2.35E-08 1.89E-08 2.94E-10 1.53E-08 7.05E-10 1,79E-12 
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Table G.2. Radionuclide inventory of the considered HLW types (continued) 

 Spent fuel HLW Spent fuel HLW HLW HLW 
Isotope UOX 1a UOX 1b MOX 1b UOX 2a MOX 2a 3cV1 

 (g/TWhe) (g/TWhe) (g/TWhe) (g/TWhe) (g/TWhe) (g/TWhe) 
 BI210   4.36E-11 1.28E-11 6.96E-12 1.03E-11 2.28E-12 7,04E-14 
 BI211   1.72E-13 1.21E-13 2.50E-15 9.79E-14 4.97E-15 1,36E-18 
 BI212   5.29E-09 4.71E-12 1.11E-10 3.81E-12 2.81E-13 7,02E-21 
 BI213   9.40E-14 7.17E-14 2.06E-15 5.80E-14 5.39E-15 1,64E-17 
 BI214   3.36E-13 7.31E-14 6.23E-14 5.92E-14 1.35E-14 6,22E-16 
 PO210   1.17E-09 3.46E-10 1.85E-10 2.80E-10 6.18E-11 1,87E-12 
 PO212   2.80E-19 2.49E-22 5.84E-21 2.01E-22 1.49E-23 3,71E-31 
 PO213   1.41E-22 1.08E-22 3.10E-24 8.72E-23 8.09E-24 2,46E-26 
 PO214   4.64E-20 1.01E-20 8.61E-21 8.17E-21 1.86E-21 8,59E-23 
 PO215   2.40E-18 1.69E-18 3.48E-20 1.36E-18 6.92E-20 1,90E-23 
 PO216   2.08E-13 1.85E-16 4.34E-15 1.50E-16 1.10E-17 2,75E-25 
 PO218   5.24E-14 1.14E-14 9.74E-15 9.24E-15 2.11E-15 9,71E-17 
 AT217   1.13E-18 8.63E-19 2.48E-20 6.98E-19 6.48E-20 1,97E-22 
 RN219   5.43E-15 3.82E-15 7.90E-17 3.09E-15 1.57E-16 4,30E-20 
 RN220   8.40E-11 7.48E-14 1.75E-12 6.05E-14 4.47E-15 1,11E-22 
 RN222   9.65E-11 2.10E-11 1.79E-11 1.70E-11 3.88E-12 1,79E-13 
 FR221   1.05E-14 8.00E-15 2.30E-16 6.47E-15 6.01E-16 1,82E-18 
 RA223   1.38E-09 9.71E-10 2.01E-11 7.85E-10 3.98E-11 1,09E-14 
 RA224   4.85E-07 4.32E-10 1.01E-08 3.50E-10 2.58E-11 6,44E-19 
 RA225   4.65E-11 3.54E-11 1.02E-12 2.87E-11 2.66E-12 8,09E-15 
 RA226   1.50E-05 3.27E-06 2.79E-06 2.64E-06 6.03E-07 2,78E-08 
 RA228   7.21E-12 1.15E-12 3.59E-14 9.30E-13 1.28E-14 4,10E-16 
 AC225   3.14E-11 2.39E-11 6.89E-13 1.94E-11 1.80E-12 5,46E-15 
 AC227   9.92E-07 6.98E-07 1.44E-08 5.64E-07 2.86E-08 7,87E-12 
 AC228   8.79E-16 1.40E-16 4.39E-18 1.13E-16 1.56E-18 5,01E-20 
 TH227   2.30E-09 1.62E-09 3.35E-11 1.31E-09 6.64E-11 1,82E-14 
 TH228   9.45E-05 8.41E-08 1.97E-06 6.80E-08 5.02E-09 1,25E-16 
 TH229   8.57E-06 6.54E-06 1.89E-07 5.29E-06 4.92E-07 1,50E-09 
 TH230   7.18E-02 7.51E-03 1.72E-02 6.08E-03 1.51E-03 1,62E-04 
 TH231   6.29E-08 5.60E-11 9.90E-10 4.54E-11 3.11E-11 2,63E-12 
 TH232   2.12E-02 2.87E-03 1.09E-04 2.33E-03 3.28E-05 1,27E-06 
 TH234   2.69E-05 2.40E-08 2.79E-06 1.94E-08 6.83E-09 8,71E-09 
 PA231   2.24E-03 1.39E-03 3.28E-05 1.13E-03 5.72E-05 2,61E-08 
 PA233   7.05E-05 5.88E-05 6.66E-06 4.75E-05 1.49E-05 5,11E-08 
 PA234   4.05E-10 3.61E-13 4.20E-11 2.92E-13 1.03E-13 1,31E-13 
 PA234M  9.06E-10 8.09E-13 9.40E-11 6.53E-13 2.30E-13 2,93E-13 
 U 232   3.52E-03 3.14E-06 7.36E-05 2.54E-06 1.87E-07 7,10E-06 
 U 233   3.42E-02 2.43E-02 1.87E-03 1.97E-02 5.07E-03 1,70E-05 
 U 234   6.53E+02 6.43E-01 2.20E+02 5.19E-01 1.77E+00 1,81E+00 
 U 235   1.55E+04 1.38E+01 2.44E+02 1.12E+01 7.66E+00 6,49E-01 
 U 236   1.41E+04 1.31E+01 8.81E+01 1.06E+01 4.06E+00 1,12E+00 
 U 237   1.12E-05 1.08E-08 7.74E-06 8.76E-09 2.70E-08 2,20E-08 
 U 238   1.86E+06 1.66E+03 1.93E+05 1.34E+03 4.73E+02 6,03E+02 
 U 240   4.53E-12 4.04E-15 3.26E-12 3.27E-15 8.31E-15 1,97E-17 
 NP237   2.08E+03 1.73E+03 1.96E+02 1.40E+03 4.39E+02 1,51E+00 
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Table G.2. Radionuclide inventory of the considered HLW types (continued) 

 Spent fuel HLW Spent fuel HLW HLW HLW 
Isotope UOX 1a UOX 1b MOX 1b UOX 2a MOX 2a 3cV1 

 (g/TWhe) (g/TWhe) (g/TWhe) (g/TWhe) (g/TWhe) (g/TWhe) 
 NP238   4.00E-07 3.55E-07 1.16E-06 2.87E-07 3.03E-06 3,94E-08 
 NP239   5.15E-04 4.58E-04 4.56E-04 3.70E-04 1.94E-03 1,33E-06 
 NP240   3.47E-13 3.10E-16 2.50E-13 2.51E-16 6.37E-16 1,51E-18 
 PU238   7.08E+02 9.52E-01 4.31E+02 7.69E-01 5.10E+00 2,52E+00 
 PU239   1.31E+04 1.58E+01 5.86E+03 1.28E+01 2.59E+01 7,93E+01 
 PU240   6.55E+03 1.84E+02 5.09E+03 1.49E+02 8.19E+02 5,40E+01 
 PU241   3.62E+02 3.50E-01 2.50E+02 2.83E-01 8.71E-01 7,11E-01 
 PU242   2.31E+03 2.14E+00 1.70E+03 1.73E+00 1.56E+01 6,34E+00 
 PU243   2.11E-12 1.88E-12 3.89E-12 1.52E-12 7.42E-12 8,17E-13 
 PU244   2.36E-01 2.11E-04 1.70E-01 1.71E-04 4.34E-04 1,03E-06 
 AM241   3.61E+03 8.42E+02 2.67E+03 6.80E+02 2.31E+03 9,72E+00 
AM242M  2.25E+00 1.99E+00 6.49E+00 1.61E+00 1.70E+01 2,21E-01 
 AM243   6.00E+02 5.35E+02 5.32E+02 4.32E+02 2.26E+03 1,55E+00 
 CM242   5.68E-03 5.05E-03 1.64E-02 4.08E-03 4.30E-02 5,60E-04 
 CM243   1.37E+00 1.22E+00 1.05E+00 9.89E-01 2.77E+00 1,11E-02 
 CM244   4.45E+01 3.97E+01 5.07E+01 3.20E+01 1.79E+02 2,28E-01 
 CM245   2.15E+01 1.91E+01 5.10E+01 1.54E+01 1.46E+02 2,87E-01 
 CM246   2.99E+00 2.66E+00 3.95E+00 2.16E+00 1.12E+01 1,86E-01 
 CM247   5.92E-02 5.27E-02 1.09E-01 4.26E-02 2.08E-01 2,29E-02 
 CM248   1.01E-02 8.98E-03 2.55E-02 7.25E-03 1.00E-03 1,29E-02 
 BK249        8,73E-22 
 CF249        8,39E-04 
 CF250        8,08E-06 
 CF251        6,89E-06 
 CF252        2,91E-13 
       
Se_tot 2.00E+02 1.77E+02 1.77E+01 1.44E+02 4.21E+01 1.13E+02 
Pd_tot 5.45E+03 4.86E+03 1.09E+03 3.92E+03 2.76E+03 6.17E+03 
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Appendix H 
 

ASSESSMENT OF THE DISPOSAL OF HLW FROM ADVANCED FUEL CYCLE 
SCHEMES IN THE BOOM CLAY FORMATION1  

1. Considered repository 

1.1 Reference repository concept 

The repository considered for this study is the reference repository that is described in detail in 
the Belgian safety case report SAFIR 2 [1]. This reference repository is assumed to be excavated in the 
Boom Clay Formation at the Mol site. A scheme of the geology of the Mol site is given in Figure H.1. 

Figure H.1. Geological cross-section of Mol site 
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The considered repository will have a central access facility consisting of at least two vertical 

transport shafts and two transport galleries. The disposal galleries will be excavated perpendicular 
upon the transport galleries. The density of the HLW disposal in a gallery and the spacing between 
disposal galleries depend on the thermal output of the disposed HLW.  

                                                      
1. This work was contributed by Jan Marivoet and Eef Weetjens (SCK•CEN, Mol, Belgium). 
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The HLW canisters will be placed one after the other, or with a relatively small distance between 
two canisters (to respect temperature limitations), in the centre of the disposal galleries. A clayey 
backfill, e.g. a mixture of swelling Ca-bentonite and sand, will be placed between the HLW canisters 
and the gallery walls. Because the Boom Clay is plastic clay, a concrete lining is required to avoid 
convergence of the gallery walls. A scheme of a HLW gallery configuration for UOX spent fuel with a 
burn up of 45 GWd/tHM is given in Figure H.2. 

1.2 Impact of the thermal output of the HLW on the repository configuration 

The maximum allowable disposal density for the SAFIR 2 repository configuration has been 
determined by making detailed thermal calculations. It appeared that in the case of disposal of vitrified 
HLW (comparable with the HLW of fuel cycle scheme 1b) and of disposal of spent fuel (comparable 
with schemes 1a and 1b) the limitation for the maximum temperature at the container/backfill interface, 
which has to remain lower than 100°C, is the most stringent thermal limitation. The available results 
have shown that, as far as the thermal output of the HLW is dominated by the fission products 137Cs 
and 90Sr, which have half-lives of about 30 years, detailed thermal calculations can be approximated 
by applying a linear thermal limit of 300 W per metre of gallery. 

Figure H.2. Gallery configuration for UOX spent fuel disposal (four assemblies per container) 
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For scheme 1a, three spent fuel assemblies can be packed in a disposal container (also called 
canister). After 50 years cooling the thermal output of one spent fuel assembly is 530 W. The length of 
the considered container is 5.28 m. As the linear thermal limitation is respected, no spacing between 
containers is needed. The minimum length of the HLW disposal galleries for scheme 1a is 7.03 m per 
TWhe.  

For scheme 1b, only one MOX spent fuel assembly can be packed in a disposal container. After 
50 years cooling the thermal output of one spent fuel assembly is 1 925 W. The length of the 
considered container is 5.28 m. To respect the linear thermal limitation, a spacing of 1.14 m between 
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containers is needed. For the vitrified high level waste, the thermal output of one canister is 459 W. 
The length of the considered container is 1.335 m. To respect the linear thermal limitation, a spacing 
of 0.20 m between containers is needed. The minimum length of the HLW disposal galleries for 
scheme 1b is 6.77 m per TWhe.  

For scheme 2a, the thermal output of one vitrified high level waste canister is 501 W. To respect 
the linear thermal limitation, a spacing of 0.33 m between containers is needed. The minimum length 
of the HLW disposal galleries for scheme 2a is 6.66 m per TWhe.  

For scheme 3cV1, it is assumed that the HLW and the noble metals are separately conditioned. 
The thermal output of one vitrified high level waste canister is 483 W. To respect the linear thermal 
limitation, a spacing of 0.27 m between containers is needed. The thermal output of the noble metals is 
negligible. The total length of the HLW disposal galleries for scheme 3cV1 is 2.02 m per TWhe. 

When it is assumed for scheme 3cV1 that Cs and Sr will be separated from the high level waste, 
the thermal output of one vitrified high level waste canister is after a 50 years cooling time only 
17.7 W. Several canisters can be placed in a gallery section. By assuming that 3 canisters are placed in 
a gallery section the length of the disposal galleries for HLW and noble metals is 0.35 m per TWhe. 
The thermal output of one vitrified Cs-waste canister is after a 100 years cooling time 537 W. To 
respect the linear thermal limitation spacing of 0.45 m between containers is needed. The length of the 
disposal galleries for Cs-waste is 0.40 m per TWhe. The total length of the HLW disposal galleries for 
the variant of scheme 3cV1 with separation of Cs and Sr is 0.75 m per TWhe. 

The needed length of disposal galleries is about equal for schemes 1a, 1b and 2a. However, the 
advanced fuel cycle scheme 3cV1 results in a reduction of the needed length of the HLW disposal 
galleries with a factor 3.5 in comparison with the reference once through fuel cycle scheme 1a. 
Separation of Cs and Sr allows further reducing of the needed gallery length. 

2.  Transport model and parameters 

2.1  Conceptual model 

For this assessment a strongly simplified conceptual model of the repository system is used.  

The actinide decay chains are simplified by not explicitly modelling the short-lived radionuclides. 
The decay chains considered in the simulations are: 

4N+1 :  237Np � 233U � 229Th 
4N+2 : 238U � 234U � 230Th � 226Ra 
4N+3 : 235U � 231Pa 
4N : 248Cm ��244Pu � 236U � 232Th 

After perforation of the container, water comes in contact with the waste form. The radionuclides 
that are not embedded in a stable waste matrix, i.e. the gap inventory or instantaneously released 
fraction (IRF) in case of spent fuel disposal, can immediately dissolve in the porewater. The corrosion 
of the waste matrix starts and consequently radionuclides are released from the waste matrix into the 
porewater. When the concentration of a given radionuclide should exceed its solubility limit, this 
radionuclide will precipitate. The contributions from the barriers provided by the buffer and the 
gallery lining are here conservatively neglected.  
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The main barrier of the repository system is the clay barrier provided by the host formation. 
Because of the low hydraulic conductivity of clay (2 10-12 m/s in the case of the Boom Clay) and the 
low hydraulic gradient over the host formation (0.02 at the Mol site) the radionuclide transport is 
essentially due to molecular diffusion; the contribution of advective transport is less than 5% of the 
contribution of diffusive transport. The slow diffusive transport is for many radionuclides further 
retarded by sorption upon clay minerals. 

The radionuclides that have migrated through the host clay formation reach the surrounding 
aquifers. The aquifer overlying the Boom Clay layer is locally drained by a river called Kleine Nete. 
Retardation due to sorption on minerals present in the overlying sand formations is conservatively 
neglected. The transport of unretarded radionuclides through the overlying aquifer layer from the top 
of the host formation into the river lasts about 2 000 years.  

To calculate the dose to a member of the critical group the results of the biosphere modelling 
made for SAFIR 2 [1] are used. The critical group considered in the SAFIR 2 biosphere model is a 
small self-sustaining community that uses water from the Kleine Nete river for drinking, watering of 
cattle and irrigation of crop fields and pastures. The considered exposure pathways are ingestion, 
inhalation and external irradiation.  

2.2 Transport parameters 

The repository is assumed to be located in the middle of the host clay formation. The thickness of 
the Boom Clay Formation at the Mol site is about 100 m. To take the thickness of a few thin more 
permeable layers and of the excavated gallery into account, the effective thickness of the clay layer is 
taken equal to 40 m. Table H.1 gives the values of the transport parameters in the clay layer used for 
the transport calculations.  

Table H.1. Transport parameters for the clay layer  

 

 
Solubility 

limit  Dp R 
  Solubility 

limit  Dp R 

 (mol/L) (–) (m2/s) (–)   (mol/L) (–) (m2/s) (–) 
           

C – 0.12 1.2E-10 1  Cm 2.0E-06 0.30 2.0E-10 1 000 

Cl – 0.12 2.0E-10 1  Pu 5.0E-07 0.30 2.0E-10 1 000 

Ni 1.0E-03 0.30 2.0E-10 50  Np 1.0E-06 0.30 2.0E-10 1 000 

Se 5.5E-08 0.13 2.0E-10 1  U 3.2E-08 0.30 2.0E-10 300 

Zr 1.0E-06 0.30 2.0E-10 400  Pa 1.0E-05 0.30 2.0E-10 400 

Nb 3.2E-06 0.30 2.0E-10 50  Th 5.0E-07 0.30 2.0E-10 500 

Tc 3.0E-08 0.30 2.0E-10 1  Ra 1.0E-09 0.30 2.0E-10 50 

Pd 1.0E-07 0.30 2.0E-10 20       

Sn 5.5E-07 0.30 2.0E-10 20       

I – 0.12 2.0E-10 1       

Cs – 0.30 3.6E-10 3 600       

( ����������	�
������
��������������p: pore diffusion coefficient; R: retardation factor.) 
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Figure H.3. Reduction of the 3-D real world problem to a 2-D model 

Clay layer

Disposal galleries

a) 3D world

b) 2D model c) 1/4 2D model

 

3. Calculations 

3.1 Computer model 

The calculations made for this assessment are carried out with the finite volume code PORFLOW 
3.07 [2]. The existence of symmetry axes allows to strongly reduce the modelled domain (see 
Figure H.3). 

3.2 Results 

Fuel cycle scheme 1a 

The main radiotoxicity fluxes released from the host clay formation into the overlying aquifer are 
shown in Figure H.4 for the fission products and the actinides of decay chain 4N+1. The consequences 
of the other 3 decay chains have also been calculated but are not presented here because the resulting 
radiotoxicity is at least one order of magnitude smaller than the one of 229Th. The cumulative 
radiotoxicity fluxes are given in Figure H.5 and the doses calculated for the river pathway are given in 
Figure H.6. 
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Figure H.4. Radiotoxicity fluxes of fission products  
(a) and of the actinides from decay chain 4N+1  
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(b) released into the overlying aquifer (scheme 1a) 
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Figure H.5. Cumulative radiotoxicity fluxes of the fission products 
released into the overlying aquifer (scheme 1a) 
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Figure H.6. Dose via the river pathway per TWhe (scheme 1a) 
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Fuel cycle scheme 1b 

The main radiotoxicity fluxes of fission products released from the host clay formation into the 
overlying aquifer are shown in Figure H.7. The doses calculated for the river pathway are given in 
Figure H.8. 

Figure H.7. Radiotoxicity fluxes of the fission products released 
into the overlying aquifer (scheme 1b) 
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Figure H.8. Dose via the river pathway per TWhe (scheme 1b) 
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Fuel cycle scheme 2a 

The main radiotoxicity fluxes of fission products released from the host clay formation into the 
overlying aquifer are shown in Figure H.9. The doses calculated for the river pathway are given in 
Figure H.10. 

 
Figure H.9. Radiotoxicity fluxes of the fission products released  

into the overlying aquifer (scheme 2a) 
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Figure H.10. Dose via the river pathway per TWhe (scheme 2a) 

1.0E-16

1.0E-15

1.0E-14

1.0E-13

1.0E-12

1.0E-11

1.0E-10

1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07

Time after canister failure (years) 

D
o

se
 (

ri
ve

r 
pa

th
w

ay
) 

(S
v/

a/
T

W
h

e)

Se79

Tc99

Sn126

I129

Th229

TOTAL

 

 



 

 192

Fuel cycle scheme 3cV1 

The main radiotoxicity fluxes of fission products released from the host clay formation into the 
overlying aquifer are shown in Figure H.11. The doses calculated for the river pathway are given in 
Figure H.12. 

Figure H.11. Radiotoxicity fluxes of the fission products released  
into the overlying aquifer (scheme 3cV1) 
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Figure H.12. Dose via the river pathway per TWhe (scheme 3cV1) 
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Fuel cycle scheme 3cV1 with separation of Cs and Sr 

The main radiotoxicity fluxes of fission products released from the host clay formation into the 
overlying aquifer are shown in Figure H.13. The doses calculated for the river pathway are given in 
Figure H.14. 

Figure H.13. Radiotoxicity fluxes of the fission products released into the overlying aquifer  
(scheme 3cV1, separation of Cs and Sr) 
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Figure H.14. Dose via the river pathway per TWhe (scheme 3cV1, separation of Cs and Sr) 
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Short discussion of the results 

Figures H4-H8 clearly show that in case of disposal of spent fuel (scheme 1a and partially for 
scheme 1b) the total radiotoxicities and doses are strongly dominated by the 129I present in spent fuel. 
Other important radionuclides are 79Se and 126Sn. No actinides are released from the host formation 
before 1 million years. At 10 million years the total dose is dominated by the actinides, mainly 229Th, 
but this dose is 3 orders of magnitude smaller than the maximum dose due to 129I or 79Se and 126Sn. 

Figures H.10, H.12 and H.14 show that in case of disposal of HLW arising from the considered 
advanced fuel cycle schemes 2a, 3cV1 and 3cV1 with separation of Cs and Sr, four fission products, 
79Se, 99Tc, 126Sn, and 129I (for which it is assumed that a fraction of 0.1% is present in the conditioned 
HLW), are the main contributors to the total dose. At 10 million years the total dose is dominated by 
the actinides, mainly 229Th. 

The total doses calculated for the five considered fuel cycle schemes are given in Figure H.15. 
Between 5 000 and 1 million years the difference between the calculated doses is essentially due to  
the different fraction of 129I that is going into the repository: 100% for scheme 1a, about 11%  
for scheme 1b, and 0.1% for schemes 2a and 3cV1. The doses calculated for the variant of  
scheme 3cV1 with separation of Cs and Sr are a factor 3 lower than those calculated for  
scheme 3cV1 itself. In both cases the inventory of long-lived radionuclides disposed of in the 
repository is identical. The lower dose is explained by the denser disposal configuration for the variant 
with Cs and Sr separation, what results in an amplification of the release limitation by solubility limits.  

Figure H.15. Total doses via the river pathway per TWhe calculated  
for the considered schemes 
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Table H.2 gives the radiotoxicity fluxes integrated per timeframe for the 5 considered fuel cycle 
schemes. In case of schemes 1a and 1b the radiotoxicity fluxes integrated over all the timeframes are 
completely dominated by 129I. In case of schemes 2a and 3cV1 the radiotoxicity fluxes integrated over 
the timeframes 103-104y and 104-105y are dominated by 99Tc and 129I; for the timeframe 105-106y the 
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main contributors are 126Sn and 99Tc; for the timeframe 106-107y the main contributors are 99Tc and the 
actinides (mainly 229Th). The cumulative releases of the fission products 79Se, 93Zr, 126Sn are about a 
factor 2 lower in the case of scheme 3cV1 and a factor 7 for the variant considering the separation of 
Cs and Sr in comparison with those calculated for the reference scheme 1a; although, for all schemes 
about the same amount of fission products is disposed of in the repository. This difference can be 
explained by the more compact disposal configuration for the advanced fuel cycle schemes, which 
makes that the solubility limits give a stronger contribution to the confinement of these radionuclides. 
This effect is even much stronger for 107Pd, for which reduction factors of 56 and even 168 for the 
variant considering the separation of Cs and Sr are calculated; the separate conditioning of the non-
heat producing noble metals allows to consider very dense disposal configurations.  

4. Conclusions 

The HLW arising from the advanced fuel cycle schemes generates less heat than the HLW from 
the reference fuel cycle 1a. For scheme 3cV1 the needed length of HLW disposal galleries is reduced 
with a factor 3.5, and even a factor 9 if Cs and Sr are separated from the HLW.  

The maximum total dose resulting from the disposal of the HLW forms from fuel cycle 
schemes1b and 2a is a factor 4.4 lower than the one from the reference scheme 1a. For scheme 3cV1 
the reduction of the maximum total dose is a factor 9, and even a factor 18 in the case that Cs and Sr 
are separated from the HLW prior to conditioning. However, the lower doses are essentially due the 
separation of 129I from the HLW during the reprocessing of the spent fuels. If the 129I has to be 
captured and disposed of in the same HLW repository, the doses resulting from all considered fuel 
cycle schemes will be about equal. 

Although the amount of generated fission products is more or less proportional with the produced 
energy, the releases of solubility limited fission products, such as 79Se, 99Tc, 107Pd and 126Sn, are lower 
in the case of advanced fuel cycle schemes, because the denser repository configuration makes the 
contribution of the solubility limitation more efficient. This is especially the case for the variant 
scheme considering the separation of Cs and Sr.  
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Appendix I 
 

HLW DISPOSAL – GRANITE CONCEPT, SPAIN 

1. Introduction 

In this document the results of the deterministic calculations for the 4 schemes (1a, 1b, 2a and 
3cV1) of the NEA study are given. The ENRESA disposal concept for spent fuel, carbon steel canister 
and bentonite buffer for horizontal disposal in a granite formation has been used, and is also described. 
The methodology, models and input data used for performance assessment calculations are presented 
too.  

2. Disposal system description 

The reference concept in granite is based in the disposal of spent fuel in carbon steel canisters in 
long horizontal galleries. Canisters are surrounded by high density bentonite. The disposal galleries 
are grouped into two symmetrically arranged disposal panels. Access is accomplished by means of 
“main drifts” which run perpendicular to the tunnels. The main drifts meet at a central area, which 
includes the required underground infrastructure. Communications between the surface and the central 
underground area are accomplished by way of 4 access shafts. Figure I.1 shows a view of the 
underground installations. 

Figure I.1. Underground installations for the ENRESA repository concept 

 

Spent fuel elements are disposed in cylindrical carbon steel canisters measuring 4.54 m in length 
and 0.90 m in diameter, capable of maintaining 4 PWR elements in a subcritical configuration. The 
thickness of the wall of the canister is 0.10 m at the sides and 0.12 m at the ends, and is capable of 
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withstanding the pressures to which it is subjected under disposal conditions and of providing a 
minimum period of containment greater than one thousand years. After being unloaded from the 
reactor, the fuel elements are temporarily stored for their thermal power to decay to a level at which 
they may be disposed of with a total thermal power of 1 220 W per canister. For the 14 400 PWR 
equivalent fuel elements a total 3 600 canisters will be required. 

Canisters are disposed in cylindrical receptacles, constructed with blocks of compacted bentonite 
inside the horizontal drifts measuring 500 m in length and 2.4 m in diameter located at a depth of 
500 m in the host formation (see Figure I.2). The separation between canisters is determined mainly by 
thermal constrains. A separation of 2 m between canisters has been established, and of 35 m between 
disposal drifts, in order not to exceed a temperature of 100°C in the bentonite. The detailed dimensions 
of an individual “cell” are shown in Figure I.3. 

Figure I.2. Longitudinal section of an emplacement tunnel 

Canis ter

Bentonite

blocks

S teel liner

�����������	�
�

���
���
������
	��

������������

���

�	���������
�����


���	
��	��
������
������

������	����������


����������� �!�"

 

 



 

 201 

Figure I.3. Dimensions of an individual disposal cell 
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When a disposal drift is filled, it is sealed using blocks of bentonite and structures of concrete at 
the entry to the drifts. Galleries, shafts and other remaining rock cavities are backfilled, after 
completion of waste emplacement, with a mixture of bentonite and natural sand or an appropriate 
crushed material. The backfilling material will consist of 10% bentonite (increasing up to 20% at the 
top of the galleries) and suitably graded sand. 

Sealing plugs of galleries and shafts are made of compacted bentonite blocks piled over the 
whole cross section.  

The use of cement-based materials is limited to both plugs at the end of the disposal drifts. The 
uppermost parts of the shafts are, as well, plugged with concrete in order to prevent human intrusion. 

3. Performance assessment 

3.1 Description of the calculations 

After waste emplacement, the buffer saturates in about 20 years due to bentonite high suction 
pressures. When the groundwater contacts the canister, general corrosion of the carbon steel starts. 
Minimum canister lifetime is 1 300 years after disposal, when the peak temperatures due to decay heat 
have passed and many fission products have decayed. In the calculations the 3 600 canisters do not fail 
simultaneously, but sequentially. 

After canister failure, and since no credit is given to the cladding as a barrier, water reaches the 
irradiated UO2 and radionuclide releases start. Three different contributions are considered: an instant 
release fraction (IRF) that corresponds to the radionuclide inventory in the pellet-cladding gap and the 
grain boundaries, a relatively fast release of the activation products in the metallic parts of the fuel 
elements and a slow release of the inventory in the UO2 matrix (that contains the vast majority of the 
radionuclides in the waste). 
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The radionuclides and stable species released from the waste enter the water around the waste, 
where they dissolve or precipitate depending on their solubility limits. Solute concentration in the 
water around the waste is the boundary condition at the inner surface of bentonite for near field 
transport calculations. 

Granite close to the disposal drift is modelled as an equivalent porous medium, with water 
flowing parallel to the disposal drift axis. There is an Excavation Damaged Zone (EDZ) surrounding 
the disposal drift, where Darcy velocity is assumed to be 10 times higher than in intact host rock. 
Radionuclides diffuse radially through the bentonite into the EDZ and adjacent intact granite, where 
flowing water transports the contaminants out of the near field. The radionuclide flux leaving the near 
field enters the geosphere. 

Geosphere has been modelled as an equivalent porous medium with main fractures explicitly 
represented. With this model and using a particle tracking code a probability distribution of the water 
travel time in the geosphere is obtained, to serve as the main input parameter to the transport model.  

Since transport in granite is controlled by fractures, in transport calculations the geosphere is 
modelled as a single one-dimensional planar fracture (or stream tube). Longitudinal dispersion and 
matrix diffusion into the wall rock are modelled, including sorption on the rock matrix. Neither 
solubility limits nor sorption on fracture surfaces/infill is considered.  

The flux of radionuclides (Bq/a) that cross the geosphere is discharged to a river which flows at  
a rate of 106 m3/a. Radionuclide concentrations in river water are calculated dividing the release rate 
from the geosphere by the river flow rate. 

River water is used by the critical group, which is a self-sufficient community that produces most 
of its aliments using water from the river. Doses to an average member of the critical group are 
calculated, taking into account all the relevant exposure pathways, not only drinking water. Calculated 
doses are compared with a reference value of 10-4 Sv/y. 

3.2 Probabilistic and deterministic calculations 

In the assessment study of the ENRESA reference disposal concept both deterministic and 
probabilistic calculations are done: 

� In the deterministic calculation the process described in the previous section is done just one 
time assigning to each parameter the “best estimate” value.  

� In the probabilistic calculation the uncertainty in each parameter (Pu solubility, water travel 
time in the geosphere, etc.) is explicitly taken into account, because each parameter is 
represented using a probability distribution, not a single value. 

� The process described in the previous section is done 100 times, assigning to each stochastic 
variable a value that has been sampled using LHS (Latin Hypercube Sampling). 

� Each of the 100 runs provides a result for the time-dependent dose rate. Averaging over the 
100 runs for each instant, the time-dependent mean dose is obtained. This mean dose is 
compared with the reference limit 10-4 Sv/a. 

In this document only deterministic calculations are performed.  
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3.3 Deterministic calculations for the 4 schemes of the NEA Study 

3.3.1 Doses 

Figure I.4.  Normalised total doses in the different schemes 
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Figure I.4 shows the total doses in the 4 analysed schemes. The curve of scheme 1b is the 
superposition of two curves: one for the MOX fuel that controls the doses up to 8x105 years, and 
another curve for the vitrified waste that is dominant after 106 years.  

The dose curves for schemes 2a, 3cV1 and the vitrified waste in scheme 1b are quite similar. This 
is a logical result because in the 3 schemes the same model for the glass matrix degradation is used 
and the inventories of fission products are quite similar. 

Figure I.5 shows the doses per radionuclide in scheme 1a (UOX). 129I controls the peak doses and 
the contribution of 135Cs becomes significant after 106 years. Doses due to actinides and daughters start 
only after several million years, because these radionuclides are strongly sorbed in the bentonite 
barrier and the geosphere. 
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Figure I.5.  Dose per radionuclide in scheme 1a 
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Figure I.6 shows the doses per radionuclide in scheme 1b due to the MOX fuel. The relevant 
radionuclides are the same than in scheme 1a, but the calculated doses are different. Difference in peak 
dose in Figure I.5 and Figure I.6 is just a factor 2. Although the inventory of fission products (per 
TWhe) in the MOX fuel is roughly one order of magnitude smaller than in the UOX, the matrix 
alteration rate of MOX fuel is 5 times greater than for UOX fuel (due to greater alpha activity).  

Figure I.7 shows the doses per radionuclide in scheme 1b due to the vitrified waste. Since the 
inventory of 129I is only 0.1% of the inventory in scheme 1a, doses due to 129I are much smaller than in 
the cases of spent fuel. Doses due to the remainder fission products are greater than in scheme 1a 
because in the calculations the glass dissolves completely in 72 000 years while the UO2 (and even the 
MOX) matrix lasts much more. 
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Figure I.6.  Dose per radionuclide due to MOX fuel in scheme 1b 

1.E -17

1.E -16

1.E -15

1.E -14

1.E -13

1.E -12

1.E -11

1.E -10

1.E -09

1.E -08

1.E+03 1.E+04 1.E +05 1.E+06 1.E+07

T ime(years )

D
os

e 
(S

v/
yr

 p
er

 T
W

h-
e)

I 129

Sn 126

Se 79

Cs 135

Pd 107

T c 99

Actinides & daughter

S CE NARIO 1B  - MOX

 

Figure I.7.  Dose per radionuclide due to vitrified waste in scheme 1b 

1.E -17

1.E -16

1.E -15

1.E -14

1.E -13

1.E -12

1.E -11

1.E -10

1.E -09

1.E -08

1.E+03 1.E+04 1.E +05 1.E+06 1.E+07

T ime(years )

D
os

e 
(S

v/
yr

 p
er

 T
W

h-
e)

I 129

Sn 126Se 79
Cs  135

Pd 107

T c 99

Actinides & daughter
S CE NAR IO 1B  - Vitrified Waste

 

The doses per radionuclide in scheme 2a and 3cV1 are similar to those shown in Figure I.7 for 
vitrified waste in scheme 1b. This is a logical result because the glass matrix alteration model is the 
same in the 3 cases (1b-vitrified waste, 2a and 3cV1) and there are only small differences in the 
inventory of fission products (a factor 2 at most). 
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3.3.2 Activity fluxes 

Figure I.8.  Activity fluxes to the biosphere in scheme 1a 
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Figure I.8 shows the activity fluxes to the biosphere in scheme 1a (UOX). 129I controls the fluxes 
and the contribution of 135Cs becomes significant after 106 years. Fluxes of actinides and daughters 
remain below 1 Bq/yr up to 10 million years, because these radionuclides are strongly sorbed in the 
bentonite barrier and the geosphere. 

Figure I.9 shows the activity fluxes to the biosphere in scheme 1b due to the MOX fuel. The 
relevant radionuclides are the same than in scheme 1a, but fluxes are different.  

Figure I.10 shows the activity fluxes to the biosphere in scheme 1b due to the vitrified waste. 
Since the inventory of 129I is only 0.1% of the inventory in scheme 1a, 129I flux is much smaller than in 
the case of spent fuel. Fluxes of the remainder fission products are greater than in scheme 1a because 
in the calculations the glass dissolves completely in 72 000 years while the UO2 (and even the MOX) 
matrix lasts much more. 

Activity fluxes to the biosphere in scheme 2a and 3cV1 are similar to those shown in Figure I.10 
for vitrified waste in scheme 1b. This is a logical result because the glass matrix alteration model is the 
same in the 3 cases (1b-vitrified waste, 2a and 3cV1) and there are only small differences in the 
inventory of fission products (a factor 2 at most). 
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Figure I.9.  Activity fluxes to the biosphere due to MOX fuel in scheme 1b 
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Figure I.10.  Activity fluxes to the biosphere due to vitrified waste in scheme 1b 
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3.3.4 Radiotoxicity fluxes to the biosphere 

Figure I.11.  Radiotoxicity fluxes to the biosphere in the different schemes 

1.E -10

1.E -09

1.E -08

1.E -07

1.E -06

1.E -05

1.E -04

1.E -03

1.E -02

1.E+03 1.E+04 1.E+05 1.E+06 1.E+07

T ime(years)

R
ad

io
to

x.
 fl

ux
 to

 th
e 

B
io

sp
he

re
 (S

v/
yr

 p
er

 T
W

h-
e)

1A

3C-var1

1B

2A

1B  - MOX
controlled

1B  -GL AS S
controlled

 

3.3.4 Cumulative radiotoxicity fluxes to the biosphere 

Figure I.12.  Cumulative fluxes to the biosphere in the different schemes 
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Appendix J 
 

PERFORMANCE ASSESSMENT FOR DIFFERENT TYPES OF VITRIFIED  
HIGH-LEVEL RADIOACTIVE WASTE USING JNC H12 METHOD1 

1. Introduction 

This paper shows the results of radionuclide transport calculation for the following four types of 
vitrified high-level radioactive waste (HLW) proposed by NEA expert group: 

� Scheme 1b 
UOX vitrified HLW (Figure J.1.) ------------------------<CASE1> 

� Scheme 2a: OPTION1 
UOX + MOX-UE vitrified HLW (Figure J.2) ---------<CASE2> 

� Scheme 2a: OPTION2 
UOX vitrified HLW (Figure J.2) ------------------------<CASE3> 
MOX-UE vitrified HLW (Figure J.2) -------------------<CASE4> 

 
Figure J.1. Scheme 1b <CASE1> 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                      
1.  This work was contributed by H. Makino, T. Ebina, M. Yui and T. Ikegami. 

<CASE 1> 
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Figure J.2. Scheme 2a <CASE 2 – CASE4> 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In this study, just inventories of radionuclides depending on the types of proposed HLW has been 
changed from H12 safety assessment, the other repository conditions (EBS, geosphere and biosphere), 
models and parameters have been set as the same as the H12 (Reference Case: see Chapter 2). 

2. Overview of H12 safety assessment  

2.1 Objectives, concept and Reference Case 

The objectives of the safety assessment in H122 are: 

� To establish a reliable safety assessment methodology that is applicable to a variety of 
geological environments in Japan and a range of repository designs. 

� To assess the feasibility of safe geological disposal in Japan. 

� To provide a technical basis for site selection and the development of safety criteria. 

Here, it should be noted that the H12 has not focused on any actual site and any site has not been 
decided in Japan yet. 

Radionuclides considered in H12 safety assessment are shown in Table J.1. 

                                                      
2. H12: Project to establish the scientific and technical basis for HLW disposal in Japan Supporting Report 3 Safety 

assessment of the geological disposal system, JNC TN1410 2000-004. JNC 2000. 

Option1 <CASE2> 

Option2 <CASE3> 

Option2 <CASE4> 
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The Reference Case is based on the reference disposal system (Table J.2) and Base Scenario3, 
together with particular parameters and sets of model assumptions, and provides a point of comparison 
for the alternative cases in H12. An overview of features relevant to radionuclide release and transport 
in the Reference Case is given in Figure J.3. 

Figure J.4 illustrates the chain of models used directly in the safety assessment or to produce key 
data, and the associated flow of information between models. This model chain is used for the 
Reference Case calculations. 

To obtain releases from the whole repository, release rate to biosphere (calculated per canister) is 
multiplied by the number of waste packages in the repository. And, calculations are extended to times 
beyond the dose maximum. 

Figure J.3. Nuclide transport pathway considered in the Reference Case 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

                                                      
3. Base Scenario assumes: 

� The geological environment remains stable and the present-day geological conditions remain unchanged 
indefinitely into future. 

� Each barrier component performs as designed. 

� The current surface environment conditions continue throughout the timescale considered in the safety 
assessment. 

� Natural geological and climatic phenomena, initial defects and future human activities are regarded as “external 
events and processes”, which are excluded from the Base Scenario. 

����

��������	
��
	��
��������	
��
	��


������
������


������	��������	�� �����	
����
����������	�����	
����	��	�������

��	��	�������	���	�	�
��	����	���	����������

���	��	�������	�	���������	����

��������
���������
�

����
����


����	����

� !

"��������

"�����

#�����

$�������

�%&	'����

&����	(��������

#�������

��������	
���
������

�������
��
�	�������	

��������	
���
��

Water-
conducting
Fractures



 212

Figure J.4. Model chain and associated flow of information in the H12 safety assessment  

 

Table J.1. Safety-relevant radionuclides considered in the H12 safety assessment 

Activation 

/Fission Products 

151Sm, 135Cs, 126Sn, 107Pd, 99Tc, 94Nb, 

 93Zr->93mNb, 79Se 

4N Series  240Pu->236U->232Th 

4N+1 Series  245Cm->241Pu->241Am->237Np->233U->229Th 

4N+2 Series  246Cm->242Pu->238U->234U->230Th->226Ra->210Pb 

 242mAm->238Pu       

4N+3 Series  243Am->239Pu->235U->231Pa->227Ac 
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Table J.2. System components considered in the H12 safety assessment 

Geological 
environment 
/Surface 
environment 

System components considered  
in safety assessment 

Reference set of system components 
(Considered in Reference Case) 

Topography  - Mountains 
- Hills 
- Plains (plateau, lowlands) 

Plains (lowlands) 

Groundwater - Fresh groundwater 
- Saline groundwater 

Fresh groundwater 

Rock type - Crystalline rock: felsic, mafic 
- Sedimentary rock (soft rock):   
      sandstone, mudstone/tuff 
- Sedimentary rock (hard rock):  
      sandstone, mudstone/tuff 

Granite: Crystalline rock (felsic) 

Geosphere-
biosphere 
interface (GBI) 

- Surface water (river, lake, etc.) 
- Well 
- Marine  

Surface water (River) 

Design System components considered  
in safety assessment 

Reference System 
(Considered in Reference Case) 

Vitrified waste  Model vitrified waste inventory based on JNFL 
specifications (assuming 40 000 containers) 

Canister - Carbon steel 
- Composite canister: 

titanium-carbon steel, 
copper-carbon steel 

Carbon steel: 0.19 m thick (with a minimum 
design lifetime of 1 000 years) 

Buffer material - Mixture of bentonite and silica sand Bentonite: 70wt% + silica sand 30wt%,  
Dry density: 1.6 Mgm-3, thickness 0.7 m 

Repository depth - Up to approx. 1 000 m for hard rock 
- Up to approx. 500 m for soft rock 

1 000 m for hard rock 

Temperature at 
disposal site 

The temperature at the disposal site will 
reach about 55°C after 1 000 years in the 
case of hard rock, and about 40-50°C after 
1 000 years in the case of soft rock. 

After 1 000 years, constant at 60°C in the EBS 
and 45°C in the geosphere 

Others - Tunnel supports:  
Concrete supports, steel supports 

- Drift excavation technology: 
Blasting,  
Mechanical drilling (tunnel boring 
machine) 

- Backfill material: 
Mixture of bentonite and crushed rock 
with controlled particle size 

- Plugging material:  
Compacted clay, cement, rock, metal  

- Grouting material: 
Clay, cement 

It is assumed that tunnels do not require 
supports in a hard rock environment 
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2.2 Description of the calculation 

The Reference Case model assumptions for nuclide transport in H12 are:  

<EBS> 

� The canister fails one thousand years after closure of the repository. 

� The glass waste form will be in contact with water immediately after canister failure. 
Nuclides in the glass are released congruently as the glass dissolves. 

� Aqueous concentrations of nuclides are limited by elemental solubility, shared among the 
isotopes contained in the glass. Dissolution and precipitation of nuclides occur much faster 
than their (diffusive) transport and achieve local instantaneous equilibrium. 

� Nuclides are transported through the buffer material by diffusion and are retarded by linear, 
reversible and instantaneous sorption onto the bentonite. The diffusion resistance of the 
canister corrosion products and their sorption capacity are ignored. 

� Diffusion in the buffer material is modeled using a cylindrical radial co-ordinate system. 

� Nuclides released from the buffer are mixed instantly and completely with groundwater 
flowing through the excavation disturbed zone (EDZ) of the repository tunnels. Sorption of 
nuclides in the EDZ is not considered and thus the total nuclide flux enters fractures 
intersecting the EDZ. 

<Host rock> 

� Nuclides are transported as solutes through channels within a network of fractures in the 
rock mass (granite). 

� Hydrodynamic dispersion due to the complex network structure of the fractures is taken into 
account through a macroscopic dispersion length. 

� Nuclides transported in channels can diffuse into the adjacent rock matrix and be retarded by 
sorption on matrix pore surfaces. Sorption is assumed to be linear, reversible and 
instantaneous. Sorption on fracture surfaces is not considered. 

� Diffusion into fracture filling materials and unconnected fractures is not included. 

� Transport within channels in the host rock is represented using a set of model pathways (the 
multi-pathway model), with each model pathway representing a set of channels of similar 
transmissivity. 

<Major water-conducting fault (MWCF)> 

� A repository would be located 100 m from a MWCF. 

� Nuclides are transported upwards along the MWCF, traveling the shortest distance to the 
biosphere. 

� All nuclides that have been transported through the undisturbed host rock enter a MWCF and 
flow upwards into an aquifer. 

� Nuclides are transported through the MWCF as solutes by advection and dispersion. 
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� Nuclides in the fault can diffuse into the adjacent rock matrix and are retarded by sorption on 
matrix pore surfaces. Sorption is assumed to be linear, reversible and instantaneous. Sorption 
on surfaces of the fault is not considered. 

� Diffusion and sorption onto fault gouge are not included. 

� Transport in the MWCF is represented using a model pathway (the single-pathway model). 

<Biosphere> 

� Nuclides that have been transported through the host rock and the MWCF enter an aquifer 
near the ground surface and from there to the biosphere via the geosphere-biosphere 
interface (GBI). A river in a plain (lowlands) is selected as the Reference Case GBI. 

� Nuclides that enter the aquifer are transported to the river without retardation due to sorption 
in the aquifer and then enter the river water directly, bypassing the river sediments. 

� Subsequent distribution between compartments is modeled taking into account the transport 
processes, and various exposure modes and pathways are modeled. 

3. Results of transport calculations for the proposed four types of HLW  

Radionuclide transport for the four cases (CASE1-CASE4) just considering difference in 
inventory among the proposed four types of HLW have been calculated (other conditions are the same 
as H12 Reference Case), and the results are discussed using the following indicators: 

� Release rate to biosphere. 

� Radiotoxicity (converted from release rate using the ingestion dose coefficients for adults 
from ICRP72). 

� Cumulative radiotoxicity. 

� Dose (converted from using flux to dose conversion factors derived in H12 reference case). 

Treatment of parameter values in this study that have been proposed by the NEA expert group as 
“general data” are summarised below: 

� Inventory for radionuclides shown in Table J.1 have been picked up from the proposed 
values. However, 94Nb, 151Sm and stable isotopes have not been considered due to lack of 
data in the proposed values. 

� Zero remaining fraction of iodine (129I) in HLW has been assumed as the same as the H12. 

� 1 000 years of canister lifetime has been assumed as the same as the H12. 

� About 70 000 years of glass matrix lifetime has been assumed as the same as the H12. 

3.1 Differences in inventories for the four cases 

Difference among high inventory radionuclides for the four cases (Figure J.5) shows:  

� 135Cs and 107Pd have relatively small variation. 

� 79Se, 93Zr, 99Tc, 238U, 237Np, 241Am and 243Am have variation around or over twice. 
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Figure J.5. Differences in inventories of high inventory radionuclides for the four cases at disposal 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2 Release rate to biosphere 

Release rates to biosphere and radionuclides having high release rate obtained from the four cases 
are similar. 

Figure J.6 shows release rate of each radionuclide in CASE1 as a representative. 

Table J.3 shows radionuclides having high release rate in CASE1 to CASE4, respectively. 

Figure J.6. Release rate of each radionuclide (CASE1) 
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Table J.3. Radionuclides with high release rate 

 - 105 y 105-107y 

CASE1 1st: 79Se 
1st: 135Cs 
2nd: 93Zr/93mNb 

CASE2 1st: 79Se 
1st : 135Cs 
2nd: 93Zr/93mNb 

CASE3 1st: 79Se 
1st: 135Cs 
2nd: 93Zr/93mNb 

CASE4 1st: 79Se 
1st:135Cs 
2nd: 93Zr/93mNb 

 

3.3 Radiotoxicity 

Total radiotoxicities of the four cases have very similar values within twice (Figure J.7). 

Figure J.8 shows radiotoxicity for each radionuclide in CASE1 as a representative. 

Table J.4 shows main contributor for the total radiotoxicity in CASE1 to CASE4, respectively. 

Figure J.7. Comparison of total radiotoxicity 
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Figure J.8. Radiotoxicity for each radionuclide (CASE1) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table J.4.  Main contributors for total radiotoxicity 

 -105y 105-107y 
CASE1 1st: 79Se 1st: 135Cs -> 229Th 
CASE2 1st: 79Se 1st: 135Cs -> 229Th 
CASE3 1st: 79Se 1st: 135Cs -> 229Th 
CASE4 1st: 79Se 1st: 135Cs -> 229Th 

Underlined radionuclide is a main contributor for maximum of total radiotoxicity. 

3.4 Cumulative radiotoxicity  

Table J.5 shows that cumulative “total radiotoxicity” have no significant difference between the 
four cases (maximum about factor of 2) and have peak during 106y-107y (if consider until 1010y, two 
peaks can be found out; second peak is during 108y-109y).   

Table J.5. Cumulative total radiotoxicity for time interval after disposal 
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3.5 Dose 

Total doses of the four cases have very similar values, difference less than factor of 2, 
(Figure J.9). 

Figure J.9 shows dose for each radionuclide in CASE1 as a representative. 

Table J.6 shows main contributor for the total dose in CASE1 to CASE4, respectively. 

Figure J.9. Comparison of total dose 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure J.10. Dose for each radionuclide (CASE1) 
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Table J.6. Main contributors for total dose 

 - 105y 105-107y 
CASE1 1st: 79Se 1st: 135Cs -> 229Th 
CASE2 1st: 79Se 1st: 135Cs -> 229Th 
CASE3 1st: 79Se 1st: 135Cs -> 229Th 
CASE4 1st: 79Se 1st: 135Cs -> 229Th 

Underlined radionuclide is a main contributor for maximum of total dose. 

4. Discussion and conclusion 

Though important differences in inventory, release rate, radiotoxicity and dose for each nuclide 
can be found between the four cases, main indicators, total radiotoxicity and total dose, differ less than 
by factor 2. 

Main contributors of the total radiotoxicity and the total dose are 79Se, 135Cs and 229Th. Maximum 
of the total radiotoxicity and the total dose are dominated by 135Cs for all cases. 

Table J.7 shows “ratios of inventory [g/TWhe] against CASE1” and “ratios of release rate 
[Bq/y/TWhe] against CASE1” for each case. They indicate that differences in release rate for the four 
cases could be explained roughly by the following four patterns: 

� For 137Cs (soluble) and 93Zr (not reached its solubility limit), these two ratios are very similar 
and proportional impact could be concluded.  

� For 107Pd, 79Se, 99Tc, and 237Np that reach solubility limit, these two ratios are different. 
Instead, new ratios for coefficient of can/TWhe are very similar with the ratios of release rate 
[Bq/y/TWhe]. This would be caused by the transaction from (4) (different cases have same 
release rate in Bq/y/can unit due to solubility limit in spite of difference in inventories) to 
(6) in the following transaction flow undergone in this study:  

(1) Inventory [g/TWhe]. 

(2) Conversion from g/TWhe to g/can using coefficient of can/TWhe. 

(3) Inventory [g/can]. 

(4) Release rate [Bq/y/can]. 

(5) Conversion from Bq/y/can to Bq/y/TWhe using coefficient of can/TWhe. 

(6) Release rate [Bq/TWhe]. 

� While, 238U reached solubility limit but the ratio of release rate is not consistent with the ratio 
of inventory and also the ratio for coefficient of can/TWhe. In this case, contribution of 
isotopes (e.g., 236U) that have remarkable inventory itself and also have a parent having 
remarkable inventory (240Pu) should be considered. 

� For 229Th, the ratio of release rate is the same as the ratio of 237Np due to radioactive 
equilibrium. 
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Table J.7. Comparison of differences in inventory and release rate 

 

 

 

 

 

 

 

 

 

 

 
The total radiotoxicity and the total dose in unit of Sv/TWhe could be an indicator to compare 

difference among HLWs in the view point of radionuclide transport, but could not be extended to 
discussion in the view points of difference in system performance and/or safety margin against safety 
standard due to lack of an important information “total amount of HLW”.  

Importance of 135Cs as main contributor would call attention about importance of reduction of 
FP’s inventories from HLW rather than those of actinides. 

Differences in coefficients of can/TWhe as well as differences in inventories would contribute to 
differences in release rates for especially radionuclides limited by solubility.   

Finally, it could be concluded that all indicators are not significantly different among the four 
types of vitrified high-level radioactive waste proposed by NEA expert group.  
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Appendix K 
 

HLW DISPOSAL – SALT CONCEPT 

1. Introduction 

This appendix is the contribution of the Gesellschaft für Anlagen- und Reaktorsicherheit (GRS) 
mbh to the NEA/NDC working group on “Impact of Advanced Nuclear Fuel Cycle Options on Waste 
Management Policies”. The central part of this appendix is the long term performance assessment 
calculation of a repository defined in the working group. Because the evolution of a repository in rock 
salt of the dome type differs in some important aspects from the behaviour of other systems a 
description of the disposal facility in rock salt and the behaviour of the rock salt facility are given.  

During discussions in the working group some waste types were considered which gave rise to 
concerns with regard to disposability. To give the reader information which kind of problems could 
appear and which type of waste could cause such problems a paragraph is included to this appendix.  

2. Description of the disposal facility in rock salt 

The disposal facility is assumed to be located in rock salt of dome type at a depth of 870 m. The 
thickness of the overburden is close to 300 m. The waste is disposed of in horizontal drifts in a single 
story (single layer) arrangement. The disposal facility consists of the central field, two flank drifts and 
five cross connections, with 100 disposal drifts (Figure K.1). One cross connection and the adjacent 
20 disposal drifts and the two segments of the flank drifts form one section. Access to the facility is 
provided by two shafts. 

Figure K.1. Sketch of the disposal facility 
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The volumes and dimensions of the near field assemblies such as flank drifts, disposal drifts, 
shafts and central field can be found in [7]. 

2.1 Scheme description 

For the consequence calculation the same brine intrusion scheme as in [8] was considered.  

After termination of the disposal in the respective disposal section, the section will be backfilled 
and sealed to maintain it in a brine-free state. It is assumed that a layer of anhydrite is located in 
proximity to the final repository and that in response to mechanical stresses in the anhydrite, hydraulic 
connections between the aquifer and the repository are established and ground water may flow into the 
repository. The amount of the water inflow is controlled by the resistance of the flow paths. It is 
further assumed that the sealing of the shaft will fail.  

In addition, the existence of brine pockets in the vicinity of the disposal drifts cannot be excluded. 
Mechanical stresses could trigger the release of brine from such pockets.  

The brine intrusion scheme belongs to the altered evolution schemes as its probability of 
occurrence is considerably lower than one. It was necessary to switch to the disturbed evolution 
scheme because the normal evolution scheme does not give any radionuclide release. The normal 
(disposal) evolution scheme is not appropriate for an evaluation of fuel cycle schemes.  

In the scheme, two competing processes will occur. On one hand, depending on the inflow 
location and the arrangement of the flow barriers, the repository will be filled with brine. On the other 
hand, convergence of the salt will cause a reduction of void spaces. Some drifts which are located 
close to the inflow or may have none or less effective barriers may get filled with brine. Drifts far 
away from the inflow location with many, good working barriers and increased salt creep may, in 
contrast, stay in a dry state. The convergence, which is the decrease of void volume per unit time, 
depends on the initial creep rate, the spatial temperature distribution, the pressure and the void 
volumes of the building components. 

After brine intrusion into the disposal drifts corrosion of the disposal casks will start. This 
corrosion will lead to a failure of the cask and mobilisation of the waste. If the solubility limits of the 
respective nuclides in the fluid are exceeded, precipitation will occur. Nuclides go into solution if 
nuclide concentrations in the solution fall below solubility limits. Once a drift is completely filled the 
brine will be squeezed out. This squeezing is a consequence of the convergence of the void volumes.  

We have to separate the behaviour of the disposal facility into two phases. During the inflow 
phase the competition between brine inflow and convergence of void spaces occurs. During the long 
term phase the squeezing out of the eventually contaminated brines is acting.  

With progressing convergence, the contaminated brine will be pressed out from the repository 
into the aquifer and from there via the geosphere into the biosphere. During the transport the 
phenomena precipitation, dissolution, radioactive decay, adsorption and desorption will determine the 
nuclide inventory of the transported brine.  

The transport in the geosphere is modeled by an aquifer with stationary water flow. Flow rates of 
the aquifer and dimensions are listed in [8]. The contaminated brine coming from the anhydride vein 
and the shaft is diluted in this permanent flow and transported to an access point. The biosphere is not 
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explicitly simulated. The dose is calculated by means of dose conversion factors. These dose 
conversion factors are listed in Table K.3 in the Chapter 9.  

3. Calculation approach 

The transport calculations in both the near-field and the far-field are performed using the 
MARNIE code. A description of the programme can be found in [8].  

The calculation model used for the simulation is to a large extent the same as in [7]. In contrast 
to [7] a single story (single layer) disposal facility was assumed. For this performance assessment the 
most upper story of [7] is selected. The dimensions of the galleries and shafts as well as the filling and 
backfilling strategies can be found in [7].  

Results of previous performance assessments (e.g. [8]) showed that the group of parameters 
related to the convergence of the salt is the most sensitive. The temperature field of the rock salt is one 
of these parameters.  

Because of different waste characteristics especially with regard to the thermal heat load of the 
waste to be disposed of the temperature field used in [7] could not adapted. Instead, temperature field 
calculations had to be carried out for each fuel cycle scheme. A well – founded estimation of the 
temperature is essential because the convergence depends to the power of 4 on the temperature.  

The maximum temperature for a disposal in salt is expected to be limited by future regulations to 
200°C at the contact surface between disposal cask and rock salt. Within the estimation of the 
temperature field a bulk temperature was calculated. The maximum bulk temperature has been fixed at 
180°C. Coming from this maximum bulk temperature the upper boundary of the heat load for the 
disposal drifts has been determined. The maximum heat load for a short disposal drift has been 
estimated to be in the range of 130 to 135 kW while the maximum heat load for a long disposal drift 
has to be in the range of 140 to 145 kW.  

Figure K.2 shows the evolution of the temperature (in Kelvin) at a central point of the disposal 
field for waste from the fuel cycle schemes 1a and 3cV1. The temperature for disposal of FC1a-waste 
reaches the maximum at 129 years with 450K (177°C) and is decreasing to 340K after 2 680 years. 
The temperature for disposal of FC3cV1-waste reaches the maximum at 64 years with 400K (127°C) 
and is decreasing rapidly to 340K after 593 years. The ambient temperature of the host rock is 
assumed to be 303K (30°C). The fast decrease of the temperature of the FC3cV1-waste is due to the 
fact that the heat load of this waste is decreasing drastically. At 50 years after unloading of the reactor 
the heat load is 518 W per TWhe and after 400 years the heat load is 1.7 W per TWhe.  

The two completely different shapes of the temperature curves have a significant influence on the 
behaviour of the disposal facility in rock salt. For the fuel cycle 1a the salt creep will be drastically 
increased due to increasing temperature and stay for a very long time at a relatively high level. For 
fuel cycle 3cV1 the salt creep also will be increased but not to such a high extend than for fuel cycle 
1a. After a relatively short time of increased salt creep the creep will decrease and remain for a long 
time at the level of unaffected salt.   
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Figure K.2. Evolution of temperature relevant for salt creep calculation 

 

Because of similar heat load characteristics the shapes of the temperature curves of fuel cycles 1b 
and 2a are somehow similar to the temperature curve of fuel cycle 1a. So the four disposal facilities to 
be calculated can be grouped into two categories: “hot” disposal facilities (FC1a, FC1b and FC2a) and 
“cold” disposal facilities (FC3cV1).  

The above mentioned different behaviour of the disposal facilities due to different temperature 
curves is characterised by the fact that the squeezing out of the contaminated brine in the “hot” 
disposal facilities stopped (due to salt convection in the respective disposal drift) after about 200 years. 
The phase for squeezing out the brine for the “cold” disposal facilities is lasting until about 
50 000 years at a much lower squeezing rate.  

3.1 Inventory of disposal facility 

It is assumed that the used fuel elements are stored in POLLUX casks. These casks are described 
in [9]. For the vitrified waste disposal in the cask named POLLUX-HAW [5] is assumed. The 
POLLUX cask is assumed to be loaded with eight used fuel elements, the POLLUX-HAW cask with a 
waste equivalent corresponding to 6.9 tons of heavy metal initially loaded to the reactor.  

It was not part of the exercise described here to investigate whether the waste coming from this 
6.9 tons of heavy metal (tHM) could be taken up by the waste products loaded into the cask and if the 
cask itself is appropriate for the waste coming from the fast reactor (3cV1). The packing of the casks 
for the waste coming from 3cV1 is as dense as possible. There is only about 1 m left for the spacing 
between the casks. This is due to the constraints of the (minimum) heat load per disposal drift. These 
two points demonstrate that the disposal model used for this study is very close to the limits of design 
for waste coming from fuel cycle 3cV1. A necessary optimisation process (which was not possible in 
this work) would perhaps come to a smaller distance of the disposal drifts.   
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The fuel cycles 1a, 2a and 3cV1 produce only one type of high active waste. These are vitrified 
waste for 2a and 3cV1 and used fuel elements for fuel cycle 1a. Fuel cycle 1b generates used fuel 
elements as well as vitrified waste. The number of used fuel elements and vitrified waste packages for 
fuel cycle 1b has been estimated in the previous part of this report. The ratio between these two high 
level waste types is a characteristic of this fuel cycle. Due to programme and disposal model 
constraints the estimated ratio of waste types could not be established in one rock salt disposal facility. 
To overcome these constraints two separate disposal facilities for the respective waste have been 
introduced.   

The mass load, heat load, number of casks per short and long drifts, the number of casks, mass of 
heavy metal and produced energy per disposal facility are listed in Table K.1. It is assumed that a cask 
for used fuel elements takes up eight fuel elements with a mass of 538.5 kgHM per element and the 
cask for vitrified waste the amount of waste coming from 6.9 t heavy metal initially loaded to the 
reactor.  

Table K.1. Loading of the disposal facility 

Fuel cycle 
 

Unit 
1a 1b UOX 1b MOX 2a 3c 

Ton of heavy metal per TWhe tHM/TWhe 2,05 1,80 0,225 2,05 0,849 

TWhe per cask TWhe 2,10 3,78 19,00 3,366 8,12 

Thermal load per TWhe kW/TWhe 2,11 1,19 0,841 2,00 0,518 

Thermal load of cask kW 4,43 4,498 16,00 6,73 4,20 
Number of casks  
long drift 

 33 32 9 21 34 

Number of casks  
short drift 

 30 30 8 20 31 

Total number of casks  3 150 3 100 850 2 050 3 250 
Total mass of heavy metal in 
disposal facility * 

tHM 13 570 21 390 5 865 14 150 22 425 

Total produced energy of disposed 
waste 

TWhe 6 615 11 718 16 275 6 900 26 930 

* See text.  

Table K.2 lists the total amount of waste given to the respective disposal facility. The yellow 
colour is standing for “hot” and the blue colour for “cold” disposal facilities. Radionuclides 
dominating the total dose are coloured orange (rows). This will be discussed later. 

As described above two types of disposal facilities are identified (cold and hot). The temperature 
dependence of the behaviour of the disposal facility in the long term phase is so strong that only two 
calculation runs have to be performed. These two cases are a disposal facility for waste coming from 
fuel cycle 1a and fuel cycle 3cV1. A look at Table K.2 shows that the inventory of Cs for fuel cycle 2a 
is higher than for fuel cycle 1a. This can be a source for a different shape of the dose curve. It has been 
decided to introduce fuel cycle 2a as additional case for the performance assessment calculation for 
the disposal facility in salt. Fuel cycle 1b UOX and 1b MOX are not calculated.  
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Table K.2. Loaded radionuclides or radionuclide groups in the disposal facility (in mol) 

Fuel cycle 1a 1b UOX 1b MOX 2a 3c 

Th_Chain 5,78E+05 1,21E+04 7,68E+03 3,42E+04 6,13E+03 
Np_Chain 1,69E+05 1,30E+05 9,01E+03 1,45E+05 1,35E+03 

U_Ra_Chain 5,19E+07 8,22E+04 2,33E+06 5,42E+04 6,85E+04 
Ac_Chain 8,17E+05 2,73E+04 7,89E+04 7,97E+04 1,34E+04 

79Se 1,41E+03 2,21E+03 6,44E+02 1,45E+03 4,37E+03 
93Zr 1,83E+05 2,87E+05 5,96E+03 1,74E+05 3,74E+05 
99Tc 1,94E+02 3,04E+05 9,04E+03 2,01E+05 5,15E+05 
107Pd 5,14E+04 8,08E+04 5,36E+03 7,19E+04 2,53E+05 
126Sn 4,18E+03 6,58E+03 3,20E+02 3,14E+03 1,93E+04 

129I 3,24E+04 5,10E+01 1,86E+03 3,60E+01 1,13E+02 
135Cs 8,06E+04 1,27E+05 6,27E+03 1,09E+05 6,88E+05 
147Sm 5,41E+03 8,53E+03 2,73E+02 6,02E+03 2,31E+04 

 

4. Results of the calculations and discussion 

The results of the performance assessment calculations for disposal facilities in salt for fuel 
cycles 1a, 2a and 3cV1 are shown in Figures K.3 to K.5. 

The calculated dose rates are extremely low. The maximum is about eight orders of magnitude 
below the regulatory limit recently applicable in Germany (3 x 10-4 Sv). The differences between the 
three curves are smaller than two orders of magnitude. 

Figure K.3. Calculated dose for waste from fuel cycle 1a 
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Figure K.4. Calculated dose for waste from fuel cycle 2a 
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Figure K.5. Calculated dose for waste from fuel cycle 3cV1 
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5. Discussion 

This discussion section is intended to clarify which role the presented performance assessment 
results might play with regard to the intent of the project, i.e. the evaluation and comparison of fuel 
cycles. First, for each cycle it needs to be investigated whether disposal of the resulting waste is 
feasible and can be implemented in a safe manner. The PA studies presented here are meant to explore 
this question. In addition, it might be desirable to identify advantages and drawbacks of the considered 
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fuel cycles. The question arises, whether the radiological dose calculation in the PA exercise described 
above might serve for such a comparison.  

A central point for the performance assessment in salt is that the scheme under investigation is 
not the normal evolution but one alternative evolution scheme. It should be kept in mind that the 
normal evolution scheme leads to zero release. Some conditions for this alternative scheme have been 
chosen arbitrarily. One of these conditions is for example the point at which the anhydrite vein is 
connected to the disposal field. A change of this connection point can easily result in a difference in 
the calculated dose of some orders of magnitude.  

Parameter uncertainties have been investigated in some previous studies (e.g. [8]). The 
parameters with the highest sensitivity to the result are related to the description of the salt 
convergence (e.g. initial convergence rate, temperature, pressure). Small uncertainties of these 
parameters can easily result in a difference in the calculated dose of some orders of magnitude.  

Considering spread of dose due to possible uncertainties and the missing optimisation for fuel 
cycle 3cV1 disposal facility it is to conclude that the two orders of magnitude difference between the 
calculated dose curves is too small to give a preference to one fuel cycle. It can be concluded that the 
calculated doses can serve as indicators about whether safe disposal can be implemented for waste 
resulting from each cycle but can not serve as criteria to compare the cycles.  

6. Relative importance of radionuclides 

In many cases it is asked which radionuclides dominate the performance assessment calculation. 
This question is important for the identification of possible targets for P&T – strategies for a 
successful reduction of the total dose coming from disposal.   

The dose curves for the performance assessment in salt show that some radionuclides which are 
relevant in other host rocks do not give a significant contribution to the total dose in this case (e.g. 
93Zr, 99Tc, 107Pd, 126Sn, 147Sm, Ac-Chain, Th-Chain). These radionuclides or radionuclide groups must 
be evaluated as less important with regard to disposal in rock salt.  

Due to the increasing uncertainty with time, the performance assessment in salt the Np-peak 
(after 200 000 years) must be evaluated as less important. The Uranium-Radium decay chain is 
dominating the total dose of the performance assessment for salt over a very long time for all three 
calculated cases. The Uranium-Radium decay chain must be evaluated as important. The 238U is a 
good candidate to be considered in P&T-strategies. But for a successful reduction of dose after 
disposal the 238U amount in the disposal facility must decrease below the solubility limit. At the 
moment during reprocessing about 1% of the 238U present in spent fuel elements comes to the waste. 
This residue in the vitrified waste must be reduced by several orders of magnitude before being below 
the target. Actually it is planned to reduce the residue to 0.1%, which is not sufficient for this 
requirement. It is expected that within the near future it will not be possible to decrease the amount 
below the solubility limit.  

The last class of radionuclides that are considered as candidates for an effective dose reduction 
are 79Se, 129I and 135Cs. In Figures K.3 to K.5 79Se and 135Cs dominate the dose at an early time. This is 
the basis for this classification.  

In the dose curve of fuel cycle 1a the dose coming from 129I gives a significant contribution to the 
total dose at an early time. For the fuel cycles 2a and 3cV1 the 129I does not appear in the dose curve 
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because during the fuel cycles 2a and 3cV1 the iodine is expected to be to a high extent spilled into the 
sea. Only 0.1% is assumed to come to the vitrified waste. If the dilution into the sea of 129I will be 
stopped (due to future regulations) in future the dose of 129I would be in the range of 10 to 20% of the 
calculated dose of 135Cs. However, the overall picture of the calculated total dose doesn’t change if 
iodine reprocessing assumption is applied or not.   

7. Variations in the strategy of fuel cycle 3cV1 

Another option for the waste treatment which has been discussed is to separate the heat producing 
fission products Sr and Cs (element wise) from the waste, store them for about 300 years and dispose 
them of afterwards. This is seen as a possibility to decrease the heat load of the waste and increase the 
capacity of the disposal facility.  

Contributing to this discussion some aspects of the point of view of rock salt disposal have to be 
mentioned. First 135Cs is the radionuclide which contributes to a very high degree to the total dose. 
This means that if this radionuclide is coming back to disposal high attention has to be paid to 
appropriate disposal conditions and a careful disposal strategy. A good strategy would be to mix this 
135Cs with high heat producing waste, which guarantees a fast salt creep and void volume reduction. 
This means that Cs has to be separated from the hot waste, stored for a long time and somehow mixed 
(or stored together) with hot waste afterwards.  

The separation of heat producing radionuclides could be one strategy for decreasing the needed 
disposal volume. A second strategy could be a prolonged interim storage of the waste coming from the 
fuel cycle 3cV1. It is expected to influence the behaviour of the rock salt disposal facility in the same 
way as the separation of heat producing radionuclides and does not need a radionuclide separation.  

Compared to other rock types heat producers in a rock salt disposal facility are categorised in a 
different way. For a maximum salt creep it is necessary to be as close as possible to the temperature 
limit. In a possible optimisation procedure a rock salt disposal facility would be optimised towards a 
high temperature. If the heat load of possible future waste streams (for a rock salt disposal facility) is 
drastically reduced the number of casks per disposal volume has to be decreased to reach the necessary 
heat generation rate per volume. In this case it is expected if the head load decreases by a factor close 
to 100 the number of casks have to be decrease by a factor of 100 or even more.   

8. Possible problems of waste types from advanced fuel cycles 

Advanced nuclear fuel cycles may produce nuclear waste types with different characteristics with 
regard to their physical and chemical form. The physical and chemical waste form must be 
investigated carefully to guaranty feasibility of disposal. One of the possible problems with regard to 
the physical waste form could be an increased radiation level of the waste which can cause rock salt 
destruction.  

Rock salt destruction is a complicated issue and has up to now not completely been understood. 
The next abstract summarises the knowledge about the rock salt destruction mechanism. 
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9. Mechanism of rock salt destruction 

The following explanation to the effect of radiolytic destruction of rock salt is an extraction 
(translation) from a GRS report [1]. It summarises the research activities until 1997 and makes an 
assessment of the possible consequences of an irradiation of rock salt in a disposal facility. Research 
activities from 1997 to 2002 have been reviewed in [2]. 

Salt rock is subject to radiolysis if it is exposed to radiation. The host rock in the vicinity of the 
waste is exposed to �–rays and neutrons emitted by the waste. The absorption of neutrons leads to the 
activation of nuclides, mainly chlorine-35. The decay of these activated nuclides results in over 90% 
of high-energy �–radiation; which are subsequently thermalised.  

The absorption of thermal �–radiation in rock salt leads to radiation damage of the crystal lattice 
via a complex mechanism. At high �–irradiation doses (> 106 Gy) chlorine gas (Cl2) and sodium in 
metallic form (colloidal Na) are generated. For the disposal of HAW (vitrified waste from 
reprocessing) this radiolysis process is a local effect limited to an area of approximately 50 cm around 
the disposal borehole. The generation of chemically very reactive irradiation products and the 
destruction of rock salt may have a significant influence on the safety of the disposal of high active, 
heat generating waste. In case of a fast spontaneous back reaction of the molecular irradiation products 
a temperature increase followed by thermo-mechanical consequences seems possible.  

Because of the long timeframes it is impossible to investigate radiation damage formation in the 
laboratory under conditions that fully represent disposal specific boundary conditions. Owing to the 
complex radiolysis mechanism a simple extrapolation of experimental results is misleading. As a 
consequence, qualitative and quantitative predictions of the radiation damage processes of rock salt in 
a repository must be based on model calculations.  

Important parameters for the model calculations are the �–dose rate and the temperature of the 
rock salt, both of which have an influence on the generation rate of the (sodium) colloids. For 
example, at any given dose rate colloid generation is only possible in a certain temperature range. 
Also, the colloid generation rate is lower at higher dose rates than at lower ones. This means that 
temperature and radiation information (total dose, dose rates) must be considered together in order to 
assess the damaging potential of heavily radiating radioactive waste.  

Model calculations taking into account these parameters and their temporal and spatial changes in 
a repository have been carried out in order to estimate the effect of rock salt irradiation by 
(conventional) vitrified waste coming from reprocessing of LWR fuel [1]. Radiation doses are in the 
order of magnitude of 108 Gy and temperatures are in the range of up to 200°C. The waste is assumed 
to be disposed of in boreholes which are arranged in a rectangular field with a distance of 50 m 
between two adjacent boreholes. The GRS report [1] concludes that in this disposal situation severe 
consequences due to rock salt irradiation are not to be expected. This conclusion is only valid with 
above mentioned parameters.  

The radiation damage formation in rock salt that is caused by gamma- and neutron radiation is 
still a matter of research. It has reached a point at which the principal mechanisms have been 
understood and at which it is possible to calculate to a certain extent a degree of damage. It is far away 
from the point at which clear acceptance criteria can be formulated.  
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10. Results of the performance assessment for the rock salt disposal facility 

The normal evolution scheme results in zero release. For the purpose of this study an alternative 
evolution scheme has been considered. Performance assessment calculations for a rock salt disposal 
facility have been done for waste coming from fuel cycles 1a, 2a and 3cV1. The calculated doses for 
these alternative evolution schemes are considerably small. This means that the dose is more than 
seven orders of magnitude below the regulatory limit. The difference between the dose curves is 
smaller than two orders of magnitude. Because uncertainties are much higher than the difference of the 
calculated dose curves no preference could be given to one of the fuel cycles.  

A more important aspect of the disposal of waste of different fuel cycle is the evaluation of the 
feasibility of disposal. For fuel cycles 1a, 1b (UOX and MOX) and 2a the feasibility of disposal is 
given. The feasibility of disposal for fuel cycle 3cV1 is not investigated to the full extent but is likely 
to be given. New waste types of advanced fuel cycles have to be investigated carefully before a 
feasibility of disposal could be attested. The mechanism of rock salt destruction could be problematic. 
Rock salt destruction is not only related to the radiation level of the waste as single value but it 
depends on a combination of increased temperature and radiation level.  

The analysis of the calculated dose rates results in a preference list of important radionuclides as 
targets for successful P&T strategies. This list assigns the highest priority to the fission products 79Se, 
129I and 135Cs.  
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Parameter Tables  

Table K.3. Dose conversion factors used in the PA for salt 

Radionuclide Conversion factor 
(Sv/y)/(Bq/m3) 

248Cm 1,40E-06 
244Pu 2,50E-06 
240Pu 2,20E-06 
236U 2,20E-07 

232Th 1,60E-05 
232U 6,20E-06 

245Cm 3,00E-06 
241Am 2,70E-06 
237Np 6,20E-06 
233U 3,00E-07 

229Th 5,40E-06 
246Cm 3,10E-06 
242Pu 2,00E-06 
238U 3,10E-07 

242mAm 2,60E-06 
238Pu 2,00E-06 
234U 2,40E-07 

230Th 2,80E-06 
226Ra 1,50E-05 

247Cm 3,10E-06 
243Am 3,50E-06 
239Pu 2,20E-06 
235U 9,50E-07 
231Pa 1,40E-05 
79Se 2,30E-07 
99Tc 4,90E-09 
129I 3,70E-07 

135Cs 8,60E-08 
 



 

 235

Table K.4. Solubility limits (PA Salt) 

Element Solubility limit 
 mol/L 

Cm 1,00E-04 
Am 1,00E-04 
Pu 1,00E-06 
Np 1,00E-05 
U 1,00E-04 
Th 1,00E-06 
Ra 1,00E-05 
Pa 1,00E-06 
Se 1,00E-04 
Tc 1,00E-04 
I 1,00E-00 

Cs 1,00E-00 
 

Table K.5. Kd value and retardation coefficient 

Element Kd R 
 m3/kg  

Cm 1 4 801 
Am 1 4 801 
Pu 1 4 801 
Np 3,00E-02 145 
U 2,00E-03 10,6 
Th 3,00E-01 1 441 
Ra 9,00E-04 5,32 
Pa 1,00E+00 4 801 
Se 3,00E-04 2,44 
Tc 7,00E-03 34,6 
I 5,00E-04 3,4 

Cs 1,00E-03 5,8 
 

Retardation coefficient: 

dK
n

n
R �

)1(
1

�
��  

with 

n = 0,2 porosity  
� = 1 200 kg/m3 rock salt density 
Kd= Kd parameter. 
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Table K.6. Estimation of volume of disposal facility in rock salt 

Part of disposal 
facility 

Height 
(m) 

Width 
(m) 

Length 
(m) 

Volume 
(m3) 

Quantum 
of parts 

Volume 
total (m3) 

Shaft – 6,65 870,0 30 217,00 2 60 434 
Central field    108 867,00 1 108 867 
Flank drift 3,8 7,20 886,0 24 241,00 2 48 482 
Cross connection 3,8 7,20 322,5 8 823,60 5 44 118 
Disposal drift (long) 3,3 4,70 229,5 3 559,55 10*5 177 977 
Disposal drift (short) 3,3 4,70 219,5 3 404,45 10*5 170 222 
Sum      610 100 
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Appendix L 
 

TECHNICAL PARAMETERS AND UNIT COSTS 

1. Waste generation parameters 

1.1 Front-end fuel cycle 

Processes Waste type Unit Nominal value Source 

Conversion LILW-SL m3/tU   

Enrichment LILW-SL m3/kSWU 0.04 [1] 

LILW-SL m3/tHM 0.6 same as MOX 
UOX 

LILW-LL m3/tHM –  

LILW-SL m3/tHM 0.6 [2] 
MOX 

LILW-LL m3/tHM 0.6 [2] 

LILW-SL m3/tHM 0.6 same as MOX 
Am target 

LILW-LL m3/tHM 0.6 same as MOX 

LILW-SL m3/tHM 0.6 same as MOX 

Fuel 
fabrication 

Other fuels 
LILW-LL m3/tHM 0.6 same as MOX 

1.2 Reactor operation 

Reactor types Waste type Unit Nominal value Source 

LILW-SL m3/TWhe 12.8 IAEA  
PWR 

LILW-LL m3/TWhe 0.3 IAEA  

LILW-SL m3/TWhe 16.0 IAEA  
CANDU 

LILW-LL m3/TWhe 2.6 IAEA  

LILW-SL m3/TWhe 6.4 IAEA  
FR  

LILW-LL m3/TWhe 0.3 IAEA  

LILW-SL m3/TWhe 6.4 same as FR 
LMFR, GCFR 

LILW-LL m3/TWhe 0.3 same as FR 

LILW-SL m3/TWhe 6.4 same as FR 
ADS 

LILW-LL m3/TWhe 0.3 same as FR 
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1.3 Reprocessing 

 Waste type Unit Nominal value Source 

LILW-SL m3/tHM 1.21 Briefing note, Nirex (2004)  

LILW-LL m3/tHM 0.8 Briefing note, Nirex (2004)  PUREX 

HLW m3/tHM 0.128 NSC WG on Flowsheet Study  

LILW-SL m3/tHM 1.21 same as PUREX 

LILW-LL m3/tHM 0.8 same as PUREX UREX 

HLW m3/tHM 0.128 same as PUREX 

LILW-SL m3/tHM 1.21 same as PUREX 

LILW-LL m3/tHM 0.8 same as PUREX Advanced PUREX 

HLW m3/tHM 0.128 same as PUREX 

LILW-SL m3/tHM 2.11 

LILW-LL m3/tHM 0.125 OREOX 

HLW m3/tHM 0.128 

Korean DUPIC Study 
(Appendix D) 

LILW-SL m3/tHM 0 
same as Pyrochemical  
(nitride fuel) 

LILW-LL m3/tHM 
2.25 

(= 2.69-0.441)) 
same as Pyrochemical  
(nitride fuel) 

Pyrochemical  
(Metal fuel) 

HLW m3/tHM 0.72 NSC WG on Flowsheet Study  

LILW-SL m3/tHM 0 

LILW-LL m3/tHM 2.9 
Pyrochemical 
(Carbide fuel) 

HLW m3/tHM 0.21 

CEA 
(Appendix E) 

LILW-SL m3/tHM 0 

LILW-LL m3/tHM 2.69 
Pyrochemical 
(Nitride fuel) 

HLW m3/tHM 0.15 

JAERI 

1)  Cladding metal included in HLW.  
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2. Unit costs 

2.1 Front-end fuel cycle 

 Unit 
Lower 
bound 

Nominal 
value 

Upper 
bound 

Source 

Natural uranium1) $/kgU 20 50 80 [3] 

Conversion $/kgU 3 5 8 [3] 

Enrichment $/SWU 80 100 120 [3] 

UOX $/kgHM 200 250 300 [3] 

MOX $/kgHM 1 000 1 250 1 500 [3] 

MOX(+Np) $/kgHM 1 000 1 250 1 500 same as MOX 

DUPIC2) $/kgHM 472 675 870 Korean DUPIC Study 

MOX-EU $/kgHM 1 100 1 375 1 650 10% higher than MOX 

MOX-EU 
(+Am) 

$/kgHM 1 200 1 500 1 800 20% higher than MOX 

Am target $/kgHM 1 000 1 875 3 000 
LB: same as MOX 
NV: 50% higher than MOX 
UB: 2 times higher than MOX 

FR-MOX $/kgHM 1 000 1 500 2 000 [3], but LB is same as MOX 

FR-metal $/kgHM 1 400 2 600 5 000 [4] 

ADS-fuel $/kgHM 5 000 11 000 15 000 [4] 

LMFR-fuel $/kgHM 1 100 1 650 2 200 10% higher than FR MOX  

Fuel 
fabrication 

GCFR-fuel $/kgHM 1 100 1 650 2 200 same as LMFR-Fuel 

1)  It is assumed that depleted uranium has the same price as natural uranium.  
2)  The value includes the cost of DUPIC fuel transport to the reactor. 
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2.2 Reactor investment and operation and maintenance 

 Unit 
Lower 
bound 

Nominal 
value 

Upper 
bound 

Source 

PWR $/kWe 1 200 1 600 1 900 [5]  

CANDU $/kWe 1 200 1 600 1 900 same as PWR 

FR $/kWe 1 200 1 900 2 300 
LB: same as PWR as a target 
NV, UB: 20% higher than PWR 

Reactor $/kWe 1 200 1 900 2 300 same as FR 
ADS 

Accelerator $/Wbeam 5 15 20 [4] 

GCFR $/kWe 1 200 1 900 2 300 same as FR 

Investment 
cost 

LMFR $/kWe 1 200 1 900 2 300 same as FR 

PWR % 85 90 95 
5% higher than in [4] considering 
recent developments 

CANDU % 85 92 95 
LB, UB: same as PWR 
NV: 2% higher than PWR 

FR % 80 85 95 
LB, NV: 5% lower than PWR 
UB: same as PWR 

ADS % 75 80 85 
LB, NV: 5% lower than FR 
UB: 10% lower than FR 

GCFR % 80 85 95 same as FR 

Load  
factor 

LMFR % 80 85 95 same as FR 

Fixed charge rate for investment %/year 6 9 12 adapted from [5] 

Fixed charge rate for D&D %/year 8 8 8 [4] 

Annual Rx O&M cost rate  %/year 3 4 5 adapted from [5]  
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2.3 Spent fuel transport and storage 

 Unit 
Lower 
bound 

Nominal 
value 

Upper 
bound 

Source 

UOX S/F $/kgHM 40 50 60 [4] 

MOX S/F $/kgHM 60 90 240 

LB: same as UB of UOX S/F 
NV: 50% higher than LB 
UB: 4 times higher than UOX 

S/F 

ADS S/F  $/kgHM 600 900 2 400 10 times higher than MOX 

Transport 

Other fuel S/F $/kgHM 60 90 240 same as MOX 

fixed $/kgHM 40 50 60 [4] UOX 
S/F per y $/kgHM 5 5 5 [4] 

Fixed $/kgHM 60 90 240 

LB: same as UB of UOX S/F 
NV: 50% higher than LB 
UB: 4 times higher than UOX 

S/F 

MOX 
S/F 

per y $/kgHM 5 7.5 20 ” 

Fixed $/kgHM 600 900 2 400 10 times higher than MOX ADS 
S/F per y $/kgHM 50 75 200 ” 

Fixed $/kgHM 60 90 240 same as MOX 

Interim 
storage1) 

Other  
S/F per y $/kgHM 5 7.5 20 ” 

DUPIC S/F transport and 
interim storage  

$/kgHM 40 160 200 Korean DUPIC study  

1)  It is assumed that interim storage cost consists of fixed cost plus cost varying depending on the period of 
storage. Therefore, the unit cost for interim storage is calculated as “fixed cost + varying cost/year x 
period of storage”. 
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2.4 Reprocessing 

 Unit 
Lower 
bound 

Nominal 
value 

Upper 
bound 

Source 

UOX PUREX  $/kgHM 700 800 900 [4] 

MOX PUREX  $/kgHM 700 800 1 000 [4] 

FR-MOX PUREX $/kgHM 1 000 2 000 2 500 [4] 

UOX UREX $/kgHM 600 800 1 200 

LB: 15% lower than UOX PUREX 
considering tech. developments 

NV: same as UOX PUREX 
UB: 20% higher than UOX PUREX 

considering uncertainties 

UOX advanced 
PUREX 

$/kgHM 700 1 000 1 300 

LB: same as UOX PUREX  
NV: 25% higher than UOX PUREX 

considering additional processes 
UB: 30% higher than UOX PUREX 

considering additional processes 
and uncertainties 

MOX advanced 
PUREX 

$/kgHM 700 1 000 1 500 

LB, NV: same as UOX Advanced 
PUREX  

UB: 15% higher than UOX 
Advanced considering multiple 
recycling 

FR MOX advanced 
PUREX 

$/kgHM 1 000 2 200 3 000 

LB: same as FR MOX PUREX  
NV: 10% higher than FR MOX 

PUREX considering additional 
processes 

UB: 20% higher than FR MOX 
PUREX considering additional 
processes  and uncertainties 

FR-metal fuel 
PYRO 

$/kgHM 1 000 2 000 2 500 [4] 

ADS-fuel PYRO $/kgHM 5 000 7 000 12 000 
[4] but UB is a little lower 

considering technical progress 

GCFR-fuel PYRO $/kgHM 1 000 2 400 3 000 
LB: same as FR PYRO 
NV, UB: 20% higher than FR PYRO 

considering additional processes 
LMFR-fuel 
advanced PUREX 

$/kgHM 1 000 2 200 3 000 same as FR Advanced PUREX 
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2.5 Dry storage, packaging and long-term storage 

 Unit 
Lower 
bound 

Nominal 
value 

Upper 
bound 

Source 

UOX S/F $/kgHM 100 150 250 own estimate 

MOX S/F $/kgHM 200 300 500 2 times higher than UOX S/F 

MOX(Pu+Np) 
S/F 

$/kgHM 200 300 500 same as MOX S/F 

DUPIC S/F $/kgHM 70 100 150 a little lower than UOX S/F 

Irradiated Am 
Target 

$/kgHM 200 300 500 same as MOX S/F 

UOX PUREX 
HLW 

$/m3 80 000 120 000 200 000 own estimate 

Dry storage 
(100 y) 

Other HLW $/m3 80 000 120 000 200 000 same as UOX PUREX HLW 

UOX S/F $/kgHM 100 200 350 [6] 

MOX S/F $/kgHM 200 400 700 2 times higher than UOX S/F 

MOX(Pu+Np) 
S/F 

$/kgHM 200 400 700 same MOX S/F 

DUPIC S/F $/kgHM 80 150 250 a little lower than UOX S/F 

Irradiated Am 
Target 

$/kgHM 200 400 700 same MOX S/F 

UOX PUREX 
HLW 

$/m3 100 000 200 000 400 000 [6] 

Packaging 

Other HLW $/m3 100 000 200 000 400 000 same as UOX PUREX HLW 

Depleted 
Uranium 

$/kgU 2.6 3.6 4.6 [4] 

Reprocessed 
Uranium 

$/kgU 2.6 3.6 40 
same as DepU, but UB much 
higher considering possible 
radioactivity 

Am $/kgHM 28 000 42 000 112 000 
50 times higher than MOX S/F 
interim storage  

Long-term 
storage1) 

Cm $/kgHM 56 000 84 000 224 000 
100 times higher than MOX 
S/F interim storage 

1)  This study does not consider what to be followed after the long-term storage.  
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2.6 Waste disposal 

 Unit 
Lower 
bound 

Nominal 
value 

Upper 
bound 

Source 

LILW (short lived) near-
surface disposal 

$/m3 1 200 2 000 3 000 [7] 

LILW (long lived) cavern-
based and geological 
disposal 

$/m3 4 000 6 000 8 000 [7] 

Disposal galleries1) 
(underground cost) 

$/m3 600 1 200 2 000 [6] 

Unit volume of disposal 
galleries to be excavated 
for heat generating waste 

m3/kW 10 20 30 own estimate 

1)  It is assumed that geological disposal cost (underground cost) is proportional to the volume of disposal 
galleries to be excavated. It is also assumed that the volume of disposal galleries to be excavated is 
proportional to the decay heat at the time of disposal.  
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