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1 Introduction 

1.1 Background 

The Thermal treatment for radioactive waste minimisation and hazard reduction (THERAMIN) 

project is a European Commission (EC) programme of work jointly funded by the Horizon 2020 

Euratom research and innovation programme and European nuclear waste management 

organisations (WMOs). The THERAMIN project is running in the period June 2017 – May 2020. 

Twelve European WMOs and research and consultancy institutions from seven European 

countries are participating in THERAMIN.  

The overall objective of THERAMIN is to provide improved safe long-term storage and disposal 

of intermediate-level wastes (ILW) and low-level wastes (LLW) suitable for thermal processing. 

The work programme provides a vehicle for coordinated EU-wide research and technology 

demonstration designed to provide improved understanding and optimisation of the application 

of thermal treatment in radioactive waste management programmes across Europe, and will 

move technologies higher up the Technology Readiness Level (TRL) scale. The THERAMIN 

project is being carried out in five work packages (WPs). WP1 includes project management 

and coordination and is being led by VTT. WP2 evaluates the potential for thermal treatment 

of particular waste streams across Europe; this WP is led by GSL. In WP3, the application of 

selected thermal treatment technologies to radioactive waste management is demonstrated 

and evaluated; this WP is led by NNL. In WP4, the disposability of the thermally treated 

radioactive waste products is assessed; this WP is led by Andra. WP5 concerns synthesis of 

the project outcomes and their dissemination to other interested organisations; this WP is also 

led by GSL. 

WP4 aims to carry out an evaluation of the disposability of thermally treated waste products 

and of the manageability of the resulting secondary waste, depending on the waste 

stream/treatment process combinations and depending on the disposal concepts in each 

participating country. WP4 is divided into three tasks: 

 Task 4.1: Identification and review of criteria and requirements for the disposability of 
thermally treated waste products. 

Under this task, Waste Acceptance Criteria (WAC) of interest and requirements in 
terms of behaviour and performance of waste products will be identified. Moreover, 
required characterisation tests will be determined. 

 Task 4.2: Study of thermally treated waste products and secondary waste. 

Under this task, characterisation tests will be carried out on thermally treated waste 
products and secondary waste. Some relevant existing data will be shared. 

 Task 4.3: Downstream / Safety Case implications. 

This task is focused on the disposability of thermally treated waste based on the 
identified criteria and the experimental data from the two previous tasks. 

This deliverable covers all the work which has been conducted under Task 4.3. 
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1.2 Objective and scope of this Report 

The main objective of this report is to compile the conclusions of the safety case implication 

studies in order to evaluate the impact of thermal treatment on the disposability of the final 

waste in the national context of the project partners. Therefore, in the context of the 

THERAMIN project, and based on the selection of waste stream/treatment process 

combination studied in WP3 &4 of the project, these evaluations are qualitative.  

Belgium, Finland, France, Germany, Lithuania, Slovakia and the United Kingdom contributed 

to this report.  

Based on the WAC identified during the project for thermal treatment products and the 

characterisation results, the impact of thermal treatment on the disposability of the waste are 

evaluated by the means of a safety case implication study. For a selection of waste 

stream/treatment process combinations studied in the project, and based on the disposal 

context of participating countries, partners investigated the ways in which thermal treatment 

can provide benefits/disadvantages in terms of WAC, performance, long-term behaviour or 

safety demonstration. 

Furthermore, a value assessment approach has been developed under THERAMIN WP2. It 

provides a structured methodology for evaluating the potential application of a thermal 

treatment technology to treat a waste stream of interest taking account of a wide range of 

different factors or criteria. ‘Value’ in this context is defined as realisable benefit in safety, 

monetary and/or environmental outcomes from implementing an option at a specified time. 

This includes benefits and challenges across all stages of the waste management lifecycle. 

The value assessment methodology aims to integrate learning from across the THERAMIN 

project. Therefore, the disposability evaluations also aims to feed the elaborations of WP2 

value assessment methodology by providing elements for “Impact on disposability” and 

“Strategic Cost Impact” attributes. 

1.3 Report Structure 

The remainder of this report is set out as follows: 

 Section 2 compiles the evaluations of thermal product disposability based on 
characterisation tests and the WAC. 

 Section 3 provides the disposability inputs for WP2 Value Assessment. 

 Section 4 sets out the conclusions of this report. 

 Section 5 lists the references used in this report. 
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2 Evaluations of thermal products disposability  

2.1 Methodology 

The modality of the evaluation of the thermal products disposability was discussed at the WP4 

meeting at Brussels, the 15th of May 2019 (see Minutes of WP4 meeting, 2019).  

A template table was developed by partners to enable the systematic evaluation of waste 

stream / treatment process combinations from the perspective of disposability and long-term 

safety implications (see Appendix A). For each section of this table, guidance was provided on 

the information sought and anticipated scope of responses. This guidance is recorded in the 

template provided in Appendix A. 

It is noted that these evaluations shed light on the benefits and limits of thermal treatment for 

disposability of the produced waste forms, but not at the level necessary in order to conclude 

about the disposability of treated waste. The completed template tables only provide preliminay 

conclusions based on demonstrators and charcterisation studies conducted as part of the 

THERAMIN project; they do not give a firm indication of the suitability (or not) of applying a 

particular thermal treatment technology to specific types of waste. Such conclusions will 

require more complex safety analysis and additional data which were not provided in the 

THERAMIN project, especially about the radioactive composition.  

The safety case implication studies are based on both WAC defined in task 4.1 (Andra et al., 

2018) and the characterisations of the thermal products performed in task 4.2 (Andra et al., 

2019). Since the disposability studies are country specific, these evaluations fit into the overall 

context of each country participating to the safety case implication study, with a consideration 

of the disposal concept and the national regulatory policy. 

The template elaborated for this evaluation has five sections (see Appendix A): 

1) Identification: this section aims to present the waste stream/treatment process 
combination, the disposal concepts (with and without thermal treatment) and a 
reminder of why this waste was selected for thermal treatment. 

2) Inventory / homogeneity & volume of the thermally treated waste product: this 
section aims to present the impact of thermal treatment on the radioactivity 
content, the volume of the waste products, the homogeneity and the nature of 
the secondary waste. 

3) Stability of the thermally treated waste product: this section presents the impact 
of thermal treatment on the chemical reactivity of the waste under disposal 
conditions such as the leaching behaviour, the gas generation or the presence 
of organic compounds. 

4) General conclusions: based on the previous section, these conclusions focus 
on the WAC compliance, the operational and the long-term safety aspects. 

5) Link with WP2: this section links to the WP2 value assessment; associated 
responses are collated in a dedicated table (see Appendix B)).  

 

The evaluations are conducted for products characterised under Task 4.2, except for LEI which 

evaluated a thermally treated metallic waste from Ignalina NPP based on a review of literature 

data. Table 1 shows which samples characterised in WP4 were evaluated. 
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Table 1: Samples characterised in the subtask 4.2 and studied in the subtask 4.3 by both 

THERAMIN partners and end-users 

Sample 

identification 
Initial waste 

Type of 

treatment 

Safety case 

implication 

study 

SHIVA sample 
Mixture of zeolites, diatoms and Ion 

Exchange Resins (IER) 

Incineration-

vitrification 
Andra 

In-Can sample 
Ashes from technological waste 

incineration 
Vitrification Andra 

Sample from JÜV 

50/2 

Mixed radioactive waste from 

German research reactor 
Incineration FZJ 

Geomelt ICV 

sample 

simulated cemented package 

representing conditioned wastes such 

as failing cemented packages and 

sea dump drums 

Vitrification NIRAS 

Geomelt ICV 

sample 
heterogenous sludge Vitrification 

Not studied 

HIP sample surrogates for uranium HIP Not studied 

Glass 6 - Geomelt 

sample 
PCM/Magnox sludge simulants Vitrification RWM 

Glass 12 - 

Geomelt sample 
Pile fuel cladding/SIXEP Vitrification Not studied 

Plasma vitrified 

PCM - cold 

crucible 

PCM 
Incineration-

vitrification 

Not studied 

HIP sample Magnox sludge simulant HIP RWM 

Thermal 

gasification 

sample 

Organic IER Gasification 

No dedicated 

safety case 

implication study 

but observations 

relevant to 

disposability 

drawn from other 

THERAMIN 

deliverables (see 

Section 3). 

Vitrification 
Non-active surrogate solution of 

chrompik 
Vitrification VUJE 

concentrate slag - 

Simuli-2 
concentrates mixed with concrete 

Plasma 

incineration 
NIRAS 

concentrate slag - 

Simuli-3A 
concentrates mixed with concrete 

Plasma 

incineration 
Not studied 
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resin-slag - R2 

IRN-78 
anionic resin mixed with concrete 

Plasma 

incineration 
Not studied 

Thermally treated 

metallic waste 
Metallic waste from Ignalina NPP 

Metal melting 

(process study 

based on 

literature). 

LEI 

 

It is noted that only a selection of characterised products under Task 4.2 were evaluated due 

to a lack of time. However, the majority of the thermal treatment technologies studied under 

THERAMIN project benefit from at least one safety case implication study1 .  

 

2.2 Safety case evaluations 

2.2.1 SHIVA sample (Andra) 

1- Identification 

 

Identification of waste stream/treatment process combination 

Waste Mixed waste containing a mixture of zeolites, diatoms, and spent IER 

Thermal 
treatment process 

SHIVA: an incineration - vitrification process in a single reactor 

Characterisation 
sheet reference 

THERAMIN-SHIVA-VDM1 - § 4.1  

Disposal concept 

Disposal route for 
the baseline 

IER, mixed with zeolites and diatoms, classed as ILW-LL and which are 
destined for deep geological disposal. 

The composition of the studied mixture is:  

- 45% of Zeolites 

- 44% of diatoms 

- 5.5% of anionic IER 

- 5.5% of cationic IER 

The usual baseline for these mixtures is cementation in concrete 
packaging. 

Similar waste in France context are also categorised as ILW-SL and 
LLW-LL 

                                                
1 Because VTT has no authority to perform safety case implication study, Thermal Gasification was not 
evaluated in WP4.3 subtask. 
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Disposal route 
after thermal 
treatment 

Today, in the French context, vitrified waste are exclusively ILW-LL and 
HLW and are therefore intended for geological disposal. Then, this study 
focuses on analysis for deep geological disposal in the Callovo-Oxfordian 
clay formation. 

Radioactive waste classification in France is based on two 
characteristics, which are important when determining the appropriate 
management method: waste activity level and the radionuclide half-lives. 
Depending on the impact of the thermal treatment on the activity 
concentration of the waste, the classification could be modified after 
treatment (for example, a waste initially intended for surface or sub-
surface disposal could be reoriented to deep geological disposal)  

Objectives of thermal treatment for the selected waste 

Interest of 
thermal treatment 
for the selected 
waste 

To obtain a glass waste form following the incineration of the organic 
fraction of the waste through mixing and conditioning the resulting 
material with glass frit. 

The benefits of thermal treatment for ion exchange materials include: 

 Volume reduction. Although this reduction may be small 

compared to the initial waste volume, it is quite important 

compared to treatment through cementation. 

 Reduction of reactivity of the waste with an improvement of its 

stability. 

 

Reminder of 
preliminary 
conclusions of 
characterisation 
of thermally 
treated waste 
product  

The final product consists of a macroscopically homogeneous 
amorphous alumino-borosilicate glass (mainly composed of SiO2 B2O3 
Na2O, Nd2O3 and Al2O3).  

Additional 
information 

No additional information 

2- Inventory / homogeneity & volume of the thermally treated 
waste product 

Impact of thermal 
treatment on the 
radiological 
inventory 

The mixture used for SHIVA vitrification was inactive. Therefore, no 
specific activity measurement was performed and the characterisation 
focused on the chemical composition before and after treatment. 

Mixed waste produced by the filtration of contaminated aqueous waste 
streams may contain volatile radionuclides, such as 3H, 14C, 36Cl, 106Ru, 
137Cs and 129I. A partial volatilisation of these elements is expected during 
the treatment. Most of them should be collected in the off gas treatment 
system.  
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For a given volume, the SHIVA vitrification process leads to a higher 
concentration than the cemented IER waste form. From a qualitative 
analysis, it is likely that the activity concentration of the final vitrified waste 
form will increase.  

Such evolution of radiological characteristics brings some elements to 
consider for the final product after thermal treatment: 

- Waste classification: Depending on the impact of the thermal 
treatment on the activity concentration of the waste, the 
classification of the initial waste could be modified after thermal 
treatment (for example, a waste initially LLW-LL could be 
redirected to deep geological disposal if it becomes an ILW-LL 
waste). For the studied IER mixture, which is categorised as an 
ILW-LL, there is no need to consider reorientation of disposability 
(i.e. Cigéo deep disposal).  

- Heat generation and criticality (see § 3) 

Impact on the 
waste loading, 
and on the overall 
volume of the 
waste 

The baseline for this waste, classified as an ILW-LL, would be 
cementation with a usual weight ratio around 10% of raw waste. The 
mass distribution of waste and glass frit for SHIVA vitrification is 
respectively 40% and 60%. Considering a similar density of cemented 
waste and vitrified waste, the vitrification induces a smaller volume than 
cementation (by a factor of about 4). The completely burned IER will 
imply a higher factor (this will depend on the initial amount of IER). 

In addition, the packaging increases this difference: cemented waste is 
usually packaged in concrete containers while vitrified waste is packaged 
in smaller metallic containers, which optimises the packaging volume and 
its subsequent disposal in the cell. In this evaluation, it is intended that 
the final product will be packaged in vitrified waste canister (CSD-V type). 

 

In the context of Cigéo, ILW-LL vitrified waste canisters would be 
packaged in a metallic over pack as for vitrified HLW-LL. They would be 
disposed in the HLW area. One option would be to use them as spacers 
between HLW packages in order to limit the level of thermal output in the 
cell. Anyhow, for the purpose of the current analysis of the SHIVA final 
product, it is considered that it will be disposed in the HLW area with no 
need to consider its exact localisation (used as spacer or not) 

Homogeneity of 
the thermally 
treated waste 
product 

The end product after the treatment is macroscopically homogeneous. 

SEM observations show that the end product is homogeneous at the 
micrometric scale. 

XRD characterisations show no diffraction peak characteristic of the 
presence of crystalline phases. 

The matrix is amorphous, exhibiting no crystallisation visible by SEM or 
identifiable by XRD. 

Secondary waste The volatilisation of radionuclides induces secondary waste from the off-
gas treatment system. This volume has not been evaluated yet. 
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Conclusion of 
part 2 – Impacts 
on disposability 
strategy 

The thermal treatment should induce less heterogeneous waste and a 
significant reduction of the packaging volume. 

However, the overall treatment may influence the waste category 
according to Andra classification (i.e. LLW which could become an ILW) 
due to reconcentration during the thermal treatment which could 
influence the disposal strategy (the existing surface disposal center 
(CSA) or the deep geological disposal project (Cigéo)). 

3- Stability of the thermally treated waste product 

Chemical reactivity of the waste under disposal conditions.  

Consider near-surface disposal and/or geological disposal conditions. 

Gas generation Experimental process indicates that with a maximum quantity of 2.8 kg 
of organic matter incinerated, the production of gaseous effluents will be 
2.8 m3. The gas produced during treatment is burned which leads to the 
absence of gas in the final product. 

 

This thermal treatment process will prevent H2 generation in the waste 
package by radiolysis due to the degradation of organic matter and the 
absence of water in the glass waste form (unlike in the baseline IER 
cemented form). 

Complexant 
compounds 
generation 

The thermal treatment destroying the organic compounds will lead to the 
absence of organic complexants in the final waste form (unlike in the 
initial cemented form). 

 

 

Leaching 
behaviour of the 
waste (i.e. 
radionuclides 
release…) under 
disposal 
conditions 

Since the final product consists of an amorphous alumino-borosilicate 
glass, the release of radionuclides will depend on chemical durability of 
the vitreous matrix.  

The comparison of the first leaching tests results obtained with the 
SHIVA-VDM1 and ISG samples shows that the hydrolysis rate of the 
SHIVA-VDM1 sample (based on B release) is lower by approximately 
one order of magnitude than the one of the ISG sample. The alteration 
rate of ISG drops earlier than for the SHIVA-VDM1 sample. Concluding 
about the long-term behaviour of the SHIVA-VDM1 wasteform would 
require further investigations in the geochemical context of Cigéo. 

Other parameters 

Thermal output of 
the waste  

The activity content of these waste is usually not at the origin of heat 
generating waste. However, the thermal process induces a higher 
concentration of radionuclides in the vitrified waste. A special focus on 
heat generating radioelements needs to be considered before treatment 
in regards of the volume reduction induced by the treatment. 



 
 

 

 

 16 

Flammability No flammability risks are associated to both the initial waste (after 
cementation) and the thermally treated waste (in glassy matrix). 

 

Criticality The activity content of these waste is usually not at the origin of criticality 
issues. However, the thermal process induces a higher concentration of 
the waste in the packaging. A special focus on the initial fissile 
radioelements needs to be considered before treatment in regards to the 
volume reduction induced by the treatment. 

Conclusion of 
part 3 - Impacts 
on disposability 
strategy 

Production of an amorphous alumino-borosilicate glass drives the final 
product in the route of ILW-LL or HLW vitrified waste disposal in the deep 
geological disposal project. Associated cell design options already exist. 

Less complex processes to account for the design options:  

 Absence of organic complexants in term of chemical interactions 
between the disposal cells. 

 No H2 generation thanks to the destruction of organic matter and 
the absence of water in the final wasteform. 

 

4- General conclusion 

 

Impact on WAC 
or disposability 
criteria (for near-
surface or 
geological 
disposal) 

In France, WAC are defined together with the progressive development 
of Cigéo. Currently, only preliminary specifications are available. 
However, the glassy waste form is already taken into account in the 
Cigéo concept and so the associated preliminary WAC.  

Among the list of generic WAC proposed in the framework of THERAMIN 
WP4 (Andra et al., 2018), some criteria have been checked according to 
the actual state of the Cigéo preliminary WAC. No prohibitive elements 
have been detected for the final borosilicate glass with in addition the 
benefit of the absence of H2 release. SHIVA vitrification process being 
tested on an inactive sample, the analysis is qualitative and could not be 
exhaustive at this point. However, considering the potential radionuclide 
inventory of IER, there should not be heat generation due to 
concentration by volume reduction and neither impact on criticality.  

Impact on 
operational safety 

The final product will be classified as an ILW-LL vitrified waste, which 
impact on the packaging and overall disposal processes relative to the 
baseline spent IER waste. 

The final product is intended to be packaged in the form of vitrified waste 
canister, which is the main type of waste packaging defined for high-level 
vitrified waste to be disposed of in Cigéo. The vitrified product obtained 
after thermal process of spent IER will therefore be disposed of in the 
same conditions as other high-level waste (Andra, 2015b).  

However, due to a moderate initial activity of spent IER (classified as 
ILW), it is likely that high-level vitrified waste to be disposed of in Cigéo 
present much higher values for (i) total activity per waste canister, (ii) 
mass of fissile material and (iii) heat generation. The operational safety 
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that will be applied for disposal of high-level vitrified waste in Cigéo 
should cover operational safety to be considered for the final vitrified 
product obtained after thermal treatment of spent IER.  

Vitrification resulting from the thermal treatment of the waste induced by 
the filtration of contaminated water (IER, zeolites, diatoms) offers, such 
as cementation, limitation to radioactive dispersion.  

One advantage of thermal treatment for the operational safety compared 
to cementation is the absence of H2 release, which simplifies the 
ventilation constraints in disposal cell. On the other side, due to the risk 
of re-concentration of the original inventory, in particular of fissile 
material, it will require verification that it is covered by the hypothesis 
retained for high-level vitrified waste. 

Impact on long-
term safety 

  

The final product is a macroscopically homogeneous amorphous 
alumino-borosilicate glass in which radionuclides will be integrated during 
the thermal process. On a qualitative point of view, analogies can be 
made with high-level vitrified waste already planned to be disposed of in 
Cigéo (Andra, 2015a).  

The vitrified product obtained after thermal process of spent IER will be 
disposed of in the same conditions as other high-level vitrified waste 
meaning packaged in the form of vitrified waste canister (see Figure 3) 
and disposed of in the high-level waste area of Cigéo. However, due to 
potential change of waste disposal area in Cigéo (from the IL-LL waste 
area to high-level waste area), the redistribution of the inventory in the 
disposal will have to be considered. 

The glassy waste form produced after thermal treatment induces a slow 
release of radionuclides, which depends on the chemical durability of the 
vitreous matrix compared to the instant release model associated to the 
baseline cemented spent IER waste form. This is more favourable even 
if long-term behaviour of the final product needs to be assessed in more 
details.  

The long-term safety that will be applied for disposal of high level vitrified 
waste in Cigéo should cover long-term safety to be considered for the 
final vitrified product obtained after thermal treatment of spent IER. The 
overall long-term safety approach already taking into account high-level 
vitrified waste form can be applied (consideration of the same safety 
scenarios for example), only further knowledge on the chemical durability 
of the final product in the disposal conditions and new distribution of the 
inventory should be considered.  

Absence of gas in the glass waste form after treatment leads to reduce 
the source term of gas after closure, which is favourable. 

General 
conclusion 

The thermal treatment should induce less heterogeneous waste and a 
significant reduction of the packaging volume. However, the overall 
treatment may influence the waste category according to Andra 
classification (i.e. ILW-SL which could become ILW-LL) which could 
influence the disposal strategy. For ILW-SL, this could imply to make a 
choice between an existing surface disposal center (CSA) and the deep 
geological disposal project (Cigéo). 
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Because the glassy wasteform is already taken into account in the Cigéo 
project, this analysis is focused on disposal of the final product in Cigéo.  

Most of the current preliminary WAC seem to be respected with the 
benefit of the absence of H2 release, thanks to the destruction of organic 
matter and the absence of water in the final wasteform, which simplifies 
the ventilation constraints in disposal cell. However, due to concentration 
activity by volume reduction, some criteria need to be checked, such as 
heat generation and criticality.  

The final product is an amorphous alumino-borosilicate glass with 
radionuclides integration in a glassy matrix which allows analogies with 
vitrified waste to be disposed of in the deep geological disposal. Long-
term safety approach should be similar to the one already considered. 
The release of radionuclides induces by the glassy wasteform of the final 
product depends on the chemical durability of the vitreous matrix. Even 
if long-term behaviour of the final product needs to be assessed in more 
details, this appears more favourable that the instant release model 
associated to the baseline for this type of waste. 

 

 

 

 

 

 

2.2.2 In-Can sample (Andra) 

1- Identification 

 

Identification of waste stream/treatment process combination 

Waste Ashes from technological waste incineration 

Thermal 
treatment process 

In-Can 

Characterisation 
sheet reference 

THERAMIN-INCAN-BST - § 4.2 

Disposal concept 

Disposal route for 
the baseline 

The selected samples for this vitrification trial are ashes from multiple 
incineration tests of surrogate technological waste (polyvinyl chloride, 
latex, neoprene, polyethylene, cotton...). 

The hypothesis adopted for this safety case implication study is the 
combined presence of organic matter and alpha radioelements. 
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The baseline for alpha surrogate technological ILW-LL is cementation in 
metallic packaging of waste previously compacted or not.  

Disposal route 
after thermal 
treatment 

Today, in the French context, vitrified waste are exclusively ILW-LL and 
HLW and are therefore dedicated to geological disposal. Then, this study 
focuses on analysis for waste that would be disposed of in the deep 
geological disposal project in the Callovo-Oxfordian clay formation, 
Cigéo. 

Radioactive waste classification in France is based on two 
characteristics, which are important when determining the appropriate 
management method: waste activity level and the radionuclide half-lives. 
According to the impact of the thermal treatment on the activity 
concentration of the waste, the classification could be modified after 
treatment (for example, a waste initially dedicated to surface or sub-
surface disposal could be reoriented to deep geological disposal) 

Objectives of thermal treatment for the selected waste 

Interest of 
thermal treatment 
for the selected 
waste 

The incineration of the waste followed by In-Can vitrification produces a 
glass wasteform. 

The benefits of thermal treatment for alpha surrogate include: 

 Destroying organics (containing alpha waste) for reduction in 
hydrogen production and reduction in complexant compounds. 

 Volume reduction by incineration of the initial waste and a 
vitrification could provide an substantial volume reduction 

 Interest in radionuclides release rates reduction 

 

Reminder of 
preliminary 
conclusions of 
characterisation 
of thermally 
treated waste 
product  

The INCAN-BST wasteform is produced by the vitrification of ash from 
the incineration of technological waste (cotton, plastics...). The 
wasteform consists in a crystallized glass mainly composed of SiO2, 
Na2O, B2O3, Al2O3, and CaO. The term “crystallized glass” refers to a 
vitreous matrix including crystals of hydroxyapatite, zincochromite and 
bismuth alloy. The crystals are distributed homogeneously in the 
characterised sample. 

It should be noted that the characterisations presented were conducted 
with the material resulting from the bench scale test (BST). The first 
comparisons made with the material from the full-scale trial (FST) tend to 
show that the microstructures of these two materials are very close. 

Additional 
information 

No additional information 

2- Inventory / homogeneity & volume of the thermally treated 
waste product 
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Impact of thermal 
treatment on the 
radiological 
inventory 

The vitrified sample was inactive. Therefore, no specific activity 
measurement was performed.  

Surrogate technological waste can contain volatile radionuclide, such as 
3H, 14C, 36Cl, 137Cs and 129I. A partial volatilisation of these elements is 
expected. Most of them should be collected in the off-gas treatment 
system. 

Furthermore, for a given volume, incineration followed by vitrification will 
lead to a higher concentration than the cement blocked raw waste, 
whether previously compacted or not. Therefore, the activity 
concentration of the vitrified waste will increase. In this studied case, due 
to the presence of alpha radioelements, a specific focus on criticality and 
heat generation is necessary (see § 3). 

 

Impact on the 
waste loading, 
and on the overall 
volume of the 
waste 

The baseline consisting in blocking wastes, previously compacted or not, 
with cement in a metallic canister usually leads to expansion (the extent 
of such expansion depends of both the content variability and the mass 
of the package). 

No information on the volume reduction by the initial incineration is 
available.  

For vitrification, ashes are incorporated in a 50 wt% waste loading 
confinement matrix.  

 

Due to incineration and vitrification, a significant volume reduction is 
expected. However, the extent of this volume reduction cannot be 
evaluated. 

Homogeneity of 
the thermally 
treated waste 
product 

The final product corresponds to a vitreous matrix in which crystals are 
included. The distribution of these crystals in the matrix is homogeneous 
with the exception of the contact zone with the crucible. 

Secondary waste The volatilisation of radionuclides induces secondary waste from the off-
gas treatment system. This volume has not been evaluated yet. 

 

Conclusion of 
part 2 – Impacts 
on disposability 
strategy 

The thermal treatment should induce less heterogeneous waste and a 
significant reduction of the packaging volume, even if this last point 
cannot be quantified. 

 

3- Stability of the thermally treated waste product 

Chemical reactivity of the waste under disposal conditions.  

Consider near-surface disposal and/or geological disposal conditions. 
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Gas generation In the base line, the presence of organic matter and alpha radioelements 
leads to the production of H2. 

Due to the incineration of organic waste and the vitrification, no gas 
generation is expected in the final wasteform.  

 

Complexant 
compounds 
generation 

The initial waste is composed of technological waste with organic 
products (cotton, plastics...). The thermal treatment (both the incineration 
and the In-Can vitrification) will destroy organic compounds which leads 
to the absence of organic complexants in the waste. 

 

Leaching 
behaviour of the 
waste (i.e. 
radionuclides 
release…) under 
disposal 
conditions 

The final product consists of a vitreous matrix including crystals. The 
crystalline phases being durable, the release of radionuclides will depend 
on chemical durability of the vitreous matrix.  

According the first results of leaching tests, the hydrolysis rate of this 
vitreous part is relatively high because of its high contents of B2O3 and 
Na2O. However, the “classical” trends observed suggest that, in the long-
term, an alteration layer will form, leading to a decrease in the alteration 
rate. 

Concluding about the long-term behaviour of the INCAN-BST wasteform 
would require further investigation but these first results are encouraging 
considering radionuclides release rate.  

 

Other parameters 

Thermal output of 
the waste  

The activity content of these waste is usually not at the origin of heat 
generating waste. However, the thermal process induces a higher 
concentration of radionuclides in the vitrified waste. A special focus on 
heat generating radioelements needs to be considered before and after 
treatment. 

Flammability No flammability risks are associated to the thermally treated waste. 

Criticality The presence of alpha emitters should present some criticality issue, 
especially after thermal process which induces a higher concentration of 
radionuclides in the vitrified waste than in the initial waste. A special focus 
on the fissile radioelements needs to be considered before and after 
treatment. 

Conclusion of 
part 3 - Impacts 
on disposability 
strategy 

Production of an amorphous alumino-borosilicate glass drives the final 
product in the route of ILW-LL or HLW vitrified waste disposal in the deep 
geological disposal. Associated cell design options already exist. 

Less complex processes to account for the design options:  

 Absence of organic complexant in term of chemical interactions 
between the disposal cells. 
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 Despite the presence of alpha emitters, no H2 generation thanks 
to the destruction of organic matter and the absence of water in 
the final wasteform. 

 

4- General conclusion 

 

Impact on WAC 
or disposability 
criteria (for near-
surface or 
geological 
disposal) 

In France, WAC are defined together with the progressive development 
of Cigéo. Currently, only preliminary specifications are available. 
However, the glassy waste form is already taken into account in the 
Cigéo project and so has been associated with preliminary WAC. 

Among the list of generic WAC proposed in the framework of THERAMIN 
WP4 (Andra et al., 2018), some criteria have been checked according to 
the actual state of the Cigéo preliminary WAC. No prohibitive elements 
have been detected for the final wasteform with in addition the benefit of 
the absence of H2 release. The destruction of chlorinated organic 
compounds also avoids the production of HCl which induces the absence 
of corrosion and better performance of the waste regarding the release 
of release radionuclides are expected.  

However, due to the presence of alpha emitters, the impact of the volume 
reduction on the concentration of the activity has to be evaluated to take 
into consideration any criticality issue. 

 

Impact on 
operational safety 

The final product will enter the waste category of ILW-LL vitrified waste 
which impacts on the conditioning and the overall disposal processes. 

The final product is foreseen to be packaged as vitrified waste canister 
(CSD-V type). This type of wasteform and packaging are already 
considered in Cigéo operational safety.  

Operational safety will therefore be the one considered for disposal of 
ILW-LL in deep geological disposal. Due to a moderate initial activity of 
(the initial waste is classified as ILW), it is likely that high-level vitrified 
waste to be disposed of in Cigéo present much higher values for (i) total 
activity per waste canister, (ii) mass of fissile material and (iii) heat 
generation. The operational safety that will be applied for disposal of 
high-level vitrified waste in Cigéo should cover operational safety to be 
considered for the final vitrified product obtained after vitrification of ash. 

Vitrification, resulting from the thermal treatment of the alpha organic 
waste, contributes such as cementation to limit radioactive dispersion.  

One advantage of thermal treatment for the operational safety compared 
to cementation is the absence of H2 release, which simplifies the 
ventilation constraints in disposal cell. On the other side, due to the risk 
of re-concentration of the original inventory, in particular of fissile 
material, it will require verification that it is covered by the hypothesis 
retained for high-level vitrified waste. 

On the other side, due to the risk of re-concentration of the original 
inventory and the presence of alpha radionuclides, it will require to verify 
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if the criticality risk of this thermal waste is covered by the hypothesis 
retained for high-level vitrified waste. 

 

Impact on long-
term safety 

 

The final product is a macroscopically homogeneous amorphous 
alumino-borosilicate glass in which radionuclides are integrated. On a 
qualitative point of view, analogies can be made with high-level vitrified 
waste already planned to be disposed of in Cigéo (Andra, 2015a).  

The vitrified product obtained after thermal processing alpha waste will 
be disposed of in the same conditions as other high-level vitrified waste 
meaning packaged in the form of vitrified waste canister (see Figure 3) 
and disposed of in the high-level waste area of Cigéo. However, due to 
potential change of waste disposal area in Cigéo (from the IL-LL waste 
area to high-level waste area), the redistribution of the inventory in the 
disposal will have to be considered. 

The glassy waste form produced after thermal treatment induces a 
release of radionuclides, which depends on the chemical durability of the 
vitreous matrix. However, when compared to the instant release model 
associated with the baseline cemented waste form. This is more 
favourable even if long-term behaviour of the final product needs to be 
assessed in more details.  

The long-term safety that will be applied for disposal of high level vitrified 
waste in Cigéo should cover long-term safety to be considered for the 
final vitrified product obtained after thermal treatment of technological 
waste. The overall long-term safety approach already taking into account 
high-level vitrified waste form can be applied (consideration of the same 
safety scenarios for example), only further knowledge on the chemical 
durability of the final product in the disposal conditions and new 
distribution of the inventory should be considered.  

Absence of gas in the glass waste form after treatment leads to a reduced 
source term of gas after closure, which is favourable. 
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General 
conclusion 

 

The thermal treatment should induce a significant reduction of the 
packaging volume. However, the overall treatment may influence the 
waste category according to Andra classification (i.e. ILW-SL which could 
become ILW-LL) which could influence the disposal strategy and 
concept. For ILW-SL, this could imply to make a choice between an 
existing surface disposal center (CSA) and a future deep geological 
disposal (Cigéo).  

Because the glassy wasteform is already taken into account in the Cigéo 
concept, this analysis is focused on disposal of the final product in Cigéo.  

Most of the current preliminary WAC seem to be respected with the 
benefit of the absence of H2 release, thanks to the destruction of organic 
matter and despite the presence of alpha radionuclides. This simplifies 
the ventilation constraints in disposal cell. However, due to concentration 
activity by volume reduction, criticality has to be checked.  

The final product is a vitreous matrix including crystals. The distribution 
of these crystals in the matrix is homogeneous with the exception of the 
contact zone with the crucible. 

 

The final product is a vitreous matrix including crystals. The distribution 
of these crystals in the matrix is homogeneous with the exception of the 
contact zone with the crucible. 

An analogy with vitrified waste to be disposed of in the deep geological 
disposal is considered, with a similar long-term safety approach. The 
release of radionuclides induces by the glassy wasteform of the final 
product depends on the chemical durability of the vitreous matrix. Even 
if long-term behaviour of the final product needs to be assessed in more 
details, this appears more favourable that the instant release model 
associated to the baseline for this type of waste. 
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2.2.3 Sample from JÜV 50/2 (FZJ) 

1- Identification 

 

Identification of waste stream/treatment process combination 

Waste Product of mixed LILW incineration (ashes). 

Thermal 
treatment process 

Incineration at JÜV/50 (800°C-1200°C) 

Characterisation 
sheet reference 

Sample from JÜV 50/2 - §4.3 

Disposal concept 

Disposal route for 
the baseline 

WAC refers to a white-list of materials/compounds which are allowed to 
be disposed of in Schacht Konrad, e.g. besides pure chemical 
substances there are wooden residuals, paper, filters, etc. If a compound 
is not in the white-list, it has to be applied for. Generally, cementation of 
wastes is not always a requirement for LILW to be disposed of in Schacht 
Konrad, for instance in case of very low radioactivity levels. Cementation 
is required in cases, when an uncontrolled release of radionuclides 
during transportation and disposal may occur (e.g. release of volatile 
radionuclides). Compared to cementation conditioning by thermal 
treatment has a number of advantages: (1) final product (ashes) is much 
easier to declare (characterise); (2) technically ashes do not require 
cementation, as they are rather robust (compared to original raw waste); 
(3) ashes are much more compact and their storage entails lower costs, 
then raw wastes sorted out in barrels. Finally, it should be mentioned that 
for some time cementation of ashes was not recommended, as there 
might be difficulties with retrieval of ashes in the future, should such a 
necessity has come along (e.g. better characterisation is required, 
modification of WAC, etc.).  

Disposal route 
after thermal 
treatment 

Conditioned wastes (ashes) are to be disposed of in the deep geological 
repository Schacht Konrad. 

Objectives of thermal treatment for the selected waste 

Interest of 
thermal treatment 
for the selected 
waste 

Unconditioned LILW are incompliant with WAC, containing partially 
degradable organics and have a large volume. Besides, the properties of 
untreated mixed LILW in context of radionuclide release are unknown, in 
contrast to the thermally treated and conditioned wastes.  

 

Reminder of 
preliminary 
conclusions of 
characterisation 
of thermally 

The obtained ash samples were fractionated in 8 grain size fractions by 
sieving. Characterisation of fractions F2 – F8 demonstrated a higher 
specific surface area for finer fractions.  

The radioanalytical characterisation revealed no significant measurable 
activity of radionuclides besides 137Cs and 60Co. The distribution of these 
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treated waste 
product  

radionuclides seems to be rather heterogeneous; hot-spots in 
radionuclide distribution were observed by autoradiography.  

Detailed investigations of the phase composition revealed a similar 
matrix for all ash fractions: the selected ash fractions mainly consist of a 
mixture of Si, Ca, Fe, and Al oxides with minor inclusions of chlorides and 
metallic Al. Particles bearing higher levels of radionuclides were 
generally composed of Fe-, Si- and Al-oxides. 

The stability of the ash fractions was evaluated in batch leaching tests, 
which revealed a measurable release only for 137Cs, irrespective of 
leaching conditions, leaching solution composition or temperature. No 
significant release of 60Co or further radionuclides (e.g. 241Am or 154Eu 
initially present in the ash according to the radioanalytical data provided 
by JEN) was detected in the aqueous leaching solutions or from 
investigating the ashes after leaching. The findings on the high release 
of 137Cs are consistent for all ash fractions and imply that 137Cs is present 
in easily soluble form, e.g. in a chloride form. The low activity of 60Co that 
could not be reliably measured in the leaching solution may be due to the 
slow kinetics of Co dissolution. 

Examination of the phase composition before and after leaching revealed 
significant decrease of NaCl (easily soluble). Besides that, after leaching 
in alkaline conditions, the relative amounts of quartz and corundum in the 
ashes were found to decrease compared to the initial material, which was 
not observed after leaching experiments performed in deionized water.  

Additional 
information 

- 

2- Inventory / homogeneity & volume of the thermally treated 
waste product 

Impact of thermal 
treatment on the 
radiological 
inventory 

LILW treated in JÜV/50 may contain a large amount of burnable and 
degradable materials (paper, gloves, wooden and polymeric parts, etc.). 
On the conditions of geological disposal these wastes, if not treated, will 
generate a significant amount of gaseous products, which in certain time 
may compromise the integrity of the waste packages. It can be assumed 
that by treating LILW at high temperature potential sources of volatile 
products are eliminated. Usually only the wastes with very low alpha 
activity (~ 1/1000 of the allowed beta content) are accepted for 
incineration. Given a mass reduction during incineration, specific activity 
of alpha-emitting radionuclides will increase, whereas beta-activity of 
wastes may decrease (as most of volatile radionuclides are beta-
emitters). A direct comparison of activity levels before and after thermal 
treatment is difficult though, as the data on raw wastes are not available.  

Impact on the 
waste loading, 
and on the overall 
volume of the 
waste 

Typical mass reduction factor varies between 2.2 and 234 (based on 
analyses of charges collected between 2006 and 2010). The reason for 
such variability is different composition of charges, i.e. some batches may 
contain more combustible materials like wood and plastics, some more 
metallic or glass pieces. Volume reduction factor is not available. The 
apparent density of the pressed ashes is 2.2 g/cm3. 
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Homogeneity of 
the thermally 
treated waste 
product 

The ashes generally reveal a high degree of heterogeneity. This, 
however, is not an issue for disposal (only for characterisation). No 

unwanted voids were observed on a m-scale (granular material). For 
packaging, ashes are compacted to reduce the volume.  

Secondary waste Secondary wastes at JÜV/50 are mainly originating from the off-gas 
treatment system, containing 3H2O in scrubber residues and 14CO2 in 
caustic scrubber residues. The volume of these scrubber residues is not 
available. Liquid off gas treatment wastes have to be further treated by 
evaporation to create a final product (granulate) that is packed into waste 
drums. The drums with granulate are not compacted due to dust 
generation issues, but can be directly packed into the waste containers. 

Conclusion of 
part 2 – Impacts 
on disposability 
strategy 

Without thermal treatment the wastes considered here do not meet 
WAC of Schacht Konrad. Thermal treatment transfers the wastes 
into a stable form, which is compliant with the WAC of Schacht 
Konrad and enables final disposal of the wastes. Besides, thermal 
treatment impacts the volume, which is beneficial with respect to 
the costs of waste storage and disposal. Secondary wastes (liquid 
waste containing 3H2O and 14CO2), produced from incineration of 
organics, have to be treated and converted into a granulate, 
according to a well-established methodology. The granulate, as well 
as the ashes, is intended to be disposed of in Schacht Konrad. 

3- Stability of the thermally treated waste product 

Chemical reactivity of the waste under disposal conditions.  

Consider near-surface disposal and/or geological disposal conditions. 

Gas generation Generation of gases from the untreated waste is rather likely, due to high 
contents of organic material. Generation of gas from ashes was not 
expected: organics are removed and metal pieces are oxidized, except 
for minor Al metal inclusions, which are passivated by an oxide layer. 
Therefore gas generation was not monitored. However, H2 gas 
generation from Al and metals under anoxic and highly alkaline 
conditions in the repository cannot be excluded. 

Complexant 
compounds 
generation 

According to PXRD examinations, the matrix of ashes consists mainly of 
Si, Ca, Fe, and Al oxides. Analysis of TOC in ashes showed some 
relatively low remaining content of organics which may potentially give 
rise to some soluble organic compounds in the repository. The structure 
of these compounds and their release rates from the ashes were not 
investigated.  

Leaching 
behaviour of the 
waste (i.e. 
radionuclides 
release…) under 
disposal 
conditions 

Thermal treatment transformed the mixed LILW, which is a highly 
degradable waste, into a robust inert ash. As the release rates of 
radionuclides from the original raw wastes were not measured, a direct 
comparison of RN release kinetics between untreated waste and the 
treatment product was not possible. However, raw wastes are 
degradable; moreover radionuclides can be present in the raw wastes in 
relatively easily accessible and mobile forms, e.g. surface contamination. 
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These reasons allow to assume that thermal treatment improved the 
retention of certain radionuclides, like 60Co.  

A comparison of the release fractions at RT and 90°C in deionized water 
(DIW) demonstrates that steady state for 137Cs release is reached within 
3 - 7 days of monitoring. All release curves indicate instant release of the 
majority of 137Cs (60 - 80%) in the first stage of the leaching tests. 
Elevated temperature has only a slight effect on the release of 137Cs from 
the ash fractions.  

No release of 60Co into DIW was measured above detection limit (0.5 
Bq/g). This confirms that Co may be present in a stable oxide-form or 
incorporated into mixed oxide Fe phases. 

Other parameters 

Thermal output of 
the waste  

No impact of thermal treatment on the heat generating capacity. Treated 
wastes are generally characterised by negligible heat generation. 

Flammability Not flammable (requirement of WAC). 

Criticality The data on radiological analysis of ashes provided by JEN indicated 
trace concentrations of 239Pu (average concentration of 0.03 Bq/g) in the 
ashes, which allows to assume that no criticality potential is associated 
with treated wastes as well as with raw wastes. Generally WAC of 
Schacht Konrad considers (maximum) amounts of fissile material in the 
waste to be disposed of, for example up to 4.1∙1011 Bq 239Pu for a Type 
IV waste container, to avoid post closure criticality excursions in the 
repository.  

Conclusion of 
part 3 - Impacts 
on disposability 
strategy 

Disposability of wastes is improved after thermal treatment, as the 
raw wastes are not compliant with WAC. Treated wastes are stable 
and meet requirements of WAC. One of the risks can be associated 
with the release of organic substances (potential complexants) as 
some residual TOC was measured in the ashes. Generation of some 
small amounts of H2 as a result of interaction of minor metallic Al 
inclusions with cement pore water at high pH cannot be excluded 
as well. No additional risks associated to the chemical reactivity of 
the waste under disposal conditions are expected. 

4- General conclusion 

Impact on WAC 
or disposability 
criteria (for near-
surface or 
geological 
disposal) 

WAC for geological disposal of wastes with negligible heat generation 
are well formulated in Germany. For instance, WAC define criteria 
regarding the stability of the thermally treated product, RN inventory and 
chemical composition. The existing thermal treatment process 
(incineration in JÜV/50) was established in order to yield a product which 
meets these requirements. The improvement due to thermal treatment 
for this waste streams is that it enables the disposability of the (treated) 
wastes, which would not be possible otherwise. The product of thermal 
treatment is much easier to declare (or characterise) and there can be a 
significant advantage in costs of disposal of ashes.  
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Impact on 
operational safety 

For disposal in Schacht Konrad the release behaviour of some volatile 
RN (e.g. 3H or 14C) during the operational phase of the repository is an 
issue, in order to prevent uncontrolled incorporation of these RN into the 
human body through inhalation. Therefore it is essential to provide 
release prognosis over the operational time of 40 years, when personnel 
of the repository could be in the direct contact with released RN, in order 
to assure that respective personnel exposure limits are not exceeded. It 
is considered to use different packaging of different waste products, 
depending on the RN inventory and release rate of some volatile RN. 
Thermal treatment allows elimination of the sources (e.g. organics) of 
potentially critical volatile radionuclides 3H, 14C or 129I. This allows 
packaging of treated wastes in simpler containers (e.g. without specified 
gas tightness), such as container Type IV. 

Impact on long-
term safety 

Long-term safety of Schacht Konrad is associated with stable waste-
forms, i.e. none-degradable waste, preventing unwanted gas generation. 
The latter may compromise the stability of the waste packages and 
promote early uncontrolled release of radionuclides. By applying thermal 
treatment, a waste-product (ashes) with high stability in the disposal 
relevant environment is obtained, which enables waste disposal. The 
actual release behaviour of radionuclides from the wastes in the long-
term is less decisive for Schacht Konrad, as the activity limits in the WAC 
are formulated based on the (conservative) assumption of a practically 
spontaneous water saturation of the repository in the post closure phase, 
leading to an instantaneous contact of the emplaced waste containers 
with groundwater and a rather fast release of the RN from the waste 
packages (i.e. complete release of the total RN inventory in less than 600 
years). The resulting RN concentrations in (usable) groundwater in this 
stylised scenario have been shown to meet the legal requirements. 

General 
conclusion 

The main added value of thermal treatment of LILW in JÜV/50 is 
transformation of mixed wastes into a waste-form, which is 
compliant with WAC of Schacht Konrad and can be disposed of. 
Additional value is a volume reduction of LILW, beneficial for the 
costs of the storage and disposal of the final product. The treatment 
process is concerned with generation of secondary wastes from the 
off-gas treatment systems, which are treated and conditioned in the 
way, to obtain a disposable product (granulate) according to 
existing WAC for Schacht Konrad. 
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2.2.4 Geomelt ICV sample (NIRAS) 

 

1- Identification 

 

Identification of waste stream/treatment process combination 

Waste Cementitious stream representative of sea dump drums or failing cement 
waste packages 

 

Thermal 
treatment process 

Geomelt technology 

 

Characterisation 
sheet reference 

TH 01 Geomelt ICV sample – vitrification of sea dump drums - §4.4 

Disposal concept 

Disposal route for 
the baseline 

In Belgium, these types of drums would be intended for surface disposal 

  

Disposal route 
after thermal 
treatment 

In Belgium, these types of drums would be intended for surface disposal 

 

Objectives of thermal treatment for the selected waste 

Interest of 
thermal treatment 
for the selected 
waste 

In Belgium, a substantial volume of the waste for surface disposal is 
historically cemented waste. Although not specifically intended for sea 
sump, this waste stream is comparable with the one considered in this 
test. Currently, there is only limited knowledge on the content of these 
waste drums, making it difficult to prove its compliance with the 
conformity criteria. Thermal treatment could be a possible scenario to 
overcome this problem 

 

 

Reminder of 
preliminary 
conclusions of 
characterisation 
of thermally 
treated waste 
product  

At the macroscopic level, the end product seems to be homogeneous, 
suggesting a good mixing of the contents during treatment.  

Additional 
information 

- 
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2- Inventory / homogeneity & volume of the thermally treated 
waste product 

Impact of thermal 
treatment on the 
radiological 
inventory 

Cs-137 and Sr-90 were incorporated in the waste feed to investigate their 
incorporation in the end product. It can be assumed that the radionuclides 
are homogeneously dispersed in the matrix 

 

Impact on the 
waste loading, 
and on the overall 
volume of the 
waste 

The waste loading at the start was ±50%, but part of the glass former (the 
quarry soil) was considered both as waste and as glass former, 
increasing strongly the waste loading. The final ICV container should be 
included in the overall waste. 

 

Homogeneity of 
the thermally 
treated waste 
product 

The end product looked broadly homogenous. Difficulties were 
encountered when sampling the material, which is explained by the 
presence of unmolten metallic pieces. In addition notable voids were 
detected indicating the presence of bubbles within the monolith.  

 

Secondary waste 
No evaluation on the production of secondary waste could be made 
based on this trial, but partitioning data from trials suggest that activity 
not retained in the melt is captured in the metallic filters which can be 
recycled into subsequent melts. Effluent from the aqueous scrubber will 
need to be handled through site infrastructure.  

Conclusion of 
part 2 – Impacts 
on disposability 
strategy 

The overall volume of the waste increases due to the addition of the 
glass frit and the ICV container itself. This implies that the disposal 
route for this waste remains the same (no concentration of the 
radionuclides).  

Not all waste components seem to be completely molten and voids 
are observed in the end product. Both can have an impact on the 
disposability.  

 

3- Stability of the thermally treated waste product 

Chemical reactivity of the waste under disposal conditions.  

Consider near-surface disposal and/or geological disposal conditions. 

Gas generation Gas might be generated from radiolysis of organic components of the 
waste or by corrosion of the metals during disposal. After thermal 
treatment it is expected that the organic components are all decomposed. 
The metals will be oxidised by the process. Gas generation will thus most 
probably not be a problem after the treatment.  

 

Complexant 
compounds 
generation 

No organic components like cellulose were present in the waste stream 
of this trial. However, in the “real” waste stream this might be present and 
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would most probably be completely destroyed by the thermal treatment. 
The PVC content in the waste seems to be decomposed completely.  

 

Leaching 
behaviour of the 
waste (i.e. 
radionuclides 
release…) under 
disposal 
conditions 

Only B was measured in the leaching tests performed at 90°C and neutral 
pH during 28 days. The results are comparable to the leaching of the ISG 
glass under the same circumstances. The leaching behaviour should be 
investigated in more detailed at highly alkaline conditions and on a longer 
time scale to be more representative for the disposal conditions.  

Other parameters 

Thermal output of 
the waste  

The waste is not heat generating. 

 

Flammability Flammability seems not to be a real issue for this waste.  

 

Criticality Criticality seems not to be an issue for this waste 

 

Conclusion of 
part 3 - Impacts 
on disposability 
strategy 

The reconditioning by the geomelt technology might facilitate the 
disposal of this waste type due to the elimination of the organic 
components and gas production. The long term durability of this 
waste type needs in any case to be assessed further into detail. 

4- General conclusion 

. 

Impact on WAC 
or disposability 
criteria (for near-
surface or 
geological 
disposal) 

The passivation of the waste with the decomposition of the possible 
organic content in the waste seems one of the main advantages for this 
waste stream thermal treatment combination.  

 

Impact on 
operational safety 

If the historic waste drums show non-conformities like corrosion at the 
welding than the retreatment by GEOMELT and the incorporation of the 
end product in an intact disposable container might increase its 
operational safety. 

 

Impact on long-
term safety 

The long-term safety of this waste product should be investigated. In the 
Belgian surface disposal concept, the sorption on the cementitious matrix 
contributes to the limitation of the release of the radionuclides. It should 
be investigated whether the geomelt end product can fulfil this safety 
function.  
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General 
conclusion 

The limited knowledge on the waste is a main challenge for its 
disposal. Thermal treatment can at least partially overcome this 
problem as all organics are decomposed and the waste is 
passivated. However, the inclusion of the radionuclides by the 
matrix, the durability of the matrix… should be investigated to 
guarantee the long-term safety.  

 

 

2.2.5 Glass 6 - Geomelt sample (RWM) 

 

1- Identification 

 

Identification of waste stream/treatment process combination 

Waste Magnox Sludge / Clinoptilolite (IEX)  

Thermal 
treatment process 

Geomelt IVC  

Characterisation 
sheet reference 

TH 02 Geomelt ICV sample – vitrification of sludge and clinoptilolite - §4.5 

Disposal concept 

Disposal route for 
the baseline 

Grout encapsulation and disposal to a GDF 

Disposal route 
after thermal 
treatment 

Disposal to the GDF in a suitable package 

Objectives of thermal treatment for the selected waste 

Interest of 
thermal treatment 
for the selected 
waste 

Primarily volume reduction and reduced package numbers. The baseline 
will involve significant capital investment in a new grouting plant at the 
SIXEP plant and a decision is due in the next few years.  

Reminder of 
preliminary 
conclusions of 
characterisation 
of thermally 
treated waste 
product  

 

Vitrification has been successfully carried out on surrogate for 
Magnox sludge using another wastestream, clinoptilolite, to provide 
glass forming components. XRF analysis and gamma scanning of 
active components across the block shows good homogeneity and 
thus infers good mixing of feed components during processing.  
PCT leach tests show equivalent durability to ISG glass under the 
conditions applied. It should also be noted that as a one off 
demonstration melt, optimization of the product has not been 
attempted. Under current GDF requirements in the UK for disposal of 
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ILW, no credit is taken for durability of the product and as such may 
not be a discriminator for disposal. 

 

Additional 
information 

Packaging not optimised for storage/disposal 

2- Inventory / homogeneity & volume of the thermally treated 
waste product 

Impact of thermal 
treatment on the 
radiological 
inventory 

Cs and Sr tracers added to melt – good mixing noted with consistent 
Cs/Sr activity ratios in glassy block. No obvious losses during melt 

Impact on the 
waste loading, 
and on the overall 
volume of the 
waste 

Volume reduction not reported. Packaging not optimised. 

Homogeneity of 
the thermally 
treated waste 
product 

Homogeneous product at macroscopic level 

Secondary waste None noted in NNL study 

Conclusion of 
part 2 – Impacts 
on disposability 
strategy 

Work will be required here if baseline changes 

3- Stability of the thermally treated waste product 

Chemical reactivity of the waste under disposal conditions.  

Consider near-surface disposal and/or geological disposal conditions. 

Gas generation There is little potential for gas generation following thermal treatment. 
Any residue organic material in the sludge will be removed during the 
melt. More an issue for baseline case if the Magnox sludge is grouted 
(due to Al content) 

Complexant 
compounds 
generation 

None noted 

Leaching 
behaviour of the 
waste (i.e. 
radionuclides 

PCT leach tests show equivalent durability to ISG glass under the 
conditions applied (28 days, Boron) 

RWM has commissioned work based on a similar wastestreams namely 
two laboratory-made replicas of alumino-silicate based materials that 
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release…) under 
disposal 
conditions 

were produced in simulant full-scale trials of plasma treatment and 
GeoMelt® processes, respectively: 

▪ clinoptilolite/sand glass; and 

▪ plutonium-contaminated material/Magnox slag. 

These were subject to leaching trials (PCT-B, 50°C, SA/V = 1200 m-1) in 
simulant UK groundwaters for up to 294 days. These included studies at 
high pH (simulating the UK ILW disposal concept – cementitious vaults). 
The results indicated the results demonstrate that these processes can 
produce vitrified wasteforms with good chemical durability and good 
performance for the retention of many radionuclides present in ILW under 
the test conditions used. However, it was noted that the compositions at 
this stage were not optimised. This report is due to be published in 2020. 

Other parameters 

Thermal output of 
the waste  

Not assessed – assumed to be as per original waste prior to thermal 
treatment 

Flammability Unlikely to be flammable 

Criticality The Magnox sludge will contain U, but has not been specifically 
addressed at this stage for this wastestream 

Conclusion of 
part 3 - Impacts 
on disposability 
strategy 

Work will be required to address this if the baseline changes 

 

4- General conclusion 

Because it will probably be difficult to draw definitive conclusions concerning safety and 
WAC compliance on the basis of THERAMIN results alone, a qualitative analysis is 
proposed instead, based on parameters leading to advantages or challenges regarding 
safety and WAC compliance. 

Impact on WAC 
or disposability 
criteria (for near-
surface or 
geological 
disposal) 

The UK is currently engaged with a siting process inviting host 
communities to participate in find a site for a GDF for our wastes. RWM 
currently assesses against 3 generic concepts (different host geologies). 
Therefore, there is no WAC inn place. RWM assesses against waste 
package specifications for Low and High Heat Generating Wastes using 
its disposability assessment processes.  

Impact on 
operational safety 

Not assessed, but expected to be no worse than baseline 

Impact on long-
term safety 

Not assessed, but expected to be no worse than baseline 

General 
conclusion 

Work is required to assess the disposability of this product if the 
baseline changes  
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2.2.6 Magnox HIP sample (RWM) 

 

1- Identification 

 

Identification of waste stream/treatment process combination 

Waste Calcined Magnox Sludge / Cs-exchanged Clinoptilolite (IEX) with CeO2 
added  

Thermal 
treatment process 

Hot Isostatic Pressing  

Characterisation 
sheet reference 

 

HIP 2 Sample - §4.7 

Disposal concept 

Disposal route for 
the baseline 

Grout encapsulation and disposal to a GDF 

Disposal route 
after thermal 
treatment 

Disposal to the GDF in a suitable package 

Objectives of thermal treatment for the selected waste 

Interest of 
thermal treatment 
for the selected 
waste 

Primarily volume reduction, increased RN loadings and therefore 
reduced package numbers for interim storage and disposal to a GDF. 
The baseline will involve significant capital investment in a new grouting 
plant at the SIXEP plant (for the Clinoptilolite IEX) and a decision is due 
in the next few years.  

Reminder of 
preliminary 
conclusions of 
characterisation 
of thermally 
treated waste 
product  

 

The thermally treated product presented here has a heterogeneous 
glass-ceramic microstructure, with CeO2 present as discrete particles 
throughout the sample. Simulant waste streams (calcined Magnox 
sludge and clinoptilolite) have partially, or fully reacted to form 
constituent phases (either glassy or crystalline), with the borax 
assisting as a glass former. As such a high waste loading is possible 
with this thermal treatment.  
The chemical durability of this product is equal to, or slightly less 
durable than ISG, especially if comparing boron release between the 
samples. Longer term chemical durability tests would be required, 
combined with surface analysis to determine if dissolution is congruent 
or phase specific. 
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Additional 
information 

Packaging not optimised for storage/transport/disposal 

2- Inventory / homogeneity & volume of the thermally treated 
waste product 

Impact of thermal 
treatment on the 
radiological 
inventory 

Inactive Cs2O and CeO2 added to melt a solid heterogeneous product 
was formed. No obvious losses during pressing 

Impact on the 
waste loading, 
and on the overall 
volume of the 
waste 

Volume reduction not reported. Packaging not optimised. 

Homogeneity of 
the thermally 
treated waste 
product 

Heteregenous product at macroscopic level, no obvious porosity 

Secondary waste  

None noted in NNL/University of Sheffield study 

Conclusion of 
part 2 – Impacts 
on disposability 
strategy 

Work will be required here if baseline changes 

3- Stability of the thermally treated waste product 

Chemical reactivity of the waste under disposal conditions.  

Consider near-surface disposal and/or geological disposal conditions. 

Gas generation There is little potential for gas generation following thermal treatment. 
Any residue organic material in the sludge will be removed during the 
melt. More an issue for baseline case if the Magnox sludge is grouted 
(due to Al content) 

Complexant 
compounds 
generation 

None noted in original feedstock – unlikely to be an issue 

Leaching 
behaviour of the 
waste (i.e. 
radionuclides 
release…) under 
disposal 
conditions 

 

PCT leach tests show slightly decreased durability compared to ISG 
glass under the conditions applied (28 days, Boron shows slightly higher 
normalised losses, but silican mass losses are slightly lower) 

RWM has commissioned work based on a similar wastestreams namely 
two laboratory-made replicas of alumino-silicate based materials that 
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were produced in simulant full-scale trials of plasma treatment and 
GeoMelt® processes, respectively: 

▪ clinoptilolite/sand glass; and 

▪ plutonium-contaminated material/Magnox slag. 

These were subject to leaching trials (PCT-B, 50°C, SA/V = 1200 m-1) in 
simulant UK groundwaters for up to 294 days. These included studies at 
high pH (simulating the UK ILW disposal concept – cementitious vaults). 
The results indicated the results demonstrate that these processes can 
produce vitrified wasteforms with good chemical durability and good 
performance for the retention of many radionuclides present in ILW under 
the test conditions used. However, it was noted that the compositions at 
this stage were not optimised. This report is due to be published in 2020. 

Other parameters 

Thermal output of 
the waste  

Not assessed – assumed to be as per original waste prior to thermal 
treatment 

Flammability Unlikely to be flammable – glass matrix 

Criticality The Magnox sludge will contain U, but has not been specifically 
addressed at this stage for this wastestream 

Conclusion of 
part 3 - Impacts 
on disposability 
strategy 

Work will be required to address this if the baseline changes 

 

4- General conclusion 

 

Impact on WAC 
or disposability 
criteria (for near-
surface or 
geological 
disposal) 

The UK is currently engaged with a siting process inviting host 
communities to participate in find a site for a GDF for our wastes. RWM 
currently assesses against 3 generic concepts (different host geologies). 
Therefore, there is no WAC inn place. RWM assesses against waste 
package specifications for Low and High Heat Generating Wastes using 
its disposability assessment processes.  

Impact on 
operational safety 

 

Not assessed, but expected to be no worse than baseline 

Impact on long-
term safety 

Not assessed, but expected to be no worse than baseline 

General 
conclusion 

Work is required to assess the disposability of this product if the 
baseline changes  
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2.2.7  Vitrification (VUJE) 

 

1- Identification 

 

Identification of waste stream/treatment process combination 

Waste Chrompik- liquid inorganic liquor 

Thermal 
treatment process 

vitrification 

Characterisation 
sheet reference 

chrompik vitrification sample - §4.14- 

Disposal concept 

Disposal route for 
the baseline 

The original waste is not intended for near surface disposal due the 
radiological contamination and volume. Vitrification and then disposal in 
deep geological repository is the baseline. 

Disposal route 
after thermal 
treatment 

Thermally treated waste vitrificate is intended for geological disposal. 

Objectives of thermal treatment for the selected waste 

Interest of 
thermal treatment 
for the selected 
waste 

Benefit of thermal treatment is the volume reduction, vitrificated chrompik 
seems to have good chemical durability for disposal. 

Reminder of 
preliminary 
conclusions of 
characterisation 
of thermally 
treated waste 
product  

Chrompik III glass sample was produced by vitrification process using 
VICHR facility at NPP A1 Jaslovske Bohunice, Slovakia. Chrompik III 
monolithes were prepared in VUJE´s laboratory. Final product consists 
of an amorphous glass mainly composed of SiO2, Na2O, B2O3, and K2O 
which present 84.6 % of the glass composition, with no evidence of any 
crystalline phase assemblages or other inhomogeneity. 

Chemical composition of glass was analysed by two techniques, there 
were only small differences observed between theoretical composition 
and XRF results. The comparison of the results obtained from USFD and 
VUJE´s results for chrompik III glass are in compliance, there is no free 
liquid or gas, sample is homogeneous and amorphous, also the chemical 
composition of this waste form is compatible with both results. 

Leaching tests were performed according to the modified ASTM C1220 
using three methods. Concluding about the long-term behaviour of the 
Chrompik III glass form results are encouraging for Chrompik III glass 
waste form possibility to have a good behaviour for longer duration. 

Additional 
information 

Vitrification technology was used for the thermal treatment chrompik at 
NPP A1 in Jaslovske Bohunice, Slovakia. Final glass product is a mixture 
of glass frit, additives and chrompik and it is poured into cartage. 
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Thermally treated waste vitrificate is not directly disposal due the non-
existent geological repository in Slovakia. 

2- Inventory / homogeneity & volume of the thermally treated 
waste product 

Impact of thermal 
treatment on the 
radiological 
inventory 

Specific activity measurements were performed and radiological analysis 
of chrompik were performed before treatment in the VICHR facility. 
Specific activity of vitrified radioactive waste was also measured. 

Impact on the 
waste loading, 
and on the overall 
volume of the 
waste 

Volume reduction after vitrification is 10. App. 110 pc cartridges with the 
CHR III glass product will be stored in 22 pc hermetic casks in interim 
store in Jaslovske Bohunice in the y 2021. 

Homogeneity of 
the thermally 
treated waste 
product 

The vitrified glass product is homogeneous, amorphous, without any 
evidence of crystallization. The final product of chrompik III vitrification 
are catriges placed into hermetic casks. Voids are formed by placing the 
cartridges on top of each other during loading into the hermetic cask. 

Secondary waste Secondary waste like off-gas filters are treated on other existing facilities 
in JAVYS, Inc. Jaslovske Bohunice, Slovakia and are directly disposed 
on surface repository. Liquid waste is partially returned to the 
technological process and is treated on the vitrification facility and the 
rest of liquid waste is treated after purification by other existing 
technologies in JAVYS, Inc. and released into the environment. 

Conclusion of 
part 2 – Impacts 
on disposability 
strategy 

In principal, the end-product is prepared to be directly disposal, but due 
the non-existent deep disposal in Slovakia, the vitrification product is 
stored in interim store. 10 m3 of chrompik III were stored, after treatment 
of whole volume of chrompik III on vitrification facility, app 700 dm3 of 
vitrificated product will arise. The time necessary for treatment of 
chrompik III volume is 5 years. 

Secondary waste like off- gas filters are treated on other existing facilities 
in JAVYS, Inc. Jaslovske Bohunice and are directly disposable on 
surface repository or released into the environment. 

3- Stability of the thermally treated waste product 

Chemical reactivity of the waste under disposal conditions.  

Consider near-surface disposal and/or geological disposal conditions. 

Gas generation No generation of gas is expected for the original waste, nor for the 
thermally treated waste. 

Complexant 
compounds 
generation 

No complexing compounds are expected to be present in the original 
waste form, nor in the thermally treated waste form. 
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Leaching 
behaviour of the 
waste (i.e. 
radionuclides 
release…) under 
disposal 
conditions 

In the disposal concept, the characteristics of the conditioning matrix 
should be as such that the leaching of the radionuclides is limited. The 
chemical durability of Chrompik III glass form resulting from task 4.2 
analyses results appears to be good, this glass form has lower 
normalized mass losses for B, Na and Si and than for the reference glass 
under neutral pH. Disposal concept is mostly highly alkaline system at a 
room temperature, results chemical durability of chrompik glass form 
should be translated into the disposal concept under alkaline conditions. 

Other parameters 

Thermal output of 
the waste  

The activity content of vitrified glass product is not as such that it is 
considered as heat generating waste. 

Flammability No flammability risks are associated to both the initial waste and for the 
thermally treated waste. 

Criticality No criticality risks are associated to both the initial waste and for the 
thermally treated waste. 

Conclusion of 
part 3 - Impacts 
on disposability 
strategy 

No generation of gas and no complexing compound are expected 
for the thermally treated waste of chrompik III. Flammables, free 
liquids, biological or toxic materials and complexants are excluded 
from disposal according to valid WAC for surface repository in 
Slovakia. Chrompik III glass product is indeed for deep disposal. 
Slovakia. Up to now no other risks associated to the chemical 
reactivity of the waste under disposal conditions are expected.  

4- General conclusion 

 

Impact on WAC 
or disposability 
criteria (for near-
surface or 
geological 
disposal) 

The final waste is not compliant with the radiological acceptance criteria 
for Slovak surface repository in Mochovce. At the moment only VLLW 
and LLW types of waste are referred in existing WAC for surface 
repository in Mochovce.  

Impact on 
operational safety 

The specific activity of the original waste and vitrified product affects the 
radiation protection in the operational period, all operations with vitrified 
product are performed remotely.  

All operations with vitrified product in final disposal have to be performed 
remotely due the radiological protection and operational safety.  

Impact on long-
term safety 

In the long-term safety of the geological disposal, the considered 
destination for chrompik III, a safety function is assigned to the vitrificate.  

General 
conclusion 

Chrompik III glass product is indeed for deep disposal. All aspects 
mentioned above need to be investigated and WAC for this 
thermally treated waste form should be developed. 
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2.2.8 Concentrate slag - Simuli-2 (NIRAS) 

 

1- Identification 

 

Identification of waste stream/treatment process combination 

Waste Cemented concentrates 

Thermal 
treatment process 

Plasma incineration 

Characterisation 
sheet reference 

Concentrate slag - Simuli-2 - §4.15 

Disposal concept 

Disposal route for 
the baseline 

The original waste is already cemented and intended for near-surface 
disposal.  

Disposal route 
after thermal 
treatment 

The thermally treated waste is intended for near-surface disposal. 

Objectives of thermal treatment for the selected waste 

Interest of 
thermal treatment 
for the selected 
waste 

The observed alkali-silica gel formation on a few drums makes the drums 
disposability uncertain. If the currently ongoing research cannot rule out 
the future gel formation and the impact on the EBS and the disposal 
system is not acceptable, reconditioning by for example plasma 
incineration followed by disposal in a near-surface facility is considered 
as a possible long-term management scenario. 

Reminder of 
preliminary 
conclusions of 
characterisation 
of thermally 
treated waste 
product  

Most samples were mainly amorphous, but there is some visual 
evidence of heterogeneities and remaining crystalline phases (up to 50 
%) in the obtained end-products. 

 

Additional 
information 

- 

2- Inventory / homogeneity & volume of the thermally treated 
waste product 

Impact of thermal 
treatment on the 
radiological 
inventory 

No specific activity measurements were performed. Based on information 
from existing plants it is clear that the isotopes of volatile elements like 
Cs and Cl can partially escape from the waste and enter the off-gas 
system.  
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Impact on the 
waste loading, 
and on the overall 
volume of the 
waste 

The volume reduction factor of the initial cemented waste, including the 
metallic drum was 1.3 after the plasma treatment. As the plasma slag 
also needs a certain packaging type, which is not yet included in this 
factor, the final volume reduction will further reduce. 

 

Homogeneity of 
the thermally 
treated waste 
product 

The plasma slag is partially amorphous but contains also some crystalline 
phases. In addition, part of the slag showed white large surface 
impurities, but the investigated sample selected for the tests were those 
without any visible impurity.  

As the slags were unmoulded and thus broken for transport, no 
evaluation of cracks and voids could be made. 

Secondary waste No specific information on the secondary waste generated during the trial 
was obtained. The main volume of secondary waste will come from the 
off-gas treatment, the maintenance of the installation and the normal 
operation and will consists of fly ashes, filters, effluents… 

Conclusion of 
part 2 – Impacts 
on disposability 
strategy 

As the volume reduction is not very large it is not expected that the waste 
category will change after plasma incineration and the plasma slags 
remain intended for near-surface disposal like the original wasteform. 
During the trial, the processing of 400 kg of waste took on average 3 
hours. With an average mass of 800 kg of the “real waste” and 150 
working hours a week, 25 drums per week can be treated. The time 
necessary for the construction of a plasma facility can be estimated to be 
between 6 and 10 years. Consequently, the construction of the facility 
and the necessary reprocessing time can have an impact on the timing 
for the disposal of these drums.  

3- Stability of the thermally treated waste product 

Chemical reactivity of the waste under disposal conditions.  

Consider near-surface disposal and/or geological disposal conditions. 

Gas generation No generation of gas is expected for the original waste, nor for the 
thermally treated waste. 

Complexant 
compounds 
generation 

No complexing compounds are expected to be present in the original 
waste form, nor in the thermally treated waste form.  

Leaching 
behaviour of the 
waste (i.e. 
radionuclides 
release…) under 
disposal 
conditions 

In the disposal concept, the characteristics of the conditioning matrix 
should be as such that the leaching of the radionuclides is limited. This 
is in general translated to a conformity criteria that defines a minimum 
content of cement paste that should be present in the waste form. The 
original waste form is consistent with this requirement. The leaching of 
the plasma slag after 28 days at 90°C and neutral pH was three times 
lower that the leaching rate obtained for the reference glass under the 
same leaching conditions. Compared to Si, 50% of Al and 5-10% of Ca 
were retained in the alteration layer. This result should first be translated 
to the disposal concept, which is a highly alkaline system at room 
temperature. In a next step, it should be determined whether the lifetime 
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of the waste form is sufficient to replace the safety-function which is now 
assigned to the cementitious conditioning matrix.  

In addition, other degradation processes like its risk of a swelling gel 
formation due to an ASR reaction should be investigated. This swelling 
gel formation can have an impact on the EBS systems during disposal 
and/or accelerate the leaching behaviour of the waste form.  

Other parameters 

Thermal output of 
the waste  

The activity content of these materials is not as such that they are 
considered as heat generating waste.  

Flammability No flammability risks are associated to both the initial waste and the 
thermally treated waste.  

Criticality No criticality risks are associated to both the initial waste and the 
thermally treated waste. 

Conclusion of 
part 3 - Impacts 
on disposability 
strategy 

One of the risk associated with the original waste is its potential to 
show ASR reaction with the formation of a swelling gel. It must be 
demonstrated that this gel formation is completely ruled out for the 
plasma treated waste in a cementitious environment. In addition, 
the lifetime of the matrix should be sufficient to limit the release of 
the radionuclides. Up to now no other risks associated to the 
chemical reactivity of the waste under disposal conditions are 
expected.  

 

4- General conclusion 

 

Impact on WAC 
or disposability 
criteria (for near-
surface or 
geological 
disposal) 

The original waste has a risk to show ASR reaction with the formation of 
a swelling gel as a result which can have an impact on the physical 
integrity of the systems, structures and components of the disposal 
system. In addition, there is a risk to exceed the WAC with respect to 
chlorides. Plasma incineration might result in a passivation of the ASR 
affected packages. The exclusion of ASR under disposal conditions for 
the plasma treated packages should be demonstrated.  

The chlorides might partially evaporate from the waste package during 
the thermal treatment. The carry-over fraction of Cl- during plasma 
incineration should be analysed. In addition, the chloride limit is 
determined specifically for cemented waste packages as it can have an 
impact on cement sorption. As such, other chloride limits might be valid 
for thermally treated waste that do not rely on a cementitious conditioning 
matrix. In general, the properties and the stability of the end product with 
respect to the disposal conditions should be evaluated.  

 

Impact on 
operational safety 

The specific activity of the original waste packages is rather high so this 
might affect the measures that should be incorporated with respect to 
radiation protection in the operational period.  
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Characterisation of the waste before thermal treatment might be 
necessary to ensure its compliance with the waste acceptance criteria of 
the plasma facility itself. 

 

Impact on long-
term safety 

In the long-term safety of the near-surface disposal, the destination for 
the considered original waste form, a safety function is assigned to the 
cementitious conditioning matrix. Therefore, it should be demonstrated 
that the lifetime of the plasma slag is such that it can ensure a sufficiently 
slow release of the radionuclides in accordance with the safety function. 
In addition, the chemical stability of the plasma slag shall be investigated 
to ensure its compliance with the disposal system.  

General 
conclusion 

The main added value of plasma incineration of the cemented 
concentrate would be its potential ability to exclude the ASR 
reaction and the resulting swelling gel formation. In addition, the 
(partial) evaporation of the chloride content could be such that the 
resulting waste would comply with the existing WAC. All these 
aspects need to be investigated and specific WAC for this thermally 
treated waste form should be developed.  
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2.2.9 Thermally treated metallic waste (LEI) 

 

1- Identification 

 

Identification of waste stream/treatment process combination 

Waste Activated metallic waste (intermediate-level waste long lived) generated 
after dismantling of radioactive carbon steel constructions at Ignalina 
NPP. 

Not studied in THERAMIN project 

Thermal 
treatment process 

Metal melting (process study based on literature). 

Characterisation 
sheet reference 

Quantities and radiological properties (scaling factors, specific activities) 
of waste under consideration are specified based on information 
available at NPP. 

Disposal concept 

Disposal route for 
the baseline 

Incorporation of metallic waste in a disposal container and subsequent 
grouting with a cement-based material. 

Geological disposal. 

Disposal route 
after thermal 
treatment 

The same route as the baseline. 

Geological disposal 

Objectives of thermal treatment for the selected waste 

Interest of 
thermal treatment 
for the selected 
waste 

- Reduced volume to surface ratio; 

- Melted metallic waste ingots are homogeneous and stable; 

- Activity content is bounded in the metal, no surface 
contamination; 

- Reduced radionuclide releases. 

 

Reminder of 
preliminary 
conclusions of 
characterisation 
of thermally 
treated waste 
product  

Not relevant. 

Additional 
information 

- 
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2- Inventory / homogeneity & volume of the thermally 
treated waste product 

Impact of thermal 
treatment on the 
radiological 
inventory 

During melting process, radionuclides are redistributed between slag, 

metal, and off-gas. The volatile radionuclides are transferred to the off-

gas (although a small fraction could be captured in the slag), transuranic 

elements can be oxidized and will stay in the slag, while the metallic 

elements remain in the melt. 

However, due to uncertainties in the radionuclide redistribution fractions, 

during safety assessment it is assumed that all the radionuclides after 

treatment remains in the melt and subsequently in the ingots. 

Impact on the 
waste loading, 
and on the overall 
volume of the 
waste 

As a result of volume to surface ratio reduction after thermal treatment 
the same mass of the metal waste will occupy less space in the container 
than in the case of the untreated waste. 

 

It is estimated that 380 containers each with a payload volume of 2.7 m3 
are required for untreated waste; 270 containers each with internal 
volume of 1.8 m3 are required for thermally treated waste. 

Homogeneity of 
the thermally 
treated waste 
product 

As a result of the metal melting the waste activity is homogeneously 
distributed. In addition surface contamination of the metallic waste is 
eliminated. 

Are any voids of unwanted size present? How much and how large? 

No undesirable voids. 

Secondary waste Slag is obtained after melting process. Transuranic elements can be 
oxidized and will remain in the slag. 

Management of this secondary waste should be considered 
appropriately, 

Conclusion of 
part 2 – Impacts 
on disposability 
strategy 

It is concluded (based only on the leaching scenario) that thermal 
treatment is suitable for the disposal of higher activity waste. 

It should be kept in mind that during thermal treatment the larger 

fraction of the C-14 inventory will be transferred to the off-gas or 

slag which could be the determining factor for the C-14 activity limit. 

 

3- Stability of the thermally treated waste product 

Chemical reactivity of the waste under disposal conditions.  

Consider near-surface disposal and/or geological disposal conditions. 

Gas generation According to the inventory under consideration metallic waste from 
Ignalina NPP contains radioactive carbon C-14, which requires special 
attention. C-14 from the metallic waste can be released to the gas phase 
or as dissolved species. Experimental data indicate that proportion of 
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gaseous species in alkaline environment is significantly lower than the 
dissolved species (Mibus et al., 2018; Swanton et al., 2015) and for 
preliminary assessment performed by LEI only release to solution is 
considered. 

Released from metallic waste, C-14 can form organic and inorganic 
compounds with different behaviour in the engineered barriers and other 
components of the disposal system. Inorganic compounds (14CO2, HCO3

- 
and CO3

2-) are strongly retarded in the cementitious near field as 14CO2 
precipitates as calcium carbonate (Wieland and Cvetković, 2018). 
Organic compounds released during metal corrosion include low 
molecular weight oxygenated C-14 bearing compounds (e.g. acetate, 
formate, etc.). Studies of sorption of these compounds on cement 
indicate only weak interaction. 

The proportion between organic and inorganic fractions is still uncertain. 
It was mentioned in (Mibus et al., 2018) that from the experimental work 
undertaken during the project CAST it is expected that the dominant 
fraction under alkaline conditions is associated with inorganic 
compounds. However, information, provided in (Swanton et al., 2015), 
indicate that organic compounds dominate and make about 70-85%. 
Taking into account the large uncertainty in C-14 partitioning and different 
retardation of organic and inorganic compounds in the cementitious 
environment, a conservative assumption is made in LEI study that 85% 
of the released C-14 from the metallic waste generated at Ignalina NPP 
is in organic form and is non-sorbed while the remaining 15% are 
attributed to inorganic compounds and their precipitation is taken into 
account through the sorption coefficient. 

Complexant 
compounds 
generation 

Not considered. 

Leaching 
behaviour of the 
waste (i.e. 
radionuclides 
release…) under 
disposal 
conditions 

 

Comparing the fraction of corroded metal during one year between non-
treated and thermally treated (melted) waste it can be seen that the 
corroded metal fraction in the case of non-treated waste is more than one 
order of magnitude higher. One more difference between the alternatives 
is that in the case of the non-treated waste the corroded fraction is 
constant for the aerobic and anaerobic period and depends only on the 
corrosion rate while in the case of metal ingots the corroded metal 
fraction decreases with time as ingot radius and height decreases with 
time. 

One more difference between non-treated and thermally treated waste 
disposal considering radionuclide release from containers is that In the 
case of non-treated waste, the peak release is immediately after the 
repository closure. This can be explained by availability of surface 
contamination for release from the very beginning after disposal. Then 
releases decreases up to the full metal corrosion in about 100 000 years 
after the repository closure. 

In the case of disposal of the metal ingots, activity is congruently released 
from corroding metal, but only a small fraction is released from the 
container. Therefore, the activity released from the metal is accumulated 
inside the container. That is why after the breach of the container the 
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sudden increase in the activity release can be observed. There is no such 
peak in the case of the raw metallic waste disposal as the metal waste 
fully corrodes before the breach of the container. 

 

 

Other parameters 

Thermal output of 
the waste  

Not relevant. 

This is intermediate-level waste low heat generating. Not analysed in this 
study. 

Flammability Not relevant. 

Criticality Not relevant. 

Conclusion of 
part 3 - Impacts 
on disposability 
strategy 

Less volume is required for disposal in case of thermally treated 
metallic waste. 

4- General conclusion 

 

Impact on WAC 
or disposability 
criteria (for near-
surface or 
geological 
disposal) 

Applying thermal treatment waste of higher activity can be disposed of 
for the same repository concept. 

For transuranic elements and Eu the difference between activity limits of 
treated and nor treated waste in most cases is less than factor of two. 
These elements are well sorbed in the cementitious engineered barriers 
and difference in the release from containers is of lesser importance. 

The most significant effect of thermal treatment is observed for short-
lived radionuclides Zn-65, Sr-90, Ag-110m, Ba-133, Cs-134, and Cs-137. 
The activity limits of these radionuclides can differ more than three orders 
of magnitude depending on the alternative. As the half-life of these 
radionuclides does not exceed 30 years, longer corrosion duration in the 
case of metal ingots disposal provides sufficient time for decay before the 
collapse of the containers. 

The difference of about three orders of magnitude in activity limits is also 
observed for long-lived but non-sorbed organic C-14. The cause of lower 
organic C-14 activity limit in the case of non-treated waste lies in the 
metal surface contamination, which is available for release immediately 
after the repository closure. In the case of thermally treated waste 
disposal, organic C-14 in the ingots will be slowly released congruent with 
corrosion and decay until the containers are collapsed resulting in 
significantly lower peak of release in comparison with the release from 
the non-treated metallic waste, thus allowing disposal of higher activity 
waste. However, it should be kept in mind that during thermal treatment 
redistribution of the radionuclides occurs and the larger fraction of the C-
14 inventory will be transferred to the off-gas or slag what could be the 
determining factor for C-14 activity limit. 
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From the comparison of activity limits in the case of the non-treated waste 

(Alternative 1) and in the case of thermally treated waste (Alternative 2) 

disposal it can be concluded that thermal treatment allows disposal of 

higher activity waste. However, this conclusion is drawn only from the 

leaching scenario. The benefit and drawback of the thermal treatment 

should be evaluated taking into account other scenarios, operational 

limitations and considering economical issues. 

Impact on 
operational safety 

Not considered. 

Impact on long-
term safety 

In the case of disposal of the non-treated metallic waste, the earliest (in 
several hundred years after the repository closure) and the highest 
(approx. E-04 mSv/y) peak in the dose is due to organic C-14. This is the 
result of the metal surface contamination, which is available for release 
immediately after the repository closure, and the absence of retention of 
organic C-14 in engineered barriers. The contribution of other 
radionuclides is few orders of magnitude lower in comparison to C-14. 

In the case of disposal of the thermally treated waste the peaks of the 
dose are observed at the later times and for all radionuclides are lower 
than in the case of the disposal of the non-treated waste. The late 
appearance of the peak in the dose is related to the slow ingots corrosion, 
accumulation of the released from the ingots radionuclides in the 
container and sudden radionuclides release after the containers’ breach. 
The highest dose in the case of the disposal of the thermally treated 
waste is from Zr-93 and makes about E-05 mSv/y. Other radionuclides 
resulting in the dose lower by few orders of magnitude in comparison to 
Zr-93. 

General 
conclusion 

Applying thermal treatment waste of higher activity can be 
disposed of for the same repository concept. 
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3 Disposability Inputs to THERAMIN Value Assessment 

This section describes the link between the consideration of disposability and long-term safety 

case implications under THERAMIN WP4 and development of the THERAMIN Value 

Assessment Methodology under WP2. This methodology is designed to provide a structured 

approach to assess the ‘value’ of a chosen thermal treatment technology when used to treat a 

waste stream of interest. Value, in this context, is defined as realisable benefit in safety, 

monetary and environmental outcomes from implementing an option at a specified time. This 

includes benefits and challenges across all stages of the waste management lifecycle. 

The approach followed below aimed to test whether the value assessment attributes pertaining 

to disposability developed in WP2 enable relevant information about the disposability of 

thermally treated wastes to be recorded in practice, such that the THERAMIN Value 

Assessment Methodology can yield meaningful outputs in this regard. 

3.1 Approach to synthesis of key points relating to disposability 

Table 2 summarises information obtained under the project that is of relevance to disposability 

against the latest version of the value assessment attributes and data categories pertaining to 

disposability that have been developed in Task 2.5 (GSL et al., 2020). It includes entries for 

products generated via each of the technologies investigated through demonstration trials 

conducted under WP3, i.e. SHIVA, In-can, Geomelt, thermal gasification, HIP and VICHR 

vitrification (CEA, 2019). Entries are also included for products generated via two other thermal 

treatment routes and characterised under Task 4.2, namely incineration at the JÜV 50/2 facility 

and plasma incineration at the Phoenix Solutions Hutchinson test facility. Finally, Table 2 

summarises the findings of a desk-based study of anticipated safety case implications if 

treating activated metal wastes from decommissioning of the Ignalina nuclear power plant 

through metal melting. 

Information relevant to disposability has been drawn from:  

 The template tables completed by THERAMIN partners under Task 4.3, and presented 

in Sections 2.2.1 to 2.2.9 of this report. 

 Analysis of, and observations on, the characteristics of the products generated via 

thermal treatment routes, as recorded in THERAMIN Deliverable D4.2 (Andra et al., 

2019). 

Inputs have been reworded in places to draw out key points relating to disposability and some 

points have been inferred where they are not explicitly stated (for example, when discussing 

the disposability of the residues from gasification of organic ion exchange residues, since no 

template table was completed for this process under Task 4.3). Sources of information for each 

column of the table are recorded in the header rows and statements are cross-referenced to 

their sources throughout. 

The latest version of the value assessment attributes and data categories pertaining to 

disposability were produced as an output from the Value Assessment workshop held in 

Stamford, UK in December 2019 and are reported in THERAMIN Deliverable D2.5 (GSL et al., 

2020). These attributes and data categories are as follows: 

 Impact on disposability / long-term safety 
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- Ability to meet waste acceptance criteria 

- Disposability of secondary waste 

 Strategic cost impact 

- Impact on disposal costs (total packaged waste volume and required storage 

and disposal capacity) 

Regarding the value assessment attributes, it should be noted that: 

 An additional data category under the “Impact on disposability / long-term safety” 

attribute entitled “Passivation of waste constituents e.g. reactive components / 

particulates / non-radiological hazards” was proposed at the Stamford Value 

Assessment workshop. However, this is not listed separately in the final report on the 

Value Assessment Methodology, because of the potential for double counting if such 

factors are considered as an explicit data category in their own right in addition to their 

relevance under the “Ability to meet waste acceptance criteria” data category. 

 Table 2 lists various considerations of relevance when evaluating against the “ability to 

meet waste acceptance criteria” data category, based on: 

- The generic disposability criteria derived under Task 4.1 (Andra et al., 2018, 

§4). 

- Criteria used to plan characterisation tests conducted under Task 4.2 (Andra et 

al., 2019, §5); (Harvey et al., 2020). 

- Product characteristics described in detail in (Andra et al., 2019). For most of 

these products, their main characteristics are summarised in the completed 

tables in Sections 2.2.1 to 2.2.9. 

A full list of assessment considerations relating to this data category may be found by 

consulting Table 3.3 of THERAMIN Deliverable 2.5 (GSL et al., 2020), which is 

reproduced in Appendix C of this report. However, some are not relevant unless 

evaluating disposability in a particular national context, and with reference to a specific 

proposed disposal route (so have not been applied in the present exercise). This point 

is discussed further in Section 3.2. 

 The second data category recorded in (GSL et al., 2020) under the "Strategic Cost 

Impact" attribute ("Costs of construction, operation and decommissioning") is not 

relevant to disposability so has not been considered here. 

Whilst product characteristics have been summarised from different WP3 / Task 4.2 studies, it 

is not intended to compare one thermal treatment technology against another or to give any 

indication of relative performance. The technologies investigated under THERAMIN and the 

products generated have not been optimised. Moreover, the suitability of thermal treatment for 

a particular application from a disposability (or other) perspective will depend on the 

characteristics of real waste streams proposed for treatment, along with factors specific to the 

national context within which they are being considered, including the nature of the proposed 

disposal facility for the end product. It should also be noted that the observations made are, to 

some extent, subject to the particular waste / surrogate substrate that has been treated and 

the national context within which thermal treatment has been considered by different 
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THERAMIN partners. They are not necessarily transferable to all wastes or to alternative 

disposal routes. 

Table 2  below can be read in conjunction with Table 2 from THERAMIN Deliverable D3.2 

(NNL et al., 2019) to give a qualitative assessment of the thermal treatment technologies 

considered under THERAMIN against each of the attributes included in the Value Assessment 

Methodology. Deliverable D3.2 covers all non-disposability attributes except costs, i.e. 

operational safety, environmental impacts, timescale, technical readiness and strategic impact. 

Together, the two tables provide an important link between the value assessment methodology 

and the wider research studies conducted under the THERAMIN project. 



 
 

 

 

 

Table 2: Synthesis of observations on disposability and long-term safety implications for technologies and substrates investigated under THERAMIN WP3 and Task 4.2 (continues over four pages) 

Attribute  Data Category 

Studies conducted under WP3 (thermal demonstrators) and Task 4.2 (product characterisation) 

JHCM (Geomelt) HIP SHIVA 

  Based on application to: 
1) Magnox sludge/clinoptilolite  

2) Cementitious analogues for sea dump drums or failing 
cement waste packages 

Calcined Magnox Sludge & Cs-exchanged Clinoptilolite with 
CeO2 added as Pu surrogate 

Mixed inorganic and organic ion exchange 
media 

  
Product macroscopic 

appearance: 

 

 

 

 Input references (see list at 
bottom of table): 

[1,§4.4]; [1,§4.5];  
this report §2.2.4 & §2.2.5 

[1,§4.7]; this report §2.2.6 [1,§4.1]; this report §2.2.1 

Impact on 
disposability/ 
long-term safety 

Ability to meet waste acceptance 
criteria, as evidenced by: 

- Generation of a robust, 
durable, monolithic 
wasteform that shows good 
radionuclide retention 

- Homogeneous distribution 
of waste components / 
radionuclides 

- Destruction of hazardous 
and reactive waste 
components (and limited 
potential for gas generation 
under disposal conditions) 

- Absence of free 
liquids/gases 

- Minimisation of voidage 

The products from both tests are a predominantly glassy solid. The 
glass matrices showed generally good homogeneity at the 
macroscopic scale, although some unreacted metal pieces 
hampered sampling of the glass produced by treating the 
cementitious analogue (§2.2.4). 
Active Cs/Sr surrogates and inactive tracers appear well 
distributed across the product, with no obvious losses during 
melting (§2.2.5). 
Leach tests show equivalent or slightly superior durability of the 
products compared to the reference "International Simple Glass" 
(ISG) under the conditions applied, even though the products have 
not been optimised for durability [1,§4.4]; [1,§4.5]. However, 
leaching behaviour may require further investigation under highly 
alkaline conditions and on longer timescales to be more 
representative of disposal conditions (§2.2.4). 
Notable voids were detected within the monolith produced when 
treating the cementitious analogue, indicating the presence of 
bubbles (§2.2.4); there is scope to optimise the thermal treatment 
process to reduce voidage.  

The thermally treated product has a heterogeneous glass-ceramic 
microstructure, with CeO2 present as discrete particles throughout 
the sample.  
Simulant waste streams (calcined Magnox sludge and 
clinoptilolite) have partially, or fully reacted to form constituent 
phases (either glassy or crystalline), with borax assisting as a 
glass former (§2.2.6).  
The chemical durability of this product is equal to, or slightly less 
durable than ISG, especially if comparing boron release between 
the samples. 
No obvious losses of surrogate species were observed during 
leach tests. 
Minimal porosity was observed. 
The product has a reduced potential for gas generation compared 
to feed materials, although some unreacted aluminium could be 
present from the Magnox sludge. 
Free liquids and gases are absent [1,§4.7]. 

The product consists of an amorphous alumino-
borosilicate glass, which is macroscopically 
homogeneous.  
Waste precursors have been fully reacted and 
incorporated into the glass. 
Organic matter and reactive species are 
destroyed through the incineration process. 
Free liquids and gases are absent [1,§4.1]. 
The product has been shown to exhibit high 
chemical durability. 
There are no reactive species (e.g. complexants) 
present and negligible gas production is 
expected. 
There is limited voidage in the wasteform. 

Disposability of secondary waste 

Solid secondary wastes from the off-gas system (e.g. metal filters) 
could, in principle, be recycled in subsequent thermal campaigns 
(although volatile radionuclides would potentially remobilise). 
Scrubber liquors and other effluents would require further 
treatment in another installation, e.g. via site-wide effluent 
management or a local effluent treatment plant, followed by 
immobilisation of residues. See §2.2.4. 

No secondary wastes associated with the thermal treatment step 
itself are foreseen, since this occurs in a closed can that forms 
part of the packaged waste (no off-gases expected). There would 
be secondary wastes associated with pre-treatment steps (e.g. 
calcination, milling), with some potential for treating these via HIP. 

The volatilisation of radionuclides induces 
secondary waste from the off-gas treatment 
system. Off-gas filters are usually incorporated in 
a cement matrix inside a concrete-fibre container, 
so are manageable, but would comprise an 
additional waste stream (§2.2.1). 

Strategic Cost 
Impact 

Impact on disposal costs (total 
packaged waste volume and 
required storage and disposal 
capacity) 

Volume reduction not reported. Packaging approach not optimised 
- need to factor the refractory container into estimates if it is 
consigned for disposal with the vitrified product. For both trials, 
waste species (either clinoptilolite or quarry soil) acted as glass 
formers, increasing the waste loading. 

Volume reduction not reported. Packaging not optimised. Extent of volume reduction not assessed. 

2  
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Attribute Data Category 

Studies conducted under WP3 (thermal demonstrators) and Task 4.2 (product characterisation) 

In-Can VICHR Vitrification 
Gasification, followed by 

Geopolymerisation 

  Based on application to: 
Ashes from technological waste incineration (polyvinyl 

chloride, latex, neoprene, polyethylene, cotton...) 
Chrompik liquid inorganic liquor 

Organic ion exchange resins impregnated 
with CsCl 

  
Product macroscopic 

appearance: 

  

 

 

  
Input references (see list at 

bottom of table): 
[1,§4.2]; this report §2.2.2 [1,§4.14]; this report §2.2.7 [1,§4.13] 

Impact on 
disposability/ 
long-term 
safety 

Ability to meet waste acceptance 
criteria, as evidenced by: 

- Generation of a robust, 
durable, monolithic wasteform 
that shows good radionuclide 
retention 

- Homogeneous distribution of 
waste components / 
radionuclides 

- Destruction of hazardous and 
reactive waste components 
(and limited potential for gas 
generation under disposal 
conditions) 

- Absence of free liquids/gases 

- Minimisation of voidage 

The product is a crystallised glass mainly composed of SiO2, 
Na2O, B2O3, Al2O3, and CaO. The term “crystallised glass” refers, 
in this context, to a vitreous matrix incorporating crystals of 
apatite, zincochromite and bismuth alloy (§2.2.2). The crystals 
are distributed homogeneously throughout the product. 
Incineration of the technological waste removes organic matter 
and reactive species. 
This thermal treatment process has been developed to manage 
alpha emitters by incorporating / encapsulating them in a 
vitreous wasteform. 
Product wasteform characteristics have been considered against 
preliminary waste acceptance criteria by Andra for the deep 
geological disposal project (Cigéo) in France (§2.2.2). Disposal 
concepts have been considered for placement of the treated 
waste within the HLW areaof the geological disposal facility. 
Radiological criteria are expected to be met and the disposability 
of the product is considered to be better than that of the original 
waste in terms of its reduced potential for hydrogen gas 
production under disposal conditions. The high alpha content of 
these wastes means that further assessment of the criticality 
safety implications of this treatment route on disposability is 
required. 
Free liquids and gas are absent. 

The product consists of a homogeneous, amorphous glass mainly 
composed of SiO2, Na2O, B2O3, and K2O (collectively 84.6% of the 
glass composition), with no evidence of any crystalline phase 
assemblages or other inhomogeneity. The product glass is a mixture 
of glass frit, additives and Chrompik residues (§2.2.7). 
Free liquids and gases are absent, indicating that the raw waste 
(Chrompik liquid inorganic liquor) has been evaporated to dryness 
during thermal treatment. 
§2.2.7 reports that no complexing compounds or reactive species are 
expected to be present in the original wasteform, nor in the thermally 
treated product. 
 
Normalised mass losses for B, Na and Si are lower than for the 
reference glass under neutral pH. However, since the disposal 
concept is a highly alkaline system, chemical durability will also need 
to be considered under these conditions. 
Cartridges containing the vitrified wasteform will be placed into 
hermetic casks. Voids are absent in the glass, but will be formed 
within the waste packages by placing the cartridges on top of each 
other during loading into the casks. 
VUJE/JAVYS notes that, in principle, the product is expected to be 
directly disposable to a geological disposal facility, although a 
suitable disposal route does not yet exist (§2.2.7). 

The product of gasification is a fine powder 
composed of gasified resin and phylosilicates. 
This requires immobilisation through an 
additional conditioning step. Geopolymerisation 
was implemented in the THERAMIN 
demonstration to produce the monolithic 
product shown above. 
The gasification process leads to destruction of 
the ion exchange resins, enabling a much 
higher loading of these wastes within a 
geopolymer wasteform than is possible without 
thermal pre-treatment, whilst avoiding 
detrimental impacts on the mechanical 
properties of the wasteform. 
The apparent diffusion coefficient for Cs from 
the fabricated geopolymers has been measured 
to be 2-5 orders of magnitude lower than that 
from pristine (untreated) resin encapsulated in 
Portland cement [1,§4.13]. 
High waste loadings (of up to 50% gasified 
resins) show good compressive strength, 
analogous to that of Portland cement loaded 
with only 1-5% untreated resin. 

Disposability of secondary waste 

The volatilisation of radionuclides induces secondary waste from 
the off-gas treatment system. Off-gas filters are usually 
incorporated in a cement matrix inside a concrete-fibre container, 
so are manageable, but would comprise an additional waste 
stream (§2.2.2). 

Analogous secondary wastes, such as off-gas filters are treated at 
other existing facilities in Slovakia and are directly disposable to a 
surface repository. 
Liquid waste is partially recycled into the vitrification process; the rest 
of the liquid waste is treated after purification by existing technologies 
and subsequently discharged into the environment (§2.2.7). 

A solution of alkali silicates is produced 
alongside the solid product [1,§4.13]. This 
would need to be managed as a secondary 
waste stream. 

Strategic Cost 
Impact 

Impact on disposal costs (total 
packaged waste volume and 
required storage and disposal 
capacity) 

Extent of volume reduction not assessed. The volume reduction (of the raw liquor) following vitrification is 10. 
Approximately 110 cartridges containing the CHR III glass product 
will be placed within 22 hermetic casks for interim storage from 2021, 
pending geological disposal (§2.2.7). Disposal costs not reported. 

Volume reduction not reported - depends on the 
waste loading in the geopolymer. 
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Attribute Data Category 

Studies conducted under Task 4.2 (product characterisation) only 

JÜV 50/2 Incineration 
Plasma Incineration (Phoenix Solutions Hutchinson 

Test Facility) 
Metal Melting 

  Based on application to: Mixed LILW Cemented concentrates 
Activated metallic waste generated after 
dismantling of radioactive carbon steel 

constructions at Ignalina NPP 

  
Product macroscopic 

appearance: 
 

  
 

N/A - desk-based study of safety case 
implications of proposed treatment approach 

based on information available in industry 
literature - anticipated outcomes only 

  
Input references (see list at 

bottom of table): 
[1,§4.3]; this report §2.2.3 [1,§4.15]; this report §2.2.8 This report §2.2.9 

Impact on 
disposability/ 
long-term safety 

Ability to meet waste acceptance 
criteria, as evidenced by: 

- Generation of a robust, 
durable, monolithic wasteform 
that shows good radionuclide 
retention 

- Homogeneous distribution of 
waste components / 
radionuclides 

- Destruction of hazardous and 
reactive waste components 
(and limited potential for gas 
generation under disposal 
conditions) 

- Absence of free liquids/gases 

- Minimisation of voidage 

The product from incineration of mixed LILW is a heterogeneous 
but inert ash with a complex, multi-phase composition, 
consisting mainly of Si, Ca, Fe, and Al oxides with minor 
inclusions of chlorides and metallic Al. Particles bearing higher 
levels of radionuclides were generally composed of Fe, Si and 
Al oxides. The distribution of radionuclides appears to be 
heterogeneous; hot-spots were observed by autoradiography. 

In some national contexts the ash could require immobilisation 
through an additional conditioning step prior to disposal, but this 
is not be a prerequisite for disposal at the Konrad facility in 
Germany. The ash is packaged in drums and compacted into 
pucks to further reduce the waste volume. The resulting pucks 
are placed in containers for interim storage pending disposal. 

Most organic material is destroyed during incineration, 
althougha small proportion remains (§2.2.3). Metal pieces are 
oxidised, except for minor Al metal inclusions, which are 
passivated by an oxide layer. 

This thermal treatment process was established in order to meet 
WAC for disposal of certain wastes at Konrad, which would 
otherwise not be disposable to this facility. Key waste 
acceptance requirements concern the stability of the thermally 
treated product, its radionuclide inventory and its chemical 
composition. 

Radionuclide release rates from the raw wastes were not 
measured so a direct comparison with the treated product is not 
possible. However, the raw wastes are degradable and 
radionuclides are often present in relatively easily accessible 
and mobile forms, e.g. surface contamination. Incineration 
transforms the waste into a robust, inert ash. Leach tests 
suggest low release rates for Co-60 (below detection limits). 

The ashes are heterogeneous but this is not considered to be a 
problem for disposal. 

No unwanted voids were observed on a micron scale. 

Minimal gas generation is expected from the product (§2.2.3). 

The end-product is a partially amorphous, partially crystalline slag. 
Some of the drums showed large white surface impurities. The 
product is therefore quite heterogeneous.  

The swelling gel phase observed to form in some drums of 
cemented concentrates (which is a driver for considering 
reconditioning) will be destroyed by the thermal treatment 
process. However, its continued absence in plasma treated waste 
disposed of in a cementitious disposal environment (and the 
absence in the treated product of the alkali-silica reactions that 
lead to formation of these gel phases) remains to be 
demonstrated. 

Plasma incineration takes place in air and all metals will be 
oxidised. 

A portion of the volatile radionuclide inventory (e.g. Cs and Cl) is 
expected to be driven off from the waste product during the 
thermal treatment process, but this was not measured. 

In principle, the end-product of the plasma incineration process is 
expected to be directly disposable. However, to date no waste 
acceptance criteria exist for the disposal of this type of waste in 
Belgium (§2.2.8). 

Dissolution rates for the thermally treated sample were three 
times lower than those for ISG, suggesting the formation of a 
more protective alteration layer and/or a lower initial (or forward) 
dissolution rate. More research in representative conditions is 
needed to investigate the durability of the slags. 

Gas generation is expected to be minimal from both the original 
and thermally treated waste. 

No evaluation of cracks or voids could be performed since the 
slags were unmoulded and broken up for transport. 

In the long-term safety assessment for near-surface disposal in 
Belgium, a containment safety function is assigned to the 
wasteform. Therefore, it should be demonstrated that the plasma 
slag can assure a sufficiently slow release of radionuclides to fulfil 
this safety function. In addition, the chemical stability of the slag 
should be investigated to assure compatibility with the disposal 
system. 

During the melting process radionuclides are 
expected to be redistributed between the slag 
(oxidised transuranic elements), the metal 
(metallic elements), and the off-gas (most volatile 
species, including the bulk of the C-14 inventory). 
Production of a homogeneous, stable wasteform 
with predictable characteristics is one of the 
drivers for considering thermal treatment of this 
waste stream (others are to reduce surface 
contamination and the associated potential for a 
rapid instant release fraction, and to reduce the 
space occupied in disposal containers by the 
waste, which has a high surface area in its 
untreated state). 

When comparing the fraction of corroded metal 
during one year between non-treated and 
thermally treated (melted) waste it can be seen 
that the corroded metal fraction in the case of 
non-treated waste is more than an order of 
magnitude higher. 

Surface contamination of the wasteform is 
expected to be eliminated by thermal treatment, 
which is expected to result in slower, more 
congruent releases of radioactivity through 
corrosion and dissolution than in the case of the 
untreated metal, where a significant portion of the 
radioactivity is present as surface contamination, 
which would be rapidly released on contact with 
groundwater. 

It is also anticipated that there would be no, or 
minimal, voidage in the treated waste. 
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Attribute Data Category 

Studies conducted under Task 4.2 (product characterisation) only 

JÜV 50/2 Incineration 
Plasma Incineration (Phoenix Solutions Hutchinson Test 

Facility) 
Metal Melting 

  Based on application to: Mixed LILW Cemented concentrates 
Activated metallic waste generated after 
dismantling of radioactive carbon steel 

constructions at Ignalina NPP 

  
Product macroscopic 

appearance: 
 

  
 

N/A - desk-based study of safety case 
implications of proposed treatment approach 

based on information available in industry 
literature - anticipated outcomes only 

  
Input references (see list at 

bottom of table): 
[1,§4.3]; this report §2.2.3 [1,§4.15]; this report §2.2.8 This report §2.2.9 

Impact on 
disposability/ 
long-term safety 

Disposability of secondary waste 

Secondary wastes mainly originate from the off-gas treatment 
system, containing 3H2O in acidic scrubber residues and 14CO2 
in caustic scrubber residues. The volume of these scrubber 
residues is not available. These liquid wastes have to be further 
treated by evaporation to create a final product (granulate) that 
is packed into waste drums following a well-established 
methodology to yield a product that meets the WAC for disposal 
at Konrad. The drums of granulate are not compacted due to 
dust generation issues, but can be directly packed into waste 
containers for disposal. 

No specific information on secondary waste generated during the 
trial was obtained. The principal sources of secondary waste will 
be off-gas treatment, maintenance of the installation and normal 
operations and will consist of fly ashes, filters and effluents. 

Some of these secondary wastes could be treated and 
conditioned in the plasma facility itself. Liquid effluents would 
need to be treated in dedicated water treatment facilities.  

It would also be necessary to confirm that release limits for volatile 
species (e.g. Cs, Cl) are not exceeded.  

A slag phase would be produced during melting, 
incorporating oxidised transuranic species, which 
would need to be managed as an additional 
waste stream. Radionuclides are expected to be 
homogeneously distributed in this phase, 
although it may require further conditioning to 
generate a monolithic, passively safe wasteform. 

Volatile radionuclides would be captured in the 
off-gas treatment system, which would also result 
in additional waste streams. 

Strategic Cost 
Impact 

Impact on disposal costs (total 
packaged waste volume and 
required storage and disposal 
capacity) 

Typical mass reduction factors vary between 2.2 and 234, 
depending strongly on the composition of the raw waste charge 
(particularly the proportion of combustible material vs the 
proportion of glass formers / metallic waste). Volume reduction 
factors are not available. The apparent density of the pressed 
ashes is 2.2 g/cm3 (§2.2.3). Disposal costs not reported. 

The volume reduction factor of the initial cemented waste, 
including the metallic drum was 1.3 after plasma treatment 
(§2.2.8). Disposal costs not reported. 

It is estimated that 380 containers, each with a 
payload volume of 2.7 m3, would be required in 
the case of untreated waste, whereas 270 
containers, each with an internal volume of 
1.8 m3, would be required if thermally treating the 
waste (§2.2.9). Disposal costs not estimated. 

 

External references cited in Table 2: 

[1] Andra et al., 2019. Characterization of thermally treated waste products, European Commission THERAMIN Deliverable D4.2. 

 



 
 

 

 

 

3.2 Discussion of links to Value Assessment Methodology 

From a disposability perspective, important drivers for thermal treatment include: 

 The generation of a robust, durable, monolithic wasteform that shows good 

radionuclide retention. 

 The homogeneous distribution of waste components / radionuclides across the 

wasteform. 

 The destruction, or passivation (through encapsulation or immobilisation) of hazardous 

and reactive waste components. 

 The production of a wasteform where free liquids and gases are absent. 

 A reduction in the packaged waste volume, particularly if this enables disposal to a 

facility where space or volumetric capacity is limited (wider consideration of volume 

reduction is relevant from a safety, environmental and cost perspective). 

These drivers can be linked back to safety functions applicable to the wasteform and waste 

package during long-term safety assessment. The wording and scope of safety functions 

differs from country to country and between different disposal facilities, but typical 

requirements on the wasteform include the ability to: 

 Contain radioactivity over long timescales, and retard releases into the surrounding 

environment when the wasteform comes into contact with water and slowly degrades. 

 Minimise the potential for the wasteform to interact detrimentally with other components 

of the disposal system. 

 Manage the distribution of fissile material and reduce the likelihood of criticality events 

occurring. 

 Limit releases of gaseous species into the surrounding environment. 

The disposability attributes developed as part of the THERAMIN Value Assessment 

Methodology aim to reflect these drivers, translating them into typical requirements on the 

characteristics of the product from thermal treatment. Each of the three data categories relating 

to disposability that have been applied in Table 2  - (i) Ability to meet waste acceptance criteria 

(ii) Disposability of secondary waste and (iii) Impact on disposal costs - are discussed in this 

context below. 

The data category “Ability to meet waste acceptance criteria” has a broad remit, allowing 

for the variable scope of waste acceptance criteria (WAC) applicable in different contexts. 

Based on a review of WAC that are already in place in THERAMIN partner countries, the 

generic disposability criteria developed under Task 4.1 (and captured in the Value Assessment 

Methodology under this data category) encompass waste package dimensions / mass; 

provisions for handling, transport and emplacement; package integrity and required lifetime; 

activity content; radionuclide inventory; dose rate limits; surface contamination; nuclear 

criticality; thermal output; gas generation; chemical content; chemical durability; voids waste 

package stacking; waste package impact and fire performance; ID / labelling; QA / QC 

requirements; data management and secondary waste generation; see THERAMIN 

Deliverable D4.1  §4 (Andra et al., 2018); THERAMIN Deliverable D5.2 (GSL et al., 2020) and 
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Appendix C of this report. Users of the Value Assessment Methodology are able to tailor the 

scope of this data category to meet their needs.  

Many of the detailed considerations associated with the generic disposability criteria are only 

appropriate to consider when the methodology is applied to a specific case where thermal 

treatment of a real waste stream is proposed, rather than the more general exploration of 

feasibility that was the objective of tests/demonstrations conducted under THERAMIN. For 

example, it is not possible to evaluate whether requirements relating to the activity content of 

a thermally treated product have been met when conducting preliminary trials. Such criteria 

have not been factored into the discussion in the table, which focuses instead on broader 

considerations relating to the drivers for thermal treatment from a disposability perspective 

described above. 

The data category “Disposability of secondary waste” focuses on the nature and quantity of 

additional waste streams that are expected to be produced as a result of deploying a thermal 

treatment route.  

It is already possible to identify sources of secondary wastes based on the demonstration trials 

conducted under WP3, although at this stage, a detailed evaluation of secondary waste 

quantities is not feasible, since this will depend on optimisation of the thermal treatment plant 

and associated abatement systems, as well as the approach to package the conditioned 

product and operational considerations such as the frequency of replacing plant components. 

An important source of secondary wastes is the off-gas management system that is associated 

with thermal treatment in order to manage and abate releases of volatile radionuclides (e.g. 

tritium, iodine, caesium,…), volatile non-radiological species (e.g. chloride, sulphate, nitrate,…) 

and particulates. Such off-gas management systems may be much more extensive and 

complex than abatement systems associated with more conventional (low temperature) waste 

treatment and conditioning routes such as cement encapsulation. They are mentioned as the 

main source of secondary wastes in most of the responses in Table 2. 

It is also possible to indicate whether the anticipated secondary wastes are likely to be 

manageable via existing treatment, conditioning and disposal routes, or whether they might be 

expected to require the implementation of an additional waste management route. A related 

observation made in several responses is the potential for some components of the secondary 

wastes produced to be recycled through the thermal treatment step as additional feed material. 

Only limited responses were made in the completed template tables in Section 2.2 against the 

data category “Impact on disposal costs (total packaged waste volume and required 

storage and disposal capacity)”. Some estimates of volume reduction and impacts on waste 

package numbers were provided. As expected, these estimates confirm the potential for 

thermal treatment to reduce the raw waste volume, sometimes significantly, but with the 

caveat, in most cases, that the applications of thermal treatment routes to particular waste 

streams investigated under THERAMIN have not been optimised.  

No information on disposal costs was provided. This is to be expected for the relatively 

high-level evaluation conducted here, and may reflect: 

 The relative novelty of thermal treatment in many waste management programmes, 

such that cost estimates have not yet been conducted. 
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 The fact that, in many cases, processing waste via thermal treatment, and associated 

packaging requirements2, are not yet optimised. 

 Commercial sensitivities over cost data. 

Nevertheless, the impact on disposal costs is still considered to be an important area to 

consider when applying the Value Assessment Methodology to address a specific waste 

treatment challenge, in order to inform associated decision making. 

A further consideration of relevance to the “impact on disposal costs” data category was 

identified during this evaluation, namely the potential for thermal treatment to alter the disposal 

route for some wastes, with a concurrent increase in disposal costs. This could partially or 

completely offset cost benefits associated with a reduction in the packaged waste volume, 

particularly in a scenario where wastes originally destined for near-surface disposal required 

geological disposal instead as a result of thermal treatment. Several reasons for this can be 

envisaged, including an increase in the activity concentration of treated waste and the 

production of a new wasteform whose characteristics are not acceptable for disposal at the 

facility identified for the baseline management route (e.g. owing to concerns over chemical 

compatibility). Either of these scenarios could potentially result in WAC for an existing facility 

no longer being met. A thermal treatment regime would need to be developed with these 

considerations in mind. The Value Assessment Methodology reflects this consideration (GSL 

et al., 2020). 

Based on this exercise the value assessment attributes and data categories relating to 

disposability and long-term safety are considered to be reasonably robust and complete, 

particularly when accompanied by the assessment considerations and guidance questions 

developed over the course of WP2 activities and discussed in THERAMIN Deliverable D2.5, 

§3 (GSL et al., 2020). They have been tested to the extent possible with respect to the 

demonstration trials conducted under THERAMIN and the characteristics of associated 

products. 

Information provided against the three data categories relating to disposability has enabled 

preliminary conclusions to be drawn about whether the products of certain waste-treatment 

combinations are considered to be disposable within the context of a particular national 

framework (for example disposal of incinerated LILW waste at Konrad, Germany; disposability 

of vitrified Chrompik residues in Slovakia and disposability of thermally treated cemented 

concentrates in Belgium). However, in all cases, further investigation, safety analysis and 

underpinning will be required prior to implementation. 

It is noted that some of the observations relating to national post-closure safety assessment 

approaches that are presented in the product disposability evaluations in Section 2.2 of this 

report are not explicitly encompassed in the guidance questions or generic disposability criteria 

underpinning the disposability data categories of the Value Assessment Methodology. Two 

examples from Table 2 Erreur ! Source du renvoi introuvable.where this observation is r

elevant are: 

 When reviewing conclusions relating to the disposability of plasma-treated cemented 

concentrates at a near-surface disposal facility in Belgium, where the need to 

                                                
2 Volume reduction and its impact on disposal costs will depend on the total packaged waste volume, 
rather than the volume reduction achievable purely in the wasteform. 
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demonstrate long-term absence of swelling gel formation is identified. No generic 

disposability criteria relating to swelling gel formation were defined in THERAMIN. 

 In the case of metal melting in Lithuania, where implications for the distribution of 

species such as C-14 between inorganic and organic phases will affect the outcome of 

post-closure safety assessment calculations. No generic disposability criteria relating 

to the distribution of specific radionuclides were defined in THERAMIN, other than an 

indication that the homogeneous distribution of radioactivity across a waste product 

can enhance its disposability. 

There should be a clear link between disposability criteria (i.e. WAC or preliminary WAC / 

safety requirements, where final WAC are not available) and the long-term safety case for a 

disposal facility. Furthermore, it should, ideally, be possible to link safety functions and 

associated performance requirements (e.g. on the lifetime of a wasteform) for a particular 

disposal route to the WAC for that disposal route (e.g. relating to the chemical durability of the 

wasteform). Where this is not possible using the generic disposability criteria and other 

assessment considerations set out in the THERAMIN Value Assessment Methodology, it may 

be necessary to augment these with additional requirements that are specific to the national 

context and the safety case for the proposed disposal route that is under consideration. A tool 

such as the Value Assessment Methodology that has been developed for widespread and 

flexible application cannot comprehensively and explicitly meet the detailed needs of every 

possible future application. Evaluating the requirement for such additions is therefore an 

important aspect of tailoring the Value Assessment Methodology to meet a particular need. 
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4 Conclusion 

This report covers the whole scope of the third task of WP4, task 4.3. It compiles the safety 

case implication studies carried out on thermally treated waste products by different 

THERAMIN partners and end-users.  

The first part of this report presents the objective of the safety case implication study and the 

global methodology shared with THERAMIN partners. This section also compiles these 

evaluations in order to identify the benefits and the potential limits of the thermal treatment of 

radioactive waste. Disposability information was gathered by means of a template from six 

THERAMIN-participating countries: Belgium, France, Germany, Lithuania, Slovakia, and UK.  

These evaluations fit into the overall context of each country participating to the safety case 

implication study, with a consideration of the disposal concept and the national regulatory 

policy. Most of the thermal treatment technologies studied under THERAMIN project benefit of 

at least one safety case implication study.  

The table below synthesises, for each disposability evaluation, the disposal context. 

Table 3: Disposal context of the safety case implication studies 

Sample 

identification 
Initial waste 

Type of 

treatment 

Safety case implication study 

Country Disposal concept 

SHIVA sample 
Mixture of zeolites, 

diatoms and IER 

Incineration-

vitrification 
France 

Deep geological disposal  

(Cigéo project, under 

development) In-Can sample 
Ashes from technological 

waste incineration 
Vitrification 

Sample from 

JÜV 50/2 

Mixed radioactive waste 

from German research 

reactor 

Incineration Germany 

Deep geological disposal 

(Konrad disposal facility is 

expected to become 

operational in 2022) 

Geomelt ICV 

sample 

simulated cemented 

package representing 

conditioned wastes such 

as failing cemented 

packages and sea dump 

drums 

Vitrification Belgium 

Surface disposal 

(licence for the construction 

and operation for the waste 

disposal facility has been 

submitted) 

Glass 6 - 

Geomelt sample 

PCM/Magnox sludge 

simulants 
Vitrification 

United-

Kingdom 

Deep geological disposal 

(the UK government 

launched a new consent-

based policy to identify a 

suitable location for a GDF) 

HIP sample Magnox sludge simulant HIP 
United-

Kingdom 

Vitrification 
Non-active surrogate 

solution of chrompik 
Vitrification Slovakia 

Deep geological disposal 

(No site defined for GDF, 5 

prospective sites identified 

with geological survey 

anticipated) 
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Sample 

identification 
Initial waste 

Type of 

treatment 

Safety case implication study 

Country Disposal concept 

concentrate slag 

- Simuli-2 

concentrates mixed with 

concrete 

Plasma 

incineration 
Belgium 

Near-surface disposal 

(licence for the construction 

and operation for the waste 

disposal facility has been 

submitted) 

Thermally treated 

metallic waste 

Metallic waste from 

Ignalina NPP 

Metal melting 

(process 

study based 

on literature). 

Lithuania 
Deep geological disposal 

(No site defined for GDF) 

 

The second part describes the link between the consideration of disposability and long-term 

safety case implications under THERAMIN WP4 and development of the THERAMIN Value 

Assessment Methodology under WP2. Based on this exercise the value assessment attributes 

and data categories relating to disposability and long-term safety are considered to be 

reasonably robust and complete, particularly when accompanied by the assessment 

considerations and guidance questions developed over the course of WP2 activities and 

discussed in §3 of THERAMIN Deliverable D2.5 (GSL et al., 2020). They have been tested to 

the extent possible with respect to the demonstration trials conducted under THERAMIN and 

the characteristics of associated products. 
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Appendix A: Template used for the safety case implication 

study and the Value Assessment (section 2 & 3)  

1- Identification 

 

Identification of waste stream/treatment process combination 

Waste Waste studied in WP3 and WP4 

(and information about the corresponding waste in the country) 

 

Thermal 
treatment process 

Presentation of the process studied in WP3 

 

Characterisation 
sheet reference 

Indicate here the reference of the characterisation sheet from task 4.2 

 

Disposal concept 

Disposal route for 
the baseline 

What is the disposal route of the waste if not thermally treated?  

For unconditioned waste, at least indicate the baseline (cementation). 

Near-surface or geological disposal? 

  

Disposal route 
after thermal 
treatment 

Is it the same or another route compared to the waste before treatment? 
Short description of the disposal route if different. 

Near-surface or geological disposal? 

 

Objectives of thermal treatment for the selected waste 

Interest of 
thermal treatment 
for the selected 
waste 

Reminder why this waste was selected for thermal treatment, such as for 
volume reduction, chemical passivation, radionuclide release 
reduction…) and the expected benefits before characterisation tests (see 
advantage/benefits from WP2.2) including the benefits in terms of 
disposability. 

 

If the waste has been chosen as an analogue of another waste not 
studied in THERAMIN project, indicate the interest of the analogy with 
the waste which has been treated and characterised in WP3/4. 
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Reminder of 
preliminary 
conclusions of 
characterisation 
of thermally 
treated waste 
product  

Reminder of the benefits/issues identified in WP4.2 (last section of the 
table) 

Additional 
information 

Description of additional conditioning and/or packaging if the 
product is not directly disposable, assumptions, etc... 

2- Inventory / homogeneity & volume of the thermally treated 
waste product 

Impact of thermal 
treatment on the 
radiological 
inventory 

Evaluation of how the radiological inventory of the waste has been 
modified by thermal treatment. Is this radiological inventory well-
specified? What has been the impact in terms of specific activity and total 
activity 

 

Impact on the 
waste loading, 
and on the overall 
volume of the 
waste 

Evaluation of the waste loading, and how the volume of the initial waste 
is impacted by thermal treatment. If possible (or depending on the 
assumptions from identification part), the evaluation should include both 
the raw waste and the conditioned waste for disposal.  

If the product has to be placed in an overpack container, how much would 
this increase the final volume? 

 

Homogeneity of 
the thermally 
treated waste 
product 

Thermal treatment has probably impacted the homogeneity of the waste. 
How? What are the implications of such evolution on the disposability of 
waste? 

Are any voids of unwanted size present? How much and how large? 

 

Secondary waste Thermal treatment can generate secondary waste. Is that the case for 
this waste stream/ treatment process combination? Which kind of 
secondary waste? Give details about the composition, the volume and 
more generally about the management of these secondary waste 
(disposal routes, conditioning and packaging, safety, etc.). 

 

Conclusion of 
part 2 – Impacts 
on disposability 
strategy 

Give details here on how the previous points have an impact on the 
disposability strategy of the waste (e.g. modification of the overall 
volume, production of secondary waste, scheduling…), but also on 
the disposal concept (e.g. impact on the waste category...). 

 

3- Stability of the thermally treated waste product 
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Chemical reactivity of the waste under disposal conditions.  

Consider near-surface disposal and/or geological disposal conditions. 

Gas generation What is the gas generation potential of the thermally treated waste 
product compared with the original waste form? Source of the gas 
(organic degradation, metal corrosion, etc).  

Are the gases radioactive (e.g 14CO2)? 

Could gas generation cause expansion or cracks to form? 

 

Complexant 
compounds 
generation 

How thermal treatment reduce the generation of breakdown products that 
could negatively affect the long-term safety case (e.g., complexants)? 
Are organic components (that could produce complexing agents) 
destroyed in the treatment process or do they remain in the product? 

 

Leaching 
behaviour of the 
waste (i.e. 
radionuclides 
release…) under 
disposal 
conditions 

Describe how thermal treatment is expected to have an impact on long-
term behaviour of the waste, i.e. how the containment of the activity is 
modified (chemical stability and reactivity, release rate of radionuclides, 
leaching behaviour of the waste…).  

Both the disposal concept and the disposal conditions (e.g. pH evolution 
…). 

Please note: The leaching tests performed in THERAMIN project were 
measured at 90°C and neutral pH. These conditions are not strictly 
representative for most disposal conditions. The conclusion should thus 
consider this specificity. 

 

Other parameters 

Thermal output of 
the waste  

How thermal treatment impacts the heat generating capacity of the 
treated waste product?  

 

Flammability How flammable is the treated waste product? How does it respond to 
fire? 

 

Criticality Is there criticality potential of the waste product or at any? It is important 
to state if any assumptions have been made when assessing criticality 
for the waste product and also any stage in the pre-treatment process. 

 

Conclusion of 
part 3 - Impacts 
on disposability 
strategy 

Give details here on how the previous points have an impact on the 
disposability strategy of the waste, but also on the disposal concept 
(e.g., the design of the near-field of the repository). 
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4- General conclusion 

Because it will probably be difficult to draw definitive conclusions concerning safety and 
WAC compliance on the basis of THERAMIN results alone, a qualitative analysis is 
proposed instead, based on parameters leading to advantages or challenges regarding 
safety and WAC compliance. 

Impact on WAC 
or disposability 
criteria (for near-
surface or 
geological 
disposal) 

Does the thermally treated waste product challenge the relevant WAC (If 
so, how?)? How much of an improvement is the thermally treated product 
compared with the original waste form? 

The analysis should be based on the generic WAC identified in D4.1 with 
respect to the disposal context of each participating country. 

 

Impact on 
operational safety 

Describe how thermal treatment impacts the operational safety of the 
final disposal (e.g. reception, storage and handling of the treated waste 
package). 

 

Impact on long-
term safety 

Describe how thermal treatment impacts long-term safety.  

Give separate consideration to near-surface and geological disposal. For 
near-surface disposal, disposability issues related to inadvertent human 
intrusion will be particularly important.  

 

General 
conclusion 

Synthesis of previous points 

 

5- Link with WP2 

Dimensions and 
nature of waste 
packages 

Describe size and weight of final waste packages for disposal and note 
any particular handling requirements.  

 

Passivation of 
reactive or 
particulate waste 
constituents and 
removal of 
voidage  

Describe the extent to which the waste product has been converted into 
a fully passive form. Do any reactive constituents remain? Are metallic 
phases present and are they susceptible to corrosion (and hence, gas 
generation). What is the porosity of the waste product, does any voidage 
remain?  

 

Does process 
yield a directly 
disposable 
product? 

Can the product be directly disposed or does it require further 
immobilisation and/or containerisation? Does it require remote- or 
contact handling? Does it comply with existing WAC for specific near-
surface facilities, or with generic disposability criteria for GDFs? 
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Disposability of 
secondary waste 

Is any secondary waste produced able to be directly disposed of? Are 
any special treatment or conditioning steps required to render the 
secondary waste disposable? 

 

Suitability for 
near-surface or 
geological 
disposal 

Any specific disposability issues for the waste product that differ in terms 
of near-surface and geological disposability? 

 

 



 
 

 

 

 

Appendix B: Synthesis of Value Assessment inputs from WP4 for WP2 

 

Sample 

identification 

Dimensions and nature of waste packages Passivation of reactive or particulate waste 

constituents and removal of voidage 

Does process yield a directly disposable product? Disposability of secondary waste Suitability for near-surface or geological disposal 

SHIVA sample 

The final waste form is a glass. In the context 

of deep geological disposal, the usual 

packaging for vitrified waste is the vitrified 

waste canister (CSD-V). Its main features are 

recalled hereafter:  

- Overall external dimensions:  

 Length = 1335 mm 

Outer diameter = 430 mm 

- Industrial volume: 180 L 

- Average weight of vitrified waste per 

canister = 400 kg 

Average weight of the container (canister + 

waste) = 490 kg 

The final product is an amorphous alumino-

borosilicate glass with radionuclides 

integration in a glassy matrix. The thermal 

treatment removes any organic matter and 

leads to a final product without reactive 

constituents and with no porosity. 

The disposal of ILW-LL and HLW requires an 

overpack in Cigéo context. Therefore, the primary 

packages delivered by the producers will be 

introduced into specific standardised disposal 

packaging to facilitate handling and to provide 

mechanical and thermal protection (in case of 

fire). 

 

Two options are conceivable: 

- Disposal in the ILW area with concrete overpack 

(4 primary CSD packages by disposal packaging). 

- Disposal in the HLW area, with metallic 

overpack. In this scenario, the waste package is 

used as spacer between HLW package to limit the 

thermal output level in the cell. 

The volatilisation of radionuclides induce 

secondary waste from the off-gas treatment 

system. Off-gas filters are usually incorporated in 

a cement matrix inside a concrete-fibre container. 

The French geological disposal dedicated to ILW-LL 

and HLW (Cigéo) is under development with 

preliminary waste acceptance criteria. Based on the 

activity level of the original waste and the final 

wasteform, after the thermal treatment process, the 

final waste should be compliant with the 

acceptance criteria for deep-surface disposal.  

Note: IER with a mixture of diatoms and zeolite are 

also ILW-SH or LLW-LL. In the French context, 

vitrified waste are not disposed on surface. The 

disposability of vitrified waste in this condition 

required complementary long-term studies and 

needs to reconsider WAC for surface disposal. 

In-Can sample 

The final waste form is a glass. In the context 

of deep geological disposal, the usual 

packaging for vitrified waste is the vitrified 

waste canister (CSD-V). Its main features are 

recalled hereafter:  

- Overall external dimensions:  

 Length = 1335 mm 

Outer diameter = 430 mm 

- Industrial volume: 180 L 

- Average weight of vitrified waste per 

canister = 400 kg 

- Average weight of the container (canister + 

waste) = 490 kg 

The final product consists of a vitreous 

matrix including crystals.  

The previous incineration removes organic 

matter. The vitrification is a way of 

managing the alpha emitters of the waste. 

The disposal of ILW-LL and HLW requires an 

overpack in Cigéo context. Therefore, the primary 

packages delivered by the producers will be 

introduced into specific standardised disposal 

packaging to facilitate handling and to provide 

mechanical and thermal protection (in case of 

fire). 

 

Two options are conceivable: 

- Disposal in the ILW area with concrete overpack 

(4 primary CSD packages by disposal packaging). 

- Disposal in the HLW area, with metallic 

overpack. In this scenario, the waste package is 

used as a spacer between HLW package to limit 

the thermal output level in the cell. 

The volatilisation of radionuclides induce 

secondary waste from the off-gas treatment 

system. Off-gas filters are usually incorporated in 

a cement matrix inside a concrete-fibre container. 

The French geological disposal dedicated to ILW-LL 

and HLW (Cigéo) is under development with 

preliminary waste acceptance criteria. The final 

waste should be compliant with the radiological 

acceptance criteria for deep-surface disposal. Due 

to the combination of organic matter and alpha 

emitters, a hydrogen production, which could be 

problematic for the compliance with WAC, was 

expected with the initial waste. After thermal 

treatment, the limitation of this hydrogen 

production will lead to a better disposability of the 

waste. However, because of the presence of alpha 

emitters, a specific focus on the criticality needs to 

be considered. 

Note: In the French context, vitrified waste are not 

disposed on surface. The disposability of vitrified 

waste in this condition requires complementary 

long-term studies and needs to reconsider WAC for 

surface disposal. 

Sample from JÜV 

50/2 

Treated wastes (ashes) are collected in 180L 

drums and compacted for reducing waste 

volumes. ”Presslinge” (pucks) are collected in 

200L drums and are currently stored at JEN in 

an interim storage facility. Later on they will be 

packed into waste containers (Container Type 

IV, 7.4 m3), filled with cement and disposed of 

at the deep geological repository Schacht 

Konrad. The number of waste drums in a 

container will depend on the radionuclide 

inventory and other properties of the wastes 

(defined by WAC). 

Generally, the final product can be 

considered as inert. Incineration occurs in 

air converting most organic substances into 

H2O and CO2 (absorbed in the off-gas 

treatment module of JÜV/50). Ashes are 

mostly consisting of an oxide matrix, mainly 

a mixture of Si, Ca, Fe, and Al oxides. 

Metallic particles are converted into oxides 

(e.g. Fe2O3, observed by PXRD), however 

some minor inclusions of metallic Al were 

detected. The latter can potentially give rise 

to some H2 generation in the repository, 

however this process is not considered as 

critical due to the low content of elementary 

Al. Besides, some minor inclusions of 

chlorides (e.g. NaCl, KCl) were detected. 

According to WAC of Schacht Konrad, the product 

(ashes) is disposable. However, there are also 

regulations that the product has to be properly 

packaged (in a container) for transporting. For 

that, the package has to be stable. Direct contact 

of ashes with OPC has not been properly 

investigated so far. 

Secondary wastes at JÜV/50 are mainly 

originating from the off-gas treatment system, 

containing 3H2O in residues from the acidic 

washer and 14CO2 in residues from the caustic 

washer. These are further treated by evaporation 

to yield a final product (granulate), which is 

packed into waste drums. In contrast to ashes, 

the drums with granulate are not compacted due 

to dust issues, but can be directly packed into the 

waste containers. 

Ashes are compliant with existing WAC of Schacht 

Konrad (geological disposal), requiring proper 

packaging of treated wastes (depending on the 

activity level). Near surface disposal of radioactive 

waste is generally not considered as an option for 

waste management in Germany. 

Geomelt ICV 

sample 

The dimension and nature of the waste 

packages can be chosen as such that it is 

compatible with the disposal. 

The waste is at least partially passivated as 

for example all organics are destroyed. 

Some metallic parts remained in the waste 

during the trials, showing that the melting 

process was not fully succeeded. 

The end product should in principle be directly 

disposable. 

Part of the secondary waste, like the metallic 

filters, could be treated in the same installation, 

making it by definition disposable as well. The 

effluents should be treated in anther installation. 

The radiological content of the waste makes it 

suitable for near-surface disposal. As the volume 

reduction is not significant, the end product of the 

thermal treatment should be suitable for near-

surface disposal as well. 
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Sample 

identification 

Dimensions and nature of waste packages Passivation of reactive or particulate waste 

constituents and removal of voidage 

Does process yield a directly disposable product? Disposability of secondary waste Suitability for near-surface or geological disposal 

Glass 6 - Geomelt 

sample 

Packaging needs optimising if baseline changes Needs further assessment if baseline 

changes 

To be assessed at a later stage if baseline 

changes 

Needs further assessment if baseline changes Needs further assessment if baseline changes 

HIP sample Packaging needs optimising if baseline changes Needs further assessment if baseline 

changes 

To be assessed at a later stage if baseline 

changes 

Needs further assessment if baseline changes Needs further assessment if baseline changes 

Vitrification The final product of chrompik III vitrification 

are stainless steel catrige with height 792 mm. 

5 cartriges with vitrificate are placed into one 

hermetic cask. Due the activity of vitrified 

waste, due the radiation protection of staff all 

operations are performed remotely in shielded 

containers. 

Chrompik III glass product is without 

reactive constituents, metals or voids. 

In principal, the end-product is prepared to be 

directly disposal, but due the non-existent deep 

disposal in Slovakia, the vitrification product is 

stored in interim store. Secondary waste like off- 

gas filters are treated on other existing facilities 

in Jaslovske Bohunice and are directly disposal on 

surface repository, liquid waste is partially 

returned to the technological process and is 

treated on the vitrification facility and the rest of 

liquid waste is treated after purification by other 

existing technologies in JAVYS, Inc. and released 

into the environment. 

Secondary waste like off- gas filtres are treated on 

other existing facilities in JAVYS, Inc. Jaslovske 

Bohunice and are directly disposable in surface 

repository. Liquid waste is partially returned to 

the technological process and is treated on the 

vitrification facility and the rest of liquid waste is 

treated after purification by other existing 

technologies in JAVYS and released into the 

environment. 

Based on the activity level of the original waste 

form, the final waste is not compliant with the 

radiological acceptance criteria for near-surface 

disposal in Mochovce. This waste form is intended 

for geological disposal. WAC’s specific for this 

waste form should be developed.  

Container damage (from corrosion…) could be the 

topic of safety assessment to mitigate this risk. 

concentrate slag 

- Simuli-2 

The final waste drums are in principal 400L 

drums, which are expected to be filled for +- 

90%. The density of the plasma slag depends 

on the initial waste but will most probably be 

between 2.5 kg/l and 5.5 kg/L. 

The plasma incineration takes place in air 

and all metals will be oxidised. Part of 

chloride content might be evaporated 

during the thermal treatment. The potential 

occurrence of ASR and the formation of a 

swelling gel of the end-product should be 

evaluated. 

Voids and cracks might result from the 

uncontrolled cooling of the plasma slag and 

should be evaluated. 

In principal, the end-product of the plasma 

incineration is expected to be directly disposable, 

meaning that no extra treatment step is 

necessary after the plasma incineration. However, 

to date no WAC exist for this type of waste. Once 

the WAC are developed, the compliance of the 

end-product with these new WAC must be 

evaluated to assure the disposability of the end-

product. 

Part of the secondary waste like filters and 

flyashes can be treated and conditioned in the 

plasma facility itself. The liquid effluents should 

be treated in dedicated water treatment facilities. 

It should be evaluated if the release limits of Cs, 

chloride,… are not exceeded. 

Based on the activity level of the original waste 

form and the limited volume reduction factor of the 

thermal treatment process, the final waste will be 

compliant with the radiological acceptance criteria 

for near-surface disposal. First, WAC’s specific for 

this waste form should be developed and second 

the compliance with these WAC’s should be 

demonstrated to prove its suitability for near-

surface disposal. 

Thermally 

treated metallic 

waste 

Metallic containers: 

- 1.72 m ×1.72 m × 1.245 m (L×W×H) in case of 

untreated waste; 

 -1.32 m × 1.32 m × 1.06 m (L×W×H) in case of 

thermally treated waste. 

Porosity: 0.25 for grout; 0.55 for backfill. 

Other issues are not considered. 

Containers considered in LEI study provide no 

shielding, although due to the high dose rate 

from the containers impact on personnel might 

be of significant concern. It is supposed that all 

operational issues could be solved using 

protective means and/or remote handling 

techniques. 

Not considered. Not considered. 



 
 

 

 

 

Appendix C: Assessment Considerations for the 

Disposability Attribute of the THERAMIN Value 

Assessment Methodology 

The table below is reproduced from Table 3.3 of (GSL et al., 2020).  

Attribute 
Data 

Category 
Assessment considerations 

Impact on 
disposability/ 

long-term 
safety 

Ability to meet 
waste 

acceptance 
criteria 

This is a generic criterion that should be tailored to the requirements of 
the assessor and their national context. If a national disposal facility is 
available, the waste product can be assessed against the specific waste 
acceptance criteria of that facility. However, in many circumstances it is 
likely that no facility will be available for the waste. In such cases, the 
waste could be assessed against generic disposability criteria. 

One of the main potential advantages of (and drivers for) thermal 
treatment is that it has the potential to produce a monolithic, passively 
safe wasteform. When assessing thermal treatment technologies, this 
should be considered explicitly. Some questions that should therefore be 
asked in association with this attribute are: 

 Is the treated wasteform monolithic with homogenous 
distribution of the radionuclides and other hazardous 
components? For example, are radionuclides wholly retained in 
a glass phase or do some crystalline phases remain in the 
product. 

 Are reactive constituents of the waste destroyed by the process? 

 If not, are the reactive species passivated? 

 Are any free-liquids or gases removed? 

 Could the final wasteform produce particulates or colloids? 

 What is the potential for gas generation from the product?  
 
In addition, the generic disposability criteria developed in the THERAMIN 
project were: 

 Dimensions / mass of packages 

 Provisions for handling, transport and emplacement 

 Package integrity and required lifetime 

 Activity content 

 Radionuclide inventory 

 Dose rate limits 

 Surface contamination 

 Nuclear criticality 

 Thermal output 

 Gas generation 

 Chemical content 

 Chemical durability 

 Voids 

 Waste package stacking 

 Waste package impact performance 

 Waste package fire performance 

 Identification / labelling 

 Quality requirements 

 Data management 

 Secondary waste 
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Attribute 
Data 

Category 
Assessment considerations 

Disposability 
of secondary 

waste 

In addition to the disposability of the main waste product, disposal of 
the secondary wastes should also be assessed. Possible disposal 
routes include:  

 direct discharge 

 discharge after treatment 

 further treatment and conditioning prior to final disposal in a 
near surface or geological disposal facility 

Alternatively, it may be possible to feed many of the secondary wastes 

back into the treatment facility itself, removing the need to dispose of 

them directly.  

 

If the secondary wastes require disposal to a specialist facility, their 

disposability should be assessed against the same generic, or facility 

specific waste acceptance criteria as the main product 

 

 


