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Additional Information on HTR-N1 Experimental Activities

Summary

Experimental activities in HTR-N1 are addressing two Work Packages (WP):

· Work Package 4: Treatment and Conditioning of HTR-specific Waste

· Work Package 5: Long-term Behaviour of Disposed Spent HTR Fuel

Whereas experiments in WP4 devoted to the treatment of contaminated carbonaceous materials are new, those in WP5 are either complementary to those in HTR-N or have to be seen as a continua​tion now using radioactive or irradiated material instead of non-radioactive dummies.

The experimental facilities used in WP4 still have to be constructed thus needing material (tubings, heaters, thermoelements, detectors etc) plus chemicals and gases. For WP5 they are already available from HTR-N and only need adaptation to operation under radiation. Necessary consumables are governed by normal hot laboratory needs, high purity chemicals and especially the supply of standard radionuclides.

Work Package 4: Treatment and Conditioning of HTR-specific Waste

Several hundred up to some thousand tons of graphite and carbon stone have to be dismantled from a single HTR core. Burning of this graphite as well as sea dumping will not be acceptable in the future due to C14 emissions. Disposal in special containers may cause significant cost and further volume increase. Safe store of the graphite over long periods of time (30-300y) as presently discussed for the old MAGNOX reactors will also not be promotive for the market introduction of HTR and – in the contrary - be a significant hindrance for commercial use of HTR. Medium- to long-term intermediate storage would mainly shift the problem into the future and may create financial risk in dependence from future inflation rates. Direct disposal seems possible but would require special containers at significant cost to prevent leaching and burning and to reduce the radiation at the surface. 

Thus, there is the need to develop new methods to treat and condition the contaminated carbonaceous materials arising at the decommissioning phase already in early development stages. A satisfactory solution would also be an important contribution to the sustainable deployment of HTR in the future. In addition, it has to be mentioned that carbonaceous materials may store Wigner energy if operated under lower temperatures or may burn if there would be a fire in the repository. 

Decontamination of the bulk material and provision of surface sealing may be an innovative way for enabling direct disposal and long-term resistance against leaching and burning. Thus, the main objectives behind the experimental activities in WP4 are to show that contaminated graphite can be purified by thermal and/or chemical treatment and that it can be conditioned in a way that it will better withstand leaching and will be more resistant against burning. 

Relevant sample material has been taken from the AVR side reflector after more than 20 years of operation. Additional contaminated graphite grades are e.g. available from thermal columns of material test reactors for covering the spectrum of radioactive carbonaceous material being representative for HTR.

R&D Approach / Necessary Tools:

The specific contamination and the place of deposition has to be defined by measurement of the radioactive species. The necessary equipment (e.g. Gamma spectroscopy) for these investigations are available in the FZJ hot labs. It is assumed that only minor additions and adaptations to the instrumentation for radioanalytic will be necessary. Due to the contamination, a part of the instrumentation cannot be used for other purposes any more after the tests and has to be removed.

Special thermal & chemical treatment is foreseen to remove the contamination from the bulk material. It is expected that residual contamination 'surviving' this treatment will be bound in a way that it is resistant to leaching and diffusion over extremely long disposal times. The experiments will first be done by using powdered material in small amounts to enhance the surface and to offer direct access for injected chemicals. 

Further investigation with compact material will be performed in a next project only if the decontamination of the powdered material will be successful. The heating will be performed in a quartz or ceramic tube flushed with nitrogen or argon. If decontamination rates will be low, it is proposed to add reactive gas components like e.g. Cl2. The radionuclides in the off gas will be trapped and analysed in order to determine the decontamination rates.

These experiments will be first done by modifying existing ovens (heaters, insulation etc.) in a way that they are capable to reach about 1000 – 1500°C. Only if these temperatures will prove not to be sufficient, there is the need to install an induction furnace by transforming other cost resources into cost for durable equipment later on. Anyhow, additional consumables will be necessary to construct the inserts for the ovens and the gas circuits for radioanalytics e.g. quartz tubes, high temperature connectors, thermoelements, chemical analytics etc. The equipment will be fabricated or modified in the FZJ workshops. For performing the tests on the chemical treatment there is the need for high purity chemicals and radioactive tracers.

Surface sealing by coatings, infiltration etc. may even enhance the resistance against leaching and corrosion and may prevent this flammable material from burning. Due to the budget reductions, only first orientative studies will be made in this area for identifying promising options to be investigated later. There is a close connection to WP5 concerning the studies on the leaching of the graphite matrix of the fuel. The procedures and the process engineering for trapping of the contamination and for surface treatment have to be developed after confirmation of the feasibility and cost effectiveness of the process.

Work Package 5

Different strategic studies and experimental investigations for the direct disposal of HTR fuel have already been carried out in the past mainly at FZJ /
,
,
,
,
,
,
,
,
/, ECN /
,
/ and ORNL. The state-of-the-art was discussed in an IAEA workshop /
/, too. All these studies have clearly identified the main open R&D issues and specific HTR related subjects, like 

· source term, 

· corrosion of TRISO coating/graphite,

· leaching from the kernel and

· mechanical breakdown. 

Although rather complex R&D programmes have already been performed in the past on the disposal behaviour of HTR fuel, there is still a considerable lack of reliable experimental data due to the fact that the accuracy of former measurements was insufficient to predict the long-term behaviour and that a part of the investigations was focused on BISO-coated fuel (AVR, THTR). The R&D work in the experimental ASSE disposal site did not cover the aspect of fission product release from the fuel but was concentrated on the thermodynamic and mechanical behaviour of the salt in response to the heat released from the fuel casks.

Timely results from the proposed experimental programme could give some indication for the further optimisation of the new HTR fuel with regard to the suitability for direct disposal and thus coping safety and disposal requirements at the same time. This approach has not been undertaken so far for any other fuel in the world and represents a significant innovation in itself while at the same time promoting the HTR development.

The experimental methods have already been developed at FZJ, NRG and SUBATEC so far that a straight-forward programme can be started. There will however be some initial work devoted to clay and granite repositories which have to be considered since these will be relevant for several EU member states and other countries that might show interest in HTR or started a collaboration with HTR-TN.

The results of the previous HTR spent fuel studies can be summarised in the following main conclusions:

The graphite corrosion of the fuel matrix can be considered as slow.

However the graphite matrix has an important protective function which prevents the coated particles from the attack of aqueous phases. The data for the graphite corrosion are not sufficient for a long term prediction of the life time of this barrier. The release of 14C, which was proposed as indicator for the matrix corrosion, gives no reliable value for the corrosion of the graphite matrix due to the following reasons:

The source for the 14C was the nitrogen contamination of the cooling gas and is highly enriched on the surface of the graphite. Furthermore it is not clear whether the surface 14C is part of the graphite crystal lattice or weekly adsorbed at the surface. 

Therefore experimental data are needed directly related to the corrosion of the graphite matrix. It is proposed to perform corrosion experiments in salt brines and granite water with powdered A3 graphite with a large surface in order to overcome the detection limits related to the slow corrosion rate. 

The previous leaching experiments show, that only radionuclides from contamination of the graphite and the cooling gas, adsorbed of the graphite surface, and from broken coated particles will be leached out. 

In previous leaching experiments mainly the light soluble 137Cs has been measured. However, it can be assumed that Cs is enriched on the surface and grain boundaries. Therefore, the release of Cs is the most conservative assumption and neglect the immobilisation properties of the graphite with respect to other radionuclides.

Thus, new leaching experiments are needed to obtain leaching rates from other long living radionuclides like 99Tc, Pu, or Np. These nuclides had been chosen as an example, because they have an significant influence on the long term dose rate in some model calculations of GSF / GRS. However other nuclides are also relevant, when other models were applied for the calculation 
. Principally, it has to be noted that the leading isotopes also depend on the time period (short, medium- long-term) under investigation.

The radionuclides will not be released from intact coated particle.

The fuel kernels of HTR fuel elements has been coated with different layers of pyrocarbon and silicon carbid and as long as this coating has no fracture, the nuclides will not come into contact with the mobile aqueous phase.

The known corrosion rates for the pyrocarbon and silicon carbide have been determined in conditions not being relevant for a repository and thus cannot be taken for salt brines and granite water. The same situation is given for zirconium carbide, which is a possible candidate for an alternative coating. 

In repository relevant salt brines, corrosion had not been observed for silicon carbide and pyrocarbon. However the detection limits of this previous examination was so poor, that only a life time of about 150 years can be guarantied.

New experiments with a more sensitive detection system are needed in order to achieve a more reliable quantitative estimation for the life time of coating material. This will result in a better data base for the calculation of the long term barrier function of the coating. The influence of this parameter has been described modelled by GSF 
.

The dissolution behaviour of spend HTR fuel differs drastically from spend LWR fuel.

Leaching experiments with irradiated UO2 and (Th,U)O2 fuel kernels show a several orders of magnitude faster dissolution in comparison to fuel pellets of LWR reactors. However this experiments had been performed under oxidising conditions. But the conditions in a final repository are anaerobic and reductive. It can be assumed that the dissolution rates are lower under this condition, but experimental data are needed for an approval.

The results of the previous experimental program led to an independent performance assessment study by GSF / GRS with the following main conclusions:

No long time barrier function will be taken into account for the spent fuel elements from the AVR and THTR with respect to missing experimental data which guaranty a life time longer than 150 year. The small radionuclide inventory of HTR fuel elements (in comparison to spent LWR fuel and vitrified HAW) will theoretically result in the dominant dose rate for the environment. The allowable dose rate will not be reached only due to the limited number of the HTR fuel elements in the disposal. Therefore, the investigation of the spent HTR fuel can be stopped in Germany, because no operational HTR reactor is proposed for the future.

However if the number of spent HTR fuel elements will be increased, experimental data are necessary to overcome the over-conservative estimations in the long term safety calculations.

This statement again clarifies that further experiments are absolutely essential to quantify the disposal behaviour and to materialise the assumed advantages and suitability of HTR fuel under direct disposal conditions.

Proposed experimental procedures:

FZJ will perform static leaching tests with powdered A3 graphite and pyrocarbon. Further, the intrusion of different aquatic phases into fuel pebbles will be measured with radioactive tracers. An integral leaching test of an irradiated spend HTR fuel element will be started. A view on a leaching test facility is given in figure 1.

The necessary consumables are mainly spent for radionuclide and analytical standards for specific isotopes and for high purity chemicals / labware as listed in table 1.

NRG will perform corrosion experiments of SiC under static and dynamic condition with different aquatic phases. The equipment being used is shown in figure 2. It is already available from former projects. Thus, only few consumables are necessary to perform the additional experiments as foreseen in HTR-N1 (see Table 2).

In HTR-N, SUBATECH is performing dissolution experiments of unirradiated UO2 and (Th,U)O2 Kernels according to the schematics in figure 3. The same equipment will be used in HTR-N1 for leaching experiments of irradiated fuel kernels. The consumables for the necessary adaptations of the facility and for the tests are listed in Table 3.

Figure 1: Spherical autoclaves in hot cell for leaching experiments with HTR fuel elements at FZJ. 
                       (A similar experimental device will be build for the graphite corrosion experiments)
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Figure 2: Inert glove for corrosion experiments on irradiated SiC under anoxic aqueous at NRG
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Figure 3: Flow sheet of the experimental device for the determination of dissolution rates and solubility of U(Th)O2 in reducing groundwater at SUBATECH
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Table 1

Consumables at Partner 1 (FZJ)

WP
Description of Consumable
Cost (EUR)





WP4
Additional instrumentation for radioanalytics, detectors
3000


Modification of high temperature ovens (heaters, insulation etc.)
6000


Quartz/ceramic tubes, high temperature connectors, thermoelements, chemical apparatus for analysis and doping
8000


High purity chemicals and radioactive tracers

36Cl;
10 kBq
3H       10  kBq

etc.
10000


SUM WP4
27000





WP5
Radionuclide standard for corrosion experiment: additive to achive lower detection limits 14C-Graphite (as much as available, special production)
20000


Short living -irradiation source for corrosion experiments to simulate irradiation effects of the spent fuel (252Cf;
1 MBq)
10000


Analytical standards: 

236Pu;
1 kBq
36Cl;
10 kBq
24Na;
10 kBq
229Th;
10 kBq
10000


High purity chemicals and ion exchangers
e.g. Eichrom Sr-Resin 25 g / 2000 US$
13000


Diverse labware (Pipettes, beakers, flasks, cleaning material etc.)
6250


SUM WP5
59250






TOTAL
86250

Table 2

Consumables at Partner 6 (NRG)

Pos.
Description
Cost (EUR)






Diverse labware (Pipettes, beakers, flasks, cleaning material etc.)
4000

Table 3

Consumables at Partner 12 (SUBATECH) 

Pos.
Description
Cost (EUR)





1
pH meter for glove box
1000


peristaltic pump in glove box, 
3000


titrimeter in glove box
3000





2
Copper catalyst for removal of oxygen from 

inert glove box atmosphere
1000




Inertgas for glove box
1000





3
Labware : pH/Eh electrodes, filters, glassware
1500





4
Radionuclides for calibration of 

radioanalytical techniques 
3000


    


5
Ar gas for ICP-MS analysis
1000


Standards for ICP/MS analyses
  500






Total
15000
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