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Abstract

A full scope Level 3 PSA was undertaken as part of the licensing process to allow the initial fuel load for the Sizewell B Power Station. Since the underlying requirement of the PSA was to demonstrate the risk of death to any individual member of the public was less than 10-6 per year, the Level 2 PSA was based on a relatively conservative approach with little claim for severe accident management measures to confirm the very low risk posed by the plant. In the recent Periodic Safety Review for Sizewell B, detailed review was provided for many issues related to the Level 2 PSA, in particular those regarded as key issues of major uncertainty and related to SAM strategies pertinent to the plant. The approach taken for the PSR is discussed in this paper, with illustrations provided on the treatment of the issue of molten fuel coolant interaction and aspects of source term phenomena.
1
Introduction

A full scope Level 3 PSA was undertaken as part of the licensing process to allow the initial fuel load for the Sizewell B Power Station. The main objectives were:

-
to demonstrate that the risk of death to any individual member of the public was less than 10-6 per year

-
to provide evidence that the design had conformed to the ALARP principle (i.e. the risk must be reduced to a level which is as low as reasonably practicable)

This fuel load PSA covered initiating faults (power and shutdown), internal and external hazards (power and shutdown), non-core sources of radioactivity, beyond design basis initiating faults (such as catastrophic failure of major structures) and also design basis small releases down to 0.1 mSv. This PSA was extensively reviewed by the Nuclear Installations Inspectorate (NII) and also peer reviewed by consultants on behalf the NII. It was concluded from these reviews that the risks from Sizewell B were ALARP. The early use of PSA in the design and licensing of Sizewell B is discussed in [1]. 

Following this, the fuel load PSA has been further developed as a tool to support the operation of the station. This Sizewell B Living PSA (LPSA) model is comprised of a revised Level 1 PSA model and a Level 2/Level 3 matrix based on the original fuel load Level 2/Level 3 PSA. The development of the fuel load PSA into a LPSA and examples of recent applications are described in [2,3]. Recently the LPSA was involved in two other major activities. It formed part of the recent Periodic Safety Review (PSR) which was submitted to the NII in December 2003. In addition, it was the subject of an IAEA IPSART mission in January 2004. The objective of the IAEA peer review is to confirm that the LPSA has the necessary attributes for application in a Risk Informed (RI) management role.   

The purpose of this paper is to outline the approach taken in the PSR specific to the Level 2 PSA. This involved an assessment of the implications of a number of issues, including international research on severe accident phenomena, computer code improvement and development in severe accident management (SAM). Two examples on treatment of molten fuel coolant interaction (MFCI) and aspects of fission product phenomena are provided as illustrations of the approach.    

2.
Fuel Load Level 2 PSA approach and methodology

A summary of the fuel load Level 2 PSA and some results are provided in [4]. Since the underlying requirement of the PSA was to demonstrate the risk of death to any individual member of the public was less than 10-6 per year, the Level 2 PSA was formulated to provide a robust and conservative analysis of the response of the containment systems to show compliance with this target. In the analysis, little credit was taken for accident management actions occurring after core damage. An assumption was also made that the initiation of core damage would lead to the inevitable failure of the reactor pressure vessel (RPV). A 20 node phenomenologically based containment event tree (CET) was adopted for the Level 2 PSA quantification. Follow-on analysis in the form of sensitivity analysis was provided to demonstrate the effectiveness of some of the severe accident management (SAM) measures already implemented. A 22 node CET modelling two specific recovery actions was thus developed for sensitivity analysis to examine the implications of these SAM measures as part of the ALARP review. A summary of the key features of the methodology is as follows:

· Plant Damage States (PDSs)

A total of 14 core damage PDSs with containment function were analysed for the PSA (13 with and 1 without containment isolation), 10 for the power operating states and 4 for the shutdown operating states. For these PDSs, the response of the containment to severe accident challenges was analysed using the CET (except for the PDS with no containment isolation). A total of 7 PDSs representing containment bypass sequences were analysed directly with the severe accident analysis code, MAAP 3.0B. These PDSs covered steam generator tube rupture (4) and interfacing system LOCAs (3). A summary of these PDSs is provided in [4].

· Radiological categorisation

The radiological categorisation process provides the interface between the Level 2 analysis and the Level 3 consequence analysis. The Sizewell B scheme [5] is comprised of two distinct steps, the first groups the CET end points on the basis of similar source term phenomena to form Source Term Categories (STCs), the second groups STCs on the basis of similar environmental consequences to form Release Categories (RCs). For each STC, a source term was calculated for a representative sequence which was reasonably bounding in terms of the timing and magnitude of the release of fission products to the environment. MAAP 3.0B code was the main analytical tool used for this purpose.

· Probabilistic containment structural integrity model

A Sizewell B specific containment performance study was carried out and the assessment included both gross failures and leakage of the primary containment. Three outcomes were considered at each CET containment status node: design basis leakage (i.e. no failure), enhanced leakage and gross failure with their attendant source terms.

· CET quantification

The approach to CET quantification is discussed in [6] and the nodal probability assignment was supported by several sources of information, including:

-
calculations using the MAAP 3.0B code

-
calculations using other more mechanistic codes

-
relevant experiments, including Sizewell B design specific experiments

-
other PSA studies (principally based on the USNRC NUREG-1150 PSAs  performed at that time)

-
state-of-the-art reviews by UK experts

-
expert opinion

The decomposition event tree approach (DET) was used to evaluate some CET issues while an even more detailed decomposition structure, based on the Risk Oriented Accident Analysis Methodology (ROAAM), was used in the assessment of the α-mode containment failure caused by an in-vessel steam explosion [7]. Examples of the evaluation of containment threats from hydrogen combustion and direct containment heating (DCH) are provided in [6]. A summary of the approach adopted for the quantification of the CET issues is provided in Table 1.

For a limited number of key accident sequences, additional severe accident analysis was performed using a number of mechanistic codes including: SCDAP/RELAP5, VICTORIA, CONTAIN, CORCON and CORDE. The analysis was performed in recognition of uncertainty in the understanding of severe accident phenomena and the need for additional information to confirm/supplement the MAAP results. 

Table 1 Approach to CET issue quantification

	
	Discrete
Probability
	DET
	Monte Carlo

(ROAAM approach)
	CET Sensitivity Study

	Creep rupture failure of RCS
	
	X
	
	X

	In-vessel steam explosion
	
	
	X
	X

	H2 burn
HPME

DCH
	X

X
	X
	
	X

X

	Ex-vessel steam explosion
	X
	
	
	

	CCI

	X
	
	
	X

	Source Term Issues


	
	
	
	X

	AM Issues
	
	
	
	X


A summary of the Level 2 results is provided in Figure 1. It may be noted that the higher probabilities for basemat failure and late containment failure, in comparison with Level 2 PSA results for other large dry containment plants, can be attributed mainly to the integration of results for different operating states, including shutdown. The conservative approach in analysis also introduced some pessimism in the results.   
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Figure 1 A summary of containment failure modes

3.
PSR approach

The PSR of the Level 2 PSA, in common with other safety case topics, was conducted in two stages: a preliminary Significant Issues Review (SIR) and a detailed review. The SIR was conducted by a group of individuals, experienced in the field. They sought to identify, at an early stage, changes in the knowledge base, which may have a significant impact on the safety case, requiring detailed re-analysis. No major ‘significant issues’ were identified in the initial review and it was concluded that, on the basis of current understanding of the Level 2 PSA issues, the fuel load PSA conclusions would remain valid. This judgement was to be confirmed by a detailed review of the following topics:

(i)
Severe accident phenomenological issues

(ii)
Source term issues

(iii)
Status of MAAP code, models and validation

(iv)
Severe accident management issues

Since the completion of the fuel load Level 2 PSA, a number of activities were initiated to enable a continuous assessment of severe accident issues and the monitoring of relevant international studies. Great emphasis has been placed on severe accident research in the recent EC co-ordinated Framework Programmes in Reactor Safety and participation in some of these activities has allowed further evaluation of major issues, such as source term phenomenological issues and severe accident management aspects. State of the art reviews (SOARs) invariably formed part of these studies and they included expert interpretation of up-to-date research information. These SOARs, together with reviews from other international activities, (e.g. OECD/CSNI) and other major severe accident research programmes (e.g. USNRC issue resolution studies on early containment failure mechanisms, OECD RASPLAV, EPRI MACE and others) provided a major input in the PSR review. In some of these EC projects, further assessment of implications for Sizewell B was made using the latest version of the MAAP code, MAAP4. Apart from the predicted differences in overall severe accident behaviour, the analysis would provide confirmation of any potential re-allocation of STCs to RCs which might impact the overall PSA results.  

Some general conclusions and two illustrations of the review process on items (i) and (ii) are provided next. Discussion on items (iii) and (iv) is outside the scope of this paper.

4.
 Some review results

4.1
Severe accident phenomenological issues

Based on recent international and Sizewell B specific studies discussed earlier, the status of some of the individual issues identified in the fuel load PSA CET was reviewed. The issues included: in-vessel and ex-vessel fuel coolant interaction, high pressure melt ejection/direct containment heating, hydrogen combustion, temperature induced creep rupture of reactor coolant system pipework and ex-vessel debris coolability. Overall, it can be concluded that the wide body of recent research evidence is in concurrence with the assumptions made and conclusions derived in the fuel load PSA. No single issue has been identified which would contradict the overall conclusions derived from the PSA. 

The PSR further provided a limited assessment of some other issues pertinent to severe accident behaviour, viz. damaged core coolability before reactor pressure failure (RPV) and RPV failure modes. The potential of ‘in-vessel melt retention’ strategy by ex-vessel cooling (based on the Sizewell B ‘wet’ cavity designed for basemat protection) and other severe accident mitigation procedures currently included in the Station Operating Instructions was also assessed. Much of the assessment was based on MAAP 4 analysis. 

An illustration is provided next on the PSR review of the In-vessel fuel coolant interaction (FCI) issue.

4.1.1
In-vessel fuel coolant interaction (FCI)

The α-mode containment failure, i.e. penetration of containment from missiles generated from in-vessel steam explosion, was addressed as Node 4 in the CET. The fuel load PSA assessment of this issue was based on the following:

· Two major reviews of this issue were conducted, by a team of experts collectively known as the Steam Explosion Review Group [SERG-1, 1985] and by Theofanous and co-workers using the ROAAM approach. The general consensus of the reviews was that an α-mode containment failure due to a steam explosion is of low probability. 
· A Sizewell ‘B’ specific study [7], based on an extension of the ROAAM model adopted in the Theofanous’ study, evaluated the potential of α-mode failure for three different initial vessel pressures (0.1 MPa, 6 MPa and 15 MPa). A conservative approach was generally adopted by using conservative assumptions or weighting the distributions conservatively in areas lacking in detailed understanding of the phenomenology. Conditional failure probabilities of 6 x 10-4, 2 x 10-3 and 4 x 10-4 were derived for the low, mid and high pressure cases respectively. Extensive sensitivity studies performed subsequently showed little impact on these values. These values were adopted in the CET quantification.

· The assessment of this issue in the NUREG-1150 study by a panel of experts was based on a review of distributions developed by Sandia National Laboratories. These distributions were based on the results in the SERG study. For core degradation at low RCS pressure, the median frequency of α-mode failure from the aggregate distribution was approximately 4 x 10-5. For core degradation at higher RCS pressure, the frequency was set at an order of magnitude lower.

PSR Assessment

The PSR assessment is supported by the following studies:
· SERG-2 study [8]: Following the SERG-1 study, a group of international experts was convened to reassess the potential for α-mode containment failure by examining the recently available information. The dominant conclusion was that the α-mode issue could be regarded as resolved from a risk perspective. It is of little or no significance to the overall risk from a nuclear power plant and that any further reduction in residual uncertainties is not likely to change the probability in an appreciable manner. The strongest physical argument put forward is related to the limitations on the fuel mass necessary to participate in an energetic FCI. This limits-to-mixing argument is supported by the substantial progress made recently in the area of premixing research, specifically, experimental verification of premixing, steam voiding, and water depletion phenomena with saturated coolant at low pressures (~ 0.1 MPa). At higher pressures (> 1-2 MPa), the difficulty in triggering argument was maintained.

· OECD study [9]: This study considered other FCI issues such as debris quenching and coolability, and energetic FCI with implications to RPV lower head integrity and reactor cavity structure integrity under shock loading. Some of the observations (to be taken in the context of limitations in the experiments) are:

-
The results to date from the experimental programmes indicate that prototypic core melt shows no potential for a spontaneous explosion.

-
In the absence of any external trigger mechanisms, the lower head integrity is not likely to be challenged by an in-vessel FCI

-
The few experiments performed in the KROTOS facility at a pressure of 0.1 MPa and subcooled water with small masses of prototypic melt did not produce an explosion even when an artificial trigger was applied.

· Theofanous’ Study [10]: On the basis of more recent experimental and analytical development in the understanding of FCI issues identified in the ROAAM model, the study suggested that the conservatism entailed in the original quantification may be reduced and a revised quantification may lead to the conclusion that even vessel failure by steam explosion may be regarded as physically unreasonable.

Conclusion

The results of the assessment of this issue in the fuel load PSA remain in accordance with the results from more recent studies, including the USNRC sponsored SERG-2 study. 

4.2
Source term issues

The review of source term issues was concerned with phenomenology that might directly, or indirectly, influence the magnitude of the source terms associated with the defined Source Term Categories (STCs) and, more specifically, could result in the re-allocation of individual STCs to a higher or lower Release Category (RC). The review took into account the available literature from the past decade of fission product behaviour research and drew extensively from research programmes carried out under the auspices of the European Commission (EC) Framework Programmes. Some elements of this review have been briefly reported in [11]. Some of these issues have been addressed as far as current models allow, by means of parametric sensitivity analysis based on MAAP4. 

The following discussion provides examples of the treatment of some key issues that cannot be modelled explicitly in MAAP and are addressed by means of bounding assumptions as outlined below.

4.2.1
Speciation of Release

(i) Iodine

In MAAP 3.0B, used to support the Level 2 PSA, the release of iodine into the primary containment was taken to be almost entirely in the form of CsI, rather than in other more volatile chemical forms. At the time this view was supported by plant calculations using more mechanistic codes for Sizewell B analysis and [12] which predicted the fraction of iodine released in forms other than CsI was less than 5% of the total release of iodine. This recommendation is also taken up in [13].

The existence of a gaseous fraction in the release from the circuit is one of the main conclusions of the PHEBUS FPT1 test. However, the evidence for the existence of some gaseous fraction in the release from the circuit is not compelling and can be explained by a rapid transfer of volatile iodine into the containment gas phase from the water films on wetted surfaces [14]. 

It is concluded from the review that the PSA assumptions are still a reasonable interpretation of the available data.
(ii) Tellurium

In the Level 2 PSA, it was assumed that tellurium is totally bound to the unoxidised zircalloy during the in-vessel phase and none is released until core concrete interaction (CCI) begins in the reactor cavity. When tellurium is released ex-vessel it is assumed to be in elemental form, although it is allowed to be oxidised to form TeO2 in the cavity if steam or oxygen are present. The only other option available, performed as a sensitivity study, allowed tellurium to be released in-vessel, but in this case it is assumed to be oxidised directly to TeO2 which is readily deposited on primary circuit surfaces resulting in the complete removal of gaseous Te2 from the containment atmosphere. The release to the environment is, consequently, reduced. 

As part of [11], sensitivity studies were performed on the timing of the tellurium release, by varying the chemical bonding oxidation level. This resulted in a significant increase in environmental releases where a direct release pathway exists in the early phase. However, overall no change in the magnitude of the tellurium release was seen.

The CET analysis has predicted that the conditional probability of containment failure in the late timeframe is significantly higher than that for the early timeframe. Therefore, retaining the fuel load PSA assumptions appears to be a bounding interpretation of available data for application to Sizewell B.

4.2.2 
Iodine Chemistry in the Containment

Under the conditions expected during accident conditions, iodine would reach the containment primarily in its reduced form as CsI aerosol. This aerosol formation exerts a significant influence on the transport characteristics within the primary circuit and also dominates the short term iodine behaviour within the containment. The major fraction of iodine bearing aerosols will deposit on walls and structures or settle into the containment sump. On contact with water, either within the sump or surface films, or with steam or spray droplets within the containment, CsI aerosol will dissolve to form aqueous iodide ions. 

In the Level 2 PSA it was recognised that in the high temperature, high radiation fields in the containment iodide would rapidly oxidise to more volatile chemical species. The iodine speciation would evolve further and recommendations for the long term iodine speciation in the containment were developed. These assumptions, and the findings of [12], were simplified for use in the PSA analysis to:

· 0.2 % of the core inventory of iodine was assumed to be instantaneously converted to organic forms in the containment and was available for release to the environment,

· the formation of volatile inorganic iodine species was assumed to be inhibited by buffering the water pools such that an alkaline pH persists. Any volatile species formed were taken to react with metallic silver (from control rod materials) which would be present in the sump. Thus, no additional allowance was made for volatile inorganic forms.

As a bounding sensitivity study 10% of the iodine release was assumed to be available for release in a gaseous form, i.e. both organic and volatile inorganic species.

It is now recognised [15] [16] that, in the presence of radiation, chemical kinetics rather than thermodynamics determines the speciation of iodine in the containment. The radiolytic oxidation shows a strong pH dependency. Thus, by maintaining a high pH value in the containment sump the equilibrium concentration of dissolved molecular iodine is effectively controlled. In the pH range 5 to 8, an increase in one pH unit results in a decrease in the dissolved molecular iodine concentration of about an order of magnitude.

Containment structural materials can also influence iodine behaviour as they provide adsorption sites for some inorganic species or as a substrate for the conversion of initially volatile species to non-volatile species. Thus, inorganic materials can play an important role as a temporary or permanent iodine sink.

An additional, and very important, source of reactive metals are the silver-indium-cadmium control rods in PWRs. In the first tests of the Phebus FP programme a surprisingly low iodine volatility was observed [17], that was later attributed to involatile silver iodide formation from molecular iodine. Thus, in the presence of excess silver, this reaction is an effective way of stabilising molecular iodine. There is an some debate on the long term stability of AgI; however, if it is shown to withstand radiolytic decomposition, it will represent a permanent iodine sink.

It can be seen, from the above, that there has been significant progress in the study of inorganic iodine chemistry in the last decade. There is another aspect that is not so well understood: the effects of organic substances on iodine chemistry. Intermediate scale experiments in the Radioiodine Test Facility (RTF) [18] have shown that organic materials (present in the containment as cable insulation, oils, organic-based paints, etc) decompose to form organic acids which act to lower the pH and react with dissolved oxygen, both of which act to increase the production rate of molecular iodine. 

Additionally, the reaction of organic compounds with dissolved molecular iodine eventually leads to the production of organic iodine compounds. Organic iodine is relatively immune to the accident management measures. The first Phebus tests showed that organic iodine was the dominant iodine form in the containment atmosphere in the long term. There are three postulated mechanisms for the formation of organic iodides [15]. The maximum conversion that has been observed, at low iodide concentrations, is less than 3% of the initial iodine inventory. Typically conversion is more than an order of magnitude lower [19]. A series of experimental programmes has shown that the formation of organic iodides is closely linked to the presence of molecular iodine in the containment. Thus, by keeping the precursor molecular iodine to very low levels, the production of organic iodides should be impeded.

It is concluded that the PSA assumptions are still a reasonable interpretation of the available data.

5.
Conclusions

A full scope Level 3 PSA was undertaken as part of the licensing process to allow the initial fuel load for the Sizewell B Power Station. Since the underlying requirement of the PSA was to demonstrate the risk of death to any individual member of the public was less than 10-6 per year, the Level 2 PSA was based on a relatively conservative approach with little claim for SAM measures to confirm the very low risk posed by the plant. In the recent PSR for Sizewell B, detailed review was provided for many issues related to the Level 2 PSA, in particular those regarded as key issues of major uncertainty and related to SAM strategies pertinent to the plant. Overall, it can be concluded that the wide body of recent international research evidence is in concurrence with the assumptions made and conclusions derived in the fuel load PSA. No single issue has been identified which would contradict the overall conclusions derived from the PSA. It was however recognised that a more realistic modelling approach, with the inclusion of SAM actions, may result in a reduction of the individual risk calculated for the fuel load PSA. Such reduction is, however, expected to be moderate as relatively low baseline values were calculated in the PSA. Any future revision of the existing Level 2 PSA model will depend on future plant requirements in its usage of the LPSA for risk informed management role [3]. 
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