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ABSTRACT

The utility TVO has developed an integrated living PSA level 2 for two almost identical 840 MWe Asea Atom (Nowadays Westinghouse Atom) BWR units located in Olkiluoto in South-western Finland. All PSA information is treated with one single level 1 and level 2 PSA code SPSA. Level 2 model includes simplified physical models of the phenomena, safety system reliability models, analysis of human interactions in containment event trees, and time dependent analysis of release and transportation of radionuclides from the core to environment. The results from the accident progression calculations have been integrated together with the probabilistic model. The model has been used successfully to support design and prioritisation of plant modifications. The paper gives some examples on the analysis of implemented and suggested modifications in systems, structures, procedures and training.
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INTRODUCTION

The utility TVO has used the living PSA since the year 1990. The living PSA for internal and external events supported the modernization project of the two identical BWR units in Olkiluoto during 1995-1998. PSA was used as a tool in verification of the safety level and optimization of design modifications. Simultaneously with the modernization project, the PSA was extended to level 2. The generic level 2 PSA methodology is based on NUREG-1150 (1989), and it has been described by Himanen and Sjövall (2002). The selected living PSA code, SPSA, developed by the Finnish Regulatory Body STUK, has the capability to handle integrated level 1 and level 2 models, and integrated physical and probabilistic treatment of the accident sequences. TVO has used the level 2 PSA in identification of weak points in the severe accident management, and evaluation of suggested modifications in plant systems, structures, procedures and operator training. 

PSA CHARACTERISTICS 

Ingegrated Model

Core damage sequences in level 1 PSA were binned into 12 plant damage states (PDS). A containment event tree (CET) was created for each PDS. See Table 1. 

Human interactions that are treated in the level 2 PSA accident sequences are recoveries, delayed core damage preventing tasks like primary circuit depressurization, accident management tasks like containment flooding and containment venting, and recovery of systems that are needed both for prevention of core damage and severe accident mitigation. 

TABLE 1

plant damage states and their frequences in january 2004

	PDS
	Frequency

10-6/year
	Description

	CBP
	0.41
	A large containment by-pass path exists before core damage (refuelling mode only)

	RCO
	1.3
	The insertion of control rods fails followed by unsuccessful boron injection.

	ROP
	0.13
	Very early reactor overpressurization prevents core cooling

	COP
	0.0072
	Very early containment overpressurization destroys piping and prevents core cooling

	HPL
	0.045
	LOCA initiated core melt begins early at high primary pressure

	HPT
	3.6
	Transient initiated core melt begins early at high primary pressure

	LPL
	0.61
	LOCA initiated core melt begins early at low primary pressure

	LPT
	8.5
	Transient initiated core melt begins early at low primary pressure

	RHL
	0.22
	LOCA initiated late core melt due to loss of residual heat removal 

	RHT
	2.2
	Transient initiated late core melt due to loss of residual heat removal

	VLL
	0.00005
	Unsuccessful RHR using containment venting leads to very late core damage

	VEN
	51.
	Successful RHR using containment venting (no core damage)

	FCF
	11.
	Fuel cladding failure terminated with boron injection or screw stop (no core damage)

	CM
	1.7
	Total core damage frequency


Each branch function in the CETs includes a simplified physical model, which simulates the phenomenon as a function of the input parameter set, and produces the output parameter set, which is used as input at the next branching point. The branch function calculates also the conditional probability of the branch, as a function of the result of the simulation of the physical model. The branch functions often contain if-then-else statements, providing a large number of additional questions, thus refining the main questions defined in the simple graphical containment event trees. The source term analysis is integrated into the simulation of each accident sequence. The time dependent transportation model is included in the PSA model with uncertainty distributions of the physical parameters. A model with four dynamically sized control volumes (lower drywell, upper drywell, wetwell gas volume, and reactor building) is used. The flows between the control volumes were calculated using the MAAP code. Decontamination in the pools and filters is modelled using decontamination factors with uncertainty distributions for eight radionuclide groups. 

It is not necessary to perform the binning of the accident sequences, if one is interested in the total result only, but the binner was built in the code in order to present the detailed results. Several binners were modelled for different purposes. In order to present the base results, the binning of accident sequences into release classes was based on five parameters:

· Location of containment failure or filtered venting (Five locations and filter)

· Release start time (Before/At or some hours after/Several hours after/Days after core damage)

· Vessel breach (Yes/No)

· Success lower drywell flooding (Yes/No)

· Containment inert (Yes/No)

It was observed, that the operation of the containment sprays does not affect a lot to the decontamination in the small pressure suppression containment. Therefore it was not used as a parameter for the base results. 

Severe Accident Phenomena Modelled 

A selection of applicable computer codes has been used when calculating the physical accident progression and containment response.  Results from several codes have been compared, and the different phenomena have been calculated with specific codes assessed best suitable for the purpose. In addition experimental results and engineering judgement have been utilized regarding issues where uncertainties in calculations are largest. Usefulness of integrated severe accident codes was detected rather limited in level 2 PSA, because some of the relevant phenomena are not sufficiently modelled, e.g. fuel-coolant interactions and hydrogen generation, to allow compatibility with the Finnish regulatory analysis requirements. However, one integrated code, MAAP4, was useful when calculating the primary thermal hydraulic parameters inside the containment (pressure, temperature and the fluid flows between the sub-volumes) for the simulation model of SPSA. Input parameters governing the MAAP4 runs were based on results of mechanistic codes, experimental results and engineering judgement to achieve the required sequence characteristic accident progression and containment loads. 

TABLE 2

phenomena included in tvo psa level 2 

	In-vessel issues:
	Steam explosion and other in-vessel fuel-coolant interactions

Recriticality

Hydrogen generation

Modes of vessel failure

	Ex-vessel issues:
	Direct containment heating

Steam explosion and other ex-vessel fuel-coolant interactions

Generation of noncondensible gases

Debris coolability in the lower drywell

Core-concrete interaction

	Containment issues:
	Direct containment bypass

Containment venting, leakage and failure

Basemat penetration


Containment Strength Analysis

Preservation of containment leak tightness is essential for severe accident mitigation. The venting system shall preserve containment integrity. To determine containment pressure capacity, several potential failure modes were studied. Some of these modes involve a global failure in the containment structure, like exceeding of the total hoop membrane capacity, while others are associated with more localised failure, e.g. failure of penetration components. The failure modes at the containment building penetrations were evaluated. The containment dome, personnel air locks and equipment hatch were investigated. Penetrations for the main steam lines and two other pipe penetrations were evaluated to have such high capacities that the process pipe will fail prior to breach of containment boundary. Electrical penetration capacity is typically governed by temperature because of the potting compounds that deteriorate in high temperature. The containment tolerates a complete vacuum so that no under pressure protection system is needed to compensate for the venting of the non-condensable gases and containment spray. The possible loads generated by energetic ex-vessel fuel coolant interactions, i.e. steam explosions, have been investigated. 
SUPPORTING MODIFICATIONS IN SAM STRATEGY

The strategy for severe accident management (SAM) was established after the Chernobyl accident and major plant modifications were implemented. These include lower drywell flooding, containment water-filling from external water source and containment pressure control through filtered containment venting. All SAM actions were designed to be manually controlled and thus totally independent from the normal automatic safety systems. The operators have to manually initiate the flooding of the lower drywell from the wetwell by opening valves. The primary containment venting route was from the wetwell through manually controlled valves without external power source. The waterfilling of the containment is performed outside the building using portable fire pumps with diesel engines. 

The first results from the level 2 PSA in the year 1997 suggested several modifications on the plant and procedures. Besides the potential modifications of the plant systems and structures, modifications in the shut down and start up procedures were considered as well as focusing of operator training. The core damage during the refuelling outage became important, because the containment is open during refuelling outage. 

The level 2 PSA clearly showed that the manual containment venting would be applicable only in a minority of severe accidents. Two main reasons were observed: operators fail to perform the manual actions in time, and aggressive phenomena fail the containment before the operators should perform the manual filtered venting.

Condensation pool pH control

Condensation pool pH control was implemented, but its contribution to the LERF is rather small. However, it has impact on the size of the release.
Allowing early automatic filtered venting
According to the original SAM strategy the operators had to manually close the isolation valves in filtered venting line. This was due to prevention of too early release to the environment due to premature opening of the rupture disk in the filtered venting line. The thermal hydraulic calculations made for the level 2 PSA showed that the containment integrity may be imminent due to sum pressure of steam and non-condensibles, if the venting line is closed. Therefore the procedures were changed so that the operators shall not close the isolation valves. 

Another observation was that the venting from wetwell does not significantly decrease the release of radionuclides. Therefore the primary route for containment venting is from the upper drywell through the automatic rupture disk line. However, the operators may manually interrupt the venting in order to delay the release.

These modifications in the procedures decreased the LERF only slightly, because the undelayed release through the filtered containment venting system exceeds the limit for the release of radioactive materials arising from a severe accident given in the Decision of the Council of State (395/91). However, the magnitude of the filtered early release is significantly smaller than the magnitude of an unfiltered release. The undelayed noble gases cause acute harmful health effects to the population in the vicinity of the nuclear power plant but no long-term restrictions on the use of extensive areas of land and water are obvious. The contribution of the unfiltered release decreased from 99% to 89% after this procedure modification. See Fig. 1. 
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Figure 1: First major improvement in procedures: Early automatic filtered venting allowed. Total large release frequency 7.9E‑6/reactor year, unfiltered 7.0E‑6/reactor year (89%).

Strengthening the lower drywell air lock

According to the study the range of the dynamic loading from steam explosions is the lower drywell is estimated to be 10 to 30 kPas (kilo Pascal second). The median ultimate load impulse for the containment concrete structures, i.e. for the liner in the lowermost drywell wall sections corresponds to a rigid wall impulse of 54 kPas. The median ultimate load impulse for the personnel access lock was 6.3 kPas. The lower drywell access locks of Olkiluoto 1 and 2 were modified in 2001 and in 2002, respectively, so that they will sustain a steam explosion of 54 kPas. See Fig. 2.
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Figure 2: Second major improvement in plant structures: Lower drywell air lock strengthened. Total large release frequency 7.4E‑6/reactor year,  unfiltered 5.8E‑6/reactor year (79%).

Prevention of deformation of pipes 
Ex-vessel steam explosions assumed to generate pressure impulses in the water of flooded drywell would also generate considerable pressure gradients across the screening baskets of the four containment spray system pipes penetrating the pedestal wall. The basket bolts were changed in the 2001 refuelling outages to weaker ones to prevent the deformation of the pipes. 
Manual flooding of the lower drywell Operator training
TVO relies on operator actions in the SAM strategy, because they are independent from the normal safety systems designed to prevent the core damage. When the operator error "too late initiation of the lower drywell flooding" was observed in the level 2 PSA as the main contributor to the large release, the automatic flooding system was discussed. However, TVO decided to train the operators in order to minimize the effect of common support systems to the core damage preventing safety systems and the SAM systems. The operator training seems to decrease the large release frequency signifincantly, because the operators have enough time to perform the action, if they only understand the situation. 

The total large release frequency decreased by 12%. However, the unfiltered release frequency decreased much more being after this modification 54%. See Figure 3. 
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Figure 3: Third major improvement: Training the operators in lower drywell flooding. Total large release frequency 5.5E‑6/reactor year, unfiltered 3.2E‑6/reactor year (58%). Situation in March 2004.

SUGGESTED BUT NOT IMPLEMENTED MODIFICATIONS

Inertion of the containment before the start-up

Inertion of the containment before the start-up of the unit would decrease the large release frequency, but it has several negative consequences. It is difficult to enter to the inerted containment to make the start-up inspection.. The results show that this improvement would not remarkably decrease the large release frequency. See Figure 4
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Figure 4: Suggested improvement: Start-up with inert containment. Total large release frequency 5.4E‑6/reactor year, unfiltered 2.5E‑6/reactor year (46%).

Reduction of core damage frequency during refueling 

Reduction of the core damage frequency during refueling would reduce the large release frequency very effectively, because the containment is open during refueling. If the core damage frequency during refueling outage would be zero, the total large release frequency would be 5.0E-6/reactor year, and the contribution of unfiltered release 2.1E-6/reactor year (42%) (start-up with inert containment  assumed). However, the CDF during refueling outage has been decreased by factor 50, and further decrease would no more be cost effective. 

Automatic flooding of the lower drywell – not implemented

If, at last, after all the implemented and suggested modification above, an totally reliable automatic flooding system would be implemented, the total large  release frequency would be 3.5E‑6/reactor year, and the contribution of unfiltered release 7.0E-7/reactor year (20%).

Impact of main modifications

Figure 5 shows the contribution of the most important release categories to the large release frequency after each modification. The white tips of the bars represent the contribution of the early filtered venting. It may cause acute health effects due to undelayed release of noble gases, but no long term effects, because the aerosols are well retained by the scrubber. The graph clearly shows that the frequency of the unfiltered release has decreased by more than 50% from the original status "No modifications" to the third bar "Flooding trained – current status", which represents the current situation.
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Figure 5: Impact of plant modifications on the frequency of most important release categories.
 MOST RECENT CALCULATION RESULTS

In March 2004 the core damage frequency (CDF) is 1.7 . 10-5/ry, and the large early release frequency LERF is 5.5 . 10‑6/ry. The frequency of large early unfiltered release is 3.2 . 10‑6/ry. Thus the conditional probability of LER given CD becomes 0.3, and the conditional probability of unfiltered LER given CD is 0.2. The code SPSA produces detailed result tables and graphs for the plant damage states, accident sequences and release categories. These include simulated uncertainty distributions for probability and release of radionuclide groups, and various correlation analyses between selected variables. Table 3 shows a short summary on the results for the most important release categories. The weight for each nuclide group is a rough estimate on the radiological implications of the group to the environment. The weighted release is used in the evaluation of the size of the release. 

TABLE 3

release of radionuclide groups  in most probable release categories in March 2004 

	
	Freq.


	Release Start Time

(Sec)
	Xe

group
	I

group
	Cs

group
	Te
group
	Sr
group
	Ru
group
	La
group
	Ce
group
	Weighted release

	WEIGHT
	
	0–3 h

3–12 h

12–48 h
	0.001

0.0003

0.0001
	0.1
	1.0
	0.1
	1.0
	1.0
	3.0
	3.0
	

	EARLY VENTING FROM UPPER DRYWELL (E_VENT_U)

	MEAN
	2.32E-06
	5.56E+03
	5.29E-01
	4.13E-03
	1.15E-03
	4.28E-04
	1.41E-05
	1.69E-06
	1.96E-06
	2.41E-06
	2.35E-04

	5%
	5.91E-07
	4.82E+03
	3.74E-01
	1.72E-04
	2.31E-05
	2.82E-06
	3.35E-08
	7.60E-10
	4.33E-10
	4.19E-10
	5.89E-05

	50%
	1.56E-06
	5.51E+03
	4.98E-01
	1.67E-03
	2.04E-04
	4.90E-05
	7.02E-07
	1.93E-08
	1.45E-08
	1.77E-08
	1.16E-04

	95%
	5.65E-06
	6.34E+03
	7.68E-01
	1.55E-02
	4.24E-03
	1.64E-03
	3.95E-05
	1.35E-06
	1.23E-06
	1.64E-06
	7.13E-04

	NON INERT CONTAINMENT ATMOSPHERE, RELEASE STARTS AT OR AFTER VESSEL BREACH (E_VB_O2)

	MEAN
	1.12E-06
	6.18E+03
	6.02E-01
	6.93E-02
	6.71E-02
	3.15E-02
	2.82E-03
	2.80E-04
	3.19E-04
	3.94E-04
	9.02E-03

	5%
	2.53E-07
	6.02E+03
	4.48E-01
	7.58E-03
	7.56E-03
	7.43E-04
	7.94E-06
	1.46E-07
	1.13E-07
	1.21E-07
	1.02E-03

	50%
	7.39E-07
	6.14E+03
	6.00E-01
	5.28E-02
	4.98E-02
	1.31E-02
	1.92E-04
	4.74E-06
	4.33E-06
	6.07E-06
	6.67E-03

	95%
	2.72E-06
	6.47E+03
	7.77E-01
	1.99E-01
	1.90E-01
	1.20E-01
	1.51E-02
	5.03E-04
	4.02E-04
	5.95E-04
	2.60E-02

	UNSUCCESSFUL LOWER DRYWELL FLOODING, EARLY RELEASE (E_NFL)

	MEAN
	8.49E-07
	5.24E+03
	8.61E-01
	9.17E-02
	8.44E-02
	6.91E-02
	1.24E-02
	8.30E-04
	8.68E-04
	1.08E-03
	1.31E-02

	5%
	2.39E-07
	4.06E+03
	8.16E-01
	2.90E-02
	2.47E-02
	1.32E-02
	6.18E-04
	9.05E-06
	8.94E-06
	1.05E-05
	4.12E-03

	50%
	6.13E-07
	4.88E+03
	8.63E-01
	8.42E-02
	7.61E-02
	5.98E-02
	7.05E-03
	1.71E-04
	1.36E-04
	2.26E-04
	1.17E-02

	95%
	1.91E-06
	7.77E+03
	8.98E-01
	1.74E-01
	1.65E-01
	1.53E-01
	4.27E-02
	3.68E-03
	4.20E-03
	4.92E-03
	2.70E-02

	EARLY CONTAINMENT FAILURE, AGGRESSIVE PHENOMENA (E_CF)

	MEAN
	4.81E-07
	5.49E+03
	5.65E-01
	9.41E-02
	8.95E-02
	3.89E-02
	3.58E-03
	2.64E-04
	2.89E-04
	3.61E-04
	1.19E-02

	5%
	1.26E-07
	4.74E+03
	5.31E-01
	2.12E-02
	1.78E-02
	3.89E-03
	9.71E-05
	1.66E-06
	1.55E-06
	2.00E-06
	2.65E-03

	50%
	3.27E-07
	5.43E+03
	5.57E-01
	8.17E-02
	7.63E-02
	2.69E-02
	1.29E-03
	2.74E-05
	2.62E-05
	4.16E-05
	1.02E-02

	95%
	1.20E-06
	6.30E+03
	6.27E-01
	2.02E-01
	1.99E-01
	1.21E-01
	1.53E-02
	1.05E-03
	1.09E-03
	1.30E-03
	2.64E-02

	REFUELING, CONTAINMENT OPEN (REFUEL)

	MEAN
	5.57E-07
	1.00E+04
	5.55E-01
	4.40E-02
	4.58E-02
	1.41E-02
	6.19E-03
	2.75E-04
	1.62E-04
	7.43E-05
	6.45E-03

	5%
	4.85E-09
	1.00E+04
	2.59E-01
	1.27E-03
	1.51E-03
	5.07E-05
	1.19E-05
	6.49E-08
	2.69E-08
	1.93E-08
	2.59E-04

	50%
	1.13E-07
	1.00E+04
	6.32E-01
	2.85E-02
	3.02E-02
	3.09E-03
	1.03E-03
	2.16E-05
	1.47E-05
	6.18E-06
	4.00E-03

	95%
	2.37E-06
	1.00E+04
	6.54E-01
	1.40E-01
	1.38E-01
	6.67E-02
	3.05E-02
	1.43E-03
	7.50E-04
	3.08E-04
	2.11E-02


CONCLUSIONS

A living PSA model for level 2 analysis was developed for Olkiluoto power plant units 1 and 2. Uncertainty simulation of level 1 and 2 is integrated with the simplified physical models of phenomena, human interactions and equipment failures. The model has been successfully used to support the modernization of the Olkiluoto units. Some needs for plant improvements were identified in the analysis. Plant modifications and modifications in the severe accident management procedures have been prioritised in a risk-informed way.
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