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Abstract : The objective of this paper is to suggest a new quantification method for
multi-unit probabilistic safety assessment (PSA) that removes the overestimation error
caused by the existing delete-term approximation (DTA) based quantification method. So
far, for the actual plant PSA model quantification, a fault tree with negates have been
solved by the DTA method. It is well known that the DTA method induces overestimated
core damage frequency (CDF) of nuclear power plant (NPP). If a PSA fault tree has negates
and non-rare events, the overestimation in CDF drastically increases. Since multi-unit
seismic PSA model has plant level negates and many non-rare events in the fault tree,
it should be very carefully quantified in order to avoid CDF overestimation. Multi-unit PSA
fault tree has normal gates and negates that represent each NPP status. The NPP status
means core damage or non-core damage state of individual NPPs. The non-core damage
state of a NPP is modeled in the fault tree by using a negate (a NOT gate). Authors reviewed
and compared (1) quantification methods that generate exact or approximate Boolean
solutions from a fault tree, (2) DTA method generating approximate Boolean solution by
solving negates in a fault tree, and (3) probability calculation methods from the Boolean
solutions generated by exact quantification methods or DTA method. Based on the review
and comparison, a new intersection removal by probability (IRBP) method is suggested
in this study for the multi-unit PSA. If the IRBP method is adopted, multi-unit PSA fault
tree can be quantified without the overestimation error that is caused by the direct
application of DTA method. That is, the extremely overestimated CDF can be avoided and
accurate CDF can be calculated by using the IRBP method. The accuracy of the IRBP
method was validated by simple multi-unit PSA models. The necessity of the IRBP method
was demonstrated by the actual plant multi-unit seismic PSA models.

Key Words : multi-unit PSA, delete-term approximation (DTA) method, intersection
removal by probability (IRBP) method
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Table 2, Comparison with simple multi—unit PSA model (rare events)

Method 1 Method 2
&ar?li’lrslzfg; Exact Mofhod(e) DTA-MCUB(b) Error(e) DTA-BDD(c) Error(f) IRBP(d) Error(g)
/U1/U2/U3 9.930210E-01 N/A N/A N/A NA NA NA
U1/U2/U3 9.940150E-04 1.000000E-03 0.602% 1.000000E-03 0.602% 9.94015E-04 0.000%
/UIU2/U3 9.940150E-04 1.000000E-03 0.602% 1.000000E-03 0.602% 9.94015E-04 0.000%
/U1/U2U3 9.940150E-04 1.000000E-03 0.602% 1.000000E-03 0.602% 9.94015E-04 0.000%

U1lu2/U3 9.970011E-04 1.000999E-03 0.401% 1.001000E-03 0.401% 9.97001E-04 0.000%
U1/u2u3 9.970011E-04 1.000999E-03 0.401% 1.001000E-03 0.401% 9.97001E-04 0.000%
/U1U2U3 9.970011E-04 1.000999E-03 0.401% 1.001000E-03 0.401% 9.97001E-04 0.000%
U10203 1.005987E-03 1.005995E-03 0.001% 1.005987E-03 0.000% 1.00599E-03 0.000%
Site CCDP 6.979035E-03 7.008992E-03 0.429% 7.008987E-03 0.429% 6.979035E-03 0.000%

Multi-Unit CCDP | 3.996990E-03 4.008992E-03 0.300% 4.008987E-03 0.300% 3.996990E-03 0.000%

(a) Exact method (see section 2.1). (e) 100*(b-a)/a.

(b) DTA-MCUB (see section 3 and Eq.(5)). (f) 100*(c-a)a.

(c) DTA-BDD (see section 3 and Eq.(6)). (g) 100*(d-ay/a.

(d) IRBP (see section 4).

Table 3. Comparison with simple multi—unit PSA model (non—rare events)

Method 1 Method 2
aﬁ;ﬁﬁ; Exact Method(o) DTA-MCUB(b) Error(e) DTA-BDD(c) Error(f) IRBP(d) Error(g)
/U1/U2/U3 2.09715E-01 NA NA NA NA NA NA
U1/u2/U3 5.24288E-02 2.000000E-01 281.5% 2.000000E-01 281.5% 5.24288E-02 0.000%
/U1U02/U3 5.24288E-02 2.000000E-01 281.5% 2.000000E-01 281.5% 5.24288E-02 0.000%
/U1/U2U3 5.24288E-02 2.000000E-01 281.5% 2.000000E-01 281.5% 5.24288E-02 0.000%

U102/U3 9.50272E-02 2.320000E-01 144.1% 2.320000E-01 144.1% 9.50272E-02 0.000%
U1/0203 9.50272E-02 2.320000E-01 144.1% 2.320000E-01 144.1% 9.50272E-02 0.000%
/U102U3 9.50272E-02 2.320000E-01 144.1% 2.320000E-01 144.1% 9.50272E-02 0.000%
U1u2u3 3.47917E-01 3.788034E-01 8.9% 3.479168E-01 0.0% 3.47917E-01 0.000%
Site CCDP 7.902843E-01 1.674803E+00 111.9% 1.643917E+00 108.0% 7.902843E-01 0.000%
Multi-unit CCDP |  6.329979E-01 1.074803E+00 69.8% 1.043917E+00 64.9% 6.329979E-01 0.000%

(a) Exact method (see section 2.1).

(b) DTA-MCUB (see section 3 and Eq.(5)).
(c) DTA-BDD (see section 3 and Eq.(6)).
(d) IRBP (see section 4).
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Table 4. Multi—unit PSA model (LOOP initiating event, 3 NPPs)

No. of basic No. of NOT No. of negate
No. of gates
events gates events
28,524 9,578 190 0

0x

1z
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Table 5. Comparison with multi—unit PSA model (LOOP initiating event, 3 NPPs)

Plant Status Method 1 Method 2
Combination DTA-MCUB(2) Error(d) DTA-BDD(b) Error(e) IRBP(c)
/U1/U2/U3 N/A N/A N/A N/A NA
UL/U2U3 7.252757E-05 3.5% 7.106072E-05 1.4% 7.00497E-05
/UIU2/U3 7.345654E-05 3.5% 7.199286E-05 1.4% 7.09765E-05
/U1/U2U3 3.861386E-05 9.0% 3.841424E-05 8.4% 3.54239E-05
UIU2/U3 5.706679E-05 5.9% 5.654955E-05 4.9% 5.38948E-05
UI/U2U3 2.014084E-07 19.4% 1.996869E-07 18.3% 1.68751E-07
/UIU2U3 2.014084E-07 19.4% 1.996869E-07 18.3% 1.68751E-07
UlU2U3 2.677731E-06 0.5% 2.663827E-06 0.0% 2.66383E-06
Site CCDP 2.447453E-04 4.9% 2.410806E-04 33% 2.33346E-04
Multi-Unit CCDP 6.014734E-04 5% 5.961275E-05 4.8% 5.68961E-05

(a) DTA-MCUB (see section 3 and Eq.(5)).
(b) DTA-BDD (see section 3 and Eq.(6)).
(c) IRBP (see section 4).
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(d) 100*(a-c)/c.
(e) 100*(b-c)/c.
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Table 6, Multi—unit PSA model (seismic event, 3 NPPs)

No. of NOT
gates

No. of basic
events

9,817

No. of negate

No. of gates events

185 0

45,154
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Table 7. Comparison with multi—unit PSA model (seismic event, 3 NPPs)

Plant Status Method 1 Method 2
Combination DTA-MCUB(a) Error(d) DTA-BDD(b) Error(e) IRBP(c)
/U/U2/U3 NA NA NA NA NA
UL/U2/U3 5.759165E-01 37132.8% 5.624757E-01 36263.8% 1.54680E-03
/UIU2/U3 5.759165E-01 37132.8% 5.624757E-01 36263.8% 1.54680E-03
/U1/U2U3 1.600698E-01 155.7% 1.592145E-01 154.3% 6.26023E-02
UIU2/U3 5.729942E-01 22.5% 5.599323E-01 19.7% 4.67600E-01
U/U2U3 1.347813E-01 20324.5% 9.299243E-02 13991.9% 6.59900E-04
/UIU2U3 1.347813E-01 20324.5% 9.299243E-02 13991.9% 6.59900E-04
UlU203 1.337803E-01 44.9% 9.233253E-02 0.0% 9.23325E-02
Site CCDP 2.288240E+00 265.0% 2.122416E+00 238.5% 6.26948E-01
Multi-unit CCDP 9.763371E-01 74.0% 8.382497E-01 49.4% 5.61252E-01

(a) DTA-MCUB (see section 3 and Eq.(5)).
(b) DTA-BDD (see section 3 and Eq.(6)).
(c) IRBP (see section 4).
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(@ 100*@-c)e.
(e) 100%(b-c)/e.
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