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19.0  Probabilistic Risk Assessment and Severe Accident 
Evaluation 

 
19.0.1 Introduction 
 
Chapter 19, “Probabilistic Risk Assessment and Severe Accident Evaluation,” of this safety 
evaluation report (SER) provides results of the review and evaluation by the Nuclear Regulatory 
Commission (NRC) staff, hereinafter referred to as the staff, of the probabilistic risk assessment 
(PRA) and severe accident (SA) evaluation presented in Chapter 19 of the Mitsubishi Heavy 
Industries, Ltd. (MHI), hereinafter referred to as the applicant, United States - Advanced 
Pressurized Water Reactor (US-APWR) Design Control Document (DCD), Revision 3, 
submitted by the applicant in support of its application for design certification (DC) of the US-
APWR standard design.  Section 19.1, “Probabilistic Risk Assessment,” of this report 
documents the staff’s review of the design-specific PRA.  Section 19.2, “Severe Accident 
Evaluation,” documents the staff’s review of the SA evaluation.  Section 19.3, “Open, 
Confirmatory, and COL Action Items Identified as Unresolved,” documents the final integrated 
list of combined license (COL) action items derived from both the PRA and the SA evaluation. 
 
Open and confirmatory items identified by the staff’s review of the PRA (DCD Sections 19.1 and 
19.3) are summarized in Section 19.1.5, “Open, Confirmatory, and COL Action Items,” of this 
report.  Open and confirmatory items identified by the staff’s review of the SA evaluation (DCD 
Sections 19.2 and 19.3) are summarized in Section 19.2.5, “COL Information Items,” of this 
report. 
 
Chapter 19 of the DCD describes the methodologies used in performing the design-specific 
PRA and SA evaluation, and presents the analytical results and safety insights derived from 
those analyses.  DCD Chapter 19 also addresses strategies for SA management and potential 
design improvements for risk reduction. 
 
Specifically, DCD Section 19.1 documents the PRA-related information.  Section 19.2 of the 
DCD documents the SA-related information.  Section 19.3 of the DCD lists the COL information 
items identified by the applicant from both PRA and SA analyses. 
 
The scope of a DC review is limited to the design-specific aspects within the scope of the 
certification.  The design-specific PRA developed during the DC stage may not identify site-
specific information (e.g., seismic hazards, switchyard and offsite grid configuration, etc.) and 
may not explicitly model all aspects of the design (e.g., balance of plant).  Therefore, the 
applicant’s design-specific PRA may include assumptions regarding site parameters and the 
interfaces with undeveloped aspects of the design.  This is reasonable at the DC stage and 
would result in the identification of PRA-based insights that include design, site, and operational 
assumptions. 
 
19.0.2 Summary of Application 
 
The following information is included in Chapter 19 of the US-APWR DCD:  
 
DCD Tier 1:  The Tier 1 information associated with this section is found in DCD Tier 1, 
Section 2.9.1. 
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DCD Tier 2:  The applicant has provided a DCD Tier 2 description in Section 19.0, summarized 
here in part, as follows.  
 
The application in this section addresses the PRA that has been developed in accordance with 
Paragraph 52.47(a) of Part 52 of Title 10 of the Code of Federal Regulations (10 CFR).  As 
stated in the DCD, the primary purposes of the PRA and SA evaluations are as follows: 
 

• to describe the design-specific PRA in accordance with 10 CFR 52.47(a)(27), 
and 
 

• to describe and analyze design features for the prevention and mitigation of SAs, 
e.g., challenges to containment integrity caused by core concrete interaction, 
steam explosion, high-pressure core melt ejection, hydrogen combustion, and 
containment bypass in accordance with 10 CFR 52.47(a)(23). 

 
In accordance with the guidance provided on the SRP Section 19 the application also provides 
a detailed list of the primary objectives of the PRA and SA evaluations, which include: 
 

• identification of potential design and operational vulnerabilities, 
 

• reduction of known weaknesses of existing operating plants applicable to the 
new design, 
 

• selection of alternative features and design options, 
 

• examination of the risk significance of specific human errors associated with the 
design, 
 

• demonstration of whether the plant design represents a risk reduction as 
compared to the existing operating plants 

 
Topical Reports:  There are no Topical Reports for this area of review. 
 
Technical Reports: 
 
MHI Technical Report MUAP-07030-P, “US-APWR Probabilistic Risk Assessment,” Revision 3 
(Proprietary), June 2011. 
 
Inspections, Tests, Analyses, and Acceptance Criteria (ITAAC):  There are no ITAAC for 
this area of review. 
 
Technical Specifications (TS):  There are no TS for this area of review. 
 
19.1 Probabilistic Risk Assessment 
 
19.1.1 Introduction 
 
Section 19.1 of this SER section pertains to the staff’s review of the US-APWR design-specific 
PRA.  The DCD provides a description of the PRA and its results as required by 10 CFR 



 

19-3 

 

52.47(a)(27).  The complete PRA (i.e., models, data, and supporting analyses) was also made 
available to the NRC to facilitate the staff’s review.  The staff’s review of the PRA information 
provided in DCD Section 19.1 was complemented by the review of more detailed information 
included in the complete PRA, as necessary to understand the PRA model and its results.  The 
staff’s review resulted in requests for additional information (RAIs) and the inclusion of 
additional information in Chapter 19 of the DCD.  The information provided in the applicant’s 
responses to the RAIs is documented and referenced, as necessary, in the staff’s SER in 
support of its conclusion. 
 
Chapter 19.1 of this report provides the NRC staff’s review of the US-APWR design-specific 
PRA submitted by MHI in support of its application for certification of the US-APWR design.  
The PRA information submitted in support of the US-APWR DC is described in Section 19.1 of 
the DCD.  Section 19.3 of the DCD documents the final integrated list of COL action items 
derived from both the PRA and the SA evaluation.  The US-APWR PRA consists of a Level 1 
analysis and a Level 2 analysis of both internal and external events for all modes of operation.  
The documentation of the staff’s evaluation follows, to the extent that it is practicable, the 
general outline of the US-APWR PRA information documented in the DCD. 
 
The PRA information provided by the applicant in Chapter 19 of the DCD follows the guidance 
in Regulatory Guide (RG) 1.206, “Combined License Applications for Nuclear Power Plants 
(LWR Edition),” June 2007, Section C.I.19, “Probabilistic Risk Assessment and Severe Accident 
Evaluation,” and in SRP Section 19.0.  The guidance in SRP Section 19.0 lists the expected 
uses of PRA results and insights to support the DC and other programs (e.g., the Reliability 
Assurance Program (RAP)) as summarized below. 
 
(1) The PRA provided in support of a DC is used as follows: 
 

A. During the design phase 
 

i. To identify and address potential design features and plant operational 
vulnerabilities for which a small number of failures could lead to core 
damage, containment failure, or large releases (e.g., assumed individual 
or common-cause failures (CCFs) that could drive plant risk to 
unacceptable levels with respect to the Commission goals, as presented 
below), 

 
ii. To reduce or eliminate the significant risk contributors of existing 

operating plants that are applicable to the new design by introducing 
appropriate features and requirements, and 

 
iii. To select among alternative features, operational strategies, and design 

options. 
 

B. To identify risk-informed safety insights based on systematic evaluations of the 
risk associated with the design, construction, and operation of the plant such that 
the applicant can identify and describe the following: 

 
i. The design’s robustness, levels of defense-in-depth, and tolerance of SAs 

initiated by either internal or external events, and 
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ii. The risk significance of specific human errors associated with the design 
and characterization of the significant human errors in preparation for 
better training and more refined procedures. 

 
C. To demonstrate how the risk associated with the design compares against the 

Commission safety goals of less than 1E-04 per year for core damage frequency 
(CDF) and less than 1E-06 per year for large release frequency (LRF)1, and also 
to compare the design against the Commission’s approved use of a containment 
performance goal.  This includes (1) a deterministic goal that containment 
integrity be maintained for approximately 24 hours following the onset of core 
damage for the more likely SA challenges and (2) a probabilistic goal that the 
conditional containment failure probability be less than approximately 0.1 for the 
composite of all core damage sequences assessed in the PRA, 

 
D. To assess the balance of preventive and mitigating features of the design, 

including consistency with the Commission’s guidance in Secretary of the 
Commission Paper (SECY) 93-087, “Policy, Technical, and Licensing Issues 
Pertaining to Evolutionary and Advanced Light-Water Reactor (ALWR) Designs,” 
and the associated staff requirements memorandum (SRM), 

 
E. To demonstrate whether the plant design, including the impact of site-specific 

characteristics, represents a reduction in risk compared to existing operating 
plants and 

 
F. To demonstrate that the design addresses known issues related to the reliability 

of core and containment heat removal systems at some operating plants (i.e., the 
additional Three Mile Island (TMI)-related requirements in 10 CFR 50.34(f)). 

 
(2) The results and insights of the PRA are used to support other programs as follows: 

 
A. To support, as a minimum, regulatory oversight processes (e.g., Mitigating 

Systems Performance Index, significance determination process) and programs 
that are associated with plant operations (e.g., TS, reliability assurance, human 
factors, and Maintenance Rule implementation). 

 
B. To identify and support the development of specifications and performance 

objectives for the plant design, construction, inspection, and operation, such as 
ITAAC; RAP; TS; and COL action items and interface requirements. 

 
To ensure that the DC application adequately addresses these aspects, the staff reviews the 
following: 
 
1. The scope, level of detail, and technical adequacy of the design-specific or plant-specific 

PRA to ensure that it is appropriate for the DC application and any identified uses and 
risk-informed applications. 

 

                                                           

1 The DCD/PRA term LRF can be and is used interchangeably with the more common term LERF for large, EARLY 
release frequency. 
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2. The assumptions in the PRA made during design development/certification, in which a 
specific site may not have been identified or all aspects of the design (e.g., balance of 
plant) may not have been fully developed, to confirm that these assumptions are 
identified in the DC application. 

 
3. The design features used to prevent or mitigate SAs identified within SECY-93-087. 
 
4. As part of the PRA description, how the PRA will be maintained and upgraded to ensure 

that the PRA, consistent with its identified uses and risk-informed applications, should 
continue to reasonably reflect the as-designed, as-built, and as-operated plant, including 
the corrective action and feedback mechanisms involving the periodic evaluation of the 
PRA on the basis of actual plant-specific equipment, train, and system performance and 
relevant industry operational experience. 

 
Section 19.1.2, “Summary of Application,” of this report provides a summary of the PRA 
information included in the MHI application in support of the US-APWR DC.  Section 19.1.3 of 
this report, “Regulatory Basis,” provides the regulatory basis for the PRA information needed to 
support the DC in compliance with 10 CFR Part 52.  Section 19.1.4 of this report, “Technical 
Evaluation,” provides the staff’s technical evaluation of the PRA information.  Section 19.1.5 of 
this report provides a summary of open, confirmatory, and COL action items as well as the 
staff’s evaluation of the proposed COL action items.  Finally, Section 19.1.6 of this report, 
“Conclusions,” summarizes the staff’s major conclusions and findings regarding the design 
consistent with the objectives of the PRA and its use in the design and certification processes. 
 
19.1.2 Summary of Application 
 
DCD Tier 1:  There are no Tier 1 entries for this area of review.  However, there are many Tier 
1 DCD sections which provide information regarding systems that are designed to prevent the 
onset of, or mitigate, a SA and are referred to in Section 19.1 of the DCD.  An example of such 
information is the information summarized in Table 19.1-13, “Mitigating Systems for Safety 
Functions in each Initiating Event,” and Table 19.1-14, “Mitigating Systems for Safety Functions 
in each Alternate Operator Action,” for accident mitigating systems and operator actions, 
respectively, modeled in the PRA.  
 
DCD Tier 2:  The applicant has provided a Tier 2 description of the PRA in Section 19.1 of the 
DCD, summarized here in part, as follows: 
 

The scope of the US-APWR PRA includes a Level 1 and Level 2 PRA for internal and 
external events (including internal flooding and internal fire) at-power operation as well 
as at low-power and shutdown (LPSD) conditions.  The applicant performed a PRA-
based seismic margin assessment (SMA) to evaluate the seismic risk. 

 
Section 19.1.1 of the DCD, “Uses and Applications of the PRA,” identifies the various 
uses and applications of the PRA during the design and subsequent phases of the 
application. 

 
Section 19.1.2 of the DCD, “Quality of PRA,” describes the quality of the PRA, including 
technical adequacy of the PRA model, documentation, and maintenance of the PRA. 
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Section 19.1.3 of the DCD, “Special Design/Operational Features,” describes the special 
design and operational features of the US-APWR that are intended to improve plant 
safety when compared to currently operating PWRs. 

 
Sections 19.1.4, “Safety Insights from the Internal Events PRA for Operations at Power,” 
and 19.1.5, “Safety Insights from the External Events PRA for Operations at Power,” of 
the DCD provide the Level 1 and Level 2 PRA results and insights for internal and 
external events, respectively, for operations at power. 

 
Section 19.1.6 of the DCD, “Safety Insights from the PRA for Other Modes of Operation,” 
provides PRA results and insights for events initiated during low-power and shutdown 
conditions.  

 
Section 19.1.7 of the DCD, “PRA-Related Input to Other Programs and Processes,” 
describes PRA-related input to various programs and processes for the design and 
subsequent phases of the application.  

 
Section 19.1.8 of the DCD, “Conclusions and Findings,” provides a summary of the 
conclusions and findings derived from the PRA. 

 
The following elements of the Level 1 internal events PRA for operation at power are 
described in the DCD: 
 
• Initiating event identification, categorization, and quantification. 

 
• Accident sequence analysis including success criteria and system dependencies. 

 
• System analysis. 

 
• Data analysis including common cause failure analysis, human reliability 

analysis, and data uncertainty analysis. 
 

• Core damage quantification including uncertainty, importance, and sensitivity 
analyses. 

 
In accordance with RG 1.206, Section C.I.19 and SRP Section 19.0 “Probabilistic Risk 
Assessment and Severe Accident Evaluation for New Reactors,” the safety insights from 
the internal events Level 1 PRA for operations at power include the following: 

 
• A summary description of the Level 1 internal events PRA for operation at power. 

 
• Dominant accident sequences contributing to CDF. 

 
• Areas where certain US-APWR design “special” and “defense-in-depth” features 

were the most effective in reducing risk with respect to operating reactor designs. 
 

• Major contributors to the estimated CDF from internal events, such as hardware 
failures, system unavailabilities, and human errors. 
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• Major contributors to maintaining the “built-in” plant safety (to ensure that risk 
does not increase unacceptably). 
 

• Major contributors to the uncertainty associated with the estimated CDF. 
 

• Sensitivity of the estimated CDF from internal events to potential biases in 
numerical values, to assumptions made in the PRA, to lack of modeling details in 
certain areas, and to previously raised safety issues. 

 
The applicant estimated the mean CDF for the US-APWR design, from internal events 
during operation at power, to be about 1.0E-06 per year.  A loss of offsite power (LOOP) 
is the largest contributor to the CDF profile (approximately 45.4 percent contribution) 
followed by the loss of component cooling water (LOCCW) (approximately 20.5 percent).  
The reactor vessel rupture event and loss-of-coolant accident (LOCA) events are also 
notable contributors to the CDF profile (9.7 and 9.0 percent, respectively).  Contributions 
from anticipated trip without scram (ATWS) events (4.5 percent), steam line break (3.5 
percent), loss of feedwater (2.5 percent), general transients (1.9 percent), and steam 
generator tube rupture (SGTR) sequences (1 percent) are relatively small. 

 
The primary guidance for this analysis is NUREG/CR-2300, “PRA Procedures Guide:  A 
Guide to the Performance of Probabilistic Risk Assessments for Nuclear Power Plants” 
and RG 1.200, “An Approach for Determining the Technical Adequacy of Probabilistic 
Risk Assessment Results for Risk-Informed Activities.”  The computer code MAAP 
Version 4.0.6 is employed to evaluate severe accident phenomena. 

 
The US-APWR PRA includes a limited Level 2 analysis.  The ASME/ANS RA-S-2008, 
“Standard for Level 1/Large Early Release Frequency Probabilistic Risk Assessment for 
Nuclear Power Plant Applications,” as endorsed by RG 1.200, establishes guidance for a 
limited Level 2 PRA sufficient to evaluate large early release frequency (LERF).  This 
standard calls for the identification of accident progression, and it does not require 
source term and offsite consequence calculations to assess the accident sequences 
against the large early release definition.  The standard implicitly considers such an 
approach as acceptable.   

 
The Level-2 PRA estimates the LRFs (LERFs) for internal events at full power, and 
involves the following: 
 
• Plant damage state (PDS) analysis. 

 
• Accident progression analysis. 

 
• Quantification of release categories and the LRF. 

 
The limited Level 2 PRA PDS results for internal events at power are presented in detail 
in the PRA technical report, Technical Report MUAP-07030, Revision 3, Table 17.3-9, 
Summary of Level 2 PRA Results for Internal Events at Power.  They are summarized 
as follows: 
 
• CDF input for Level 2 PRA:  1.0E-06 per reactor-year 
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• Large Release Frequency:  1.07E-07 per reactor-year 
 

• Conditional Containment Failure Probability (CCFP):  0.11 
 

Just as for CDF, LOOP is the principal contributor to LRF for internal events at power at 
40 percent, followed by small pipe break LOCA  at 18 percent, loss of component 
cooling water at 11 percent, SGTR at 10 percent, and partial loss of component cooling 
water at 8 percent.  Other contributors, such as steam line break, medium-pipe-break 
LOCAs, general transients, reactor pressure vessel (RPV) ruptures, loss of feedwater 
flow, and ATWS are small contributors. 

 
The applicant assessed the risk associated with seismic events using a PRA-based 
SMA method instead of performing a seismic PRA.  In addition, the applicant discussed 
the criteria used for screening out external hazards from the detailed risk assessment.  
However, the specific analysis of US-APWR design capability to withstand site-specific 
external hazards other than earthquakes (e.g., external flooding, tornadoes, high winds, 
etc.,) was left to be performed by the COL applicant referencing the US-APWR design.  

 
The applicant’s PRA-based SMA approach is consistent with guidance provided in 
SECY-93-087, “Policy, Technical, and Licensing Issues Pertaining to Evolutionary and 
Advanced Light-Water Reactor Designs,” dated April 2, 1993, in its SRM issued July 21, 
1993, and in the Interim Staff Guidance (ISG) DC/COL-ISG-3, “PRA Information to 
Support Design Certification and Combined License Applications,” dated June 2008.  
The purpose of the PRA-based SMA is to determine whether the US-APWR design and 
the plant referencing the US-APWR design would have adequate “margin,” measured by 
the plant’s high-confidence-of-low-probability-of-failure (HCLPF) value, to withstand an 
earthquake above the plant’s safe shutdown earthquake (SSE).  The PRA-based SMA 
performed for the US-APWR design together with its related COL action items would 
ensure that a plant referencing the US-APWR design will have HCLPF values equal to 
1.67 times the site’s SSE value (e.g., if a plant’s SSE is 0.3g, the plant’s HCLPF will be 
at least 0.5g), as indicated in SECY-93-087.  In addition, following guidance in RG 
1.206, the applicant has used the PRA-based SMA to identify dominant seismic accident 
sequences, risk-significant features, important human actions, and other risk insights 
associated with seismic events. 

 
The US-APWR PRA also includes internal flood and internal fire events.  The US-APWR 
internal fire PRA was developed using the methodology provided in NUREG/CR-6850, 
“Fire PRA Methodology for Nuclear Power Facilities,” issued in September 2005, which 
includes the following tasks: 

 
• Plant boundary definition and partitioning, 
• Fire PRA component selection, 
• Fire PRA cable selection, 
• Qualitative screening of fire compartments, 
• Development of plant fire-induced risk model, 
• Estimate fire ignition frequencies, 
• Quantitative screening of fire compartments, 
• Detailed circuit analysis, 
• Circuit failure mode likelihood analysis, 
• Detailed fire modeling, 
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• Post-fire human reliability analysis (HRA), 
• Seismic-fire interactions, 
• Fire risk quantification; and 
• Uncertainty and sensitivity analyses. 

 
In accordance with the guidance in RG 1.206, the applicant has identified dominant 
internal fire accident sequences, risk-significant features, important human actions, and 
other risk insights associated with internal fire events.  The most risk-significant internal 
fire scenarios were found to be associated with the fires in the switchyard, certain 
Turbine Building (T/B) areas, A Class 1E electrical room, and D Class 1E electrical 
room.  The applicant has estimated the mean CDF from internal fires at power to be 
8.6E-07 per year.  

 
The applicant performed an internal flood PRA to evaluate risk from flood events.  The 
internal flood PRA was developed in three steps.  In the first step, a qualitative analysis 
was performed to: 

 
• Identify independent flood areas and equipment located within these areas, 
• Identify flood source and flood mechanisms, and 
• Screen out flood sources, modes, and flood propagation pathways. 

 
In the second step, a quantitative assessment was performed to: 

 
• Develop flood scenarios for each flood source, 
• Perform flood initiating events analysis, 
• Evaluate the impact on equipment, 
• Evaluate flood mitigation strategies and perform human reliability analysis of 

actions, and 
• Develop probabilistic risk models and quantify flood-induced accident sequences. 

 
In the third step, results from the qualitative and quantitative evaluations were 
documented. 

 
The US-APWR internal flood PRA includes identifying the significant accident 
sequences, quantifying the leading core damage contributors, obtaining risk-significant 
functions, features, phenomena, and human actions, and gaining related risk insights in 
accordance with the guidance provided in SRP Section 19.1.5.3, “Results and Insights 
from Internal Flooding PRA.”  The applicant determined that the most risk-significant 
internal flood scenarios are associated with flooding in Reactor Building (R/B) west and 
east corridors, R/B 4F SG blowdown water radiation monitor room, R/B B1F east 
corridor, and R/B B1F west D-EFW pump room.  The applicant estimated the mean CDF 
from internal floods at power to be 8.9E-07 per year.  

 
The Level-2 evaluation of the at-power fire and flood external events uses the same 
approach as for internal events.  Fault trees are modified to take into account flood/fire-
induced failures of severe-accident mitigation features and these fault trees are mapped 
into the internal events through the associated PDSs.  The applicant estimated the mean 
LRF from internal fires to be 1.9E-07 per reactor-year, or approximately twice the total 
LRF from at-power internal events.  The CCFP associated with internal fires is about 
0.22, or twice that of the CCFP value for internal at power events (i.e., 0.11).  The most 
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significant fire scenario with respect to LRF is a turbine bypass spurious open (SLBO) 
event due to fire in T/B fire compartment FA6-101-01 with a contribution of about 11 
percent to the total internal fire LRF.  The second significant fire scenario is a LOOP 
event due to a yard fire with a contribution of about 9 percent.  The mean LRF from 
internal flooding events, 1.6E-07 per reactor-year, is about 50 percent more than that of 
the internal events at power.  The CCFP associated with the internal flood is about 0.18.  
The dominant flooding scenarios with respect to LRF are associated with floods in R/B 
west and east corridors, causing partial loss of component cooling water (CCW) system. 

 
The applicant performed a LPSD PRA by determining outage types and frequencies, 
defining plant operating states (POS), identifying initiating events, analyzing accident 
sequences, modeling plant systems, developing a database, performing a HRA, and 
quantifying the full model.  The applicant estimated the internal event LPSD CDF to be 
2E-07 per reactor year.  Over eighty percent of the US-APWR shutdown internal event 
risk occurs during midloop/reduced inventory conditions before refueling and after 
refueling, POSs 4 and 8.  LOCAs, caused by inadvertent draining of the reactor coolant 
system (RCS), during POSs 4 and 8 contribute approximately 26 percent of the LPSD 
internal CDF.  LOOPs during POSs 4 and 8 contribute 38 percent of the LPSD internal 
CDF.  In addition, the applicant identified dominant internal fire accident sequences and 
internal flooding accident sequences including risk-significant features and human 
actions occurring at LPSD.   

 
The CDF from internal fires at LPSD operations was estimated to be 2E-08 per reactor 
year.  Similar to full power, over eighty percent of the US-APWR shutdown fire risk 
occurs during midloop/reduced inventory conditions before refueling and after refueling, 
POSs 4 and 8.  Fire induced LOOPs from all POSs (3-11) contribute to over 65 percent 
of the shutdown fire risk.   

 
The CDF from internal floods at LPSD operations was estimated to be 1E-07 per reactor 
year.  As in the LPSD internal events model, POS 4-3 and POS 8-1 were modeled in 
detail and simplifying assumptions were used to model other POS.  Flooding frequencies 
used in the at-power model are also applied to the shutdown flooding analysis.  
Approximately 83 percent of the US-APWR shutdown flood risk occurs during 
midloop/reduced inventory conditions before refueling and after refueling, POSs 4 and 8.  
Fire-induced losses of CCW and emergency service water (ESW) from all POSs (3-11) 
contribute over 98 percent of the shutdown flood risk.  The ten dominant flood scenarios 
for POS 8-1 involve flooding in the R/B that result in loss of the component cooling water 
systems (LOCS) in conjunction with random failure of the other division of the CCW 
system. 

 
Similar to full power, the applicant performed a shutdown PRA-based SMA to determine 
if sufficient margin in the seismic design exists.  The plant level HCLPF for LPSD was 
assessed to be at least 1.67 times the plant’s SSE (i.e., 0.5g when the SSE is 0.3g).  In 
addition to the plant HCLPF value, the applicant identified dominant seismic accident 
sequences, risk-significant features and human actions, and other risk insights 
associated with seismic events occurring at LPSD modes of operation.    

 
For events at LPSD, the applicant conservatively assumed that the LRFs are to be the 
same as the core damage frequencies.  Therefore, the overall estimate of CDF for all 
LPSD POS and all initiating events is 3E-07 per reactor year. 
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In compliance with the regulatory guidance, the applicant also identified the expected 
future uses of the PRA.  The applicant has been using PRA results and insights to 
support the design and DC processes and to provide input to other programs and 
processes (e.g., RAP, TS, and COL actions items).  The applicant identified and 
included key insights and assumptions in Table 19.1-119, “Key Insights and 
Assumptions,” of the DCD and also documented the COL action items related to 
Chapter 19 in Section 19.3 of the DCD, in conformance with the SRP. 

 
Topical Reports:  There are no topical reports for this area of review. 
 
Technical Reports: 
 
MHI Technical Report MUAP 07030-P, “US-APWR Probabilistic Risk Assessment,” Revision 3 
(Proprietary), June 2011 
 
ITAAC:  There are no ITAAC for this area of review. 
 
TS:  There are no TS for this area of review. 
 
19.1.3  Regulatory Basis  
 
The relevant Commission regulations for this area of review and the associated acceptance 
criteria are given in NUREG-0800, “Standard Review Plan for the Review of Safety Analysis 
Reports for Nuclear Power Plants – LWR Edition,” Section 19.0, “Probabilistic Risk Assessment 
and Severe Accident Evaluation for New Reactors,” Revision 2.  Review interfaces with other 
SRP sections can also be found in Section 19.0 of NUREG-0800.  The specific regulatory 
requirements pertinent to the PRA are: 
 

1. Section 52.47(a)(8), “Contents of Applications; Technical Information,” of Part 52 
of the Code of Federal Regulations (10 CFR 52.47(a)(8)), which  requires the 
application to include information necessary to demonstrate compliance with any 
technically relevant portions of the TMI requirements set forth in 10 CFR 50.34(f), 
except (f)(1)(xii), (f)(2)(ix), (f)(3)(v). 

 
2. 10 CFR 52.47(a)(23), which requires applications for light-water reactor designs 

to include a description and analysis of design features for the prevention and 
mitigation of SAs, e.g., challenges to containment integrity caused by core-
concrete interaction, steam explosion, high-pressure core melt ejection, 
hydrogen combustion, and containment bypass. 

 
3. 10 CFR 52.47(a)(27), which requires an application to include a description of the 

design-specific PRA and its results. 
 
4. 10 CFR 52.47(a)(2) and 10 CFR 52.79(a)(2), which state the expectation that the 

standard plant will reflect through its design, construction, and operation an 
extremely low probability of accidents that could result in the release of 
significant quantities of radioactive fission products. 
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5. 10 CFR 52.47(a)(4) and 10 CFR 52.79(a)(5) which state the objective of 
assessing the risk to public health and safety resulting from operation of the 
facility and including determination of the margins of safety during normal 
operations and transient conditions anticipated during the life of the facility, and 
the adequacy of the SSCs provided for the prevention of accidents and the 
mitigation of the consequences of accidents.  

 
Specific acceptance criteria to meet the relevant requirements of the Commission’s regulations 
identified above are as follows for the review described in the SRP: 
 

1. NRC Policy Statements, which provide guidance regarding the appropriate 
course of action to address SAs and the use of PRA,  

 
a) NRC Policy Statement, “Severe Reactor Accidents Regarding Future 

Designs and Existing Plants,” 50 FR [Federal Register] 32138, August 8, 
1985. 
 

b) NRC Policy Statement, “Safety Goals for the Operations of Nuclear 
Power Plants,” 51 FR 28044, August 4, 1986. 

 
c) NRC Policy Statement, “Nuclear Power Plant Standardization,” 52 FR 

34884, September 15, 1987. 
 

d) NRC Policy Statement, “Regulation of Advanced Nuclear Power Plants,” 
59 FR 35461, July 12, 1994. 

 
e) NRC Policy Statement, “The Use of Probabilistic Risk Assessment 

Methods in Nuclear Regulatory Activities,” 60 FR 42622, August 16, 
1995. 

 
2. Commission (SECY) papers and their associated staff requirements memoranda 

(SRMs) relating to PRAs and SA Evaluations, which provide Commission-
approved guidance for implementing features in new designs to prevent SAs and 
to mitigate their effects, should they occur: 

 
a) SECY-90-016, “Evolutionary Light-Water Reactor (LWR) Certification 

Issues and Their Relationship to Current Regulatory Requirements,” 
Agency-wide Document Access and Management System (ADAMS) 
Accession No. ML003707849, January 12, 1990, and the related SRM, 
ADAMS Accession No. ML003707885, June 26, 1990. 

 
b) SECY-93-087, “Policy, Technical, and Licensing Issues Pertaining to 

Evolutionary and Advanced Light-Water Reactor Designs,” ADAMS 
Accession No. ML003708021, April 2, 1993, and the related SRM, 
ADAMS Accession No. ML003708056, July 21, 1993. 

 
c) SECY-96-128, “Policy and Key Technical Issues Pertaining to the 

Westinghouse AP600 Standardized Passive Reactor Design,” ADAMS 
Accession No. ML003708224, June 12, 1996, and the related SRM, 
ADAMS Accession No. ML003708192, January 15, 1997. 
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d) SECY-97-044, “Policy and Key Technical Issues Pertaining to the 

Westinghouse AP600 Standardized Passive Reactor Design,” ADAMS 
Accession No. ML003708316, February 18, 1997, and the related SRM, 
ADAMS Accession No. ML003708232, June 30, 1997. 

 
3. RG 1.174, “An Approach for Using Probabilistic Risk Assessment in Risk-

Informed Decisions on Plant-Specific Changes to the Licensing Basis,” which 
provides guidance on the level of detail that should be included in the PRA. 
 

4. RG 1.200, “An Approach for Determining the Technical Adequacy of Probabilistic 
Risk Assessment Results for Risk-Informed Activities,” which provides additional 
guidance on the level of detail that should be included in the PRA.  If detailed 
design information (e.g., cable and pipe routing) is not available, it is acceptable 
to make bounding-type assumptions consistent with the guidelines in RG 1.200.  
However, the risk models should still be able to identify vulnerabilities as well as 
design and operational requirements such as ITAAC and COL action items.  In 
addition, the bounding assumptions should not mask any risk-significant 
information about the design and its operation. 
 

5. Addenda to American Society of Mechanical Engineers (ASME)/American 
Nuclear Society (ANS) RA-S-2008, “Standard for Level 1/Large Early Release 
Frequency Probabilistic Risk Assessment for Nuclear Power Plant Applications,” 
February 2009. 
 

6. NUREG/CR-2300, “PRA Procedures Guide:  A Guide to the Performance of 
Probabilistic Risk Assessment for Nuclear Power Plants.” 
 

7. ISG DC/COL-ISG-3, “PRA Information to Support Design Certification and 
Combined License Applications,” June 2008. 
 

8. Nuclear Energy Institute (NEI) peer review guide NEI-00-02, “Probabilistic Risk 
Assessment Peer Review process Guidance, March 2000” – guidance using by 
applicants in performing PRA peer reviews. 

 
The staff’s acceptance criterion consists of a determination that the applicant has adequately 
demonstrated that the design properly balances preventive and mitigating features and 
represents a reduction in risk when compared to existing operating plants. 
 
In addition, the review ensures that the applicant has used the PRA results and insights, 
including those from uncertainty analyses, importance analyses, and sensitivity studies, in an 
integrated fashion to identify and establish specifications and performance objectives (e.g., 
ITAAC, TS, RAP, and COL action items) during the design, construction, testing, inspection, 
and operation of the plant. 
 
For designs that have evolved from current plant technology through the incorporation of 
several features intended to make the plant safer, more available, and easier to operate, the 
results of the PRA should indicate that these designs represent a reduction in risk compared to 
the existing operating plants.  The staff’s review includes a broad (qualitative and quantitative) 
comparison of risks, by initiating event category, between the proposed design and existing 
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operating plant designs (from which the proposed design evolved) to identify the major design 
features that contribute to the reduced risk of the proposed design compared to the existing 
plant designs (e.g., passive systems, less reliance on offsite and onsite power for accident 
mitigation, and divisional separation). 
 
The staff’s review also considers the impact of data uncertainties on the risk estimates.  The 
uncertainty analysis should identify major contributors to the uncertainty associated with the 
estimated risks.  In addition, the staff’s review should address the applicant’s risk-importance 
studies that are performed at the system, train, and component level to provide insights about 
(1) the systems that contribute the most in achieving the low risk level assessed in the PRA, (2) 
events (e.g., component failures or human errors) that contribute the most to decreases in the 
built-in plant safety level, and (3) events that contribute the most to the assessed risk.  The staff 
should also review the applicant’s sensitivity studies performed to gain insights about the impact 
of uncertainties (and the potential lack of detailed models) on the estimated risk.  The objectives 
of the sensitivity studies should include determining (1) the sensitivity of the estimated risk to 
potential biases in numerical values, such as initiating event frequencies, failure probabilities, 
and equipment unavailabilities, (2) the impact of the potential lack of modeling details on the 
estimated risk, and (3) the sensitivity of the estimated risk to previously raised issues (e.g., 
motor-operated valve reliability). 
 
To have confidence that the applicant’s PRA and SA evaluation results and insights are 
adequate, the staff also assesses the scope, level of detail, and technical adequacy of the 
design-specific PRA to ensure that the PRA is appropriate for the DC and any identified uses, 
as follows: 
 

1) The applicant’s analyses should be comprehensive in scope, and address all 
applicable internal and external events and all plant operating modes.  Since 
some aspects of the applicant’s approach may involve non-PRA techniques to 
address specific events, the staff’s review should ensure that the scope of the 
applicant’s analyses is appropriate for its identified uses and applications. 

 
2) The level of detail of the applicant’s PRA should be commensurate with the 

identified uses and applications of the PRA (e.g., sufficient to gain risk-informed 
insights and use such insights, in conjunction with assumptions made in the 
PRA, to identify and support requirements important to the design and plant 
operation).  The PRA should reasonably reflect the actual plant design, 
construction, operational practices, and relevant operational experience of the 
applicant and the industry.  Is the responsibility of the applicant to justify that the 
PRA approach, methods, and data, as well as the requisite level of detail 
necessary for the staff’s review and assessment, are appropriate. 

 
19.1.4   Technical Evaluation  
 
The documentation of the staff’s evaluation follows, to the extent that it is practicable, the 
general outline of the US-APWR PRA information documented in the DCD. 
 
On the basis of its review, the staff finds that the PRA information provided by the applicant in 
Chapter 19 of the DCD follows the guidance provided in RG 1.206, “Combined License 
Applications for Nuclear Power Plants (LWR [light-water reactor] Edition), June 2007,” Section 
C.I.19, “Probabilistic Risk Assessment and Severe Accident Evaluation,” and in SRP Section 
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19.0.  The staff’s assessment of the US-APWR PRA consists of the evaluation of events that 
could lead to core damage and offsite consequences, as well as an evaluation of what the PRA 
reveals about the safety of the US-APWR design.  The staff’s review followed guidance 
provided in Section 19.0 of the SRP. 
 
The general objectives of the staff’s review of the US-APWR design PRA information include 
the following: 
 

• Assessment of the quality of the DC PRA to ensure that essential attributes (e.g., 
scope, completeness, technical adequacy, level of detail, and development of 
risk insights) are adequate for using the PRA to gain insights about the 
robustness of the design and its tolerance of SAs as well as to provide insights to 
the DC process. 
 

• Verification of adequate use of the PRA during the design phase to identify and 
address potential vulnerabilities associated with design features or plant 
operation, to reduce or eliminate significant known risk contributors of existing 
operating plants that are applicable to new designs, and to identify the alternative 
features, operational strategies, and design options. 
 

• Identification of risk-informed safety insights based on systematic evaluations of 
the risk associated with the design and its operation. 
 

• Demonstration of whether the plant design represents a reduction in risk 
compared to existing operating plants. 
 

• Assessment of the balance of preventive and mitigative features of the design. 
 

• Assessment of the reasonableness of the risk estimates documented in the PRA. 
 

• Determination of how the risk associated with the design compares against the 
Commission’s goals for new reactors of less than 1.0E-04 per year for CDF and 
less than 1.0E-06 per year for LRF. 
 

• Identification and support the development of specifications and performance 
objectives for the plant design, construction, inspection, and operation such as 
ITAAC, design RAP (D-RAP), TS, interface requirements, and COL action items. 
 

• Assessment of the PRA model as a tool to be used to support proposed risk-
informed applications during the design certification. 

 
The above objectives are drawn from 10 CFR Part 52, the Commission's Severe Reactor 
Accident Policy Statement regarding future designs and existing plants, the Commission's 
Safety Goal Policy Statement, the Commission approved positions concerning the analyses of 
external events contained in SECY-93-087, and the uses of PRA to improve the reactor 
designs. 
 
19.1.4.1 Uses and Applications of the PRA 
 
The applicant has identified several uses and applications of PRA related to the design phase.   
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19.1.4.1.1 Uses and Applications of the PRA in the Design Phase 
 
The US-APWR PRA is an integral part of the design process and it has been used to optimize 
the plant design with respect to safety.  Specifically, PRA has been used to achieve the 
following objectives: 
 

• Identify features and requirements to reduce or eliminate known weaknesses or 
vulnerabilities in current reactor designs. 

 
• Assess the effect of new design features and operational strategies on plant risk. 
 
• Identify PRA-based insights and assumptions used to develop DC requirements. 

 
The PRA models and results have influenced the selection of design features, such as four-train 
core cooling systems, an in-containment refueling water storage pit, and digital instrumentation 
and control (DI&C) systems.  
 
In the design phase, the PRA results and insights have also been used as information providing 
input to TS, D-RAP, security plan and COL action items.  The US-APWR design PRA has been 
developed and evaluated so that it can be used as a starting point for creating a future plant-
specific PRA to support risk-informed applications, such as risk-managed technical 
specifications (RMTS) and surveillance frequency control programs (SFCP).  Note that, for the 
risk-informed applications, as described in RG 1.200, the future PRA updates and upgrades are 
required to address plant-specific and application-specific issues. 

 
19.1.4.1.2 Uses and Applications of the PRA in the COL Application Phase 
 
The staff’s review identifies that, the US-APWR PRA could be used during the COLA phase to 
support the following: 
 

• Closure of site-specific COL action items identified during the design certification, 
such as external hazards 
 

• Human factors engineering 
 
• Severe accident management program 
 
• Maintenance Rule program (10 CFR 50.65, “Requirements for Monitoring the 

Effectiveness of Maintenance at Nuclear Power Plants”) 
 
• Technical specification programs (e.g., RMTS and SFCP)  
 
• Potential design and/or operational changes 

 
A COL action item is included to ensure that insights gained from the DC and plant-specific 
PRAs are incorporated in the development of programs and processes which are initiated 
during or following the COLA phase, such as severe accident management guidelines, 
emergency operating procedures, reliability assurance, training and human factors engineering.  
In addition, assumptions made about design features and operator actions credited in the PRA 
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should remain valid when the PRA is used to develop such programs and processes.  This is 
part of Open Item 19.1-Level1-574. 
 
19.1.4.1.3 Uses and Applications of the PRA in the Construction Phase 
 
The PRA may require updating during the construction phase to reflect site-specific 
characteristics, detailed design features, or design changes.  The PRA may be used to support 
the development of licensee programs (e.g., human factors engineering, severe accident 
management, and risk-informed applications).  A COL Action Item is needed to require that a 
licensee referencing the certified US-APWR design will review as-designed and as-built 
information and conduct walk-downs as necessary to confirm that important assumptions made 
in the PRA regarding design features and characteristics (e.g., routing and location of piping 
and cables, HCLPF fragilities, etc.) and operator actions remain valid with respect to all 
applicable events and modes of operation.  This is part of Open Item 19.1-LEVEL1-574. 
 
19.1.4.1.4 Uses and Applications of the PRA in the Operational Phase 
 
The PRA will be used during the operational phase to support licensee programs on risk-
informed applications, such as RMTS, human factors engineering program, severe accident 
management program, maintenance rule program, and reactor oversight program. 
 
By fuel load, the plant-specific PRA will be peer-reviewed and revised as necessary to meet 
industry PRA standard.  The PRA will be used to support various licensee programs and risk-
informed applications (e.g., RMTS).  COL Action Item 19.3(1) requires that a COL licensee will 
perform peer reviews of the plant-specific PRA in accordance with RG 1.200 guidance and will 
verify that the PRA model is of adequate quality and detail to support the proposed licensee 
programs and risk-informed applications. 
 
19.1.4.2 Quality of the PRA 
 
In reviewing the US-APWR PRA, the staff has interacted with the applicant to get all needed 
information to finalize its evaluation of the quality and completeness of the US-APWR PRA, in 
terms of scope, level of detail, and technical adequacy.  These attributes are essential in using 
the PRA to gain insights about how the design is robust and responsive to SAs, and to provide 
risk insights to the certification process and post-certification activities.  This would achieve the 
objectives discussed above in Section 19.1.1 regarding the uses and applications of the PRA.  
The staff reviewed the quality of the US-APWR PRA by evaluating the models, techniques, 
methodologies, assumptions, data, and calculation tools that were utilized by the applicant and 
using the guidance provided in RG 1.200 as the basis for review.  In addition, the staff has 
checked the US-APWR PRA for completeness by engaging in the following activities: 
 

• Comparing the US-APWR DC PRA to other PRAs performed for current 
generation reactors and new pressurized water reactor (PWR) designs to ensure 
that the known safety significant PWR issues either do not apply to the US-
APWR design or they are appropriately modeled in the PRA. 
 

• Ensuring that the final resolution of various deterministic issues, which were 
raised by the staff during the certification process, is appropriately incorporated 
into the PRA models. 
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The review of the quality and completeness of the US-APWR PRA submittal involved the 
issuance of RAIs to the applicant followed by the evaluation of the applicant’s responses to the 
RAIs.  The staff’s review greatly benefited from the voluntary submittal of the complete US-
APWR PRA Technical Report, “US-APWR Probabilistic Risk Assessment,” MUAP-07030-P, 
Revision 3 (Proprietary), June 2011, by the applicant to the NRC. 
 
With the exception of the areas that are associated with the open issues identified in Section 
19.1.5 of this report, the staff finds that the quality of the US-APWR design-specific PRA is 
appropriate with respect to scope, and level of detail to support the DC process.  The basis of 
this finding is summarized below. 
 
19.1.4.2.1 PRA Scope 
 
The scope of the US-APWR design-specific PRA includes a Level 1 PRA and a Level 2 PRA for 
internal and external events (including internal floods and internal fires) at power and shutdown 
conditions.  The applicant evaluated seismic risk using PRA-based SMA approach.  Site-
specific external events, such as high winds, external flooding, etc., will be addressed by the 
COL applicant in accordance with the criteria provided in the DCD.  The COL action item on 
external hazards is discussed in Section 19.1.4.5 of this SER.  The staff finds that the applicant 
adequately justified the scope of the US-APWR design-specific PRA, in consistence with the 
guidance provided in Chapter 19.0 of the SRP and RG 1.206, therefore, it is acceptable. 
 
19.1.4.2.2 Level of Detail 
 
The level of detail of the US-APWR design-specific PRA realistically reflects the plant design, 
planned construction, and anticipated operational practices, at least to the extent necessary to 
provide confidence in the PRA results so they can be used to support the DC process.  For this 
reason, the staff finds that the level of detail of the US-APWR design-specific PRA is consistent 
with guidance provided in RG 1.206 and Chapter 19.0 of the SRP and, therefore, it is 
acceptable.  In addition, as stated in COL Action Item 19.3(1), the PRA will need to be updated 
(e.g., to address site specific information) and upgraded, as necessary, with respect to the level 
of detail by the COL licensee before it can be used to support certain risk-informed applications, 
such as RMTS. 
 
19.1.4.2.3 PRA Technical Adequacy 
 
In Section 19.1.2.3, “PRA Technical Adequacy” of the US-APWR DCD, the applicant stated that 
the US-APWR PRA adheres to the recommendations provided in RG 1.200 pertaining to quality 
and technical adequacy. 
 
The staff reviewed the information provided in DCD Section 19.1.2.3 and issued RAI 967-6790, 
Question 19-575, requesting the applicant to provide the basis for its statement in Section 
19.1.2.3, which says that “The PRA has been developed in accordance with industry consensus 
standards as described in Section 19.0.”  In addition, the staff requested the applicant to clarify 
its statement in Section 19.1.2.3, which states that “The PRA …has been subjected to a peer 
review process as defined in ASME/ANS RA-S-2008 and associated addenda.”  RAI 967-6790, 
Question 19-575, which is associated with the above requests, is being tracked as Open 
Item 19.1-LEVEL1-575. 
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The staff reviewed the US-APWR design-specific PRA model against industry PRA standards 
endorsed by the NRC in RG 1.200 and Chapter 19 of the SRP.  The aim of the review is to 
ensure the technical adequacy of the PRA to support the objectives discussed above in Section 
19.1.1, “Introduction,” regarding the uses and applications of the PRA during the DC phase.  
The reported PRA results as well as results of sensitivity, uncertainty, and importance analyses 
have been used to focus the review.  A sharper focus has also been achieved by using PRA 
experience and insights from previous PRA studies regarding key parameters and design 
features controlling risk.  The staff has also placed a special emphasis on PRA modeling of 
novel features in the design as well as addressing issues related to these features, such as 
digital I&C.  A discussion of the process, methods, data, and computer codes used in 
developing the US-APWR PRA is provided in Section 19.1.4.4.1.1 of this SER for Level 1 
internal events at power, in Section 19.1.4.4.2.1 for Level 2 internal events at power, in Section 
19.1.4.5.1. for the seismic margin assessment, in Section 19.1.4.5.2.1 for internal fires at power, 
in Section 19.1.4.5.3.1 for internal flooding at power, and in Section 19.1.4.6.1.1 for low power 
and shutdown. 
 
In Revision 3 of the DCD, the applicant describes the US-APWR PRA as a Levels 1 and 2 PRA 
that addresses full-power operation, low-power operation, and shutdown conditions.  It employs 
traditional PRA techniques for quantitative evaluation of plant risks.  The Level 2 PRA results in 
LRFs for internal events at full power and the evaluation involves the following: 
 

• Plant damage state analysis. 
• Accident progression analysis. 
• Quantification. 

 
The Level 2 PRA for the flooding and fire external events at full-power conditions uses the same 
approach as for internal events.  Fault trees are modified to take into account flood/fire induced 
failures of severe accident mitigation features and these fault trees are mapped into the internal 
events through the associated PDSs.  For events at LPSD, the LRFs are conservatively 
assumed to be the same as the core damage frequencies.   
 
The primary guidance for the Level 2 analysis is from ASME RA-S-2002 and addenda, RG 
1.200, and NUREG/CR-2300, “PRA Procedures Guide:  A Guide to the Performance of 
Probabilistic Risk Assessment for Nuclear Power Plants.”   The computer code MAAP Version 
4.0.6 is employed to evaluate severe accident phenomena.  
ASME/ANS RA-S–2008 establishes requirements for a limited Level 2 PRA sufficient to 
evaluate LERF.  This Standard calls for the identification of accident progressions that have the 
potential for a large release.  It does not require source term and offsite consequence 
calculations to assess accident sequences against the large early release definition (though it 
implicitly accepts such an approach as acceptable).  This class of Level 2 analysis is often 
called a LERF PRA. 
 
The US-APWR PRA originally sent to the staff is better characterized as Level 1 plus a limited 
Level 2 PRA sufficient to evaluate LERF or, more succinctly, as a Level 1/LERF PRA2.  It is not 
a complete Level 2 PRA.  Improper use of the descriptive term “Level 2” occurs throughout the 
PRA and DCD documentation and in most cases should be understood to be referring to the 
LERF PRA. 
                                                           

2 The DCD/PRA term LRF is used interchangeably with the more common term LERF. 
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In fact, a complete Level 2 PRA does exist for the US-APWR and the LERF PRA has been 
developed within this larger model.  The applicant originally chose to submit the LERF model for 
the DC, not the full Level 2 PRA.  The applicant did, however, include the missing information in 
the Level 3 PRA document that supports severe accident mitigation design alternatives 
(SAMDA) evaluation in the Environmental Report (ER).  The staff finds that this information also 
needs to be part of the Level 2 PRA, and requested it in RAI 627-4926, Question 19-447.  In its 
response to RAI 627-4926, Question 19-447, dated November 1, 2010, the applicant provided 
additional material and descriptions in sufficient detail to be acceptable to the staff.  The 
applicant agreed to include the missing information in the Level 2 PRA and provide a summary 
description of the accident scenarios associated with each of the six release categories in 
Chapter 19 of the DCD Revision 3.  The staff confirmed that the applicant has included the 
proposed information into the DCD Revision 3, therefore RAI 627-4926, Question 19-447, is 
resolved and closed. 
 
Based on its review, the staff finds that the applicant properly described the US-APWR design-
specific PRA technical adequacy acceptable, with the exception of the open issues discussed in 
this section and summarized in Section 19.1.5 of this report.  As stated in COL Action Item 
19.3(1), the PRA will need to be updated (e.g., to address site specific information) and 
upgraded to industry standards by the COL licensee to meet the technical adequacy 
requirements needed to support certain risk-informed applications during operation, such as 
RMTS.  This COL action item would ensure that the PRA is sufficiently adequate to support its 
use in the risk-informed applications.  The applicant has included several statements in Chapter 
19 of the DCD regarding the technical adequacy of the design-specific PRA that the staff finds 
to be not appropriate based on RG 1.200 guidance and should be removed from the DCD.  For 
example, the following statements were made in Section 19.1.2 of the US-APWR DCD: 
 

• “The quality of the PRA is sufficient to provide confidence in the results, 
such that the PRA may be used in regulatory decision making and to 
support risk-informed applications.” 

 
• “The PRA has been developed in accordance with industry consensus 

standards as described in Section 19.0, and has been subjected to a peer 
review process as defined in ASME-RA-S-2002 and associated addenda 
and as outlined in the NEI peer review guide NEI-00-02.” 

 
• “Upgrades of the PRA will receive a peer review in accordance with the 

requirements detailed in Section 6 of ASME-RA-S-2002 and associated 
addenda, but will be limited to aspects of the PRA that have been 
upgraded.” 

 
The applicant should remove these statements from the DCD or revise them to clearly state that 
the PRA upgrades will be considered for some future risk-informed applications (e.g., RMTS) 
and that the entire PRA model, not just the upgrades, will have to receive a peer review in 
accordance with RG 1.200 guidance. 
 
In RAI 750-5675, Question 19-510, the staff requested the applicant to revise the above 
statements.  In a June 30, 2011, response, the applicant committed to remove all three 
statements from Section 19.1.2 of the DCD.  This revision of the DCD is being tracked as 
Confirmatory Item 19.1-LEVEL1-510. 
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19.1.4.2.4 PRA Maintenance and Upgrade 
 
The objective of the PRA maintenance and upgrade program is to ensure that the PRA will be 
maintained and upgraded so that its representation of the as-designed, as-built, and as-
operated plant is sufficient to support the applications for which the PRA is being used.  The 
applicant stated in DCD Section 19.1.2.4, “PRA Maintenance and Upgrade,” that the PRA will 
be placed under configuration control.  The maintenance and upgrade program will be 
performed in accordance with the PRA Standard ASME RA-S-2002 and associated addenda, 
as endorsed by RG 1.200, and will contain the following key elements: 
 

• A process for monitoring PRA inputs and collecting new information. 
 
• A process that maintains and upgrades the PRA to be consistent with the as-

built, as operated plant. 
 
• A process that ensures that the cumulative impact of pending changes is 

considered when applying the PRA. 
 
• A process that evaluates the impact of changes on previously implemented risk-

informed decisions that have used the PRA. 
 
• A process that maintains configuration control of computer codes used to support 

PRA quantification. 
 
• Documentation of the maintenance and upgrade program. 

 
The staff finds that the proposed PRA maintenance and upgrade program is consistent with 
industry PRA standard as endorsed by RG 1.200, and therefore it is acceptable.  However, a 
COL action item is needed to ensure that applicants referencing the US-APWR design will 
commit to this PRA maintenance and update program or to develop its own program.  This is 
part of Open Item 19.1-LEVEL1-574. 
 
In RAI 898-6275, Question 19-564, the staff requested that the applicant, in accordance with 
guidance provided in SRP Section 19.1 and RG 1.206, revise Sections 19.1.1 and 19.1.2 of the 
US-APWR DCD Revision 3 to define which PRA (i.e., design-specific PRA or plant-specific 
PRA) is in consideration when mentioning “PRA” in these sections.  This action is needed to 
clearly separate the responsibility of the DC applicant, COL applicant, and COL holder on the 
use, update, and upgrade of the PRA. 
 
In a July 02, 2012, response, the applicant committed to revise Sections 19.1.1 and 19.1.2 to 
clarify the responsibility of the DC applicant, COL applicant, and COL holder on the use, 
maintenance and upgrade of the PRA as requested in the RAI. 
 
Revision of DCD Sections 19.1.1 and 19.1.2, which is associated with RAI 898-6275, 
Question 19-564, is being tracked as Confirmatory Item 19.1-LEVEL1-564. 
 
Safety insights regarding the US-APWR design are documented in Sections 19.1.4.4 to 
19.1.4.6.  Depending on the resolution of the identified open issues, some safety insights may 
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be changed.  Any such changes will be included in the applicable sections of the final safety 
evaluation report (FSER) by the staff and in the DCD, by the applicant. 
 
Section 19.1.4.3 of this report briefly presents the special design features that were incorporated 
into the US-APWR design for the purpose of preventing and mitigating severe accidents.  
Section 19.1.4.4 of this report provides safety insights regarding the US-APWR design drawn 
from the internal events risk analysis for operation at power.  Section 19.1.4.5 of this report 
discusses safety insights drawn from the external events risk analysis (seismic, internal fires, 
and internal floods) for operation at power.  Section 19.1.4.6 of this report discusses safety 
insights drawn from the low-power and shutdown risk analysis.  Finally, Section 19.1.4.7 
discusses the use of PRA results and insights in the US-APWR DC process and the PRA-
related input to other detailed design, construction, and operation-related programs and 
processes. 
 
19.1.4.3 Special Design and Operational Features 
 
The US-APWR design evolved from current PWR technology through design changes and 
incorporation of features intended to make the plant safer, more available, and easier to 
operate.  Insights from the PRAs and other experience of operating reactors helped in designing 
such features, as well as in identifying design changes.  Therefore, the US-APWR incorporates 
features intended to improve plant safety, thus reducing risk when compared to current 
generation operating nuclear power plants. 
 
Some of these design features are preventive in nature, while others are mitigative.  Preventive 
features aim to (1) minimize the initiation of plant transients, (2) arrest the progression of plant 
transients once they start, and (3) prevent SAs (core damage).  Mitigative features aim to arrest 
the progression of core damage and prevent a breach of the reactor vessel and containment 
pressure boundary.  Sections 19.1.4.3.1 and 19.1.4.3.2 of this report describe the major 
preventive and mitigative design features of the US-APWR design, respectively.  In these 
descriptions, a brief qualitative discussion highlights the effect that each of these features has 
on various elements involved in SA prevention and mitigation.  More details about these 
features can be found in the appropriate chapters of the US-APWR DCD. 
 
19.1.4.3.1 Special Design Features for Preventing Core Damage     
 
The major features incorporated in the US-APWR design for the purpose of limiting plant 
transients and preventing SAs are discussed below: 
 
In-Containment Refueling Water Storage Tank  
 
The important characteristics and functions of the in-containment refueling water storage tank 
(IRWST), which is also referred to as the refueling water storage pit (RWSP) in the US-APWR 
design, include the following: 
 

• Large capacity.  
 
• Located in the lower elevation inside the containment and has four recirculation 

sumps. 
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• Provides borated water for high head injection (HHI) and for containment spray 
and residual heat removal (CS/RHR). 

 
• Receives borated water for high HHI and for CS/RHR. 

 
The RWSP is a reliable source of borated water for emergency core cooling and eliminates the 
need for switching over from the injection mode to the recirculation mode during emergency 
core cooling operations (a risk-important operation at currently operating PWRs).  
 
Redundant and Diverse Decay Heat Removal Systems 
 
Redundant and diverse decay heat removal systems provide defense-in-depth during all 
possible scenarios of an accident.  Alternative means for core cooling include the following: 
 

• Main feedwater and condensate. 
 
• Emergency feedwater consisting of four independent trains with diversity features 

(two trains use turbine-driven pumps while the other two use motor-driven 
pumps). 

 
• “Feed and Bleed” capability using systems with adequate redundancy and 

defense against common-cause failures throughout the RCS depressurization 
range for both the "feed" and the “bleed” functions. 

 
Redundant and Diverse Safety Injection Systems (SIS) 
 
Two or more diverse means, depending on the accident sequence, are provided for coolant 
injection and inventory control, using the HHI pumps, the advanced accumulators, the CS/RHR 
pumps, and the non-safety charging pumps.  The SIS consists of four independent trains, which 
enhances redundancy and improves the reliability of the core injection function.  Alternate core 
injection, using four redundant and independent CS/RHR subsystems, can be established when 
the HHI pumps are unavailable.  The four-train advanced accumulator system, which is driven 
by pressurized nitrogen gas in the accumulator tanks, provides reliable low head injection in the 
event of a LOCA and reduces the risk of failing to inject coolant during the initial stage of LOCA 
events.  For very small LOCA events (i.e., events which do not require the automatic or manual 
actuation of the SIS), the non-safety charging pumps are effective in making up reactor coolant, 
avoiding the challenge to the HHI pumps, and providing additional defense-in-depth for the 
safety injection function.  During plant shutdown, the HHI pumps or the charging pumps can be 
used to provide reactor coolant makeup when the RHR function is lost. 
 
Simple and Redundant Long-Term Recirculation Systems 
 
RCS recirculation is required for long-term core cooling during LOCAs and whenever “feed-and-
bleed” is used to cool the core during an accident.  The in-containment RWSP eliminates the 
risk to switch over to recirculation mode, which is present in most currently operating reactor 
designs.  For accidents occurring during power operation, long-term cooling is provided by four 
independent and redundant trains of the CS/RHR system taking suction from the RWSP and 
injecting into the containment spray rings after transferring heat to the CCW system through the 
CS/RHR heat exchangers.  If the CS/RHR system is unavailable, long-term recirculation cooling 
can still be achieved for most important accident sequences by alternate containment cooling, 
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which consists of removing containment heat by natural circulation using the containment fan 
cooler units. 
 
Redundant and Diverse Containment Cooling Systems 
 
Two diverse means are provided for containment cooling using the CS/RHR system 
(containment spray and heat removal) or the containment fan cooler unit (alternate containment 
cooling).  The CS/RHR system, which provides containment spray during LOCAs to keep the 
containment pressure and temperature within design limits and long-term heat removal through 
the CS/RHR heat exchangers, consists of four independent subsystems that are also redundant 
for most important accident sequences.  Alternate containment cooling can be achieved, in the 
case of loss of cooling by CS/RHR, by connecting the CCW system to the containment fan 
cooler units and providing long-term containment cooling by natural circulation. 
 
Reliable Depressurization System 
 
The pressurizer is sized to have sufficient volume to accomplish required safety functions 
without the need of power-operated relief valves.  Safety depressurization valves (SDVs), 
installed at the top of the pressurizer head, allow core cooling by “feed and bleed” operation in 
the case of loss of heat removal through the steam generators (SGs). 
 
Redundant and Diverse Support Systems 
 
The following important features related to support systems are provided in the US-APWR 
design: 
 

• The diverse actuation system (DAS) provides defense-in-depth against common- 
cause hardware and software failures in the four divisions of the safety-related 
I&C system.  This feature incorporates diversity in the reactor protection function 
and reduces the risk associated with ATWS events.  
 

• The emergency power system consists of four independent trains with a Class 
1E gas turbine generator (GTG) in each train.  This feature enhances 
redundancy and hence, improves the reliability of the emergency power system 
during LOOP events.  The presence of two alternate alternating current (AAC) 
power sources, which are diverse from the Class 1E GTGs, enhances the 
diversity of the onsite ac power sources and reduces the risk associated with 
station blackout (SBO) events. 
 

• The separation of the four-train CCW system into two subsystems with no 
interconnections, reduces dependencies and the risk associated with loss of 
CCW events. 
 

• The fire suppression system or the non-essential chilled water system can be 
aligned to provide cooling water to the charging pump cooling line when CCW is 
lost.  This feature prevents failure of the charging pumps, due to a loss of cooling 
by CCW, and allows the use of the charging pumps to provide reactor coolant 
pump (RCP) seal injection, thus preventing the occurrence of a RCP seal LOCA. 

 
Protective Features against Interfacing Systems LOCA 
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The piping design pressure of the RHR system is upgraded and a return path to the RWSP is 
provided in case of intersystem LOCA.  This feature reduces the occurrence of interfacing 
systems LOCA and the associated risk.   
  
Physical Separation of Safety System Redundant Trains 
 
The design provides physical separation of safety systems or trains of systems that perform 
redundant safety-related functions.  All US-APWR safety related SSCs are physically separated 
into four independent divisions and thus fire propagation through trains is minimized.  Other 
physical separation features include: the separation of the electrical room in the T/B into two fire 
compartments and the separation of the R/B into two flooding areas.  The physical separation 
feature of the US-APWR design contributes to the reduction of risk as compared to current plant 
designs. 
 
19.1.4.3.2 Special Design Features for Core Damage Consequence Prevention 
 
The US-APWR design incorporates several measures to limit the possibility that a core-
damaging accident could challenge containment integrity and cause a release.  Among the 
measures that go beyond those found in current-generation plants are the following: 
  
Large and Robust Containment 
 
The containment has sufficient free volume such that it is capable of withstanding the maximum 
pressure and temperature resulting from the release of stored energy during a postulated 
LOCA, main steam line break or severe accident. 
 
Primary Depressurization System 
 
In addition to the safety depressurization valves which are provided for core damage prevention 
by such as feed and bleed operation, severe accident dedicated RCS depressurization valves 
are provided to mitigate the consequences of core damage.  High-pressure melt ejection and 
temperature induced SGTR can be avoided by reducing the primary system pressure after a 
core melt.  The system is manually initiated by the operator when core damage is detected 
through a high core outlet temperature measurement.  The result is to open the motor operated 
valves (MOVs), thus depressurizing the RCS. 
 
Containment Spray System 
 
The containment spray system (CSS) is designed to perform two major functions, i.e., (1) 
containment heat removal and (2) fission product removal.  As for the features for mitigation of 
the consequences of core damage and prevention of release from containment, the above 
function (1) is expected.  The CSS also takes a fundamental role for the reactor cavity flooding.  
The fundamental design concept of the US-APWR for severe accident termination is reactor 
cavity flooding and cool down of the molten core by the flooded coolant water.  Therefore, 
dependable systems are provided to properly flood the reactor cavity during a severe accident.  
Containment spray water flows into the reactor cavity through the drain line provided between 
the SG loop compartment and the reactor cavity. 
 
Hydrogen Ignition System 
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For controlling postulated hydrogen generation during a severe accident, glow type igniters are 
provided.  Igniters are a proven technique to control combustible gases to prevent violent 
detonation, do not limit their effectiveness by accumulation of aerosols, and have good 
capability in terms of gas amount and controlling speed to control combustible gas.  They are 
also compact in size and easy to maintain.  The location to arrange igniters is carefully 
determined through accident progression analyses in order to enhance the effectiveness to 
control hydrogen. 
 
Firewater Injection into Reactor Cavity or Spray Header 
 
This design feature constitutes the reactor cavity flooding system together with the containment 
spray water injection through the drain line.  The fire protection water supply system (FSS) is 
provided outside of containment and in stand-by status during normal operation.  The system 
line-up is modified for emergency operation during a severe accident and provides firewater 
from outside to the reactor cavity. 
 
The FSS is also utilized to promote condensation of steam.  The FSS is lined up to the 
containment spray header when the CSS is not functional, and provides water droplet from top 
of containment.  This will temporarily depressurize containment.  However, the FSS does not 
contain a heat exchanger, and thus has no ability to remove heat from containment to terminate 
the containment pressurization.  Instead, this design feature can be expected to temporarily 
increase the heat sink in containment and extend the critical time of containment failure. 
 
Reactor Cavity Floor Area 
 
The geometry of the reactor cavity is designed to ensure adequate core debris coolability.  
Sufficient reactor cavity floor area is provided to enhance spreading of the core debris.  This 
ensures that an adequate interface is maintained between the core debris and coolant water 
and that the thickness of the deposited core debris is reduced to diminish the heat flux 
transmitted from the core debris to the reactor cavity floor concrete.  
 
Generic Letter (GL) 88-20, “Individual Plant Examination for Severe Accident Vulnerabilities,” 
issued by the NRC in 1988, states, “…assessments (should) be based on available cavity 
(spread) area and an assumed maximum coolable depth of 25 cm (9.8 in).  For depths in 
excess of 25 cm (9.8 in), both the coolable and non-coolable outcomes should be considered.”  
In order to address this discussion, the debris spreading behavior is carefully reviewed in 
handling the US-APWR core debris coolability issue at the design stage. 
 
Core Debris Trap 
 
A core debris trap is provided in the reactor cavity in order to decrease the amount of core 
debris dispersion to the upper compartment in the event of high-pressure melt ejection and 
subsequent direct containment heating.  Accordingly the containment atmosphere temperature 
rise by the limited amount of core debris is not very significant. 
 
Alternate Containment Cooling 
 
This is a system to depressurize containment by promoting natural circulation in containment.  
The containment fan cooler is a system provided to stabilize the containment environmental 
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condition during normal operation through forced air circulation by fan.  However, the electrical 
power of the fan may not be available during a severe accident.  Natural circulation is instead 
credited to adequately mix the containment atmosphere.  The containment fan cooler employs 
non-essential chilled water as the coolant under normal operation.  Since this non-essential 
chilled water cannot be available under severe accident conditions, the system line-up is 
switched from the chilled water system to the CCW system which supplies CCW to the 
containment fan cooler as coolant.  Although CCW is not as cold as chilled water, it is 
sufficiently colder than the containment atmosphere under severe accident conditions.  This 
temperature difference between the containment fan cooler and containment atmosphere 
causes condensation of surrounding steam.  This condensation mechanism promotes more 
natural circulation flow because of the pressure difference due to condensation of steam.  This 
enhances continuous containment depressurization. 
 
19.1.4.3.3 Special Design Features for Mitigating the Consequences of Releases from 

Containment 
 
Key mitigating features that are intended to minimize offsite doses/consequences include the 
following safety systems: 
 
Containment Spray System 
 
The CSS has two major functions, one of which is to mitigate fission product releases from 
containment. 
 
Firewater Injection 
 
Similar to the CSS, firewater spray also has two functions, one of which is to mitigate the 
consequences of release from containment.  
 
19.1.4.4 Safety Insights from the Internal Events PRA for Operations at Power   
 
10 CFR 52.47(a)(27) requires that a description of the design-specific PRA and its results be 
included in the DCD submitted in support of the DC application.  The staff reviewed the PRA 
information submitted in the DCD and the applicant’s responses to the staff’s RAIs to make the 
evaluation findings as described in the SRP.  The staff’s evaluation of the internal events 
analysis for operation at power is documented in SER Sections 19.1.4.4.1, 19.1.4.4.2, and 
19.1.4.4.3 for Levels 1, 2, and 3 of the PRA, respectively. 
 
19.1.4.4.1 Level 1 Internal Events PRA for Operations at Power  
 
In accordance with guidance provided in RG 1.206 and in the associated section of the SRP, 
the safety insights gained from the internal events Level 1 PRA for operations at power include 
the following: 

• A summary description of the Level 1 internal events PRA for operation at power. 
 

• Dominant accident sequences contributing to CDF. 
 

• Areas where certain US-APWR design “special” and “defense-in-depth” features 
were the most effective in reducing risk with respect to operating reactor designs. 
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• Major contributors to the estimated CDF from internal events, such as hardware 
failures, system unavailabilities, and human errors. 
 

• Major contributors to maintaining the “built-in” plant safety (to ensure that risk 
does not increase unacceptably). 
 

• Major contributors to the uncertainty associated with the estimated CDF. 
 

• Sensitivity of the estimated CDF from internal events to potential biases in 
numerical values, to assumptions made in the PRA, to lack of modeling details in 
certain areas, and to previously raised safety issues. 

 
19.1.4.4.1.1 Description of Level 1 Internal Events PRA for Operations at Power 
 
The US-APWR Level 1 PRA for internal events occurring during plant operation at power 
follows the basic methodology and approach given in ASME RA-S-2002 PRA Standard and the 
associated addenda.  The NRC has endorsed ASME RA-S-2002 in RG 1.200 and its associated 
addenda in revisions of RG 1.200.  The following elements of the Level 1 internal events PRA 
for operation at power are described in the DCD: 
 

• Initiating event identification, categorization and quantification. 
 

• Accident sequence analysis, including success criteria and system 
dependencies. 
 

• System analysis. 
 

• Data analysis, including common cause failure analysis, human reliability 
analysis and data uncertainty analysis. 
 

• Core damage quantification, including uncertainty, importance and sensitivity 
analyses. 

 
Initiating Event Identification, Categorization, and Quantification 
 
The US-APWR design initiating event categories were generated by considering operating 
reactor experience and previous PRA studies and by performing a failure modes and effects 
analysis (FMEA) for an exhaustive list of SSCs in the plant to identify US-APWR design-specific 
events that can be considered an accident initiating event.  Previous PRA studies of operating 
PWRs, such as NUREG/CR-5750, “Rates of Initiating Events at U.S. Nuclear Power Plants: 
1987-1995,” issued in 1999 and NUREG/CR-6928, “Industry-Average Performance for 
Components and Initiating Events at U.S. Commercial Nuclear Power Plants,” issued in 2007, 
provided an initial set of initiating event categories.  Based on the PRA guidance, this initial set 
was complemented and refined though a screening analysis of plant SSCs to identify potential 
additional initiating events.  A FMEA for SSCs, identified by the screening analysis, was 
performed to determine the potential to cause an initiating event, assumptions regarding plant 
response, and dependencies between the causes of the initiating event and the systems 
available to mitigate the consequences of the initiating event.  Thus, taking into account the 
plant design, a complete set of initiating event categories was developed.   
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The initiating event categories identified by the described process, along with their frequencies, 
are listed in Table 19.1-1, “Initiating Event Categories and Frequencies (Internal Events at 
Power) Used in the US-APWR Design Certification PRA.”  The initiating event frequencies and 
associated error factors are based on generic data from NUREG/CR-6928, “Industry-Average 
Performance for Components and Initiating Events at U.S. Commercial Nuclear Power Plants,” 
and NUREG/CR-5750, “Rates of Initiating Events at U.S. Nuclear Power Plants: 1987-1995,” 
applicable to four-loop PWR plants, with the exception of the frequencies used for the total and 
partial loss of CCW (LOCCW and PLOCCW), the interfacing system LOCA, and the reactor 
vessel rupture.  The applicability of the generic data reported in NUREG/CR-6928 and 
NUREG/CR-5750 has been justified or the data have been adjusted where appropriate for 
applicability to the US-APWR design using comparison of design features and operational 
characteristics with bounding assumptions.  The staff’s review finds this process is consistent 
with the PRA guidance and thus acceptable to support the US-APWR DC.  
 

Table 19.1-1 - Initiating Event Categories and Frequencies (Internal Events at Power) 
Used in the US-APWR Design Certification PRA 

 
Initiating 
Event (IE) 
Category 

IE Category Description Frequency 
(per year) 

Error 
Factor 

LLOCA Large loss of coolant accident (large LOCA) 1.2x10-6 10 

MLOCA Medium LOCA 5.0x10-4 10 

SLOCA Small LOCA 3.6x10-3 10 

VSLOCA Very small LOCA 1.5x10-3 10 

SGTR Steam generator tube rupture 4.0x10-3 - 

RVR Reactor vessel rupture 1.0x10-7 3 

ISLOCA Interfacing system LOCA Very small - 

SLBO Steam line break downstream of main steam 
isolation valve (MSIV) 1.0x10-2 10 

SLBI Steam line break upstream of MSIV 1.0x10-3 10 

FWLB Feedwater line break 3.4x10-3 10 

TRANS General transient 8.0x10-1 3 

LOFF Loss of feedwater flow 1.9x10-1 3 

LOCCW Total loss of component cooling water  2.4x10-5 10 

PLOCCW Partial loss of component cooling water  3.2x10-3 10 

LOOP Loss of offsite power  4.0x10-2 3 

LOAC Loss of vital ac bus 9.0x10-3 3 
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Initiating 
Event (IE) 
Category 

IE Category Description Frequency 
(per year) 

Error 
Factor 

LODC Loss of vital dc bus 1.2x10-3 3 

 
The frequency of US-APWR reactor vessel rupture is based on the value reported in the WASH-
1400 study, even though the applicant’s stated position is that the actual frequency is smaller 
than the value assumed in the WASH-1400 study (i.e., 1E-07/yr with an error factor of 10) due 
to enhancements of the reliability of the reactor coolant pressure boundary, such as the use of 
Alloy 690 for the vessel head nozzle.  The staff’s review finds that using the WASH-1400 
frequency is acceptable to support the US-APWR DC.  Since the frequency used in US-APWR 
PRA is higher (conservative), the staff would not require any sensitivity study. 
 
The frequency of the total loss of CCW was assessed through fault tree analysis due to the lack 
of operational history on four-train systems and asymmetric configurations, such as of the US-
APWR CCW and ESW systems (i.e., two pumps are normally operating and the remaining two 
are in standby).  The staff reviewed the fault tree analysis and issued RAI 40-610, Questions 
19-87 and 19-88 and RAI 423-2710, Questions 19-362 and 19-363, requesting that the 
applicant provide additional information on the methodology used to calculate the total loss of 
CCW initiating event frequency and its associated uncertainty.  The staff’s review indicated that 
(1) the estimated frequency by the fault tree analysis (2.4E-05 per year) is significantly lower 
than what is historically used in PRAs (8E-04 per year) for similar design operating reactors 
(e.g., NUREG/CR-6928), and (2) the estimated frequency is sensitive to assumptions made 
regarding the CCF of CCW and ESW pumps to run.   
 
Note that, the US-APWR design has a four CCW/ESW train configuration completely separated 
into two independent subsystems with two pumps, one in each subsystem, normally running 
and the remaining two are in standby (one of which has no TS outage requirements).  In its 
responses to the above RAIs, dated August 28, 2008, and September 7, 2009, the applicant 
stated that the CCF parameters reported in industry data bases of CCW or ESW pumps are not 
applicable to the asymmetric configuration of the US-APWR design, which involves CCF 
between standby components and running components.  Although the Multiple Greek Letter 
(MGL) method was used to quantify the CCF of CCW and ESW pumps, the value of the beta 
parameter was chosen based on expert opinion to be two orders of magnitude lower than what 
is reported in industry data bases for a set of all running pumps.  However, the value of the 
gamma parameter was conservatively chosen to be 0.1.  Since the CCF of CCW or ESW 
pumps dominates the total loss of CCW initiating event frequency calculated by the fault tree 
analysis, this frequency is an important source of uncertainty.  The applicant also indicated in its 
response to the staff’s RAI that a re-assessment of the CCF parameters could be performed but 
it would require access to an industry CCF database maintained by Idaho National Engineering 
Laboratory (INEL) which is available only to licensees.  As a result, the estimated CCF 
probability of CCW and ESW pumps is identified as a key source of uncertainty in the DCD 
Revision 3, Table 19.1-38, “Key Sources of Uncertainty and Key Assumptions,” so that a re-
assessment of the CCF parameters will be performed during the development (i.e., updating 
and upgrading) of the PRA for risk-informed applications by future COL licensees and any 
remaining uncertainty be taken into consideration in future risk-informed applications, as 
addressed in COL Action Item 19.3(10). 
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The assumed frequency of partial loss of CCW (event PLOCCW) is based on generic industry 
data for operating PWRs (NUREG/CR-6928).  However, this frequency may be underestimated 
if the unavailability of standby pumps due to maintenance is increased compared to operating 
plants because there is TS outage requirement only for one of the two standby trains.  In the 
US-APWR design PRA, partial loss of CCW is defined as an initiating event that results in loss 
of two CCW trains in the same CCW subsystem (i.e., loss of functions of CCW trains A and B, 
or loss of trains C and D).  Therefore, the frequency of partial loss of CCW depends on the 
unavailability of the standby CCW pumps (or the unavailability of the associated ESW pumps).  
In RAI 40-610, Question 19-87, and RAI 423-2710, Question 19-362, the staff requested 
additional information regarding the impact of increased unavailability of CCW and ESW 
standby pumps on the assumed partial loss of CCW initiating event frequency and its 
associated uncertainty. 
 
In its response to RAI 423-2710, Question 19-362, dated September 7, 2009, the applicant 
stated that the uncertainty associated with the partial loss of CCW initiating event frequency due 
to increased unavailability of CCW and ESW standby pumps is expected to have a small impact 
on the PRA results.  This conclusion was based on the results of a sensitivity study which 
assumes an annual unavailability of 14 days for the standby CCW and ESW pumps.  However, 
since the TS allow one CCW/ESW train to be unavailable indefinitely, the unavailability of the 
standby CCW/ESW trains can be significantly higher than the 14 days per year assumed in the 
sensitivity study and have a significant impact on the PRA results.  As a result, the unavailability 
of the CCW/ESW assumed in the PRA is identified as a key source of uncertainty in the DCD 
Revision 3, Table 19.1-38, so that future COL licensees take this uncertainty into consideration 
in risk-informed applications of the PRA, as addressed in COL Action Item 19.3(10).  
Accordingly, the staff finds that the applicant has reasonably addressed this issue and, 
therefore, the staff considers RAI 423-2710, Question 19-362, to be resolved and closed. 
 
The applicant assumed that the frequency of interfacing system LOCA (ISLOCA) is to be 
negligible due to operational features that prevent ISLOCA.  In RAI 40-610, Question 19-86; 
and RAI 423-2710, Question 19-361, the staff requested additional information to clarify 
statements and assumptions regarding US-APWR design and operational features credited in 
the PRA for preventing ISLOCA.  The applicant assumed that following a break of the RCS 
boundary at the residual heat removal system (RHRS) suction or injection lines, the reactor 
coolant will flow to the RWSP located inside the containment, unless a break occurs at the 
RHRS piping outside the containment which is unlikely because the RHRS piping wall is 
designed to withstand higher pressures than operating plants.  The staff also requested 
justification for the assumed rupture rate to RHRS piping that may be pressurized above its 
design capability.  In its response to RAI 423-2710, Question 19-362, dated September 7, 
2009, the applicant stated that the RHRS piping failure pressure is above the RCS pressure 
and, therefore, interfacing systems LOCA is prevented even when the return path to the RWSP 
is blocked (e.g., a normally open RWSP suction isolation valve is inadvertently closed) and the 
relief valves do not operate. 
 
Since, the applicant has included RHRS information in DCD Table 19.1-119, “Key Insights and 
Assumptions,” to justify that the RHRS piping failure pressure is above the RCS pressure.  The 
staff accepted the responses to the RAIs above and considers the issues closed.  
 
Event Tree Analysis, Success Criteria, and System Dependencies 
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Event trees were developed to model the accident sequences for each initiating event category, 
except for ISLOCA and reactor vessel rupture (RVR).  As discussed in the DCD, the RHRS 
piping is designed to withstand higher pressure than operating plants.  The RHRS piping design 
allows the reactor coolant to flow back into the in-containment RWSP which can significantly 
reduce the risk of an ISLOCA.  Therefore, an event tree for ISLOCA is not necessary because 
its frequency is very small.  Regarding the RVR initiating event, an event tree was not 
developed since the applicant conservatively assumed to lead directly to core damage.  The 
accident sequences of each event tree result in either a safe state or a core damage state.  
Each core damage state is classified into one of several accident classes (ACLs) which are the 
initial conditions for the containment event tree (CET) and the Level 2 PRA.  
 
Success criteria for each top event appearing in the event trees are defined and used to support 
the development of fault trees for mitigating system functions and operator actions included in 
top events.  The approach used to define success criteria is based on the ASME PRA standard 
Addendum B requirements and includes the following elements: 
 

• Definition of core damage - Core damage was defined as uncovering the core 
and heat-up of the reactor core to the point where prolonged oxidation and 
severe fuel damage is anticipated. 

 
• Definition of a specific plant parameter of core damage and associated criteria -

The specific plant parameter of core damage used in the US-APWR PRA is the 
“peak cladding temperature.”  The criteria of core damage are:  (1) a calculated 
peak cladding temperature greater than 2200 oF (1200 oC) using a computer 
code with detailed core modeling, or (2) a calculated peak cladding temperature 
greater than 1400 ˚F (760 ˚C) using a computer code with simplified core 
modeling.  These criteria are consistent with ASME standard SC-A2 Category 
II/III.  The computer codes MAAP 4.0.6 and WCOBRA/TRAC (M1.0) have been 
used for simplified and detailed core modeling, respectively. 

 
• Specification of key plant safety functions for preventing core damage - The 

following general plant safety functions have been specified for meeting the 
success criteria:  (1) Reactivity control; (2) RCS pressure control; (3) RCS 
inventory control; (4) Decay heat removal (core cooling); and (5) Containment 
heat removal and isolation.  For each event tree, the plant safety functions that 
are required to prevent core damage were identified. 

 
• Identification of mitigating systems/functions and operator actions that are relied 

upon to perform the key plant safety functions - Frontline and support systems 
and functions, as well as the operator actions that are needed for some of these 
functions, were identified.  In addition, interdependencies among systems and 
operator actions were identified. 

 
• Specification of appropriate mission time - Thermal-hydraulic (T-H) analyses and 

engineering judgment (based on analyses and experience for similar operating 
plants, bounding assumptions and comparisons with the US-APWR design) were 
used to specify an appropriate mission time for accident sequences.  A mission 
time of 24 hours was selected for all accident sequences.  All successful accident 
sequences of risk-significant frequency were evaluated and it was shown that 
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they reach a stable plant condition within 24 hours from the beginning of the 
accident.   

 
• Documentation of the bases for features and operating procedures - The US-

APWR design utilizes active safety features as existing PWR plants and, 
therefore, the bases for features and operating procedures are consistent with 
operating PWR experience. 

 
• Performance of plant T-H analyses and determination of success criteria - A 

series of T-H analyses were performed and their results were used, in 
conjunction with engineering judgment based on conservative assumptions 
which take into account code uncertainties, to support the determination of 
success criteria for mitigating systems and operator actions and to justify 
modeling assumptions.  The performed T-H analyses were designed to support 
the following:  
 
- Success criteria for the core injection function during large-, medium-, and 

small-break LOCAs, including direct vessel injection (DVI) breaks. 
 

- Success criteria for the operator action to recover offsite power following 
a SBO. 

 
- Success criteria for the operator action to implement alternate core 

cooling when HHI fails. 
 

- The determination of break sizes that require secondary-side cooling 
using EFW. 

 
- Success criteria for the containment spray injection function during a 

LOCA of any size. 
 

- The determination of the time to containment failure when containment 
spray injection is not available during a small LOCA 

 
- The effectiveness and the success criteria of the alternate core cooling 

function. 
 

- Success criteria for the secondary-side cooling function (for loss of 
feedwater flow and for SBO). 

 
- Success criteria for the feed-and-bleed function (for loss of feedwater flow 

and for SBO). 
 
- The effectiveness of the feed-and-bleed function when EFW is not 

available. 
 

Typical T-H analyses and how their results were used to determine success criteria are reported 
in Table 19.1-2 below. 
 

Table 19.1-2 - Typical Thermal-Hydraulic Analyses for Success Criteria Determination 
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Analysis 
Objective 

 

T-H Analysis Cases and 
Assumptions 

 
 

Code  and Result 
(Peak Clad 

Temperature or 
time) 

Success 
Criteria 

 
 

Determine 
core injection 
success 
criteria for 
large- and 
medium-
break LOCAs  

Hot leg 8-inch break 
 
• 2 HHI pumps + 2 Accumulators 
• 2 HHI + 1 Acc  
• 2 HHI + 0 Acc 
• 1 HHI + 2 Acc 
• 1 HHI + 1 Acc 
• 1 HHI + 0 Acc 

MAAP4 
 
643 ˚F 
643 ˚F 
643 ˚F 
643 ˚F 
643 ˚F 
643 ˚F 
 

LLOCA: 
2 HHI pumps 
and 2 
Accumulators  
 
MLOCA: 
1 HHI pump 
and 2 
accumulators 

Cold leg double-ended guillotine 
break 
• 2HHI + 2 Acc  

WCOBRA/TRAC 
 
1763 ˚F 

 

 Cold leg 4-inch DVI break 
 
• 1 HHI + 2 Acc  
• 1 HHI + 1 Acc 
• 1 HHI + 0 Acc  

MAAP4 
 
643 ˚F 
643 ˚F 
643 ˚F 

 

 
Determine 
time available 
to implement 
alternate core 
cooling when 
HHI fails  

 
8-inch hot leg break + 0 HHI pumps  
 
2-inch hot leg break + 0 HHI pumps 
 
1-inch hot leg break + 0 HHI pumps 
 

 
MAAP4:  30 minutes  
 
MAAP4:  1.3 hours 
 
MAAP4:  5.4 hours 

 
30 minutes 
(for break 
sizes less 
than 8 
inches)   

 
Determine 
whether 
secondary-
side cooling 
is required for 
medium and 
small LOCAs 

 
4-inch hot leg break + 0 EFW pumps  
 
3-inch hot leg break + 0 EFW pumps 
 
2-inch hot leg break + 0 EFW pumps 
 

 
MAAP4:  640 ˚F   
 
MAAP4:  639 ˚F 
 
MAAP4:  639 ˚F 

 
No 
secondary 
side cooling 
is required for 
LOCAs of 
break sizes 
above 2 
inches  

 
The information above shows that the conservatisms were  built into the success criteria to 
account for code uncertainties, such as: 
 

• The success criterion for the core injection function following a large LOCA 
(LLOCA) pipe break (two HHI pumps and two accumulators) is based on a DCD 
Chapter 15, “Transient and Accident Analyses,” analysis which assumes a cold 
leg double-ended guillotine break, even though analyses with the MAAP4 code 
show that only one HHI pump and no accumulators can provide adequate core 
injection for an eight-inch hot leg pipe break. 
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• The success criterion for the core injection function following a medium LOCA 

(MLOCA) pipe break is one HHI pump and two accumulators, even though 
MAAP4 analyses for a four-inch (10 cm) cold-leg DVI line break and an eight-
inch (20 cm)hot leg break show that one HHI pump and no accumulators can 
provide adequate core injection. 

 
• The success criterion for the operator action to implement alternate core cooling, 

when HHI is unavailable following a pipe break size smaller than eight inches (20 
cm), is that the operator must perform this action within 30 minutes from the time 
the HHI is demanded.  However, MAAP4 analyses show that for most break 
sizes much more time is available to the operator to perform alternate core 
cooling (e.g., 1.3 hours for 2-inch hot leg breaks).  In addition, no credit is taken 
for alternate core cooling in LLOCAs. 

 
The required number of T-H analyses for determining defensible success criteria was limited by 
performing T-H analyses for selected accident sequences, each of which bounds (in terms of 
accident severity with respect to one or more functions) a group of other sequences associated 
with one or more initiating events.  This was accomplished by grouping the initiating events, 
based on their expected plant response and mitigating function requirements, and from each 
group identifying and analyzing only “bounding” sequences (i.e., those accident sequences that 
lead to the most severe plant response assuming minimum mitigating system requirements).  
Engineering judgment, based on comparisons of accident severity and conservative 
assumptions, was then used to determine the success criteria for all other initiating events and 
accident sequences.  For example, it is assumed that the success criteria for the heat removal 
function via the SGs using EFW that were determined by the performance of T-H analyses for 
loss of feedwater sequences, can also be conservatively used in less severe sequences with 
respect to the same function, such as general transients and LOOP. 
 
Engineering judgment, in conjunction with conservative assumptions, was also used in areas 
where T-H analyses cannot be performed for success criteria determination due to the lack of 
detailed design, operational procedures, or failure models and data.  An example is the 
determination of the time it takes to uncover the core during a RCP seal LOCA.  This duration 
was determined based on engineering judgment using conservative assumptions regarding the 
temperature resistance of RCP seal O-ring and its leakage rate under severe temperature 
conditions.  
 
The staff issued RAI 40-610, Questions 19-97 and 19-98, and RAI 423-2710, Question 19-
364, regarding the implementation of the approach that the applicant followed to determine PRA 
success criteria.  In some cases, credit is taken in the T-H analysis of “bounding” sequences 
involving multiple failures for more than the minimum set of equipment that could be available 
based on the success criteria.  In other cases, it is not clear whether some “success” sequences 
are bounded by an analyzed “success” sequence.  In addition, there are no T-H analyses 
performed to support the assumed success criteria of some mitigating systems and functions, 
such as the alternate containment cooling function. 
 
In its initial response, dated September 7, 2009, the applicant discussed (1) the results of T-H 
analyses in support of alternate containment cooling success criteria, and (2) the results of its 
investigation regarding the basis for some assumed success criteria.  Regarding the success 
criteria for alternate containment cooling, the staff finds that (1) the MAAP analyses were 
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performed assuming more than the minimum required equipment available (e.g., four of four 
emergency feedwater pumps), and (2) there is no explanation on how the performed MAAP 
analyses apply to (or bound) all related success accident sequences.  The staff issued follow-up 
RAI 750-5675, Question 19-513, requesting that the applicant perform a systematic 
investigation to demonstrate the robustness of the assumed PRA success criteria for all 
“success” sequences of significant frequency.   
 
In its response, dated June 30, 2011, the applicant performed a systematic search to identify 
success sequences that do not have basis supported by the T-H analysis results described in 
DCD Table 19.1-15, “Typical Results of Thermal/Hydraulic Analysis,” and Table 19.1-16, “List of 
Success Criteria.”  The results of systematic search for success criteria are under review.  RAI 
750-5675, Question 19-513 is being tracked as Open Item 19.1-LEVEL1-513. 
 
The staff finds that the applicant performed a systematic and detailed investigation to identify 
and model in the PRA system interdependencies.  The dependencies between systems were 
taken into consideration in developing accident sequences by investigating the following three 
types of system interdependencies:  (1) between each pair of frontline systems appearing in an 
accident sequence; (2) between each pair of frontline and support systems; and (3) between 
each pair of support systems.   
 
System Analysis 
 
The applicant analyzed and modeled in the US-APWR PRA frontline and support systems that 
provide the necessary safety functions needed to mitigate accident sequences associated with 
all identified initiating events.  Table 19.1-3 below, lists the systems, or related functions, along 
with their key attributes and assumptions made in the PRA.  The listed systems and functions 
cover all top events appearing in all event trees.  
 

Table 19.1-3 - Systems and Functions Analyzed in the US-APWR Level 1 PRA for 
Internal Events at Power   

 
System or 
Function 

DCD 
Section 

Description and Important Features and Assumptions  

High Head 
Injection (HHI) 
System 

6.3 • Injects borated water from RWSP into the reactor vessel 
via direct vessel injection during LOCAs. 

• Used in conjunction with SDVs for “feed-and-bleed.” 
• Four independent and dedicated safety injection pump 

trains. 
• The pumps start automatically by the safety injection 

signal. 
• The pump shut-off head is below the RCS operating 

pressure. 
• The system shares the RWSP with the CS/RHR system. 
• Pumps depend on CCW cooling; heating, ventilation, 

and air conditioning (HVAC) room cooling; emergency 
power; and Engineered Safety Features (ESF) actuation 
signal. 

• Pumps can be connected to inject through the hot legs.  
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System or 
Function 

DCD 
Section 

Description and Important Features and Assumptions  

Accumulator 
(ACC) System 

6.3 • Injects borated water into the reactor cold legs during 
LOCAs when the RCS pressure decreases below the 
accumulator pressure. 

• Provides negative reactivity to shut the reactor down. 
• There are four independent accumulators, each 

supplying a different cold leg. 

Containment 
Spray 
/Residual 
Heat Removal 
(CS/RHR) 
System 

6.2.2 
5.4.7 

• Four functions of the CS/RHR system are modeled in 
the Level 1 PRA:  (1) Containment Spray; (2) Alternate 
Core Cooling; (3) Heat Removal; and (4) RHR 
Operation. 

• The CS and the RHR systems share major 
components, such as pumps and heat exchangers. 

• The CS/RHR system consists of four independent 
subsystems. 

• CS/RHR heat exchangers are cooled by the CCW 
system. 

• The system shares the RWSP with the HHI system. 
• Pumps depend on CCW cooling, HVAC room cooling, 

emergency power, and ESF actuation signal. 
Charging 
Injection (CHI) 
System 

9.3.4 • Part of the Chemical and Volume Control (CVCS) 
System. 

• Provides make-up inventory to the RCS for very small 
LOCAs (less than 3/8 inch break). 

• Supplies water flow to the RCP seals (essential to 
prevent RCP seal LOCA under loss of CCW conditions). 

• The system has two charging pumps (one is normally 
operating taking suction from the volume control tank 
(VCT)). 

• Pumps depend on CCW cooling and HVAC room 
cooling. 

• Operator action is required to start the standby pump 
and to switch from the VCT to the refueling water 
storage auxiliary tank (RWSAT).     
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System or 
Function 

DCD 
Section 

Description and Important Features and Assumptions  

Emergency 
Feedwater 
(EFW) System   

10.4.9 • Supplies feedwater to the SGs from the two EFW pits 
when main feedwater is lost. 

• Four 50 percent capacity trains, two with motor-driven 
(M-D) and two with turbine-driven (T-D) pumps (each 
pump with different power supply). 

• Two trains (one with M-D pump and one with T-D pump) 
share one Seismic Category I EFW pit. 

• The steam supply to the T-D pumps are from different 
steam lines. 

• The four EFW trains are normally isolated but they can 
be connected through a tie line at the pump discharge 
lines by opening dc-powered MOVs. 

• The suction lines from the two EFW pits, each supplying 
two EFW trains, are connected by a tie line with two 
normally closed manual valves.   

• Each one of the two EFW pits has 50 percent capacity. 
• Isolation valves in each pump discharge line close 

automatically in case of a SGTR event.  
• Operator action is required to (1) supply makeup water 

to the EFW pits from the de-mineralized water storage 
tank, (2) open the train isolation valves at the pump 
discharge cross-tie line and direct flow to two intact 
SGs, and (3) open two manual valves at the pump 
suction cross-tie line.      

• Pumps depend on HVAC room cooling (it is assumed in 
the PRA that T-D pumps will not fail during their mission 
time).      

Main Steam 
Pressure 
(MSP) Control 

10.3 • Consists of the non-safety-related main steam relief 
valves (MSRVs), the safety-related main steam 
depressurization valves MSDVs), the main steam safety 
valves (MSSVs), the MSRV block valves, the MSIVs, 
the main steam bypass isolation valves, and the turbine 
bypass valves (TBVs).   

• Two functions modeled in the PRA: 
(1) Isolation of a ruptured SG (successful re-closing 

of the TBVs, the MSRVs, and MSSVs). 
(2) RCS depressurization by secondary side cooling 

(EFW supply to the SGs and steam discharge 
from the MSDVs).     
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System or 
Function 

DCD 
Section 

Description and Important Features and Assumptions  

Pressurizer 
Pressure 
Control (PZR) 

5.2.2 • Consists of safety depressurization valves (SDVs), SDV 
isolation valves, depressurization valves for SAs, 
pressurizer safety valves (PSVs), pressurizer, 
pressurizer relief tank and piping. 

• The spurious opening of SDV or PSV causes an 
initiating event (small LOCA). 

• Two functions are modeled in the PRA: 
(1) RCS depressurization by opening the SDVs 

during a SGTR to control leakage from the 
primary. 

(2) RCS depressurization by opening the SDVs for 
feed-and-bleed operation when EFW is 
unavailable. 

• The SDV isolation valves are interlocked to close when 
the SDVs fail to re-close after opening. 

• Credit was taken in the PRA for feed-and-bleed 
actuation by DAS when the safety-related digital I&C is 
failed. 

• Operator action is needed from the control room to open 
the SDVs and depressurize the RCS. 

Main Steam 
Line Isolation 
(MSI) 

10.3 • Consists of MSIVs, MSIV bypass valves, main steam 
check valves and piping. 

• In case of a steam line or feedwater line break, the 
MSIVs are closed by safeguard signals to prevent 
steam release. 

• The MSIVs depend on dc power but fail closed on loss 
of power. 

• The main steam check valves prevent release of back 
flow steam from intact steam lines.   

Component 
Cooling Water 
(CCW) 
System 

9.2.2 • A closed loop system that transfers heat from plant 
components to the essential service water (ESW) 
system. 

• Has two independent 100 percent capacity subsystems 
and each subsystem has two trains which share a 
supply and return header and a surge tank. 

• Each of the four trains has a pump and a heat 
exchanger. 

• Two CCW pumps are running during normal operation 
while the other two are in standby and start 
automatically following an initiating event. 

• Running pumps must re-start following a LOOP event. 
• CCW pumps depend on ESW for cooling of their motors           
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System or 
Function 

DCD 
Section 

Description and Important Features and Assumptions  

Essential 
Service Water 
(ESW) 
System 

9.2.1 • The ESW system consists of four independent trains 
and transfers heat from the associated CCW train heat 
exchanger to the ultimate heat sink. 

• Two ESW pumps are running during normal operation 
(associated with the running CCW pump trains) while 
the other two are in standby and start automatically 
following an initiating event. 

• Running pumps must re-start following a LOOP event. 
• ESW pumps depend on ESW for cooling of their 

motors. 
Alternate 
Component 
Cooling Water 
(ACW ) 

9.2.1 
9.5.1 
18.6 
19.1.4 

• In case of a loss of CCW event, the fire suppression 
pumps or the non-essential chilled water pumps can be 
aligned to provide alternate cooling to the charging 
pumps. 

• Loss of cooling to the charging pumps is assumed to 
lead to a RCP seal LOCA in the PRA. 

• Operator action is necessary to provide alternate 
cooling to the charging pumps.   

Emergency 
Power Supply 
(EPS) System  

8.1 
8.2 
8.3 
8.4 
9.5.5 
9.5.8 

• The onsite ac power system consists of Class 1E 
(safety) ac systems and non-Class 1E (non-safety) ac 
systems. 

• The onsite dc power system consists of Class 1E 125-
Vdc systems and non-Class 1E 125-Vdc systems. 

• The onsite Class 1E ac power system consists of four 
independent and redundant divisions, each with its own 
supply, buses, transformers and associated controls. 

• The onsite Class 1E dc power system consists of four 
independent and redundant divisions, each with a 
battery and a battery charger. 

• Four independent Class 1E 6.9-kV emergency gas-
turbine generators (EPS GTGs) are provided (one for 
each Class 1E division). 

• Availability of power from two divisions is adequate to 
meet load requirements during all design-basis events. 

• Two onsite full capacity 6.9-kV non-Class 1E GTGs are 
provided as alternate AC sources (AAC GTGs). 

• Diversity exists between EPS GTGs and AAC GTGs. 
• Operator action is required to connect the AAC GTGs to 

Class 1E (safety) buses. 
• Cooling to the GTGs is provided by the air ventilation 

system (no CCW is needed). 
• Class 1E batteries are capable to supply power to loads 

for at least two hours under loss of Class 1E ac power 
conditions. 

• The Class 1E 120V ac power systems supply power to 
safety I&C system cabinets and consist of four 
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System or 
Function 

DCD 
Section 

Description and Important Features and Assumptions  

independent divisions. 

Reactor Trip 
(RT) Signal  

7.1 
7.2 
7.8 

• The RT signal is provided by the reactor protection 
system (RPS) which is part of the protection and safety 
monitoring system (PSMS). 

• The RPS consists of four redundant and independent 
divisions. 

• Each division of the RPS consists of two separate digital 
controllers to achieve defense-in-depth through 
functional diversity. 

• Four redundant measurements, using sensors from four 
separate channels, are made for each variable used for 
RT. 

• The RPS includes features to allow manual periodic 
testing of functions that are not automatically tested by 
self-diagnostics, such as actuation of RT breakers. 

• The RT signal from each of the four divisions is sent to 
a corresponding reactor trip actuation (RTA) module, 
which consists of two RT breakers, and the reactor is 
tripped when two or more RTAs receive a signal. 

• A common mode failure of basic support software 
(failure of the MELTAC operation system) is assumed to 
fail all RPS divisions but a RT signal can still be 
generated by the DAS. 

• A common mode failure of application software is 
assumed to fail one of the two digital controllers in all 
RPS divisions (a RT signal can still be generated by the 
other functionally diverse digital controller in each RPS 
division). 

• Hardwired manual RT from the control room is provided 
but not credited in the PRA.           
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System or 
Function 

DCD 
Section 

Description and Important Features and Assumptions  

Engineered 
Safety 
Features 
(ESF) 
Actuation 
Signals 

7.1 
7.3 
7.8 

• Two ESF actuation signals are modeled by fault trees in 
the PRA: 
(1) actuation signal for the safety injection function 

(S-signal), and 
(2) actuation signal for the containment spray 

function (P-signal). 
• ESF actuation signals are generated by the ESF system 

which consists of the following: 
(1) Sensors 
(2) RPS. 
(3) ESF actuation system (ESFAS). 
(4) Safety logic system (SLS). 

• The ESF system has four redundant and independent 
divisions. 

• Each ESF system division consists of two separate 
digital controllers. 

• Manual ESF actuation is carried out through a diverse 
signal path that bypasses the RPS.      

• Continuously checked by self-diagnosis function 
• A common mode failure of basic support software 

(failure of the MELTAC operation system) is assumed to 
fail all ESF system divisions but an ESF actuation signal 
can still be generated by the DAS. 

• ESF actuation signals, both automatic and manual, can 
be generated also by DAS (complete diversity in both 
hardware and software between the ESF system and 
DAS is assumed in the PRA). 

• No fault tree was developed in the PRA for DAS (an 
unavailability of 1E-02 was conservatively assumed).  

 

Alternate 
Containment 
Cooling 

9.2.2 
9.4.6 
13.5 
19.2.5 

• Removes heat from the containment atmosphere and 
the RWSP water using the containment fan cooler 
system when the CS/RHR system is unavailable. 

• CCW is required to cool the containment fan cooler 
units. 

• Operator action is required to connect CCW to the 
containment fan cooler units following available 
procedures.   
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System or 
Function 

DCD 
Section 

Description and Important Features and Assumptions  

Reactor 
Coolant Pump 
(RCP) Seal 
Integrity 

5.4.1 
8.4.2 
19.1.7 

• The RCP shaft seal is a three-stage seal assembly, 
similar to the Westinghouse design used in operating 
plants, with new type O-ring which is resistant to 
elevated temperatures and pressures. 

• The RCP seals are cooled by (1) water injection from 
the charging pumps and (2) CCW flow to the RCP 
thermal barrier heat exchanger. 

• If loss of seal injection by the charging pumps occurs, 
thermal barrier cooling is sufficient to maintain RCP seal 
integrity long enough for safe shutdown of the pump.     

• Seal injection by the charging pumps is sufficient to 
prevent damage of the RCP seals even when thermal 
barrier cooling is unavailable. 

• In the PRA it is assumed that the RCP seal integrity will 
be lost if cooling to the seals is unavailable longer than 
one hour (no fault tree analysis is performed).   

Refueling 
Water Storage 
Pit (RWSP) 

6.3.2 • The RWSP is located in the lowest floor inside the 
containment and provides a continuous suction source 
for both the HHI and CS/RHR systems. 

• Stores sufficient borated water to provide core makeup 
through the HHI and the CS/RHR systems for at least 
24 hours. 

• Includes four independent sets of large redundant area 
strainers to prevent blockage by debris and a strainer 
hole size designed to minimize downstream buildup of 
debris which could result in plugging of valves.        

Heating, 
Ventilation 
and Air 
Conditioning  

9.4.5 • Maintains the proper environmental conditions within 
plant areas that house safety equipment. 

• HVAC operation for the following areas are considered 
in the PRA:  (1) Class 1E GTG area; (2) ESF area (HHI 
and CS/RHR pumps); (3) Class 1E electrical area (I&C, 
switchgear, batteries); (4) main control room (MCR); 
and (5) EFW pump area. 

• HVAC is not considered essential during the PRA 
mission time for T-D EFW pumps and GTGs due to 
design features. 

• HVAC in the ESF area, where HHI and CS/RHR pumps 
are located, is not modeled because analysis has 
shown that design limits will not be exceeded during the 
PRA mission time. 

• HVAC in the Class 1E electric area is not modeled due 
to its small contribution because it is running during 
normal operation.    

• HVAC in the MCR is not modeled because of 
redundancy and the fact that operator actions can also 
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System or 
Function 

DCD 
Section 

Description and Important Features and Assumptions  

be performed from the remote shutdown console (RSC). 
• HVAC fault trees for M-D EFW pumps have been 

developed. 
• The chiller units depend on ESW for cooling.              

Main 
Feedwater 
(MFW) 
Recovery 

10.4.7 
 

• Recovery of MFW, when EFW is unavailable, is 
modeled for loss of vital ac bus (LOAC), dc bus (LODC) 
and transient (TRANS) event trees. 

• The recovery probability was assumed to be 0.1.      

High Head 
Injection 
Control 

19.2.5 • HHI control is required when isolation of a faulted SG 
fails following a SGTR event in order to equalize 
primary and secondary pressures and stop the leak. 

• Operator action is required to stop the HHI pumps and 
start the charging pumps during depressurization of the 
RCS.  

Offsite Power 
Recovery 

8.1 
8.3 

• Credit is taken in LOOP accident sequences for 
recovery of offsite power. 

• If total ac power (Class 1E and AAC) is lost, recovery of 
offsite power within one hour prevents RCP seal LOCA. 

• If total ac power is lost, recovery of offsite power within 
three hours prevents core uncover following RCP seal 
LOCA. 

Safety Valve 
Stuck Open 
LOCA 

5.2 • Possibility of a safety valve failure to re-close after 
opening (it is assumed to open following certain 
initiating events, such as LOOP, LOCCW, and 
PLOCCW).   

Moderator 
Temperature 
Coefficient 

4.4 
15.4 
15.6.5 

• Possibility of adverse moderator temperature coefficient 
(MTC) (used in ATWS event tree sequences). 
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System or 
Function 

DCD 
Section 

Description and Important Features and Assumptions  

Other Signals 7.1 
7.3 

• Signals, other than the actuation signal for the safety 
injection function (S-signal) and the actuation signal for 
the containment spray function (P-signal), were 
modeled in the PRA with simplified fault trees. 

• “Other” signals include signals such as the signal to 
start the EFW pumps and the GTGs. 

• The failure of “other signals” is due to the failure of 
components (e.g., sensors, logic modules, cards and 
software) that are basically the same as those causing 
failure of the S-signal and P-signal (which have been 
modeled by fault trees). 

• The failure probability of each of these “other signals” is 
dominated by common cause failures (hardware and 
software) which are applied across signals, as 
applicable, including the S-signal and the P-signal.         

RCP Seal 
Cooling 
During 
PLOCCW 

5.4.1 
8.4.2 
19.1.7 

• Possibility of failure of RCP seal cooling during partial 
loss of CCW (initiating event PLOCCW). 

• Partial loss of CCW fails the running charging pump 
(assumed to be pump “A” in the PRA model) and 
operator failure to start the standby pump is assumed. 

• It is assumed that the partial loss of CCW always occurs 
in the subsystem associated with the running charging 
pump.   

Boric Acid 
Transfer 

9.3.4 • Emergency boration is needed during an ATWS event 
to add negative reactivity to the reactor coolant using 
the charging pumps.  

• Operator action is required to supply boric acid from the 
boric acid tank (BAT) to the charging pump suction line 
using the boric acid transfer pumps.    

Turbine Trip 10.2 
7.1 

• Rapid turbine trip is required following an ATWS event. 
• System analysis is used to assess the probability of 

failure of turbine trip initiated by the automatic turbine 
trip signal.     

Pressurizer 
Safety Valve 

5.2.2 • All four pressurizer safety valves must open following an 
ATWS event to relieve pressure. 

 
Detailed fault trees were developed for most systems or functions.  However, in some cases, 
simplifying model was used which is based on engineering analysis, operating experience, or 
bounding assumptions (e.g., the modeling of failure of the “other” actuation signals was 
simplified using information about importance and inter-dependency from the detailed fault trees 
developed for the S-signal and the P-signal).  In a few cases (e.g., HVAC for the area of the 
GTGs) systems or functions were screened out from a failure analysis based on design features 
and/or engineering analysis. 
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In accordance with the SRP guidance and PRA Standard, the staff expected that in developing 
fault trees: 
 

• The models should reflect the certified design. 
• All important frontline systems that are needed for accident mitigation, including 

all their critical support systems, should be modeled in detail. 
• For each applicable accident sequence, models should reflect the success 

criteria for systems and operator actions. 
• Models should capture the impact of dependencies, including support systems 

and adverse environmental impacts. 
• Fault trees should reflect system simplified diagrams and include key active 

components to the level of detail for which existing data is available. 
• Fault trees should model random component failures, CCFs, unavailability due to 

test and maintenance, and human errors. 
• Treatment of CCFs and system dependencies should be considered. 
• In addition to the active component failures, the fault trees should model passive 

failures (e.g., plugging of valves and large external leak of piping).     
 
The staff’s review identified some shortcomings on the modeling of systems and functions in the 
PRA, which resulted in follow-up questions (RAI 25-300, Questions 19-28 to 19-43, and RAI 
364-2655, Questions 19-322 to 19-333, related to the modeling of I&C systems and RAI 81-
1253, Questions 19-116 to 19-127, RAI 86-1426, Questions 19-128 to 19-135, RAI 97-1551, 
Questions 19-183 to 19-191, RAI 100-1597, Questions 19-194 to 19-200, RAI 104-1622, 
Questions 201 to 19-205, RAI 148-1700, Questions 19-271 to 19-277, RAI 423-2710, 
Questions 19-367 to 19-383, and RAI 564-4399, Question 19-428, related to the modeling of 
all other systems and functions in the PRA).  In the responses to these RAI questions, the 
applicant has made significant revisions to the system fault trees, by identifying important 
design features that justify assumptions made in the systems analysis, and by providing 
clarification and removing mistakes or ambiguous statements in the description of failures and 
assumptions, such as the following: 
 

• I&C fault trees were revised to address hardware CCF, application software 
common mode failure between parallel controllers, dependency between 
automatic and manual actuation signals, application software diversity, and 
include several other failures (e.g., input module power supply, communication 
between RPS trains, and digital part of power interface module). 
 

• Most fault trees were revised to (1) include new failures (e.g., CCF to control 
throttle valves, CCF of accumulator sensors, CCF of EFW pit water level 
sensors, and operator failure to refill the refueling water storage auxiliary tank 
(RWSAT) from the RWSP), (2) delete non-applicable failures (e.g., failure to 
control isolation valves), and (3) make the labeling of failures consistent with the 
tag numbers used in other DCD chapters.   
 

• Developed new fault trees, such as the fault tree to model emergency boration 
during an ATWS event. 

 
In several cases, the staff requested additional information or clarification, through follow-up 
RAIs, to address the issues raised in the initial responses.  The staff’s review has found the 
applicant’s response to most RAIs acceptable to support the DC process with the exceptions 
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described below.  Some of the raised issues were addressed by the identification of design and 
operational features that eliminate or minimize their impact on PRA results and insights (see 
related discussion in Section 19.1.4.7 of this SER) or by sensitivity studies that demonstrate the 
low impact of the raised issue on PRA results and insights (see related discussion in Section 
19.1.4.4.1.2 “Insights from the Sensitivity Studies”).  
 
Issues related to the system analysis that still remain open and should be addressed by the 
applicant are discussed below. 
 
In RAI 56-999, Question 19-108, the staff requested additional information regarding the basis 
for not having modeled in SGTR sequences an operator action to depressurize the RCS in 
order to equalize primary and secondary pressures and stop the leak after the ruptured SG is 
isolated.  In its response dated September 18, 2008, the applicant stated that this operator 
action was assumed to be always successful because the operator would have plenty of time to 
perform such an action.  The staff followed up with RAI 423-2710, Question 19-366, requesting 
more detailed justification.  In its response dated September 7, 2009, the applicant included a 
top event (event “DEP”) in the SGTR event tree representing operator failure to equalize 
primary and secondary pressures, without any quantification.  The staff finds that event DEP is 
highly risk-significant (e.g., risk achievement worth (RAW) value is about 4E+03) and it is not 
obvious without the benefit of a T-H analysis that its contribution to risk (e.g., as measured by 
the Fussell-Vesely risk importance measure) is insignificant.  Furthermore, if a cutoff probability 
of 1E-05 is used for DEP, the sequence CDF would be 4E-08 per year, which is comparable to 
the CDF of some of the reported dominant accident sequences.  For these reasons, the failure 
probability of DEP should be estimated and documented together with all key assumptions and 
bases (e.g., T-H analysis) used in the estimation.  In addition, event DEP should be addressed 
in the accident sequence quantification and importance analysis.  The staff issued follow-up RAI 
750-5675, Question 19-514, requesting that the applicant address the above concern.  RAI 
750-5675, Question 19-514, associated with the above request, is being tracked as an 
Open Item 19.1-LEVEL1-514. 
 
In RAI 364-2655, Question 19-327, the staff requested additional information regarding I&C 
software failures modeled in the PRA, I&C hardware CCF, assumptions regarding diversity and 
their probabilities and associated uncertainties.  In its response dated June 12, 2009, the 
applicant performed and provided additional sensitivity studies, including hardware CCF, and 
reclassified applications software failures into three groups.  Groups 1 and 2 impact the safety-
related PSMS while Group 3 impacts non-safety related I&C systems.  This information has 
been included in Revision 3 of the DCD.  The staff’s review identified discrepancies between the 
provided event definitions and the expected results, such as related cut sets (e.g., missing an 
expected cut set that would include the “transient” initiating event followed by I&C hardware 
CCF and failure of DAS with a frequency of 1E-08 per year) and risk importance values (e.g., 
expected Group 1 software failure RAW value).  The staff followed up with RAI 564-4399, 
Question 19-428, requesting clarification of the provided definitions of I&C hardware CCF and 
application software failures.  Although in its response on April 28, 2010, the applicant provided 
more detailed information about the treatment of I&C hardware and software CCF in the system 
analysis, a more precise definition of these basic events is needed, in terms of what signals are 
impacted by each event.  The staff issued follow-up RAI 750-5675, Question 19-515, 
requesting that the applicant provide the precise definition of I&C hardware and software CCFs 
modeled in the PRA.  RAI 750-5675, Question 19-515, which is associated with the above 
request, is being tracked as an Open Item 19.1-LEVEL1-515. 
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In addition, in RAI 750-5675, Question 19-512, Item 3, the staff requested the applicant to 
include the assumptions made regarding hardware and software diversity along with its basis in 
Table 19.1-119 of US-APWR DCD, “Key Insights and Assumptions,” with an appropriate 
disposition.  Incorporation of these assumptions in the DCD, which is associated with the 
request in RAI 750-5675, Question 19-512, is being tracked as an Open Item 19.1-LEVEL1-
512. 
 
In RAI 148-1700, Question 19-275, the staff requested additional information regarding the 
basis for not including failure of HVAC in fault trees other than the fault tree developed for the 
motor-driven EFW pumps.  The applicant stated that HVAC operation has been considered in 
the PRA in the following areas:  Class 1E GTG area, ESF area (HHI and CS/RHR pumps), 
Class 1E electrical area (I&C, switchgear, batteries), MCR, and EFW pump area.  However, it 
was determined that the loss of HVAC would only have a significant impact on the motor-driven 
(M-D) EFW pumps for the following reasons: 
 

• HVAC is not considered essential during the PRA mission time for T-D EFW 
pumps and GTGs due to design features. 

 
• HVAC in the ESF area, where HHI and CS/RHR pumps are located, is not 

modeled because an analysis has shown that the design limits will not be 
exceeded during the PRA mission time. 

 
• HVAC in the Class 1E electric area is not modeled due to its small contribution 

because the system is running during normal operation and operator action, if 
necessary, to open doors and install temporary fans.  

 
• HVAC in the MCR is not modeled because of the redundancy and the fact that 

operator actions can also be performed from the RSC which has a diverse 
HVAC. 

 
In its response to RAI 148-1700, Question 19-275, dated March 10, 2009, the applicant 
identified the following design and operational features in support of its modeling of HVAC in the 
PRA:  (1) EFW T-D pumps are designed to operate for several hours without HVAC; (2) HVAC 
of the MCR and RSC are diverse; and (3) Operations, such as opening the doors and 
installation of temporary fans, will be performed in the event of loss of HVAC of the Class 1E 
electrical area.  The staff reviewed the response and followed up with RAI 423-2710, Question 
19-383, requesting clarification of the statement that “…the T-D EFW pumps are designed to 
operate for several hours without HVAC….” and additional detailed information regarding the 
transfer of control from the MCR to the RSC.  In its September 7, 2009, response to Question 
19-383, the applicant stated that the time required to operate T-D EFW pumps during an 
accident is shorter than the time these pumps are designed to operate without HVAC cooling.  
In addition, the applicant identified design and operational features regarding the transfer of 
control from the MCR to the RSC which support the arguments made for not modeling loss of 
HVAC in the MCR area. 
 
In RAI 750-5675, Question 19-512, the staff requested the applicant to include in Table 19.1-
119 of the DCD (1) the design and operational features identified in the response to RAI148-
1700, Question 19-275, with disposition and (2) the design and operational features identified 
in the response to RAI 423-2710, Question 19-383, with disposition.  In its June 30, 2011, 
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response, the applicant committed to modify the DCD as requested.  RAI 750-5675, Question 
19-512, is being tracked as Open Item 19.1-LEVEL1-512.  
 
In addition, in RAI 750-5675, Question 19-516, the staff requested the applicant to provide the 
basis of the statement that “…the time the T-D EFW pumps are required to operate during 
accidents is shorter than the time these pumps are designed to operate without HVAC cooling.”  
In a June 30, 2011 response, the applicant provided the temperature analysis using the 
maximum temperature of normal condition listed in Table 9.4-1 of the DCD Revision 3.  A new 
table which summarizes the room temperature analysis and results will be placed in the DCD as 
Table 19.1-180.  The response to RAI 750-5675, Question 19-516, is still under review and 
is being tracked as Open Item 19.1-LEVEL1-516. 
 
In RAI 97-1551, Question 19-190, the staff requested additional information regarding the lack 
of modeling in the PRA of an operator action to manually control EFW flow rate from the control 
room to maintain adequate water level in the SGs following LOOP.  In its response dated 
December 8, 2008, the applicant stated that operator action is not necessary to maintain 
adequate water in the SGs due to the presence of interlocks implemented on the EFW control 
valves and EFW isolation valves.  This design features ensures that the SG water level is within 
the range for effective secondary cooling regardless of operator action.  The staff followed up 
with RAI 423-2710, Question 19-374, stating that the PRA assumption regarding the design 
feature, identified in the response to Question 19-190, must be included in the DCD Table 19.1-
119, with proper disposition, to ensure that it will remain valid in the as-to-be-built, as-to-be-
operated plant.  The applicant has modified the DCD Table 19.1-119 to include this design 
feature, and its disposition.  The staff accepted the response and considers the issue closed. 
 
The dependencies between initiating events and systems were investigated by the applicant 
and the results are documented in Table 19.1-7, “Dependencies between Initiating Events and 
Systems,” of the DCD.  The staff’s review found this investigation to be properly structured and 
systematic.  However, some of the identified impacts of initiating events on the systems are 
assumed, for modeling simplicity, to occur only in a specific train.  For example, for a medium 
pipe break LOCA initiating event, it is assumed for modeling simplicity that the break occurs at 
the direct vessel injection line “A” and, therefore, always impacts train “A” of the HHI, 
accumulator, and CS/RHR systems.  In RAI 100-1597, Question 19-198, the staff requested 
the applicant to ensure that PRA results and insights are properly adjusted (e.g., to reflect the 
fact that a MLOCA is equally likely to occur in each direct vessel injection line) to prevent 
erroneous conclusions about the risk significance of SSCs.  This would prevent incorrect 
decisions in the RAP and other risk-informed applications, such as RMTS.  The applicant has 
replied that asymmetric conditions due to modeling simplicity have been taken into 
consideration in using the PRA results and insights to support the DC process (e.g., performing 
sensitivity analyses and providing input to the D-RAP).  The staff’s review verified the 
applicant’s statement and found it acceptable.  Regarding the use of PRA in risk-informed 
applications that may be implemented during plant operation (e.g., RMTS), the applicant stated 
that the PRA will be upgraded before the implementation of such risk-informed applications, as 
necessary, to ensure that asymmetric conditions due to modeling simplicity are eliminated or 
properly accounted when the PRA results are used for decision making.  The staff finds that the 
currently proposed COL Action Item 19.3(1) must be modified to ensure that asymmetric 
conditions due to modeling simplicity will be addressed or properly accounted when the PRA is 
used for decision making.  This is part of Open Item 19.1-LEVEL1-574.   
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Data, Common Cause Failure and Human Reliability Analysis 
 
Failure rates for each component type and failure mode were taken from available generic data 
sources.  Most of the mechanical component failure data and unavailability data are taken from 
NUREG/CR-6928, “Industry-Average Performance for Components and Initiating Events at U.S. 
Commercial Nuclear Power Plants,” issued February 2007.  Most of the electrical, electronic, 
and sensing component failure data are derived from Institute of Electrical and Electronics 
Engineers (IEEE) STD. 500 Appendix D, “Guide to the Collection and Presentation of Electrical, 
Electronic, Sensing Component, and Mechanical Equipment Reliability Data for Nuclear Power 
Generating Stations,” issued 1984.  Operational experience failure data from the Japanese 
industry have also been used for I&C equipment.  Engineering judgment based on available 
information together with conservative assumptions and sensitivity analyses were used to justify 
the failure probabilities of a few special components or events, such as GTGs and software 
failure.  In using the generic data sources in the US-APWR PRA, the boundaries of components 
defined by generic data sources were examined to ensure consistency with the boundaries of 
the basic events used in the US-APWR PRA.  In addition, the data from several generic data 
sources were examined with respect to their applicability to the US-APWR design and the most 
applicable data were used.  The staff found acceptable the general approach used to select 
failure data applicable to US-APWR design.  However, the staff raised several potential issues 
regarding the applicability of data from operating reactor experience to the US-APWR.  These 
issues stem primarily from (1) the significantly longer testing intervals of most US-APWR 
standby components as compared to operating reactor components (most US-APWR 
components are tested at refueling every two years), and (2) the fact that the outage for 
maintenance of one US-APWR train in each four train systems is not a “limited condition of 
operation (LCO)” in the TS and, therefore, it is likely that the unavailability of standby equipment 
will be higher for US-APWR than what operating experience has shown. 
 
In RAI 81-1253, Question 19-126, RAI 86-1426, Questions 19-128, 19-131, and 19-133, and 
RAI 423-2710, Questions 19-369, 19-371, and 19-373, the staff requested additional 
information regarding the applicability of demand failure rates from operational experience (i.e., 
NUREG/CR-6928) to several US-APWR standby components.  The staff pointed out that the 
testing interval of standby equipment may be a major factor in estimating the probability of PRA 
basic events.  Therefore, the applicability of operating reactor data to US-APWR components 
with significantly longer testing intervals than similar operating reactor components should be 
investigated and justified.  The studies, such as the one reported in NUREG/CR-5823, “Analysis 
of Standby and Demand Failure Modes,” issued October 1992, indicate that testing policies can 
have a significant impact on component performance since components fail from both “standby” 
stresses (e.g., corrosion, oxidation and boron precipitation) and “demand” stresses (e.g., 
vibration and stressing of shafts).  For example, the NUREG/CR-5823 study found that MOVs 
exhibit mostly standby stress failure modes while standby and demand stresses are equally 
important for emergency diesel generators (EDGs).  The longer testing intervals of the US-
APWR design as compared to operating reactors, have raised questions regarding the 
applicability of the demand failure rate data obtained from operating reactor experience to the 
US-APWR design-specific PRA.  In the above questions, the staff also requested that the 
impact of any significant design and operational differences to the data used in the PRA be 
addressed for all affected systems and components.  
 
In its responses to RAIs 81-1253, 86-1426 and 423-2710, dated November 5, 2008, November 
19, 2008, and September 7, 2009, respectively, the applicant stated that the demand failure rate 
data is used in the US-APWR design PRA only for valves.  The applicant performed sensitivity 
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analyses to study the uncertainties associated with long testing intervals of valves on the results 
of the PRA.  The sensitivity analyses and their results are discussed in Section 19.1.4.4.1.2 of 
this report under “Insights from the Sensitivity Studies.”  The applicant concluded that even 
though the use of demand failure rate data from NUREG/CR-6928 introduces uncertainty in the 
assumed failure probabilities of components with long testing intervals, the sensitivity analyses 
have shown that these uncertainties do not distort the PRA results or mask important insights to 
such an extent that conclusions regarding the DC objectives could change.  In addition, the 
applicant stated in its September 7, 2009, response to RAI 423-2710, Question 19-371, that 
the uncertainty associated with such component reliabilities can be important when 
implementing risk-informed applications and that the PRA will be revised as necessary before it 
is used to support risk-informed applications in the future (e.g., RMTS). 
 
The staff reviewed the sensitivity studies performed by the applicant and agrees that the use of 
demand failure rate data from NUREG/CR-6928 does not mask any risk insights about the US-
APWR design that would change the conclusions regarding the DC objectives.  Therefore, the 
use of such data in the DC PRA is acceptable.  However, the reliability of risk-important 
components with long testing intervals assumed in the DC PRA should be identified as a key 
source of uncertainty in the DCD so that a re-assessment of probabilities be performed during 
the development (i.e., updating and upgrading) of the PRA for risk-informed applications by 
future COL licensees and any remaining uncertainty be taken into consideration in future risk-
informed applications during the COL phase, construction phase, and operation of the new 
plant, as addressed in COL Action Item 19.3(10).  The applicant has incorporated the risk-
important components with long testing intervals into DCD Revision 3, Table 19.1-38, “Key 
Sources of Uncertainty and Key Assumptions,” as stated in its June 30, 2011, response to RAI 
750-5675, Question 19-511.  The staff considers the issue closed. 
 
In RAI 81-1253, Question 19-124, RAI 97-1551, Question 19-191, RAI 149-1744, Question 
19-283, and RAI 423-2710, Questions 19-376, and 19-387, the staff raised a potential issue 
regarding the assumed unavailability due to maintenance of standby components of several 
systems.  In the US-APWR design the outage for maintenance of one train in each four train 
systems is not a “…limited condition of operation (LCO)….” in the TS and, therefore, it is likely 
that the unavailability of standby equipment will be higher for US-APWR than what operating 
experience has shown.  In its responses to the above questions, dated November 5, 2008, 
December 8, 2008, March 10, 2009, the applicant stated that the actual outage times for US-
APWR plants are not expected to be significantly different from currently operating plants 
because they will be controlled by the maintenance rule and configuration risk management 
programs.  The applicant agreed, in its September 7, 2009, response to RAI 423-2710, 
Question 19-387, to include the following statement in the DCD Table 19.1-119,  which reflects 
the PRA assumption regarding the important operational feature of the US-APWR design:  “The 
availability and reliability of all trains of safety-related systems will be controlled by the 
maintenance rule and configuration risk management programs.  Availability goals will be set for 
each train of all safety-related systems and their availability will be tracked and compared to 
these goals.”  The applicant has incorporated the above statement into DCD Revision 3, Table 
19.1-119.  The staff considers this issue closed.  
 
The applicant has performed several sensitivity studies to assess the sensitivity of plant risk to 
equipment outages and outage times which are discussed in Section 19.1.4.4.1.2 “Insights from 
the Sensitivity Studies.”  In its September 7, 2009, response to RAI 423-2710, Question 19-
376, the applicant identified risk-significant equipment whose unavailability due to maintenance 
is a significant source of uncertainty in the PRA as determined by the sensitivity studies.  The 
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applicant has included the unavailability of such equipment due to maintenance as key sources 
of uncertainty in the DCD Revision 3 Table 19.1-38.  The staff considers this issue closed. 
 
In RAI 148-1700, Question 19-276, the staff requested additional information justifying the low 
failure rate (7E-05 per demand) for the PSVs to reclose (stuck open).  The staff pointed out that 
the assumed failure rate, which was taken from NUREG/CR-6928 and the data collected in a 
five year period from 1998 to 2003, is about two orders of magnitude lower than failure rates of 
PSVs reported by other sources, such as the ALWR Utility Requirements Document.  In its 
February 6, 2009, response to Question 19-276, the applicant stated that the assumption that 
the PSVs will always open following LOOP, PLCCW, and LOCCW is conservative since it is 
highly likely that the RCS pressure will not reach the PSV set points.  The staff followed up with 
RAI 423-2710, Question 19-384, stating the staff’s position that this kind of compensation 
should not be used in the PRA, especially if the PRA is going to be used for sensitivity studies 
and risk-informed applications.  In its September 7, 2009, response to RAI Question 19-384, 
the applicant stated that (1) the failure rate of the PSVs does not impact the risk insights 
obtained from the PRA which are needed to support the DC process, and (2) uncertainties will 
be addressed, as necessary, when the PRA is used to support risk-informed applications.  The 
staff agrees that the PRA model of PSVs does not mask or distort any risk insights needed to 
support the DC process.  However, the modeling of the PSVs in the PRA should be tracked as a 
“key source of uncertainty” and documented in the DCD.  In its June 30, 2011, response to RAI 
750-5675, Question 19-511, the applicant agreed to incorporate the modeling of PSV into the 
DCD Table 19.1-38. 
 
The applicant performed a CCF analysis using the MGL methodology as described in 
NUREG/CR-4780, “Procedures for treating Common Cause Failures in Safety and Reliability 
Studies,” issued January 1988, and NUREG/CR-5485 “Guidelines on Modeling Common Cause 
Failures in Probabilistic Risk Assessment,” issued November 1998.  Generic data reported in 
NUREG/CR-5497 “Common Cause Failure Parameter Estimations,” issued October 1998, was 
used to evaluate the CCF parameters. 
 
Various causes of CCF were considered in the CCF analysis, such as:  (1) Design, 
manufacturing and construction errors; (2) Procedure errors; (3) Human errors; and (4) 
Abnormal environmental stress.  CCF of the following categories of components were 
considered:  (1) Electrical components, such as emergency power generators (EPGs), circuit 
breakers and batteries; (2) Mechanical components, such as pumps, valves, and heat 
exchangers; (3) Reactor trip and ESF actuation components, such as reactor trip breakers, 
sensors, and logic modules; and (4) HVAC components, such as chiller units, fans, and 
containment fan cooler units.  The following dependencies are not included in the CCF analysis 
because they are treated explicitly in the PRA:  (1) functional dependencies; (2) dependencies 
among human errors; (3) maintenance and testing unavailability; and (4) external events.         
 
During the staff’s review of the general approach used to assess CCF of components, the staff 
raised issues regarding the following:  (1) the lack of CCF failure of I&C hardware other than 
sensors and control rods (e.g., logic modules, relays and bi-stables); (2) the basis of the 
assumed CCF probabilities of I&C software: and (3) the assumptions made in assessing CCF of 
components in an asymmetric configuration (e.g., CCF among standby and running 
components, such as the CCW/ESW system pumps).  The third issue above has been 
discussed earlier in this section under “Initiating Event Identification, Categorization, and 
Quantification.”   
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In RAI 25-300, Question 19-30, the staff requested additional information regarding the 
modeling of I&C hardware CCFs in the PRA.  In its response to RAI Question 19-30, dated July 
25, 2008, the applicant stated that the CCF of I&C hardware other than sensors and control 
rods (e.g., logic modules) was not modeled in the PRA because it was assessed to be less 
significant than software CCF.  The staff followed up with RAI 364-2655, Question 19-324, 
stating that the applicant’s assessment shows that the probability of hardware CCFs is 
comparable to software failure probabilities and, given the inherent uncertainty of software 
failure probabilities, the hardware CCFs should also be modeled in the PRA.  In its April 28, 
2010, response to RAI 364-2655, Question 19-324, the applicant modeled the I&C hardware 
CCF (for I&C components other than sensors and control rods) by introducing basic event 
SGNBTHWCCF which results in failure of all four trains of the PSMS.  The probability of the I&C 
hardware CCF basic event was estimated to be 2.2E-06 by adding up the CCF probabilities of 
all sets of hardware components in the RPS, ESFAS, and SLS systems that lead to failure of 
signals in all PSMS trains (a mean time to repair (MTTR) of six hours and a self diagnosis rate 
of 100 percent were assumed in the calculation). 
 
In its review, the staff identified discrepancies between the provided event definition and 
expected results, such as related cut sets (e.g., missing an expected cut set that includes the 
“transient” initiating event followed by I&C hardware CCF and failure of DAS with a frequency of 
2.2E-08 per year).  The staff issued RAI 564-4399, Question 19-428, requesting clarification of 
the provided definition of I&C hardware CCF.  In its April 28, 2010, response to RAI 564-4399, 
Question 19-428, the applicant provided more detailed information, however, a more precise 
definition of I&C CCF event is needed, in terms of what signals are impacted. 
 
In RAI 750-5675, Question 19-515, the staff followed up RAI Question 19-428, requesting 
clarification of the provided definitions of I&C hardware CCF and application software failures.  
Although in its response, dated June 30, 2011, the applicant provided more detailed information 
about the treatment of I&C hardware and software CCF in the system analysis, a more precise 
definition of these basic events is needed, in terms of what signals are impacted by each event. 
 
In its June 30, 2011, response, the applicant provided the definitions of digital I&C hardware 
CCF (event SGNBTHWCCF), digital I&C basic software CCF (event RTPBTSWCCF), and 
application software CCFs (events SGNBTSWCCF1, SGNBTSWCCF2, and SGNBTSWCCF3).  
The response is currently under staff’s review. 
 
RAI 750-5675, Question 19-515, which is associated with the above request, is being 
tracked as Open Item 19.1-LEVEL1-515. 
 
In addition, the staff finds that the PRA model of I&C hardware CCF does not mask or distort 
any risk insights needed to support the DC.  However, the modeling of the CCF of I&C hardware 
and the associated probability must be identified as a significant source of uncertainty in the 
DCD.  The applicant committed in its June 30, 2011, response to RAI 750-5675, Question 19-
511, to add the modeling of the CCF of I&C hardware and the associated probability into the 
DCD Table 19.1-38.  Inclusion of the above, which is associated with RAI Question 19-511, 
is being tracked as Confirmatory Item 19.1-LEVEL1-511. 
 
In RAI 25-300, Question 19-35, the staff requested additional information regarding the basis of 
the CCF probabilities for basic (support) and application software, which were judged to be 1E-
07 per demand and 1E-05 per demand, respectively.  In its July 25, 2008, response to RAI 25-
300, Question 19-35,, the applicant provided the following information:  (1) described the 
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approach and data used to estimate the basic (support) software failure probability of 1E-07 per 
demand; and (2) provided the results of a sensitivity study showing the sensitivity of the total 
plant risk to increases of the baseline application software failure probability of 1E-05 per 
demand.   
 
Basic (or support) software is the operating system MELTAC which provides basic functions for 
the application software, such as the ability to communicate with the hardware of the system.  
According to the applicant, MELTAC has been used in Japanese nuclear reactors for a total of 
over 2E+7 (20 million) hours with no incidents of design error that could lead to a CCF.  Based 
on this experience, the mean failure rate of basic (support) software was estimated to be about 
5E-08 per hour.  Assuming an exposure time of one hour (TS require an immediate plant 
shutdown when redundant PSMS trains are found inoperable), the CCF probability of basic 
(support) software was estimated to be 5E-08 per demand.  However, the CCF probability of 
basic (support) software that is used in the PRA is 1E-07 per demand.  The staff finds that the 
assumed CCF probability of basic (support) software does not mask or distort any risk insights 
needed to support the DC.  However, the CCF probability of basic software must be identified 
as an important source of uncertainty in the DCD to ensure that it will be properly accounted 
when the PRA is used in future risk-informed applications involving decision making.  In its June 
30, 2011, response to RAI 750-5675, Question 19-511, the applicant stated that software CCF 
has been incorporated into the DCD Table 19.1-38.  In addition, the applicant also included in 
the DCD Table 19.1-38 the modeling of the CCF of I&C hardware and associated probability as 
key sources of uncertainty.  RAI 750-5675, Question 19-511, is being tracked as 
Confirmatory Item 19.1-LEVEL1-511. 
 
Regarding the CCF probability of safety-related application software, the applicant performed a 
sensitivity study by increasing the assumed probability by an order of magnitude.  This 
sensitivity study, whose results are documented in Section 19.1.4.4.1.2 under “Insights from the 
Sensitivity Studies,” has shown that the assumed CCF probability of application software should 
be identified as a significant source of uncertainty in the DCD.  However, this uncertainty does 
not mask or distort any risk insights needed to support the DC process.  In its June 30, 2011, 
response to RAI 750-5675, Question 19-511, the applicant stated that the safety-related 
application software CCF has been incorporated into DCD Table 19.1-38.  The staff has 
confirmed the response and thus, the issue is considered closed. 
 
The applicant performed a HRA to estimate the failure probability of human actions or human 
errors identified in the systems analysis (fault trees) or in the event tree analysis.  Three types of 
human errors are addressed: 
 

• Type A:  Human errors, such as misalignment of valves, which are associated 
with human actions that take place during routine activities (e.g., testing and 
maintenance of components) and cause the unavailability of components when 
demanded during accidents. 
 

• Type B:  Human errors, such as the inadvertent opening of valves, which are 
associated with human actions that take place during routine activities (e.g., 
testing and maintenance of components) and cause an initiating event (if such 
operator error are not included in an initiating event frequency). 
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• Type C:  Human errors that are associated with human actions that take place 
after an initiating event occurs (actions required for the operation of mitigating 
systems or mitigation actions to restore failed equipment). 

 
Most of the human errors modeled in the US-APWR PRA are of Type C.  The detailed analysis 
of Type C human errors require the availability of plant-specific emergency operating 
procedures (EOPs), the performance of thermal-hydraulic analyses to determine the time 
available for operator actions, and data on human-system interactions (HIS) for the US-APWR 
advanced digital control room.  Since some of this information is not available at the DC stage, 
simplified task definitions and analyses have been used in the HRA based on conservative 
assumptions.  Revised and updated evaluations of the identified operator actions and human 
error probabilities will be performed as detailed design information becomes available and plant-
specific EOPs are developed.  Therefore, a COL action item is needed to ensure this.  This is 
part of Open Item 19.1-LEVEL1-574.      
 
The applicant conducted the following five major steps in performing US-APWR HRA: 
 

• Identification of human actions and associated errors. 
• Characterization and development of subtasks. 
• Quantification of human error probabilities. 
• Evaluation of dependency between human errors. 
• Documentation of HRA results. 

 
The methodology described in NUREG/CR-4772, “Accident Sequence Evaluation Program HRA 
Procedure (ASEP),” issued 1987, was followed in the quantification of Type A and Type C 
human error probabilities while the methodology described in NUREG/CR-1278, “Technique for 
Human Error Rate Prediction (THERP),” issued 1983, was followed in the quantification of Type 
B human error probabilities. 
 
Dependency among human errors in the same accident sequence was addressed following the 
approach used in NUREG/CR-6883, “The SPAR-H Human Reliability Analysis Method, 2005,” 
to determine the dependency level and the approach used in NUREG/CR-1278 to calculate 
conditional human error probabilities.          
 
The staff’s review found acceptable the approaches used to assess human error probabilities.  
However, the staff has raised an issue regarding the implementation of the approach described 
in NUREG/CR-6883 to determine the dependency level among human errors.  In RAI 100-1597, 
Question 19-200, and RAI 423-2710, Question 19-381, the staff requested clarification 
regarding the assumption of “different crews” made in evaluating the dependency level among 
human errors in SGTR sequences, such as the dependency among operator failure to close the 
MSIV associated with a faulted SG, the operator failure to isolate a faulted TBV and the 
operator failure to depressurize the primary using the SDVs.  In its September 7, 2009, 
response to RAI 423-2710, Question 19-381, the applicant stated that the “different” and 
“same” crews are defined based on the location where the operator action is performed.  In the 
follow-up RAI 750-5675, Question 19-517, the staff indicated that the same crew is performing 
the cognition aspects for all actions from the control room and, therefore, the assumption of 
"different" crews is not valid.  The staff requested the applicant to perform a systematic search 
of all significant accident sequences in the PRA to ensure that dependencies among operator 
errors are properly assessed. 
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In its June 30, 2011, response to RAI 750-5675, Question 19-517, the applicant stated that 
although the isolation of faulted TBV is to be performed locally, the cognition aspect for this 
action is achieved in the MCR by same operators.  Thus, the assumption regarding “Crew” will 
be changed to "Same."  
 
For other human errors, Table 9.4.3-1, “Dependency level Evaluation for Each Accident 
Sequence for Full-power Operations,” of US-APWR PRA report summarizes assumptions to 
estimate dependency level among human errors considered in the PRA.  The dependency level 
among human errors is estimated by four factors, including “Crew,” “Time,” “Location,” and 
“Cue.” 
 
Crew - For all human actions, operators detect the abnormal condition in the MCR.  The 
assumption "same crew" is applied to all human actions in the US-APWR PRA. 
 
Time - NUREG/CR-6883 provides the basis to estimate the time factor, which is from within 
seconds to a few minutes.  Allowable time among operator actions considered in US-APWR is 
more than a few minutes.  
 
Location - Operator actions performed locally will be using different panel.  In the operational 
visual display unit (VDU) of US-APWR, the layout of controllers and monitoring alignment in 
each window is different and this feature would make the operator to perceive them as different 
locations. 
 
Cues - Based on NUREG/CR-6883, additional cues can be applied if there is a specific 
procedure calling out for a different procedure, or additional alarm/display.  Cues that are 
assumed to be "Different/Additional" in the current estimation will be changed to "Same/No 
additional.” 
 
To reflect the above discussion, the applicant re-estimated the CDF to be about three percent 
higher than the base case CDF reported in the DCD Revision 3.  The staff reviewed the 
response and concludes that since the CDF increase is small, the treatment taken by the 
applicant is acceptable at the design stage and considers this issue closed. 
 
Core Damage Quantification and Uncertainty, Importance and Sensitivity Analyses 
 
Accident sequences were quantified using the RiskSpectrum® computer code with truncation 
value of 1.0E-15.  The staff finds that the accident sequence quantification was performed in 
accordance with industry standards and provides adequate information to support the DC 
process. 
 
Information from the core damage quantification which is documented in Revision 3 of the US-
APWR DCD includes the following: 
 

• CDF contribution of each internal events initiating event category for operation at 
power (Table 19.1-22 of DCD, “Core Damage for At-Power Events Contribution 
of Initiating Events to Plant Core Damage Frequency”). 
 

• List of 100 dominant CDF accident sequences contributing about 100 percent to 
the CDF from internal events at power (Table 19.1-24 of DCD, “US-APWR PRA 
Dominant Core Damage Frequency Sequence”). 
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• List of top 40 cutsets contributing to about 66 percent to the total CDF from 

internal events at power (Table 19.1-25 of DCD, “US-APWR PRA Dominant 
Cutsets”). 
 

• List of top 10 cutsets for each initiating event category (Table 19.1-26 of DCD, 
“US-APWR PRA Dominant Cutsets for Each Initiating Event”). 
 

• Top accident sequences which individually contribute at least one percent to the 
CDF from internal events at power. 
 

• List of dominant cutsets with CDF frequency and percent contribution, from 
internal events at power described in the DCD. 

 
Information from the uncertainty, importance, and sensitivity analyses which is documented in 
Revision 3 of the US-APWR DCD includes the following: 
 

• Parametric uncertainty quantification results (Figure 19.1-5 of DCD, “System 
Dependencies between Supporting Systems and Supporting Systems”). 
 

• List of basic events with Fussell-Vesely (F-V) risk importance measure value 
greater than 0.5 percent (Table 19.1-30 of DCD, “Basic Events (Hardware 
Failure, Human Error) FV Importance”). 
 

• List of basic events with RAW risk importance measure value greater than 2 
(Table 19.1-31 of DCD, “Basic Events (Hardware Failure, Human Error) RAW”). 
 

• Discussion of sensitivity analyses (Section 19.1.4.1.2 of DCD, “Results from the 
Level 1 PRA for Operations at Power”). 
 

• List of key sources of uncertainty and key assumptions (Table 19.1-38 of DCD). 
 
The content of the information from the core damage quantification and the uncertainty, 
sensitivity, and importance analyses documented in the DCD was reviewed by the staff and 
found to be consistent with guidance provided in RG 1.206.  The technical adequacy of this 
information (i.e., the results of the Level 1 PRA for operations at power) is evaluated in the 
following Section 19.1.4.4.1.2. 
 
19.1.4.4.1.2  Results of the Level 1 Internal Events PRA for Operations at Power 
 
10 CFR 52.47(a)(27) requires that the results of the PRA, in addition to a description of the 
PRA, be included in the DCD submitted in support of the DC application.  The applicant 
included PRA results and insights in the DCD following the guidance provided in RG 1.206, 
Section C.I.19. 
 
The applicant estimated the mean CDF for the US-APWR design, from internal events during 
operation at power, to be about 1.0E-6 per year.  In addition, CDFs for various initiating event 
categories were estimated and are summarized in Table 19.1-4 below.  Ranges of mean CDFs, 
by initiating event category, for currently operating PWR designs (NUREG-1560) are also 
shown for comparison.  The total CDF of the US-APWR design, from internal events, at-power 
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operation, was estimated by the applicant to be roughly one order of magnitude smaller than the 
corresponding total CDF of an average operating PWR.  
 

Table 19.1-4  -  Comparison of Core Damage Frequency Contributions by Initiating Event 
Category (Internal Events at Power Operation) 

 
Initiating Event US-APWR 

(CDF/year) 
Operating PWRs 
(CDF range/year) 

IPE results 
[NUREG-1560] 

LOCAs: 
 

- Large 
- Medium 
- Small 
- Very Small  

9.4E-08 
 

3.3E-10 
1.6E-08 
7.6E-08 
1.1E-09 

1E-6 to 8E-5 

Transients: 
 

- General Transients 
- Loss of Component Cooling Water (CCW) 
- Partial Loss of CCW 
- Loss of Feedwater Flow 
- Loss of Vital ac Bus 
- Loss of Vital dc Bus 
- Steam Line Break 
- Feedwater Line Break  

3.1E-07 
 

1.9E-08 
2.1E-07 
1.6E-08 
2.6E-08 
2.2E-09 
6.7E-11 
3.6E-08 
6.0E-10 

5E-7 to 3E-4 

Loss of Offsite Power/ Station Blackout 4.7E-07 1E-8 to 7E-5 

Anticipated Transients Without  Scram (ATWS) 4.6E-08 1E-8 to 4E-5 

Reactor Vessel Rupture 1.0E-07 1E-7 

Steam Generator Tube Rupture 1.1E-08 9E-9 to 3E-5 

Interfacing System LOCA Negligible 1E-9 to 8E-6 

 
As seen in the above table, for the US-APWR design, loss of offsite power is the largest 
contributor to the CDF profile (45.4 percent contribution) followed by the total and partial loss of 
component cooling water (20.5 percent).  The reactor vessel rupture event and LOCA events 
are also significant contributors to the CDF profile (9.7 and 9.0 percent, respectively).  
Contributions from ATWS events (4.6 percent), steam line break (3.5 percent), loss of feedwater 
(2.5 percent), general transients (1.9 percent), and SGTR sequences (1 percent) are relatively 
small. 
 
The Level 1 PRA results and insights from internal events during at-power operation, as 
assessed by the applicant and reviewed by the staff, including (1) dominant accident sequences 
and major contributors to the CDF; (2) design features that contribute to the reduced CDF as 
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compared to operating PWRs; and (3) insights drawn from the uncertainty analysis and several 
importance and sensitivity studies are presented as follows. 
 
Dominant Accident Sequences Leading to Core Damage 
 
As discussed in the US-APWR PRA, the PRA model comprises a total of 516 potential core 
damage event sequences for internal events at power.  The internal events PRA results 
identified 100 accident sequences contributing almost 100 percent of the estimated internal 
events CDF.  The top ten dominant sequences, contributing about 84 percent of the total CDF 
from internal events during at-power operation, are summarized below. 
 
Sequence #1, with a CDF of about 3.4E-07 per year and about 33 percent contribution, is 
initiated by a LOOP event followed by the failure of both the emergency power supply system 
and the AAC power source and resulting in the loss of all ac power.  The T-D pumps of the EFW 
system succeed and provide core cooling.  However, the operator fails to recover offsite power 
within one hour and a RCP seal LOCA occurs since ac power is required for RCP seal cooling 
(note that, the applicant conservatively assumed that the RCP seals can keep their integrity for 
only one hour without cooling).  Next, the operator fails to recover offsite power within three 
hours of the LOOP event (within two hours of the seal LOCA initiation), so it is not possible to 
mitigate the RCP seal LOCA and the core is uncovered and core damage occurs. 
 
In addition to the initiating event itself, risk important failures appearing in this sequence are 
listed below: 
 

• CCF of the emergency GTGs to start and run (basic events EPSCF4DLLRDG-
ALL, EPSCF4DLADDG-ALL, and EPSCF4DLSRDG-ALL). 
 

• Operator failure to connect an alternate GTG to a safety bus (basic event 
EPSOO02RDG). 
 

• Operator failure to recover offsite power within one hour from LOOP event (basic 
event OPS----PRBF). 
 

• Operator failure to recover offsite power within three hours from LOOP event 
(basic event OPS----PRCF) 

 
Sequence #2, with a CDF of about 1.7E-07 per year and about 16 percent contribution, is 
initiated by a total loss of CCW/ESW event followed by failure of alternate component cooling of 
the charging pumps using water from either the fire suppression system or the non-essential 
chilled water system.  This leads to a loss of cooling of the RCP seals and, thus, a RCP seal 
LOCA.  Since no systems that can mitigate the seal LOCA are available due to the total loss of 
CCW, the core is uncovered and core damage occurs. 
 
In addition to the initiating event, risk important failures appearing in this sequence are listed 
below: 
 

• Operator failure to connect the fire suppression pumps to the CCW system and 
provide alternate cooling to the charging pumps (basic event ACWOO02FS). 
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• Operator failure to connect the non-essential chilled water system (cooling tower) 
pump to the CCW system for alternate cooling of the charging pumps (basic 
event ACWOO02CT-DP2). 
 

• CCF of the charging pumps to start (basic event CHICF2PMBD001-ALL) 
 
Sequence #3, with CDF of 1.0E-07 per year and 9.7 percent contribution, is a reactor vessel 
rupture event which leads directly to core damage.  
 
Sequence #4, with a CDF of about 9.0E-08 per year and about 8.7 percent contribution, is 
initiated by a LOOP event followed by the failure of all CCW pumps to restart and by the failure 
of alternate component cooling of the charging pumps (using water from either the fire 
suppression system or the non-essential chilled water system).  This scenario leads to loss of 
cooling of the RCP seals and, thus, a RCP seal LOCA.  Since no systems which can mitigate 
the seal LOCA are available due to the total loss of CCW, the core is uncovered and core 
damage occurs. 
 
In addition to the initiating event, risk important failures appearing in this sequence are listed 
below: 
 

• CCF of ESW pumps to restart following a loss of offsite power 
(SWSCF4PMBD001-R-ALL). 
 

• CCF of CCW pumps to restart following a loss of offsite power (basic event 
CWSCF4PCBD001-R-ALL). 
 

• Operator failure to connect the fire suppression pumps to the CCW system and 
provide alternate cooling to the charging pumps (basic event ACWOO02FS). 
 

• Operator failure to connect the non-essential chilled water system (cooling tower) 
pump to the CCW system for alternate cooling of the charging pumps (basic 
event ACWOO02CT-DP2). 
 

• Three of the four incomer 6.9-kV ac bus circuit breakers from the unit auxiliary 
transformer (52/UAT A, B, C, D) fail to open due to CCF and the associated 
Class 1E ac buses cannot be isolated from the faulted offsite power (basic event 
EPSCBFO52UAT-ACD). 
 

• Three of the four incomer 6.9-kV ac bus circuit breakers from the reserve 
auxiliary transformer (52/RAT A, B, C, D) fail to open due to CCF and the 
associated Class 1E ac buses cannot be isolated from the faulted offsite power 
(basic event EPSCBFO52RAT-ACD). 
 

• CCF of three of the four Class 1E GTGs to start and run (basic event 
EPSCF4DLLRDG-234). 
 

• Operator failure to connect the AAC power source to a Class 1E bus (basic event 
EPSOO02RDG). 
 



 

19-61 

 

• Unavailability of ESW Pump B due to test or maintenance (basic event 
SWSTMPE001B) 

 
Sequence #5, with a CDF of about 4.0E-08 per year and about 3.8 percent contribution, is 
initiated by a total loss of CCW/ESW event followed by the failure to remove decay heat from 
the RCS via the SGs (the two motor-driven emergency feedwater pumps are unavailable due to 
loss of room cooling as a result of the loss of essential service water).  These failures would 
result in a loss of core cooling function and, thus, core damage. 
 
In addition to the initiating event, risk important failures appearing in this sequence are listed 
below: 

• CCF of the two turbine-driven EFW pumps to start and run (basic event 
EFWCF2PTAD001AD-ALL). 
 

• Operator failure to open the EFW pit discharge cross-tie line to supply makeup 
water when the trains associated with one EFW pit are unavailable (basic event 
EFWOO01006AB). 
 

• Failure of one turbine-driven EFW pump to start (basic events EFWPTAD001A 
and EFWPTAD001D). 
 

• Unavailability of a turbine-driven EFW pump due to test or maintenance (basic 
events EFWTMTA001A and EFWTMTA001D) 

 
Sequence #6, with a CDF of about 3.9E-08 per year and about 3.8 percent contribution, is 
initiated by a small break LOCA.  The emergency feedwater system and the accumulators are 
successful.  However, failure of high head injection and failure of CS/RHR (in both the 
containment spray and alternate core cooling modes) occur.  These failures would result in a 
loss of core cooling function and, thus, core damage. 
 
In addition to the initiating event, risk important failure appearing in this sequence is the CCF 
due to plugging of the four RWSP strainers (basic event RWSCF4SUPR001-ALL). 
 
Sequence #7, with a CDF of about 2.5E-08 per year and about 2.4 percent contribution, is 
initiated by a loss of feedwater flow (event LOFF).  The reactor trip is successful.  However, the 
RCS cannot be depressurized due to the failure of both the decay heat removal function via the 
SGs and the manual feed-and-bleed operation.  Since, the pressure in the RCS remains high, 
which would result in core damage. 
 
In addition to the initiating event, risk important failures appearing in this sequence are listed 
below:   
 

• CCF to open of the two check valves VLV-008A and -008B located at the 
emergency feedwater pit outlet lines (basic event EFWCF2CVOD008-ALL). 
 

• Operator failure to initiate feed-and-bleed operation by opening the SDVs and 
starting safety injection when the secondary-side cooling function has been lost 
and no emergency core cooling system (ECCS) actuation signal has been 
generated (basic event HPIOO02FWBD). 
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• CCF to open of the four check valves VLV-012A, B, C, D located at the 
emergency feedwater pump discharge lines (basic event EFWCF4CVOD012-
ALL). 
 

• CCF to open of the four EFW isolation check valves VLV-018A, B, C, D (basic 
event EFWCF4CVOD018-ALL). 
 

• CCF of the narrow range SG water level sensors (basic event 
RTPCF4ICYRRT7001-ALL). 
 

• Operator failure to changeover the EFW pit (basic event EFWOO01006AB)   
 
Sequence #8, with a CDF of about 2.4E-08 per year and about 2.3 percent contribution, is 
initiated by a break at a main steam line downstream of the main steam isolation valve (event 
SLBO).  The reactor trip is successful.  However, secondary-side cooling through the SGs is 
unavailable due to failure to isolate the steam line break.  In addition, operators fail to manually 
open the safety depressurization valve and remove heat by feed-and-bleed operation.  The 
pressure in the RCS remains high which results in core damage. 
 
In addition to the initiating event, risk important failures appearing in this sequence are listed 
below:   

• Operator failure to initiate feed-and-bleed operation by opening the SDVs when 
the secondary-side cooling function has been lost and ECCS actuation signal 
has been generated (basic event HPIOO02FWBD-S). 
 

• CCF to close at least three of the four main steam isolation valves (events such 
as MSRCF4AVCD515-ALL, MSRCF4AVCD515-12, and MSRCF4AVCD515-
123). 
 

• Failure of Group-2 application software (event SGNBTSWCCF2) -- causes failure 
of all safety-related actuation signals with the exception of the reactor trip signal. 
 

• Operator failure to open the SDVs by using the diverse actuation system (basic 
event HPIOO01SDVDAS). 
 

• CCF of DI&C hardware (event SGNBTHWCCF) -- causes failure of all automatic 
signals generated by the RPS, the ESFAS and the SLS with the exception of the 
under-voltage signal that starts the AAC. 

 
Sequence #9, with a CDF of about 2.4E-08 per year and about 2.3 percent contribution, is an 
ATWS event.  Following an anticipated transient event, both the reactor trip and turbine trip 
functions fail.  Since core power cannot be effectively decreased, the RCS pressure exceeds 
the allowable RCS pressure limit which results in core damage. 
 
Risk important failures appearing in this sequence are listed below:  
 

• Failure of the diverse actuation system (basic event RTPDASF). 
 

• CCF of digital I&C hardware (event SGNBTHWCCF). 
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• CCF of basic software (basic event RTPBTSWCCF). 
 

• Failure of more than four control rods to inject and insert into the reactor core 
(basic event RTPCRDF). 
 

• Failure of the turbine stop valve (basic event TTPTSVF). 
 
Sequence #10, with a CDF of about 1.7E-8/yr, contributing about 1.7 percent to the total 
internal event CDF, is a general transient event.  In this sequence, the RCS cannot be 
depressurized by secondary side cooling due to the failure of the EFWS and MFW recovery.  In 
addition, operators fail to manually start the safety injection (SI) pump and open the SDV, which 
is FAB operation.  Thus, since there would be no means to depressurize the RCS, the pressure 
in the primary system keeps increasing resulting in core damage. 
 
Risk important failures were identified as follows: 
 

• MFW system failure (MFWHARD). 
 

• CCF of EFW valves (EFWCF2CVOD008-ALL, EFWCF4CVOD018-ALL, 
EFWCF4CVOD012-ALL). 
 

• Failure to open safety depressurization valve and start safety injection pump 
(HPIOO02FWBD). 
 

• EFW Pump A fails to start (EFWPTAD001A). 
 

• CCF of basic software (RTPBTSWCCF). 
 
Risk-Important Design Features by Initiating Event Category 
 
Listed below are major features that contribute to the reduced CDF of the US-APWR design as 
compared to operating PWR designs, for each of the initiating event categories contributing the 
most to this reduction. 
 
LOOP and SBO Sequences 
 
The following are the most important features of the US-APWR design that contribute to the 
reduction in the estimated CDF associated with LOOP, including SBO, sequences (CDF is 
4.7E-7/yr which is at the lower end of the range from 7E-5/yr to 1E-8/yr corresponding to CDFs 
associated with LOOP/SBO at operating PWR reactors): 
 

• Highly reliable onsite ac power system which includes normal power systems 
powered from the offsite power sources, emergency power systems backed-up 
by Class 1E GTGs and permanent power systems backed-up by non-Class 1E 
GTGs. 
 

• Defense-in-depth, which provides alternative reliable means for removing decay 
heat from the RCS during a LOOP/SBO accident.  Most current PWR plants rely 
on two alternative means for core cooling:  An auxiliary feedwater system, with at 
least one T-D pump for SBO events, in addition to motor-driven pump(s), and a 
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manual "feed & bleed" capability when onsite ac power is available.  Although the 
US-APWR design relies primarily on the same two means for core cooling as 
operating PWRs, such means are more reliable for US-APWR because of the 
following features:  An EFW system with four independent trains (two turbine-
driven pumps for SBO events, in addition to two motor-driven pumps), and more 
reliable "feed & bleed" capability due to redundant injection paths through the 
HHI lines and redundant depressurization paths through the SDVs. 
 

• The presence of the in-containment RWSP allows reliable long-term cooling 
following "feed & bleed" operation through the use of redundant means 
consisting of either CS/RHR spray injection and heat removal or alternate 
containment cooling. 

 
"Transient" Sequences 
 
The following are the most important features of the US-APWR design which contribute to the 
reduction in the estimated CDF associated with "transient" sequences (CDF reduced to 3.1E-
7/yr from the 3E-4/yr to 5E-7/yr range corresponding to CDFs associated with "transients" at 
operating PWR reactors): 
 

• Defense-in-depth, which provides alternative reliable means for removing decay 
heat from the RCS during accidents of the “transient” category, such as general 
transients, loss of feedwater, and loss of CCW.  Most current PWR plants rely on 
two alternative means for core cooling:  An auxiliary feedwater system, with at 
least one T-D pump for SBO events, in addition to motor-driven pump(s), and a 
manual "feed & bleed" capability when onsite ac power is available.  Although the 
US-APWR design relies primarily on the same two means for core cooling as 
operating PWRs, such means are more reliable for US-APWR because of the 
following features:  An EFW system with four independent trains (two T-D pumps 
for SBO events, in addition to two M-D pumps), and more reliable "feed & bleed" 
capability due to redundant injection paths through the HHI lines and redundant 
bleed paths through the SDVs. 
 

• The presence of the in-containment RWSP allows reliable long-term cooling 
following "feed & bleed" operation through the use of redundant and diverse 
means consisting of either CS/RHR spray injection and heat removal or alternate 
containment cooling. 
 

• Capability to connect either the fire suppression or the non-essential chilled water 
(cooling tower) pumps to the CCW system and provide alternate component 
cooling to the charging pumps when CCW is lost but onsite ac power is available.  
This capability provides defense-in-depth for the cooling function of the RCP 
seals and, thus, reduces the likelihood of RCP seal LOCA. 
 

• A highly reliable EFW system (which is needed only when the MFW system is 
unavailable) reduces significantly the need for RCS depressurization and 
reliance on "feed and bleed" cooling, as compared to operating PWRs, and 
contributes to the reduced risk associated with "transient" sequences. 
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• The use of two redundant and diverse ESF actuation systems with automatic and 
manual actuation capability (one is safety-related) minimizes the likelihood of 
actuation failures, including common-cause actuation failures. 

 
SGTR Sequences 
 
The following are the most important features of the US-APWR design which contribute to the 
reduction in the estimated CDF associated with SGTR sequences (CDF is about 1.1E-8/yr 
which is at the lower end of the 3E-5/yr to 9E-9/yr range corresponding to CDFs associated with 
SGTR at operating PWR reactors):  
 

• Defense-in-depth, which provides alternative reliable means for removing decay 
heat from the RCS during a SGTR accident.  Most current PWR plants have two 
lines of defense:  One uses safety-related systems, such as high- pressure 
safety-injection (HPSI) and auxiliary feedwater (AFW), and manual SG isolation.  
The other is manual "feed and bleed" using the pressurizer PORVs if the faulted 
SG cannot be isolated.  Although the US-APWR design relies primarily on the 
same two means for core cooling as operating PWRs, such means are more 
reliable for US-APWR because of the following features:  (1) A four-train EFW 
system (including its associated support systems), (2) more reliable "feed & 
bleed" capability due to redundant injection paths through the HHI lines and 
redundant bleed paths through the pressurizer SDVs. 
 

• The improved reliability of the EFW system, as compared to the AFW system 
used in operating PWR plants, reduces significantly the reliance on "feed and 
bleed" cooling as the last defense against core damage and contributes to the 
reduced risk associated with SGTR sequences. 
 

• The presence of the in-containment RWSP allows reliable long-term cooling 
following "feed & bleed" operation through the use of redundant means 
consisting of either CS/RHR spray injection and heat removal or alternate 
containment cooling.  Such long-term cooling provides capability for recovery 
from unisolable SG leaks, which bypass the containment. 
 

• SGs have a secondary-side water inventory which is larger, on an install power 
basis, than operating plants.  This feature extends the time available to recover 
feedwater or other means of core heat removal.   

 
LOCA Sequences 
 
The following are the most important features of the US-APWR design that contribute to the 
reduction in the estimated CDF associated with LOCA sequences (CDF reduced to about 9.4E-
8/yr from the 8E-5/yr to 1E-6/yr range corresponding to CDFs associated with LOCA at 
operating PWR reactors):  
 

• Defense-in-depth, which provides several alternative means for coolant makeup 
at both high and low pressures using four-train redundant systems (HHI, 
Accumulators, CS/RHR in the alternate core injection mode) and increases the 
reliability of the coolant makeup function.  For comparison, most operating PWRs 
use two-train HPSI and low- pressure safety injection (LPSI) systems. 
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• Defense-in-depth, which provides several alternative means for core cooling 

during all possible scenarios and sizes of a LOCA accident (EFW, CS/RHR in the 
containment spray and heat removal modes of operation, CS/RHR in the 
alternate core injection and heat removal modes of operation, alternate 
containment cooling and “feed and bleed” capability), increases the reliability of 
the core cooling function (both in the short and long term).  Operating PWRs rely 
on fewer and less reliable alternative means for core cooling during LOCAs (e.g., 
two-train systems as compared to the four-train systems of the US-APWR 
design). 

 
Anticipated Transient Without Scram (ATWS) Sequences 
 
The following are the most important features of the US-APWR design that contribute to the 
reduction in the estimated CDF associated with ATWS sequences (CDF is 4.6E-8/yr which is at 
the lower end of the range from 4E-5/yr to 1E-8/yr corresponding to CDFs associated with 
ATWS at operating PWR reactors):  
 

• The US-APWR design has two redundant and diverse reactor trip systems.  The 
non-safety-related DAS is a reliable system capable of initiating automatic and 
manual reactor trip via the motor-generator sets when the reactor fails to trip via 
the RPS.  At operating reactors the DAS is less reliable and cannot automatically 
initiate a reactor trip. 
 

• The US-APWR design employs a “low-boron” core that contributes to a more 
negative MTC of reactivity than in conventional cores.  This feature contributes to 
a significant reduction in the peak pressure established in the RCS during an 
ATWS event. 

 
The following sections of this report present insights from the uncertainty analysis, risk 
importance studies, and sensitivity studies. 
 
Insights from the Uncertainty Analysis 
 
The applicant performed an uncertainty analysis to determine the magnitude of uncertainties 
that characterize the level 1 PRA results (CDF from internal events) as well as the major 
contributors to these uncertainties.  The US-APWR CDF estimates, for internal events, are 
reported in terms of a mean value and an associated error factor (EF).  The EF3 is a measure of 
uncertainty that expresses the spread of a fitted log-normal distribution.  The total CDF from 
internal events, as estimated by the applicant, has a mean value of about 1E-6/yr and an EF of 
approximately 3.0.  Thus, the 95th and 5th percentiles are about 2.9E-6/yr and 3.1E-7/yr, 
respectively.  It should be emphasized that only “parametric uncertainty” (i.e., uncertainty 
associated with reliability and availability data) was considered and propagated in the PRA 
models.  “Modeling uncertainty” (i.e., uncertainty associated with key assumptions made in the 

                                                           

3 The "error factor" is the ratio between the 95th percentile and the median (50th percentile) of 
the assumed log-normal distribution (which is the same as the ratio between the median and the 
5th percentile). 
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development of the PRA models) and “completeness uncertainty” (i.e., uncertainty associated 
with potential lack of modeling details of certain initiating events, accident sequences, system 
failure modes or human errors) were not included.  However, the applicant performed a 
comprehensive examination of modeling assumptions and areas of potential lack of modeling 
detail to identify sources of “modeling” and “completeness” uncertainty.  The impact of such 
sources of uncertainty on the PRA results and insights were addressed, as necessary, through 
sensitivity studies.  The staff’s evaluation of the importance and sensitivity studies are discussed 
below in this section of the report.     
 
The following conclusions can be reached from the results of the “parametric” uncertainty 
analysis:  

• The majority of the major contributors to the dominant accident sequences, and 
total CDF, have relatively small uncertainties associated with them. 
 

• The following are major contributors to “parametric” uncertainty associated with 
the plant CDF estimate:  
 
- Several initiating event frequencies, such as LOCCW, LOOP and LOCA. 
- Reactor vessel failure frequency. 
- CCF of the incomer 6.9-kV ac bus circuit breakers. 
- CCF of the RWSP sump strainers due to plugging. 
- CCF of the emergency GTGs to start and run. 
- CCF of the ESW pumps to re-start following a LOOP event. 
- CCF of the CCW pumps to re-start following a LOOP event. 
- Operator fails to connect an alternate GTG to a safety bus. 
- Operator fails to connect the fire service water to the CCW for alternate 

cooling of the charging pumps. 
- Operator fails to connect the non-essential chilled water system (cooling 

tower) pump to the CCW system for alternate cooling of the charging 
pumps. 

 
As a result of the lack of adequate data, the probability distribution function parameters 
associated with some risk-important events (e.g., software failures) are rather subjective point 
estimates.  The low confidence level in the point estimates of such events was addressed by the 
performance of sensitivity studies. 
 
Insights from the Risk Importance Analysis 
 
The applicant performed studies to determine the relative importance of SSCs and human 
actions to plant safety.  Such studies address the following two general objectives:  (1) risk 
reduction, and (2) safety or reliability assurance.  The first objective, i.e., risk reduction, was 
achieved by the identification and ranking of dominant contributors to risk in order to identify 
areas in which the plant risk can be reduced by design and/or operational changes.  The second 
objective, i.e., reliability assurance, was achieved by the identification of dominant contributors 
to maintaining the "built-in" risk level to ensure that the risk does not increase and is as low as 
the PRA indicates it is.  To meet these two objectives, the applicant used the Fussell-Vesely (F-
V) and the RAW risk importance measures to rank SSCs and human actions:  
 

• F-V gives the fraction of the total risk that is associated with an SSC or human 
action.  This fraction is approximately equal to the factor by which the CDF 



 

19-68 

 

decreases when an SSC or human action is assumed to be perfectly reliable 
(perfect component or no error).  Therefore, the F-V risk importance measure 
provides an indication of existing margin for improvement. 

 
• RAW gives the factor by which the CDF increases when an SSC or human action 

is assumed to be absent or to be failed (event probability is assumed to be 1).  
Therefore, the RAW risk importance measure provides an indication of the 
importance of maintaining the existing reliability. 

 
The RAW importance measure is useful in identifying SSCs for which it is particularly more 
important to do good maintenance, since poor reliability and availability of this equipment could 
significantly increase the CDF estimate.  The F-V importance measure is useful in identifying 
SSCs that would benefit the most from improved testing and maintenance by minimizing 
equipment unavailability and failures. 
 
Risk importance studies were performed to determine the basic events, CCF events, human 
errors, and component importance.  The major insights drawn from the importance analysis are 
summarized below:  
 

• The most important systems for core damage prevention, or equivalently, the 
systems that are the most "worthy" in achieving the low CDF level assessed in 
the PRA (i.e., systems with the highest "risk achievement worth"), are the RPS, 
emergency electric ac and dc power systems, CCW/ESW systems, EFW system, 
RWSP, CS/RHR system, HHI system and Accumulators. 

 
• Events that would decrease significantly the "built-in" reliability, i.e., those with 

highest RAW are common-cause failures of basic software and DI&C hardware.  
This is attributable to the redundancy and diversity of the US-APWR safety 
systems, which ensure that single independent hardware faults are not among 
those events whose occurrence has a large impact on the CDF from internal 
events. 

 
• CCF of several sets of identical or similar components was found to have a large 

impact on the estimated CDF from internal events.  A list of such sets of 
components with a RAW value equal or greater than two is provided in Table 
19.1-31 of the DCD, “Basic Events (Hardware Failure, Human Error) RAW.”  
Discussed below are the sets of components with RAW values equal or greater 
than 1000: 
 
- DI&C hardware, such as central processing unit (CPU) cards and power 

supply modules (event SGNBTHWCCF):  If such sets of components 
become unavailable due to CCF, the CDF increases by over four orders 
of magnitude. 
 

- Incomer 6.9-kV ac Class 1E circuit breakers from the unit auxiliary 
transformer (event EPSCF4CBSC52UAT-ALL) or from the reserve 
auxiliary transformer (event EPSCF4CBSC52RAT-ALL):  If any of these 
two sets of circuit breakers become unavailable to open (or spuriously 
close after opening) when demanded following a LOOP event due to 
CCF, the CDF increases by almost four orders of magnitude. 
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- CCW/ESW components, such as pumps and heat exchangers (events 

SWSCF4PMYR-FF, CWSCF4RHPR-FF, CWSCF4PCYR-FF):  If such 
components become unavailable due to CCF, the CDF increases by 
almost four orders of magnitude. 
 

- 6.9-kV ac circuit breakers between the Class 1E 6.9-kV busses and the 
6.9-kV-to-480-Vac Class 1E transformers (event EPSCF4CBSO52STH-
ALL):  If these circuit breakers open spuriously during plant operation at 
power due to CCF, the CDF increases by almost four orders of 
magnitude. 
 

- 480-Vac Class 1E circuit breakers, such as those between the 6.9-kV to 
480-Vac Class 1E transformers and the 480-Vac Class 1E load centers 
(event EPSCF4CBSO52STL-ALL) or those between the Class 1E load 
centers and the Class 1E motor control centers (event 
EPSCF4CBSO52LC-ALL):  If any such set of circuit breakers open 
spuriously during plant operation at power due to CCF, the CDF 
increases by almost four orders of magnitude. 
 

- RWSP sump strainers (event RWSCF4SURP001-ALL):  If the RWSP 
sump strainers become plugged during plant operation at power, the CDF 
increases about 4,000 times.  
 

- External leak of RWSP (RWSTNEL001), RWSP outlet line manual valve 
(RWSXVEL001), return line manual valve (RWSXVEL024), return line 
check valve (RWSCVEL023), outlet line motor-operated valve 
(RWSMVEL002):  The CDF would increase approximately 4000 times if 
the probability value of these valves individually is set to 1.0.  The failure 
mode causes the loss of systems that share with RWSP (i.e., high head 
injection system (HHIS) and CSS/RHRS). 

- External leak of SI pump inlet line MOV (HPIMVEL001A/B/C/D):  The 
CDF would increase approximately 4000 times if the failure probability is 
set to 1.0.  Since the valve is installed at the exit of RWSP, the coolant 
would drain out from the RWSP, and thus the systems sharing with 
RWSP would be unavailable. 
 

- External leak of CS/RHR pump inlet line motor-operated valve 
(RSSMVELCSS001A/B/C/D):  The CDF would increase approximately 
4000 times if the failure probability is set to 1.0.  Since the valve is 
installed at the exit of RWSP, the coolant would drain out from the RWSP 
and thus, the systems sharing with RWSP would be unavailable. 

 
• The US-APWR relies on DI&C systems which are complex combinations of 

hardware and software (i.e., computer programs) components.  Although 
computer software does not wear out, as hardware does, it could fail because of 
the excitation of residual design errors when a particular combination of inputs 
occurs.  If the same programs are executed in two or more channels (or 
divisions) in parallel, a software fault would lead to a common-mode software 
failure in all channels (or divisions) at the same time, i.e., it would be a CCF of 
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redundant channels or divisions.  The following types of software error were 
found to have a large impact on the estimated CDF (i.e., highest RAW value): 
 
- Basic software (event RTPBTSWCCF):  This type of CCF is defined as 

the failure of the MELTAC operation system, which encompasses the 
common software for all applications.  This software CCF accounts for 
potential design errors in software controlling fundamental processor 
functions, such as input/output (I/O), processing and communications.  
The fact that these functions, and their associated software, are repeated 
across all major DI&C subsystems, such software design errors could 
result in the failure of various signals, including the reactor trip signal and 
the ESF actuation signals.  In the US-APWR PRA it is assumed that this 
kind of software fault results in failure of all signals generated by the 
PSMS as well as in failure of all signals generated by the plant control 
and monitoring system (PCMS).  If a software fault of this kind existed 
and showed up every time an accident occurred without being detected, 
the plant CDF would increase by over four orders of magnitude.  (In 
reality residual software faults do not show up, and thus they do not 
cause a software failure, unless the program is exposed to an 
environment for which it was not designed or tested). 
 

- Group 2 application software (event SGNBTSWCCF2):  This type of 
software CCF accounts for potential design errors in the “group 2” 
application software.  In the US-APWR PRA it is assumed that this kind of 
software fault results in failure of all signals generated by group 2 of the 
RPS as well as the failure of all signals generated by the ESFAS and the 
SLS.  Therefore, the failure of group 2 application software results in the 
failure of all signals with the exception of the reactor trip and the SG water 
level sensor signals.  The reactor trip signal is generated by both group 1 
and group 2 application software, which are diverse, while the SG water 
level sensor signal is generated by group 1 application software.  If a 
software fault of this kind existed and showed up every time an accident 
occurred without being detected, the plant CDF would increase 
approximately 3,700 times. 

 
• The US-APWR design is less dependent on human actions for safety than most 

operating reactors.  If operators always failed to perform the human actions 
modeled in the PRA, the plant CDF (from internal events during at-power 
operation) would increase by about three orders of magnitude (from about 1.0E-
6/yr to about 1.6E-3/yr).  Operator failure to perform the following actions was 
found to have the largest impact on the estimated CDF from internal events (i.e., 
operator actions with highest RAW value): 
 
- Operator failure to connect the fire suppression system to supply 

alternate component cooling water to the charging pumps when the CCW 
system is lost (event ACWOO02FS):  If the operators are unavailable to 
perform this action when needed, the plant CDF increases approximately 
17 times. 
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- Operator failure to connect the AAC power source to Class 1E 6.9-kV 
buses during a SBO event when the emergency GTGs are unavailable 
following a LOOP event (event EPSOO02RDG):  If the operators are 
unavailable to perform this action when needed, the plant CDF increases 
approximately 15 times. 

 
- Operator failure to perform feed and bleed operation in the absence of an 

ECCS signal (S-signal) by depressurizing the primary system (i.e., by 
using manual actuation the SDVs) and starting the SI pumps (event 
HPIOO02FWBD):  If the operators are unavailable to perform this action 
when needed, the plant CDF increases approximately 12 times. 

 
- Operator failure to perform feed and bleed operation in the presence of 

an ECCS signal (event HPIOO02FWBD-S):  If the operators are 
unavailable to perform this action when needed, the plant CDF increases 
approximately nine times.  

 
• Failures of single components that were found to have the highest impact on the 

estimated CDF from internal events (i.e., single components with highest RAW) 
are passive failures, such as the following:   

 
- Control rod injection failure (event RTPCRDF):  If more than four rods fail 

to inject and insert into the core (i.e., the reactor fails to scram following 
an accident initiating event), the plant CDF increases by approximately 
1.7E+05 times.  If more than four control rods fail to drop into the core, 
control rods cannot provide sufficient negative reactivity to trip the plant. 

 
- Passive component failures (e.g., pipe or valve wall breaks) that result in 

a large external leak from the RWSP, such as a break in the walls of the 
RWSP outlet or return line manual valves or piping (events 
RWSXVEL024, RWSXVEL001, RWSCVEL023, RWSMVEL002, 
RWSPNELPIPE1, RWSPNELPIPE2, and RWSTNEL001):  If such an 
event occurred, both the HHIS and the CS/RHR systems would be 
unavailable and the plant CDF would increase by 4.0E+03 time. 

 
- External leak of SI pump inlet line motor-operated valve (HPIMVEL001A 

or B or C or D):  The plant CDF would increase approximately 4.0E+03 
times if the probability of this failure were set to 1.0.  Since the valve is 
installed at the exit of RWSP, the coolant drains out from the RWSP due 
to the valve failure.  Then, the systems sharing with RWSP are 
unavailable. 

 
• Failures of components associated with the following events were found to be 

major contributors to the estimated CDF from internal events and they have, 
therefore, the highest margin for improvement (i.e., they have the highest values 
of the F-V risk importance measure): 
 
- Failure to recover offsite power within one hour (event OPS----PRBF):  

This basic event applies to a condition where total loss of ac power 
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occurs after LOOP.  It contributes about 34 percent of the estimated CDF 
from internal events during at-power operation.  

 
- Failure to recover offsite power within three hours (event OPS----PRCF):  

This basic event applies to condition where total loss of ac power occurs 
after LOOP.  It contributes about 33 percent of the estimated CDF from 
internal events during at-power operation. 

 
- Failure to connect AAC to Class 1E bus (event EPSOO02RDG):  This 

basic event applies to SBO conditions where the emergency power 
generators have failed to supply power.  It contributes about 29 percent of 
the estimated CDF from internal events during at-power operation.  

 
- CCF of Class 1E emergency power generators to run for the first hour 

(event EPSCF4DLLRGTG-ALL):  This basic event applies to LOOP 
conditions.  When all Class 1E emergency power generators fail to run, 
the operator will attempt to connect the AAC power source to the Class 
1E 6.9-kV switchgears.  It contributes about 22 percent of the estimated 
CDF from internal events during at-power operation. 

 
- Failure to supply alternate component cooling water from FSS (event 

ACWOO02FS):  This basic event applies to conditions where loss of 
CCW has occurred.  If the operator fails to supply alternate component 
cooling water to the charging pump cooling line, RCP seal injection 
function is lost, which resulted in RCP seal LOCA.  It contributes about 18 
percent of the estimated CDF from internal events during at-power 
operation. 

 
- Failure to supply alternate component cooling water from non-essential 

chilled water system (event ACWOO02CT):  This basic event applies to 
conditions where loss of CCW has occurred.  If the operator fails to 
supply alternate CCW to the charging pump cooling line, RCP seal 
injection function is lost, which resulted in RCP seal LOCA.  It contributes 
about 17 percent of the estimated CDF from internal events during at-
power operation. 

 
- Failure to changeover EFW pit (event EFWOO01006):  This basic event 

applies to the condition where one side (failure of A and B trains or C and 
D trains) of the EFWS has failed.  If the operators fail to changeover the 
EFW pit, the decay heat removal function for the secondary side would be 
lost.  It contributes about five percent of the estimated CDF from internal 
events during at-power operation. 

 
- CCF of Class 1E emergency power generation to start (event 

EPSCF4DLADGTG-ALL):  This basic event applies to a LOOP condition.  
When all Class 1E emergency power generators fail to start, the 
operators attempt to connect the AAC power source to Class 1E 6.9-kV 
switchgears A and D.  It contributes about five percent of the estimated 
CDF from internal events during at-power operation. 

 



 

19-73 

 

- Failure of feed and bleed operation not involving ECCS actuation signal 
(event HPIOO02FWBD):  This basic event applies to conditions where 
the secondary side cooling function has been lost.  When secondary side 
cooling is not available, the operators attempt to manually start the SI 
pump and open the SDVs for RCS depressurization (feed and bleed 
operation).  It contributes about four percent of the estimated CDF from 
internal events during at-power operation. 

 
- CCF of ESS/CS strainer plug during operation (event 

RWSCF4SUPR001-ALL):  This basic event applies to the loss of HHIS 
and CSS/RHRS.  These systems are shared with the RWSP through the 
ESS/CS strainers.  If the strainers are plugged, these mitigation systems 
become unavailable.  It contributes about four percent of the estimated 
CDF from internal events during at-power operation. 

 
- CCF of group-2 application software (event SGNBTSWCCF2):  This basic 

event applies to the operation of systems important to safety such as 
HHIS and CSS/RHRS.  It contributes about four percent of the estimated 
CDF from internal events during at-power operation. 

 
- CCF of Class 1E emergency power generation to run for the first hour 

(event EPSCF4DLSRGTG-ALL):  This basic event applies to LOOP 
conditions.  When all Class 1E emergency power generators fail to run, 
the operators attempt to connect the AAC power source to Class 1E 6.9-
kV switchgears A and D.  It contributes about three percent of the 
estimated CDF from internal events during at-power operation. 

 
- Failure of diverse actuation system (RTPDASF):  This basic event applies 

to the loss of the DAS.  If DAS failure occurs, safety-related equipment 
(e.g., reactor trip, SI pump, SDV, EFW pump) would be unavailable.  It 
contributes about three percent of the estimated CDF from internal events 
during at-power operation. 

 
• Operator failures to perform the following actions were found to be significant 

contributors to the estimated CDF from internal events and they have, therefore, 
the highest margin for improvement (i.e., they have the highest values of the F-V 
risk importance measure):  
 
- Operator failure to connect the AAC power source to Class 1E 6.9-kV 

buses during a SBO event when the emergency GTGs are unavailable 
following a LOOP event (event EPSOO02RDG):  This operator failure 
event contributes about 29 percent to the estimated plant CDF from 
internal events at power operation.  Therefore, this percentage (29 
percent) of the CDF would be eliminated if the operator could perform this 
action with perfect reliability. 

 
- Operator failure to connect the fire suppression system to supply 

alternate component cooling water to the charging pumps when the CCW 
system is lost (event ACWOO02FS):  This operator failure event 
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contributes about 18 percent to the estimated plant CDF from internal 
events at power operation. 

 
- Operator failure to connect the non-essential chilled water system to 

supply alternate component cooling water to the charging pumps when 
the CCW system is lost (event ACWOO02CT-DP2):  This operator failure 
event contributes about 17 percent to the estimated plant CDF from 
internal events at power operation. 

 
- Operator failure to manually open the EFW pit discharge cross-tie line to 

change over to the opposite EFW pit when the trains associated with one 
EFW pit are unavailable (event EFWOO01006AB):  This operator failure 
event contributes over five percent to the estimated plant CDF from 
internal events at power operation. 

 
- Operator failure to perform feed and bleed operation in the absence of an 

ECCS signal (S-signal) by depressurizing the primary system (i.e., by 
using manual actuation the SDVs) and starting the SI pumps (event 
HPIOO02FWBD):  This operator failure event contributes over four 
percent to the estimated plant CDF from internal events at power 
operation. 

 
- Operator failure to perform feed and bleed operation in the presence of 

an ECCS signal (event HPIOO02FWBD-S):  This operator failure event 
contributes over two percent to the estimated plant CDF from internal 
events at power operation. 

 
SSCs and human actions that are found to be risk-significant in the level 1 “at-power” PRA are 
integrated with similar information from external events and shutdown risk analyses as well as 
information from the containment analysis (Level 2 PRA) to form the basis for the following two 
lists: 
 

• A list of important SSCs which the COL applicant should incorporate in its RAP.  
MHI.  The applicant has included such a list of important SSCs in DCD Section 
17.4, “Reliability Assurance Program.”  This list may need to be revised once all 
the staff RAIs and related issues are resolved.  
 

• A list of risk-important operator tasks that should be taken into account in 
implementing procedures and developing training programs.  This list should be 
taken into account by the COL applicant in developing and implementing 
procedures, training and other human reliability related programs. 

 
• The applicant committed to modify its current COL Information Item 19.3(6) to 

include the following. 
 
- Reference to the development and implementation of emergency 

operating procedures. 
 

- Reference to the risk-significant operator actions identified by the PRA 
and associated assumptions (listed in DCD Table 19.1-119) that a COL 
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applicant/licensee should take into account in the development and 
implementation of procedures for operation, accident management, 
training and other human reliability related programs. 

 
- Reference to the disposition of risk-significant operator actions discussed 

in “key insights and assumptions” and/or elsewhere in the DCD.      
 
Inclusion of the above items, which is associated with RAI 750-5675, Question 19-508, is 
being tracked as Confirmatory Item 19.1-LEVEL1-508. 
 
Insights from the Sensitivity Studies 
 
In accordance with the SRP guidance, the applicant performed sensitivity studies to gain 
insights regarding the impact of known areas of uncertainty, including potential lack of detailed 
models, regarding the estimated CDF.  The staff requested the applicant to perform additional 
sensitivity studies to gain more complete insights on issues raised by the staff in several RAIs.  
This set of sensitivity studies being performed by the applicant should address one or more of 
the following objectives: 
 

• Determine the sensitivity of the estimated CDF from internal events to potential 
biases in numerical values, such as initiating event frequencies, failure 
probabilities, and equipment unavailabilities. 
 

• Determine the impact of potential lack of modeling details, such as dependencies 
among various signals that were modeled in previous revisions of the US-APWR 
PRA, on the estimated CDF from internal events. 
 

• Determine the sensitivity of the estimated CDF to previously raised issues, such 
as the issue of the reliability of accumulator check valves and the issue of the 
impact of testing intervals of valves on their failure probabilities. 

 
The important insights gained from the sensitivity studies are summarized below: 
 

• The estimated CDF from internal events at power is very sensitive to several 
CCF probabilities.  This underlines the importance of those design features and 
operational requirements which aim at preventing CCFs, namely divisional 
separation, diversity of redundant components, as well as appropriate 
maintenance and training programs. 
 

• The US-APWR CDF from internal events at power is not very sensitive to 
credible potential increases in single component failure probabilities or initiating 
event frequencies. 
 

• The estimated CDF is not significantly sensitive to further reductions in safety 
system outage times for test and maintenance during power operation or to 
further plausible reductions in human error probabilities. 
 

• Uncertainties associated with failure probabilities of reactor trip and ESF 
actuation components, such as software, could have a significant impact on PRA 
conclusions and insights about the design.  Availability control of the reactor trip 
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and ESF actuation function of DAS provides an efficient means for minimizing 
the impact of these uncertainties on PRA conclusions and insights about the 
design.  The applicant has listed the means for controlling the availability of the 
reactor trip and ESF actuation function of DAS in Table 19.1-119 of the DCD.  
Table 19.1-119 lists key PRA insights and assumptions related to design and 
operational features with an appropriate disposition indicating why assumptions 
made in the PRA will remain valid in the as-to-be-built, as-to-be-operated plant. 
 

• The insights from the sensitivity studies have been integrated with insights from 
the uncertainty analysis and the risk importance studies and have been used, in 
conjunction with assumptions made in the PRA regarding important design and 
operational features, to verify that DC requirements (e.g., ITAAC, TS, and COL 
action items) are in place which ensure that assumptions made in the PRA will 
remain valid in the as-to-be-built, as-to-be-operated plant.  The results of such 
integration of insights and assumptions are documented in Table 19.1-119 of the 
DCD.   

 
The results of specific sensitivity studies are discussed below. 
 
Extent of “on-Line” Maintenance 
 
The proposed US-APWR TS allow indefinite outage of one train in all four-train systems.  A 
sensitivity study was performed to investigate the impact of potential additional outages 
allowable by TS, concurrently with the one train outage, on PRA results and insights.  The major 
findings of this study are summarized below: 
 

• If one safety train of every four-train system is out of service permanently, the 
CDF from internal events at power would increase about 4.4 times (from 1.0E-
06/yr to about 4.4E-06/yr).  Although such an increase is significant, it is not 
plausible that a future US-APWR plant will be permanently operating with one 
train of every safety system out of service and still be able to meet maintenance 
rule availability or mitigating system performance indicator (MSPIs) goals.    
 

• If one safety train of every four-train system is out of service and an additional 
(second) accumulator is taken out of service, the instantaneous CDF from 
internal events at power would increase about 4.6 times (from 1.0E-06/yr to 
about 4.6E-06/yr).  However, if this CDF increment continues for 24 hours (i.e., 
for the entire duration of the TS completion time for a second accumulator out of 
service), the incremental core damage probability (ICDP) would be 9.8E-09.  
Such an increase is very small considering the assumed plant configuration 
which includes many outages for a 24-hour period. 
 

• If one safety train of every four-train system is out of service and an additional 
(second) HHI train is taken out of service, the instantaneous CDF from internal 
events at power would increase about 59 times (from 1E-06/yr to about 5.9E-
05/yr).  However, if this CDF increment continuous for 72 hours (i.e., for the 
entire duration of the TS completion time for a second HHI out of service), the 
ICDP would be 4.7E-07.  Such an increase is small given the assumed plant 
configuration which includes many outages for a 72-hour period. 
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• If one safety train of every four-train system is out of service and an additional 
(second) emergency GTG is taken out of service, the instantaneous CDF from 
internal events at power would increase about 7.2 times (from 1.0E-06/yr to 
about 7.2E-06/yr).  However, if this CDF increment continues for 72 hours (i.e., 
for the entire duration of the TS completion time for a second GTG out of 
service), the ICDP would be 5.1E-08.  Such an increase is very small given the 
assumed plant configuration which includes many outages for a 72-hour period. 

 
The results of this sensitivity study indicate that adequate safety margin exists for reasonably 
expected outages of safety systems allowed by the TS. 
 
Human Error Probabilities 
 
A sensitivity study was performed to investigate the sensitivity of the plant CDF from internal 
events at-power to the estimated human error probabilities used in the PRA model.  The major 
findings of this study are summarized below: 
 

• If all operator actions always succeed, the plant CDF from internal events at 
power would decrease about 2.5 times (from 1.0E-06/yr to about 3.9E-07/yr). 
 

• If all operator actions always fail, the plant CDF from internal events at power 
would increase about 1580 times (i.e., from 1.0E-06/yr to about 1.6E-03/yr). 
 

The results of this sensitivity study underline the importance of operator actions in mitigating 
accidents.  
 
DI&C System Software Reliability 
 
As described in the DCD, the DI&C systems are designed as complex combinations of 
hardware and software (i.e., computer programs) components.  Although computer software 
does not wear out, as hardware does, it can fail as a result of the excitation of residual design 
errors when a particular combination of inputs occurs.  It is impossible to be certain that a 
software product is error free.  On the contrary, experience shows that there are always residual 
faults which do not manifest themselves, and thus, they do not cause a software failure unless 
the program is exposed to an environment for which it was not designed or tested.  Exposure to 
such an environment is possible because, as a result of the large number of possible states and 
inputs in most software programs, it is extremely difficult to perfectly comprehend program 
requirements and implementation and it is virtually impossible to test more than a small subset 
of all possible input combinations during development.  Thus, software reliability is essentially a 
measure of the confidence one has in the design of the software and its ability to function 
properly in its expected environment. 
 
From the basic properties of software it follows that commonly used hardware redundancy 
techniques do not improve software reliability.  The several defense mechanisms against 
hardware CCFs that are incorporated in the design (such as redundancy, separation, 
operational testing, maintenance, and immediate delectability of failure provided by the on-line 
diagnostics) cannot be relied upon to prevent software CCFs.  If the same programs are 
executed in two or more channels (or divisions) in parallel, a software fault would lead to a 
common mode software failure in all channels (or divisions) at the same time, i.e., it would be a 
CCF of redundant channels or divisions.  Thus, a highly reliable software product is needed 
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whenever the same program is executed in two or more channels (or divisions) in parallel.  
Since the reliability of a software product is basically determined during development and 
testing, the software development process is of crucial importance in achieving high software 
reliability. 
 
Two types of software are modeled in the US-APWR PRA:  “Basic (support)” software and 
“applications” software.  Basic software is the operating system MELTAC which provides basic 
functions for the application software, such as the ability to communicate with the hardware of 
the system.  The failure of an “application” software accounts for potential design errors in that 
software, such as the software generating the S-signal (ECCS actuation signal) and P-signal 
(containment spray actuation signal) and results in the failure of the associated signal(s).  
According to the applicant, MELTAC and the “applications” software that will be used in US-
APWR have been used in Japanese nuclear reactors for a total of over 2E+07 (20 million) hours 
with no incidents of design error that could lead to a CCF.  For this reason, and because of 
design features incorporated in the software and requirements followed during the software 
design, the applicant assumes very small failures probabilities for both “basic (support)” and 
“application” software (1.0E-07 and 1.0E-05 per demand, respectively).  However, due to the 
nature of software failure (i.e., it is caused by residual faults in the software which do not 
manifest themselves, and thus, they do not cause a software failure unless the program is 
exposed to an environment for which it was not designed or tested), there is uncertainty 
associated with the very small software failure probabilities assumed in the US-APWR PRA. 
 
The applicant performed a sensitivity study to address staff concerns regarding the impact of 
uncertainties associated with software reliability on the PRA results and insights.  The major 
findings of this study are summarized below:  
 

• If the failure probabilities of both “basic (support)” and “application” software are 
increased by an order of magnitude (i.e., assumed to be 1.0E-06 and 1.0E-04 
per demand, respectively), the CDF from internal events would increase about 
1.5 times (from 1.0E-06/yr to 1.6E-06/yr). 
 

• If the failure probability of “application” software is increased by an order of 
magnitude, the CDF from internal events would increase about 1.3 times (from 
1.0E-06/yr to 1.4E-06/yr). 

 
The results of this sensitivity study show that reasonable increases in the software failure 
probabilities assumed in the baseline PRA have a small impact on PRA results and insights 
regarding the design.   
 
TS Requirements for I&C Systems 
 
The applicant has proposed TS requirements for the US-APWR I&C systems that deviate from 
the Westinghouse Owners Group (WOG) standard technical specifications (STS).  These 
deviations involve the following: 
 

• Adoption of a 24 month surveillance testing interval (STI) for the SLS.  The 
reason stated for this deviation from the WOG STS is that the US-APWR design 
enables the full check of the SLS functionality through the In-Service Testing 
(IST) program which is required to take place every three months.  Therefore, in 
the baseline PRA, a three month testing interval is considered for the SLS.  A 
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sensitivity study was performed to investigate the impact of potential uncertainty 
in the effectiveness of the IST program to fully check SLS functionality.  This 
study shows that the CDF from internal events at power would increase by about 
two percent (from 1.03E-06/yr to 1.05E-06/yr) if a 24-month testing frequency is 
assumed.  This result indicates that the impact of a potential uncertainty in the 
assumed effectiveness of the IST program to fully check SLS functionality would 
be very small. 

 
• Changes in the allowed bypass time and surveillance testing frequencies for the 

PSMS.  These changes, which are discussed in detail in Chapter 16, “Technical 
Specifications,” of the FSER as well as in Chapter 16 of the US-APWR DCD, 
include:  (1) A decreased testing frequency (once every 24 months) with respect 
to WOG STS of some types of tests required by the TS other than channel check 
(e.g., actuation logic test and channel calibration), and (2) the unrestrictive 
bypass for sensor channels and reactor trip breakers if the limited condition for 
operation (LCO) is satisfied.  A sensitivity study was performed using the WOG 
STS requirements for the PSMS instead of the US-APWR TS requirements.  This 
study shows that the CDF from internal events at power is about four percent 
higher using the US-APWR TS requirements (1.03E-06/yr instead of 9.87E-07/yr) 
and, therefore, it is concluded that the above mentioned deviations from the 
WOG STS have a very small impact on risk. 

 
The staff’s review of the detailed information on the analysis performed for this sensitivity study, 
documented in Attachment 18A of the US-APWR PRA report, has identified areas that need 
clarification and better documentation to remove the appearance of inconsistencies with 
information provided in Chapter 16, “Technical Specifications.”  These areas, which have been 
discussed with the applicant, concern primarily information included in Table 18A.1-1, such as 
(1) the meaning of acronym “NA” for the allowed bypass time (BT) for testing, and (2) the 
assumed 48-hour WOG completion time (CT) for reactor trip breakers even though the WOG 
CT for the mechanical part of reactor trip breakers is 24 hours.  These concerns are tracked 
under RAI 134-1835, Question 16-27.      
 
GTG Reliability 
 
The applicant performed a sensitivity study to address staff concerns described in RAI 148-
1700, Question 19-272, regarding the impact of potential uncertainty associated the failure rate 
and CCF parameters assumed in the PRA for GTGs.  Failure rates and CCF parameters 
applicable to diesel generators were used in the PRA based on the judgment (drawn from 
Japanese operating experience) that the US-APWR GTGs will be at least as reliable as the 
safety-related diesel generators at current power plants.  The major findings of this study are 
summarized below: 
 

• If the CCF parameters for general components (reported in NUREG/CR-5485 as 
a generic prior) are used in estimating the CCF probabilities of GTGs (instead of 
the CCF parameters for diesel generators that were used in the base PRA), the 
plant CDF from internal events at power operation would decrease by about 25 
percent (from 1.0E-06/yr to 7.8E-07/yr). 
 

• If the failure data of GTGs available in the United States industry (which are 
mostly associated with non-safety related GTGs and are reported in NUREG/CR-
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6829) are used in estimating the reliability of GTGs (instead of the failure data for 
diesel generators that were used in the base PRA), the plant CDF from internal 
events at power operation would increase by about 29 percent (from 1.0E-06/yr 
to 1.3E-06/yr). 

 
The results of this sensitivity study, in combination with failure data of GTGs from the Japanese 
industry provided by the applicant, show that any uncertainty associated with the assumed 
failure probabilities of GTGs has no significant impact on PRA results and insights about the 
US-APWR design.    
 
EFW Pit Capacity 
 
Each one of the two EFW pits has 50 percent capacity to provide plant cooldown, using the 
EFW pumps, to RHR operation entry conditions.  During the design of the US-APWR, a 
sensitivity study was performed to study the impact of increasing the capacity of each EFW pit 
to 100 percent on the plant CDF.  It was found that the CDF would decrease only by four 
percent (from 1.0E-06/yr to 9.6E-07/yr).  On the basis of this result, it was decided against 
increasing the EFW pit capacity.   
  
Operation of EFW Pump Discharge Tie-Line Valves 
 
The EFW train isolation valves at the pump discharge cross-tie line must be opened by the 
operator to direct flow to at least two SGs when some EFW pumps fail or are out for 
maintenance.  A sensitivity study was performed to investigate the impact of not opening such 
valves on the plant CDF.  It was found that the CDF would increase by about 77 percent (from 
1.0E-06 /yr to 1.8E-06/yr).  On the basis of this result, it was decided to take credit in the PRA 
for operator action to open the EFW train isolation valves at the pump discharge cross-tie line 
and direct flow to at least two intact SGs. 
 
CCF of Sump Screens 
 
The CCF of the RWSP sump strainers has been modeled using generic failure data and generic 
CCF parameters reported in NUREG/CR-5497 “Common Cause Failure Parameter Estimations, 
1998.”  A sensitivity study was performed to investigate the impact of potential increases in the 
CCF probability due to clogging.  Although the sump screens of the US-APWR are designed to 
minimize failure due to clogging (e.g., high redundancy, large surface area, resistance to 
corrosion, and hole size which is fine enough to minimize downstream effects), this CCF 
probability could be higher during large LOCAs when large amounts of debris may be present in 
the sump.  In this sensitivity study it was assumed that the probability of clogging each screen is 
50 percent during a large LOCA accident.  It was found that the CDF would increase by about 
eight percent (from 1.0E-06/yr to 1.1E-06/yr).  On the basis of this result, the staff agreed with 
the applicant’s conclusion that the uncertainty associated with the assumed failure data for the 
RWSP sump strainers has insignificant impact on PRA results and insights about the US-APWR 
design. 
 
Test Intervals of Valves 
 
The longer testing intervals of the US-APWR design as compared to operating reactors, has 
raised questions about the applicability of the demand failure rate data that are obtained from 
operating reactor experience to the US-APWR design PRA (NUREG/CR-6928).  Since the 
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demand failure rate was used in the US-APWR PRA for valves, the applicant performed a 
sensitivity study to investigate the impact of uncertainties associated with long testing intervals 
of valves on the results of the PRA. 
 
Sensitivity analyses were performed for risk-significant valves with long testing intervals.  Using 
the results of the risk importance analysis, the following valves and failure modes with long 
testing intervals were selected for the sensitivity study: 
 

• CCF of MSIVs to close (testing interval is 24 months; F-V is 4.3E-03; and RAW is 
25). 
 

• CCF of SDVs to open (testing interval is 24 months; F-V is 2.2E-03; and RAW is 
19). 
 

• CCF of EFW pit outlet check valves to open (test interval is 24 months; F-V is 
3.1E-03; and RAW is 1.3E+03). 
 

• CCF of EFW line check valves to open (test interval is 24 months; F-V is 2.2E-
03; and RAW is 1.3E+03). 
 

• CCF of EFW pump outlet check valves to open (test interval is 24 months; F-V is 
2.2E-03; and RAW is 1.3E+03). 
 

• Failure of a pressurizer safety valve to reclose (test interval is 60 months; F-V is 
1.8E-03; and RAW is 27). 

 
For each of the selected valves (with its associated failure mode) two cases were analyzed: The 
first case assumes that all failures in the data source were standby failures (bounding 
assumption).  The second case assumes that 50 percent of failures in the data source were 
standby failures while the other 50 percent were due to demand stresses.  In both cases the 
data used in the baseline PRA were adjusted to take into account the longer test intervals of the 
US-APWR.  The major findings of this study are summarized below: 
 

• If the demand failure rate assumed in the baseline PRA for the MSIVs was 
adjusted to account for the longer testing intervals of the US-APWR design, 
assuming 100 percent standby failures (bounding case), the CDF would increase 
by about 20 percent.  The CDF increases for the other selected valves range 
from about two percent to about six percent. 

 
• If the demand failure rate assumed in the baseline PRA for the MSIVs was 

adjusted to account for the longer testing intervals of the US-APWR design, 
assuming 50 percent standby failures, the CDF would increase by about 10 
percent.  The CDF increases for the other selected valves range from about one 
percent to about three percent. 

 
Based on the results provided above, the staff finds that the approach used in this sensitivity 
study provides useful information regarding the impact of uncertainties associated with risk-
significant valves and long testing intervals.  However, the combined impact from the long 
testing intervals of all selected valves has not been assessed.  An examination of the dominant 
cutsets by the staff indicated that the CDF from internal events at power could increase by as 
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much as 100 percent if the failure rates for all the selected valves were simultaneously adjusted 
to account for the longer testing intervals.  The applicant concluded that even though the use of 
demand failure rate data from NUREG/CR-6928 introduces uncertainty in the assumed failure 
probabilities of components with long testing intervals, the sensitivity analyses have shown that 
these uncertainties do not distort the PRA results or mask important insights to such an extent 
that conclusions regarding the DC objectives could change.  In addition, the applicant stated in 
its September 7, 2009, response to RAI 423-2710, Question 19-371 that the uncertainty 
associated with such component reliabilities can be important when implementing risk-informed 
applications and that the PRA will be revised as necessary before it is used to support risk-
informed applications in the future (e.g., RMTS).  Therefore, the reliability of the valves with long 
testing intervals assumed in the DC PRA are being identified as a key source of uncertainty in 
the DCD Table 19.1-38 so that a re-assessment of probabilities be performed during the 
development (i.e., updating and upgrading) of the PRA for risk-informed applications by future 
COL licensees and any remaining uncertainty be taken into consideration in future risk-informed 
applications of the PRA during the COL phase as well as during construction and operation of 
the new plant, as addressed in COL Action Item 19.3(10). 
 
The staff agrees that the use of demand failure rate data from NUREG/CR-6928 does not mask 
the risk insights about US-APWR design that would change the conclusions regarding the DC 
objectives.  Therefore, the use of such data in the DC PRA is acceptable.  The applicant has 
included a summary and results of this sensitivity study in the DCD. 
 
Containment Accident Pressure and Net Positive Suction Head of ECCS Pumps 
 
Analyses performed by the applicant demonstrate that there is adequate net positive suction 
head (NPSH) for the ECCS pumps when the RWSP water temperature is up to the saturation 
temperature corresponding to atmospheric pressure (i.e., when the containment sump 
temperature is 212 ˚F (100 ˚C) or less).  In addition, analyses have shown that in accidents, 
such as certain LOCAs, where the containment pressure increases above the atmospheric 
pressure and the sump temperature exceeds 212 ˚F (100 ˚C) there is adequate NPSH for 
ECCS pumps as long as the containment stays isolated (i.e., does not inadvertently open).  
Based on these analyses, the US-APWR design assumes that NPSH of ECCS pumps is 
guaranteed as long as the containment pressure does not suddenly fall below the RWSP water 
vapor pressure.  This assumption, which ensures that the RWSP water remains in the liquid 
state if the integrity of the containment is preserved, is a bounding assumption for all actual 
containment pressures established during all design basis conditions.  However, if the 
containment inadvertently opens after being isolated during certain accidents (e.g., a large 
LOCA), it is not certain that there will be adequate NPSH for operation of the ECCS pumps.  
The applicant performed a sensitivity study to address the impact on risk of the inadvertent 
containment isolation failure and pressure drop below the RWSP water vapor pressure.  
 
Analyses performed by the applicant indicate that only MLOCA and LLOCA accidents and 
accidents involving feed and bleed operation can result in RWSP water temperatures above 212 
˚F (100 ˚C).   
 
For the risk analysis, these three accidents were further broken down into five scenarios to 
account for differences in initiating events:  (1) Large break LOCA; (2) Medium Break LOCA; (3) 
feed and bleed accidents initiated by internal events; (4) feed and bleed accidents initiated by 
an internal fire event; and (5) feed and bleed accidents initiated by an internal flooding event.  If 
the containment experiences a sudden decrease in pressure after any of these accident 
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scenarios during the 24-hour mission time (maximum duration of accidents as shown by T-H 
analyses discussed earlier in this section), it is assumed that there will be a significant loss of 
NPSH and all ECCS pumps will fail.  Therefore, these five accident scenario categories were 
considered as precursors to loss of NPSH and ECCS pump failure.  The CDF associated with 
loss of NPSH of ECCS pumps was estimated by the product of the frequencies of these 
precursors to loss of NPSH and the conditional probability of containment isolation (CI) function 
failure.  The total CDF was estimated to be 5.1E-08 per year, which is approximately three 
orders of magnitude less than the base CDF estimated for the US-APWR design.   
 
The staff’s review finds that the applicant has reasonably justified the adequate NPSH for the 
ECCS pumps and the associated risk is small given containment isolation failure, therefore, it is 
acceptable. 
 
19.1.4.4.2 Level 2 Internal Events PRA for Operations at Power  
 
The following sections present results and insights from the Level 2 portion of the US-APWR 
full-power internal events PRA.  These sections address the methodology, evaluation of severe 
accident phenomena, frequency of the various accident classes considered in the Level 2 
analysis, the frequency and conditional containment failure probability, a breakdown of 
containment failure frequency in terms of containment failure/release modes, and a summary of 
the risk-significant insights from the Level 2 PRA and the supporting sensitivity analyses. 
 
In summary, the results of the Level 2 PRA for US-APWR, as discussed below, show that the 
US-APWR containment design is sufficiently robust to effectively mitigate the consequences of 
severe accidents with a low attendant CCFP. 
 
19.1.4.4.2.1 Description of Level 2 Internal Events PRA for Operations at Power  
 
The US-APWR Level 2 PRA assesses, using a combination of deterministic and probabilistic 
analyses, the response of the containment and its related systems and the radioactive releases 
during severe core damage accidents. 
 
The US-APWR full power Level 2 analysis flow is illustrated in the following diagram (Figure 
19.1-1, “Level 2 PRA Flow Diagram”) and briefly summarized below.  
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Figure 19.1-1 - Level 2 PRA Flow Diagram 

 
The Level 1/Level 2 interface is the connection between the Level 1 PRA core damage event 
tree model and the Level 2 PRA containment event tree (CET) model.  Accident classes  are the 
end states of the Level 1 PRA system event trees, grouping together similar core damage 
sequences developed in the Level 1 PRA, and are used as the initial entry conditions to the 
Level 2 PRA CETs.  The CET, which models the accident progression in containment, consists 
of two portions, a containment system event tree (CSET) and a containment phenomenological 
event tree (CPET).  CET construction and quantification is assessed below in Section 
19.1.4.4.2.1.3, "Containment Event Tree". 
 
The CSET models the containment systems and functions that are provided to mitigate the 
consequences of accidents and to prevent containment failure.  They are directly linked into the 
overall PRA fault tree model.  There is one CSET for each accident class, and the full set of 
them is defined as the Level 1+ model.  The interface between CSET and CPET is a set of PDSs.  
The PDSs are defined to group similar accident sequences from the CSET, taking into 
consideration the postulated core damage status, the accident progression in the containment, 
and the availability of mitigation features.  The main objective in defining the PDSs is that each 
PDS can be used to collect the Level 1+ CSET sequences for which the same set of CPET 
failure fractions apply.  Therefore, the PDSs are defined from the point of view of the CPET 
phenomenology, i.e., the PDSs contain the set of parameters that influence the 
phenomenological behavior in the CPET, meaning the likelihood and magnitude with which the 
CPET phenomena occur in the CPET. 
 
The CPET models the physical phenomena that influence containment failure and fission 
product release to the environment.  A set of PDS-dependent branch fractions is developed 
through separate effect analyses of the phenomena related to the top events.  The basis of 
separate effect analyses are assessed below in Section 19.1.4.4.2.1.2, "Separate Effect 
Analyses." 
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The PDS is the initial entry condition of the CPET.  The CPET end states are the de facto end 
states of the CETs.  The individual CET end states are assigned to six release categories (RC).  
These release categories are described further in Section 19.1.4.4.2.1.4 below.  
 
19.1.4.4.2.1.1 Computer Codes Used In Level 2 Analysis 
 
RiskSpectrum® is used by the applicant to quantify the Level 1+ fault tree model consisting of 
the complete Level 1 fault tree and the linked fault tree models of the CSETS.  The CPET 
quantifications are performed using Microsoft EXCEL spreadsheet. 
 
MAAP Version 4.0.6 is used to support the US-APWR PRA.  It is used in the limited Level 2 
PRA to perform deterministic severe accident analysis (i.e., the simulation of the course and 
progression of a severe accident sequence).  Calculations were made using MAAP4 to assist in 
developing and quantifying the CET, and to characterize the source term.  In its response to 
RAI 92-1237, Question 19-169, dated December 5, 2008, and with additional supplemental 
information, the applicant provided specific information regarding the qualification and 
capabilities of the code relevant to the US-APWR PRA application.  Also, because special 
features of the US-APWR design (no low-head injection system, alternate containment cooling 
by the fan cooler system, and the advanced accumulator system) are modeled within the 
MAAP Version 4.0.6 framework by input parameter selection without the need for introducing 
program extensions the staff concludes that MAAP Version 4.0.6 is qualified for severe accident 
progression analyses of the US-APWR.  Therefore, RAI 92-1237, Question 19-169, is 
considered resolved. 
 
The GOTHIC7.2a-p5(QA) code is used for containment analyses in support of the Level 2 PRA 
to complement and supplement the MAAP analyses by providing a higher level of detail in the 
containment analyses.  In its response to RAI 92-1237, Question 19-170, dated December 5, 
2008, the applicant provided specific information regarding the qualification and capabilities of 
the code relevant to the US-APWR PRA application.  The GOTHIC code evaluates gas flows 
by solving the momentum equations, whereas, to shorten calculation times, MAAP assumes 
quasi-static flow without considering the momentum equations.  The applicant considers that 
the prediction of dynamic flow transients is necessary for hydrogen mixing and combustion 
analyses and that the GOTHIC code is better suited for these calculations.  The applicant 
demonstrated that no special code modifications were necessary for GOTHIC applications to 
US-APWR.  Staff assessed applicant’s findings and concludes that GOTHIC7.2a-p5(QA) is 
qualified for containment analyses in support of the Level 2 PRA.  Therefore, RAI 92-137, 
Question 19-170, is considered resolved. 
 
The FLOW-3D code has the capability to evaluate the solidification behavior of molten 
materials, including the complicated flow field when a free surface exists.  It is used to 
evaluate the molten core spreading behavior flowing out of the US-APWR reactor vessel.  In 
its response to RAI 92-1237, Question 19-161, dated December 5, 2008, along with additional 
supplemental information, and its  response to RAI 92-1237, Question 19-172, Part A, dated 
December 5, 2008, the applicant provided specific information on the special qualifications 
and capabilities of the code relevant to this application, references documenting the 
comparison of code results to experimental tests, and a discussion of the melt spreading 
behavior and of the volume-of-fluid method used to track free surfaces.  Staff assessed 
applicant’s findings and concludes that FLOW-3D is qualified for evaluating the molten core 
spreading behavior flowing out of the US-APWR reactor vessel.  Therefore, RAI 92-137, 
Questions 19-161 and 19-172, Part A, are considered resolved. 
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The TEXAS-V code, described in Section 19.1.4.4.2.1.3 of this report, is employed in the 
separate effect analyses for predicting pressures by ex-vessel steam explosions.  TEXAS-V 
code is a one-dimensional, multi-phase, multi-fluid field code developed by the University of 
Wisconsin.  However, the version of the code that has been used for US-APWR applications 
has been modified by the applicant, as compared to that which is available from University of 
Wisconsin.  This is significant to the staff review, because the modified TEXAS-V code 
produces results different from the original TEXAS-V.  This subject is discussed further in SER 
Section 19.1.4.4.2.1.3. 
 
The LS-DYNA code, a non-linear finite element analysis software program developed by Livermore 
Software Technology Corp., is used to model dynamic structural responses to steam explosion shock 
waves.  In its response to RAI 92-1237, Question 19-166, dated December 5, 2008, the 
applicant provided reports on the basic functions of the LS-DYNA code, the modeling 
description of the dynamic structural response analysis for steam explosion, and the 
verification on the concrete material properties for the code.  These reports provide validation 
and verification of the LS-DYNA code.  Based on the information provided by the applicant and 
summarized above, the staff concludes that LS-DYNA is qualified for assessing dynamic 
structural responses for displacement of primary system loops and connecting steam 
generators and dynamic loads on the reactor cavity wall structure due to ex-vessel steam 
explosions.  Therefore, RAI 92-1237, Question 19-166, is considered resolved. 
 
The two-cell equilibrium (TCE) model in NUREG/CR-6075, “The Probability of Containment Failure 
by Direct Containment Heating in Zion,” issued December 1994, is employed to evaluate the direct 
containment heating (DCH) pressure rise in the upper dome portion of the containment.  This model was 
developed by Sandia National Laboratories as part of the DCH issue resolution for PWRs.  It can be 
used to calculate the DCH-induced pressure loads in the containment, including the uncertainties in the 
DCH pressurization loads, based on the uncertainties in key model input parameters. 
 
19.1.4.4.2.1.2 Separate Effects Analyses 
 
The applicant performed separate effect analyses of those physical processes that cannot be 
appropriately modeled by MAAP.  These analyses are sources of information for evaluation of 
the CET analyses of the Level 2 PRA, and are documented in Chapters 15, “Separate Effect 
Analysis,” and 15A, “Potential High Hydrogen Concentration in the Refueling Water Storage 
Pit,” of Revision 3 of the PRA Report. 
 
The MAAP code is first used to evaluate the accidental conditions in modeling the specific effect 
appropriately.  Subsequently, a separate effect analysis code is applied to evaluate the specific 
effect by utilizing the MAAP calculation results as initial conditions or boundary conditions.  
 
The separate effects analyses carried out by the applicant include the following physical 
phenomena: 
 

• Effectiveness of igniters to control combustible gas, especially hydrogen. 
• Containment pressure rise due to global hydrogen combustion. 
• Molten debris spreading behavior on the reactor cavity floor. 
• Core debris cooling in relation to heat transfer with coolant water. 
• Shock wave pressure by a postulated ex-vessel steam explosion. 
• Containment integrity, especially around the reactor cavity structure. 
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• Pressure rise due to direct containment heating. 
• Equipment survivability under hydrogen burning conditions. 

 
The US-APWR PRA treatment of each of these physical phenomena is briefly described below. 
The use of each of these separate effects analyses in containment event tree quantification 
along with the staff’s evaluations are discussed in Section 19.1.4.4.2.1.3 of this report for the 
appropriate top events in the CPET. 
 
Effectiveness of Igniters to Control Combustible Gas 
 
Objectives of this evaluation are to: 
 

(1) Examine the proper arrangement of igniters. 
 

(2) Evaluate the environmental conditions at the time of igniters start in order to 
assess the equipment survivability. 
 

(3) Confirm that the arrangement of igniters satisfies the requirements for hydrogen 
mixing and combustion in containment. 

 
The applicant determined the locations of each of the hydrogen igniters based on accident 
progression analyses using the GOTHIC7.2a-p5(QA) computer code.  The containment was 
modeled in GOTHIC with 30 volume nodes.  Every distinct compartment separated by walls, 
and the large free volume dome were further divided into 150 sub-volumes with a view to 
examining hydrogen mixing and combustion phenomena.  The igniters are arranged to enhance 
their effectiveness in controlling hydrogen build-up during severe accidents, and located such 
that the potential for diffusion flames directly impinging on the containment shell is avoided. 
 
Containment Pressure Rise due to Global Hydrogen Combustion 
 
To evaluate the containment structural capability against global hydrogen burn, the applicant 
calculated the maximum pressure rise for the US-APWR containment under a condition of 
Adiabatic Isochoric Complete Combustion (AICC).  Based on 10 CFR 50.34(f)(3)(v)(A)(1) and 
10 CFR 50.44(c)(5), the applicant assumed that 100 percent of the zirconium in the cladding of 
the active fuel length reacts.  The analysis is essentially a conservation of mass and energy 
using the perfect gas laws.  
 
The AICC pressure corresponding to the aforementioned condition was reported as 127 pound 
per square inch absolute (psia) (876 kPa).  In addition, if one were to assume that all of the 
zirconium in-core reacts, the maximum pressure would be 152 psia (1.05 MPa).  These 
pressures are lower than the US-APWR containment ultimate pressure capability of 216 psia 
(1.5 MPa).  
 
Based on the discussion above, the applicant concludes that the regulatory requirement for 
structural capability against a global hydrogen burn is satisfied, and the staff concurs that the 
burn in the containment will result in pressures that are less than the containment ultimate 
pressure. 
  
Core Debris Cooling and Molten Core Concrete Interaction  
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In the SRM to SECY-93-087, “Policy, Technical, and Licensing Issues Pertaining to Evolutionary 
and Advanced Light-Water Reactor (ALWR) Designs,” the Commission approved four general 
acceptance criteria regarding core debris coolability and molten core concrete interaction 
(MCCI) issues.  GL 88-20 additionally states that "...assessments be based on available cavity 
(spread) area and an assumed maximum coolable depth of 25cm (10 inches).  For depths in 
excess of 25cm (10 inches), both the coolable and noncoolable outcomes should be 
considered." 
 
The applicant considers core debris coolability the critical issue for the US-APWR design in 
terms of the severe accident termination.  The fundamental design concept of the US-APWR for 
severe accident termination is to cool down molten core in a water-filled reactor cavity.  
Therefore, it is essential that the debris relocated from reactor vessel breach be appropriately 
cooled down by the provided severe accident mitigation features.  
 
The NRC acceptance criteria regarding core debris coolability and MCCI issues, together 
with a brief summary of how the applicant assesses how each of the criteria are satisfied in the 
US-APWR design, follow: 
 

• Provide reactor cavity floor space to enhance debris spreading. 
 

Sufficient reactor cavity floor area is provided to enhance spreading of the 
relocating molten core debris following RPV failure.  This ensures that an 
adequate interface is maintained between the core debris and overlying water, 
and that the thickness of the deposited core debris is reduced to diminish the 
heat flux from the core debris to the reactor cavity concrete floor.  The distance 
from the RPV lower head to the reactor cavity floor (i.e., the cavity depth) is also 
designed such that to provide sufficient degree of debris break-up due to 
interaction of molten core and water on the cavity floor in order to enhance 
debris coolability.   

 
• Provide a means to flood the reactor cavity to assist in the cooling process. 
 

The US-APWR provides a diverse reactor cavity flooding system, which 
consists of the CSS with a drain line from the SG compartment to the reactor 
cavity, and direct firewater injection to the reactor cavity.  The CSS is 
automatically activated following the detection and transmission of a high 
containment pressure.  The containment spray water flows into the reactor 
cavity from the SG compartment through the drain line by gravity.  The fire 
protection water supply system line-up is modified for emergency operation 
during a severe accident, and it provides firewater from outside to the reactor 
cavity.  These two systems are independent and thus provide a high reliability 
for reactor cavity flooding.   

 
• Provide the containment liner and other structural members with concrete, if 

necessary. 
 

The reactor cavity concrete floor provides protection against direct attack to the 
steel liner plate by the relocated core debris.  This steel liner plate underneath 
the reactor cavity floor concrete is the pressure boundary between containment 
and the environment.  Therefore, the applicant considers this criterion to be 
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satisfied because of the thickness of the concrete, which is equal to or greater 
than three feet. 

 
• Ensure that the best-estimate environmental conditions (pressure and 

temperature) resulting from core-concrete interactions does not exceed Service 
Level C for steel containments or Factored Load Category for concrete 
containments, for approximately 24 hours.  Ensure that the containment 
capability has margin to accommodate uncertainties in the environmental 
conditions from core-concrete interactions. 

 
To ensure that this criterion is met, the applicant carried out sensitivity 
analyses, considering the inherent uncertainty on core debris coolability and 
MCCI progression.  These were performed with the following objectives: 
 
 Investigate debris spreading behavior on the reactor cavity floor after 

reactor pressure vessel breach. 
 

 Thoroughly address phenomenological uncertainties related to core 
debris cooling and molten core concrete interaction. 

 
Therefore, NRC staff concurs with conclusions of the applicant from these studies that all of 
the applicable acceptance criteria are satisfied.  The results of the analyses by the applicant 
are reported in Section 15.4, “Core Debris Coolability and Molten Core Concrete 
Interaction,” of Revision 3 of the PRA, and further discussed as part of the NRC staff 
evaluation in Subsection 19.1.4.4.2.1.3.. 
 
Molten Debris Spreading Behavior on the Reactor Cavity Floor  
 
The molten debris spreading behavior on the reactor cavity floor is analyzed by a combination of 
MAAP and FLOW-3D calculations.  MAAP Version 4.0.6 is first used to evaluate general severe 
accident properties related to corium production and release, which are then utilized as the 
initial conditions for the FLOW-3D code corium spreading calculations.  After the molten core 
cooled and solidified, the maximum debris depth is calculated and compared with the NRC 
suggested coolable depth of 25 cm (10 inches) in GL 88-20. 
 
The selected base-case accident scenario is a LBLOCA with no high-pressure injection.  This 
scenario involves a relatively fast progression of events such that the molten core is in a highly 
heated condition.  Cold firewater is injected from outside of containment so that the reactor 
cavity water is in a highly subcooled state.  The applicant considers this condition to be a 
conservative estimation in terms of the molten core spreading behavior.  
 
The FLOW-3D analysis model is a half sector and consists of the reactor cavity space with 
horizontal tunnel area and the reactor pressure vessel.  A symmetrical boundary condition is set 
at the center.  Molten core is assumed to flow out of the reactor pressure vessel periphery as a 
hinge-type failure.  It is assumed that core debris continuously spreads on the reactor cavity 
floor without any debris fragmentation.  
 
The FLOW-3D results demonstrate that the molten core material spreads over the entire reactor 
cavity floor and the depth over most of the floor is below the assumed acceptance criterion of 25 
cm (10 inches).  In limited areas, mostly adjacent to the reactor cavity wall, the molten debris 
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pool depth was shown to exceed this criterion.  However, the area corresponding to this 
relatively deeper molten pool is much less than one percent, and therefore, the applicant 
considers the acceptance criterion is satisfactorily met.  The potential for absence of coolability 
(i.e., debris depths exceeding 25 cm [10 inches]) is assessed as part of the probabilistic 
quantification in the CPET. 
 
In its response to RAI 92-1237, Question 19-172, Parts b and c, dated December 5, 2008, the 
applicant provided further discussion on the conservatism of the assumption that there is no 
crust formed between the molten corium and the cavity floor.  When the crust layer is formed, 
the heat transfer rate from the molten core debris decreases due to lower thermal conductivity 
associated with the oxide crust.  In the absence of a crust, the molten debris is expected to cool 
down rapidly and quickly solidify.  This reduces the molten debris spreading on the cavity floor 
as compared with that of the case involving a crust.  Therefore, with respect to core melt 
coolability and spreading behavior, the PRA analysis conservatively assumed that there is no 
crust in performing the FLOW-3D calculations.  A large heat transfer coefficient was set 
between the molten core and the reactor cavity floor to evaluate the molten core spreading 
under the conservative cooling conditions.  The staff found the applicant’s response reasonable 
because of these conservatisms, and Parts b and c of RAI 92-1237, Question 19-172, are 
considered resolved. 
 
Ex-vessel Steam Explosion 
 
Ex-vessel steam explosion is one of the key issues to be resolved for the US-APWR design, 
since the fundamental mitigation concept of the US-APWR for severe accident termination is to 
cool molten core material ex-vessel by submergence under a pool of water in the reactor cavity.  
This approach may produce challenges to containment integrity due to potential occurrence of 
steam explosions when the corium exits the breached reactor pressure vessel into the water 
pool.  Recognizing this, the applicant has analytically evaluated the capability of the 
containment structure of the US-APWR to withstand the dynamic loads resulting from ex-vessel 
steam explosions inside the reactor cavity.  
 
The following two major issues were addressed in the analysis: 
 

• Pressure increase for postulated ex-vessel steam explosions, and 
• Containment structural capability to withstand steam explosions. 

 
The TEXAS-V code was employed for predicting the pressure loads.  TEXAS-V is a one-
dimensional, multi-phase, multi-fluid field code developed by University of Wisconsin in order to 
simulate fuel-coolant interaction processes, including fuel-coolant pre-mixing, triggering, 
propagation and expansion.  MAAP Version 4.0.6 is used first to evaluate conditions for a 
LBLOCA with no safety injection but with firewater injection into the cavity 10 minutes after core damage.  
The MAAP results are then utilized as the initial conditions or boundary conditions for the 
TEXAS-V code calculations. 
 
The initial condition assumed is that the reactor cavity is filled with coolant water to a depth of 
20 ft. (6 m), which is equal to the distance between outer surface of the RV lower head and 
reactor cavity floor.  Two possible triggering times (0.5 and 0.85 seconds) were considered in 
this analysis.  For triggering at 0.5 sec., it is expected that molten fuel has fallen half-way 
through the water pool, and for triggering at 0.85 sec., the molten fuel has reached the cavity 
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floor.  For both cases, the steam explosion triggering is assumed to occur at the lowest location 
reached by the molten core stream. 
 
TEXAS V code predicted a maximum explosive shockwave peak pressure of 1.2E+04 psia, for 
explosive triggering time of 0.85 seconds.  The applicant evaluated structural capability of reactor 
cavity wall and RCS pipes against postulated explosive shockwave load from an ex-vessel steam 
explosion.  Dynamic structural responses for both failure modes are simulated using the LS-DYNA 
code, a non-linear finite element analysis program.  The applicant’s analyses showed that both 
reactor cavity wall and RCS piping structure have sufficient capability to withstand the predicted 
shockwave pressure.  Based on these results, the applicant concludes from the analyses that the 
overall challenge by ex-vessel steam explosion to the containment integrity is small.. The NRC staff 
evaluation of this phenomenon is provided in SER Subsection 19.1.4.4.2.1.3. 
 
High Pressure Melt Ejection 
 
High-pressure melt ejection (HPME) of a high-temperature, high-velocity stream of molten core 
debris from the reactor pressure vessel could occur when the lower head is breached at a high 
reactor coolant system pressure.  This physical phenomenon may lead to containment failure 
through one of two consequent processes, DCH and rocket-mode (i.e., due to lift forces) reactor 
pressure vessel displacement.  
 
Rocket Mode Failure 
 
Rocket-mode reactor pressure vessel displacement is a phenomenon that may occur when the 
lower head fails in a circumferential manner at the vessel periphery at a high primary system 
pressure.  An unbalanced large upward force is exerted on the upper portion of the RPV lower 
head that is equal to the RPV pressure multiplied by the RPV lower head cross-section.  This 
force is postulated to fail the vessel hold-down and cause a failure of the containment boundary.  
The high-pressure accident scenario contribution to the total CDF is evaluated to be very small.  
In addition, prior hot leg rupture and SGTR would eliminate the probability of a rocket-mode 
reactor vessel failure.  No additional mitigation features are provided for this failure mode, 
instead it is treated probabilistically in the Level 2 PRA.  The NRC staff evaluation of this 
phenomenon is provided in SER Subsection 19.1.4.4.2.1.3. 
 
Direct Containment Heating (DCH) 
 
DCH is a phenomenon that would result if molten core material is ejected into a dry reactor 
cavity from a breached RPV lower head driven by high pressure, followed by a rapid blowdown 
of primary system steam and flashing of any remaining water inventory (including accumulator 
water).  The escaping high velocity steam entrains part of the discharged molten core in the 
reactor cavity and then disperses it into the main containment atmosphere in a form of fine 
aerosol particles.  
  
The US-APWR design provides RCS depressurization valves and a reactor cavity flooding 
system that the applicant considers to be reliable and dependable.  Therefore, high-pressure 
blowdown into a dry (not flooded) cavity is considered by the applicant to be very unlikely. 
 
The applicant analyzed the effectiveness of the severe accident dedicated depressurization 
valves for two severe accident scenarios using MAAP.  These were a LOOP with seal LOCA 
and a main steam line break (MSLB) outside containment, both with the depressurization valve 
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opened 10 minutes after core damage.  The calculated RCS pressures when the reactor vessel 
fails were 113 psia (779 kPa) and 169 psia (1.2 MPa), respectively.  The capacity of the 
depressurization valve is therefore considered by the applicant adequate to reduce the RCS 
pressure sufficiently lower than a conservatively defined DCH cut-off pressure of 250 psia (1.7 
MPa), thus preventing high-pressure melt ejection as well as subsequently occurring direct 
containment heating.  From these two analyses, depressurization effectiveness and limited DCH 
pressure rise, the applicant concluded that the overall challenge by DCH to the containment 
integrity is small.  The NRC staff evaluation of this phenomenon is provided in SER Subsection 
19.1.4.4.2.1.3. 
 
Equipment Survivability 
 
The applicant reviewed key systems and components to determine whether or not they would 
continue to function during severe accidents.  Time frames during severe accidents were 
considered, along with a location of needed equipment and instruments.  It was concluded 
that the key equipment and instruments would not lose their respective functions during severe 
accident environmental conditions created by hydrogen combustion.  Further details regarding 
the staff’s evaluation of severe accident equipment survivability are provided in Subsection 
19.2.4.2.3.3.7 of this report.   
 
19.1.4.4.2.1.3 Containment Event Tree 
 
The CSET portion of the CET models the containment systems and functions that are provided 
to mitigate the consequences of accident and to prevent containment failure.  The CSETs are 
equivalent to "bridge trees" in that they carry the system dependencies of the Level 1 into the 
Level 2.  The CSET top events are defined in DCD Revision 3, Table 19.1-40 “Definition of 
CSET Top Events”. 
 
The entry points to the CSETs are the Level 1 ACLs.  The ACLs are defined so as to group 
together similar core damage sequences developed in the Level 1 PRA event trees.  Factors 
considered include core damage state, accident progression and its impact upon conditions in 
the containment, availability of mitigation features, and so on.  The logic tree for ACL 
classification is shown in DCD Revision 3, Figure 19.1-6, “Logic Tree for ACL Classification”, 
and the 28 Accident Class definitions appear in DCD Revision 3, Table 19.1-10, “Definition of 
Accident Classes for US-APWR”. 
 
ISLOCAs are not considered in the ACLs.  The applicant states that its occurrence is eliminated 
because of the advanced design features of the US-APWR.  The staff issued RAI 92-1237, 
Question 19-167, requesting the applicant to justify this assumption.  In its response dated 
December 5, 2008, the applicant provided design feature information to support the assertion 
of a negligible probability of an ISLOCA for the US-APWR PRA.  The applicant stated that 
because of the strength of the critical piping in US-APWR design, the potential for occurrence 
of ISLOCA is negligible.  The staff found the applicant's response acceptable, because the 
design conforms to the regulatory guidance associated with the intersystem LOCA as 
described in SECY 90-016 and SECY 93-087 with respect to the structural capacity of 
systems connected to RCS,  Therefore, this RAI question is considered resolved. (Additional 
review on ISLOCA is provided under PRA Level 1 review.) 
 
The ACL CDFs for internal events at power (not including internal flood and fires) are provided 
in Revision 3 of the PRA Report, Table 12-4 “Core Damage Frequency of Each Accident Class.”  
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The highest frequency ACLs (nearly 95 percent of the total, all with intact containment at core 
melt) and the single bypass ACL (i.e., G) are listed in Table 19.1-5 below. 
 

Table 19.1-5 - Accident Class Core Damage Frequency Contributions 
 

ACL Initiating Event, RCS 
Pressure 

Containment Systems* CDF 
per reactor-year 

(%) 

SED' SLOCA + LOOP, Medium Not Available 3.4 x10-7 (33.2) 

SED'' SLOCA + no CCW, Medium Not Available 3.2 x10-7 (30.9) 

AEI LB/MLOCA, Low Available 1.4 x10-7 (13.5) 

TEI Transient, High Available 1.1 x10-7 (10.7) 

SEF SLOCA, Medium 
CHR, but no containment 

spray or reactor cavity 
flooding 

4.0 x 10-8 (3.9) 

SEI SLOCA, Medium Available 2.4 x 10-8 (2.3) 

G SGTR, Medium (Bypass) 1.1 x 10-8 (1.0) 
* Containment systems include containment vessel spray and heat removal, and reactor cavity flooding. 
CCW=component cooling water, CHR=containment vessel heat removal 
 
A CET is developed for each ACL to track severe accident progression in containment.  There 
are 23 distinct CSET diagrams (some of them apply to more than one ACL).  
 
The CSET top events include containment isolation, RCS manual depressurization, hydrogen 
control, reactor cavity flooding, and recovery of core spray with associated heat exchanger.  
These events are defined in DCD Table 19.1-40.  (Not all top events appear in all CSETs.)  In 
its response to RAI 97-1800, Question 19-304, dated April 10, 2009, the applicant provided 
details of the criteria for implementing manual depressurization of the RCS from the MCR.  
The discussion includes the results of several MAAP simulations of severe accident 
sequences.  The CSET diagrams are shown in Revision 3 of the PRA Report Figures 13-2 
through 13-24. 
 
The CSET quantification is performed by the same computational code, RiskSpectrum®, 
employed for the Level 1 event tree quantification.  Specifically, the CSET is linked with the 
Level 1 PRA event tree model into a unified Level 1+ model fault tree.  This is done because the 
fault trees for systems considered in the CSET may use the same fault trees already modeled 
for the Level 1 PRA.  Additionally, the CSET may have the same support systems and HRA 
dependencies considered in the Level 1 PRA fault trees.  These dependencies between Level 1 
PRA and CSET are simultaneously modeled and quantified by employing RiskSpectrum® code. 
 
The actual underlying calculation model is a single large fault tree, with the various event trees 
transformed into fault tree format and integrated into the single linked tree, and in which the 
basic unit is a minimal cutset.  During quantification, these cutsets can be gathered at internal 
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gates into the sequences corresponding to the tree endpoints and further into gates 
representing the various ACLs.  
 
The systems interface is handled via direct dynamic linking of the Level 1 and Level 2 models.  
Therefore, the inputs to the CET preserve the Level 1 accident sequence information (the status 
of Level 1 event tree top events), correctly accounting for dependent top events between the 
Level 1 and Level 2 analyses, without the need for passing system dependencies through an 
intermediate state identifier.  This is important when systems perform a function in both Level 1 
and Level 2 analyses, and when different frontline systems have common support systems. 
 
The interface between CSET and CPET is a set of PDSs, which group the end-states of the 
CSET.  The PDS grouping takes into consideration core damage status, accident progression in 
containment, availability of mitigation features, and so on.  There are 72 PDSs defined.  The 
PDS definitions are given in Revision 3 of the PRA  Report Table 13-1, “Definition of Plant 
Damage States” and in DCD Revision 3 Table 19.1-39, “Definition of Plant Damage States”, 
reproduced here as Figure 19.1-2.  Each end point in the CETs is assigned to a PDS as shown 
on the CSET diagrams.  The summed contributions of the PDSs to the CDF are listed in 
Revision 3 of the PRA Report Table 17.2-2, “Contribution of Each Plant Damage State to the 
Core Damage Frequency.”  
 
The CPET models as top events the physical phenomena in containment that are considered to 
significantly influence containment failure and fission product release to the environment.  There 
is a single CPET structure with 8 top events and 16 possible end states.  The entry point is the 
CDF of the particular PDS.  The CPET diagram is shown in DCD Revision 3, Figure 19.1-9, 
“Containment Phenomenological Event Tree,” reproduced here as Figure 19.1-3.   
 
Some PDSs have a guaranteed containment failure end state, either because they do not have 
containment cooling or the containment has already failed.  These PDSs do not need explicit 
CPET analyses.  The CPET is quantified for each of the remaining PDSs utilizing a set of PDS-
dependent branch fractions developed by applying the results of previous PRAs, by analyzing 
the load due to the physical phenomena concerned and comparing it with pressure capacity, 
and by substituting for the qualitative evaluation results derived from consideration of existing 
knowledge about severe accident phenomena and severe accident progression analyses.  
These phenomenological separate effect evaluations are discussed in Section 19.1.4.4.2.1.2 
above.  
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C/V is containment vessel 
RV is reactor vessel 
 

Figure 19.1-2  - Plant Damage State Definitions 
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Figure 19.1-3 - Containment Phenomenological Event Tree 
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To aid in CPET quantification, the applicant assigned quantitative probabilities to qualitative 
failure attributes as shown in Table 19.1-6, “CPET Quantification Assigned Probabilities,” 
below. 
 

Table 19.1-6 - CPET Quantification Assigned Probabilities 

 
 
The staff issued RAI 197-1800, Questions 19-301 and 19-302, requesting the applicant to 
provide additional information on the quantification of the CPETs and the associated levels of 
uncertainty and severe accident environments.  The applicant’s response to Question 19-301, 
dated March 11, 2009, confirms the evaluation bases and assumptions are specifically 
applicable to the US-APWR CPET quantification.  Therefore, the staff found the applicant's 
response acceptable and the RAI question is considered resolved.  With regards to Question 
19-302, the applicant provided information in the March 11, 2009, letter regarding temperature, 
pressure, humidity and radiation effects of harsh environment.  The staff's review found this 
information to be incomplete, as it did not demonstrate that all harsh environmental conditions 
were considered.  Therefore, the staff issued RAI 627-4926, Question 19-451, requesting the 
applicant to provide assurance that all aspects of the various severe accident harsh 
environments have been considered in ascertaining the success probability of the CSET 
systems, and to demonstrate that the impacts of physical form of the generated debris that are 
considered are bounded by analytical uncertainty/sensitivity studies that are documented in the 
PRA.   
 
In its response to RAI 627-4926, Question 19-451, dated November 1, 2010, the applicant 
provided the requested information, and described how the various functions in the CSET (i.e., 
containment isolation, RCS depressurization, hydrogen control, reactor cavity flooding, and 
recovery of CSS and CS/RHR heat exchanger) are achieved in a harsh environment.  The staff 
found the applicant’s response acceptable, because it describes the capability of containment 
systems considered in the CSET to withstand radiation effects and evaluates availability of each 
system function against the influence from harsh environments due to debris transport 
considering the time required to be functional.  The applicant adds that the severe accident 
harsh environment parameters of temperature and pressure after a hydrogen burn have been 
evaluated in the equipment survivability study.  Additional evaluations of equipment survivability 
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are in Subsection 19.2.4.2.3.7 of this SER.  Therefore, issues associated with RAI Questions 
19-302 and 19-451 are resolved. 
 
CPET Top Event Quantification Bases 
 
The complete CPET top event failure fractions are listed in Revision 3 of the PRA Report Tables 
17.3-1 through 17.3-5.  A brief outline and review of each of the CPET top events is given 
below. 
 
IHL (Temperature-Induced (TI) Hot Leg Rupture) 
 
Top Event Question: Does hot leg creep rupture or pressurizer surge line creep rupture occur 
before TI-SGTR and vessel melt through (VMT)? 
 
Quantification of Failure Fractions 
 

• Set to 0.0 for low- pressure sequences. 
• Set to 0.0 for intermediate- pressure sequences. 
• Set to 2/3 for high- pressure sequences. 

 
The applicant made these choices after considering the probabilities in NUREG/CR-4551, 
“Evaluation of Severe Accident Risks,” (0.72 probability of TI-HLR), claims in "recent studies" 
that TI-SGTR is more likely than hot leg creep rupture with the secondary side depressurized, 
and US-APWR-specific MAAP calculations which showed the opposite case.  The applicant 
then assumed that TI-HLR, TI-SGTR, and VMT failures were equally probable (1/3 each).  In 
Chapter 17 of PRA, the applicant provides a review of the probability of TI-HLR, TI-SGTR, and 
VMT in conjunction with the design-specific severe accident analyses supporting the selection 
of equal probability of failure.  Considering the uncertainty amongst these three competing 
events, the staff agreed with the applicant’s assignment of equal probability.  Because this event 
is the first event in the CSET, the failure path probability for this event is therefore 2/3. 
 
BP (Temperature-Induced STGR) 
 
Top Event Question:  Is there no TI-SGTR before IHL and VMT? 
 
Quantification of Failure Fractions: 
 

• Set to 0.0 for low- pressure sequences. 
• Set to 0.0 for intermediate- pressure sequences. 
• Set to 0.0136 for sequences dominated by SBO condition. 
• Set to 0.0 when a temperature-induced, hot- leg rupture occurs in high- pressure 

sequences. 
• Set to 0.5 when a temperature-induced, hot- leg rupture does not occur in high- 

pressure sequences. 
 
As TI-SGTR could only occur on the failure branch for IHL, the probabilities of TI-SGTR and 
VMT, having been assumed equal, are 0.5.  Thus, the probability of TI-SGTR during high-
pressure scenarios is estimated by the applicant to be 1/3. 
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Because of its risk significance, much recent research has been carried out to address the TI-
SGTR issue, both by the NRC and by the U.S. nuclear industry.  Accordingly, the staff has 
asked a number of questions, in RAI 626-4926, Question 19-450, regarding how the research 
findings apply to determining the probability of TI-SGTR and consequent LRF for the US-APWR 
PRA.  The genesis for these questions comes in part from a confirmatory assessment to 
examine the potential for TI-SGTR in the US-APWR by considering potential RCS failure 
locations under high-pressure severe accident conditions.  The failure locations include hot leg 
nozzles, the pressurizer surge line, SG tubes, neutron flux measurement thimble tubes, and 
leaking reactor coolant pump seals.  
 
The confirmatory assessments (ERI/NRC 10-206) evaluated the locations and timing of induced 
RCS failures in the US-APWR during a high-pressure SBO scenario with depressurized SGs.  
The staff found that, with hot leg counter-current natural circulation properly accounted for, the 
possibility of a creep-induced SGTR cannot be ruled out under high-pressure accident 
conditions with depressurized SGs.  Moreover, if there are any pre-existing cracks in the tube 
walls of the SGs, their resulting increased susceptibility to creep-rupture may make such a 
failure more likely than not.  Specific conclusions drawn from this study are as follows:  
 

• The most likely point of induced failure in the RCS would be at portions of the hot 
leg made up of carbon steel (i.e., the reactor vessel nozzle and welds) in the loop 
containing the pressurizer.  
 

• Induced failure in the hot legs of non-pressurizer loops are predicted to occur 
almost simultaneously (within about a minute) with the pressurizer loop.  
 

• Based on the hottest temperature of an average tube in the SG tube bundle, 
creep-induced rupture of a tube is predicted to occur either never or significantly 
past the time of hot leg failure, assuming no flaws in the tube wall.  
 

• Average SG tubes (at the positions along their length of highest temperature) are 
predicted to become the earliest point of creep-induced failure if they are flawed 
by cracks of one inch length (e.g., due to presence of foreign objects as a result 
of maintenance) and at least 66 percent or more through-wall depth.  A one-inch 
crack of 50 percent depth would cause the average tube to fail about 10 minutes 
after the hot leg.  A crack of 40 percent depth would cause tube failure about 14 
minutes after hot leg failure.  
 

• The hottest tubes in the SG are predicted to fail at more or less the same time as 
the hot leg nozzle even if no flaws in the tube are assumed.  For any significant 
flaws in the hottest tubes, induced tube rupture at this hottest tube bundle 
location would be the first point of failure in the RCS.  
 

• If failure of neutron flux measurement thimble tubes occurs, it is likely that the 
resulting de-pressurization of the reactor cooling system is sufficient to allow 
accumulator injections.  However, such depressurization occurs too late to 
significantly influence the timings of the earliest thermally induced ruptures of 
cooling system structures.  
 

• The previous findings apply when there are no leaks at the reactor pump seals. .  
A variant of the scenario is also considered, however, wherein all pump seals are 
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assumed to leak at an initial rate of 300 gallons per minute (gpm).  In this case, it 
is found that the failure of the average, unflawed tube in the pressurizer-loop SG 
follows the earliest failure of any other RCS component by only one minute.  This 
enhanced propensity for early tube failure is due to vigorous whole-loop natural 
circulation in the pressurizer loop, enabled by complete clearing of the loop seal, 
in consequence of the pump seal leaks. 

 
In its response to RAI 627-4926, Question 19-450, dated November 1, 2010, the applicant 
includes a new accident progression event tree (APET) for TI-SGTR (which is shown as Figure 
17A-1, “Accident Progression Event Tree for TISGTR,” in Revision 3 of the PRA report), that 
considers the research that has been done on relevant phenomena, as well as the potential 
failure locations.  This APET is very similar to that in Electric Power Research Institute (EPRI) 
Technical Report 1006593, “Steam Generator Tube Integrity Risk Assessment,” and also 
includes an event to address RCS depressurization as a result of in-core instrumentation 
system (ICIS) (e.g., neutron flux measurement) tube failures in the core region.  The other 
events include no turbine-driven EFW, stuck-open MSSVs, no large RCP seal LOCAs, no 
concurrent loop seal and core barrel clearing, high SG pressure in loop where loop seal clears, 
and probability of temperature-induced tube ruptures.  Quantification of the APET is as follows: 
 

RCS depressurization due to ICIS tube release:  This top event is added to the 
original APET.  The applicant has evaluated the physical behavior of possible 
ICIS tube release in response to discussions in the public meeting held at the 
NRC offices on February 17 - 19, 2009, and the analysis result was presented in 
a letter reference UAP-HF-09200, dated April 28, 2009.  It was identified from 
this evaluation that RCS depressurization might be expected through a release 
path created by ICIS tube failure under a core damage event, although this 
phenomenon also involves an obvious uncertainty, whether or not the degree of 
depressurization is sufficient to prevent any high RCS pressure events.   
Considering the evaluation result and several uncertainties, one-half possibility is 
assigned for this top event as an "undecided" event.  RCS will be depressurized 
by ICIS tube release sufficiently low to prevent high RCS pressure events 
including TI-SGTR.  It is assumed that there is a probability of 0.50 that the RCS 
can depressurize through ICIS and TISGTR. 

• No turbine driven EFW:  This top event is added to the original APET.  In the 
previous APET, it is assumed that all T-D EFW pumps are tripped and no 
recovery is considered.  This assumption is eliminated in the new APET and T-D 
EFW availability is quantitatively treated.  By adding this top event, Mid Core 
Damage sequence considered in the EPRI report is included in the APET.  In the 
US-APWR Level 2 PRA, EFWS failure for the SBO sequence is evaluated to be 
only 0.5 percent contribution to the total SBO sequence as shown in Table 12-
40, “Dominant Sequences of Accident Class SED” of the PRA report.  It is mainly 
because of existence of T-D EFW pumps.  This contribution is assigned as the 
split fraction of this top event. 

 
• Stuck-open MSSV:  This top event is same as for the original APET.  The split 

fractions for the Mid Core Damage sequences are newly assigned in accordance 
with the discussion in the EPRI report.  Assuming 50 percent of failure probability 
for one MSSV stuck open from liquid challenge, the cumulative probabilities of 0-
4 MSSVs failing to re-seat are computed as 0.9375.  The conditional probabilities 
for one to four MSSVs stuck-open are derived from using this approach. 
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• No large RCP seal LOCAs:  This top event is same as for the original APET.  

The split fraction for the Mid Core Damage sequences is evaluated in 
accordance with the discussion in the EPRI report.  The probability of large RCP 
seal LOCAs is derived from 0.192 times 0.141, where 0.192 is the probability of 
large RCP seal LOCAs greater than 21 gpm per loop and 0.141 is the conditional 
probability of RCP seal LOCAs with total leakage of 200gpm or less in each RCP 
seal.  If the leakage rate from the RCS is so large, the reactor vessel lower head 
is predicted to fail before the steam generator tubes becomes dry. 

 
• No concurrent loop seal and core barrel clearing:  This top event is the same as 

for the original APET.  The split fractions for the Mid Core Damage sequences 
are assigned in accordance with the discussion in the EPRI report. 

 
• High SG pressure in loop where loop seal clears:  This top event is the same as 

for the original APET.  The split fractions for the Mid Core Damage sequences 
are determined in accordance with the number of MSSVs failed. 

 
• Temperature-induced tube rupture:  This top event is the same as for the original 

APET; however the split fractions are re-evaluated in accordance with the EPRI 
report and NUREG/CR-6995, “SCDAP/RELAP5 Thermal-Hydraulic Evaluations 
of the Potential for Containment Bypass During Extended Station Blackout 
Severe Accident Sequences in a Westinghouse Four-Loop PWR,” to pay special 
attention for the sequences where the loop seal is not cleared.  

 
It is stated in NUREG/CR-6995 that:  "…tubes that are subjected to the average steam 
conditions on the inside are not expected to fail before the HL [hot leg] fails as long as 
degradation of the tube strength has not progressed past the point where a tube will fail when 
subjected to a stress of only (1.0 / 2.74 =) 36.5 % of the stress that would fail a non-degraded 
SG tube." And "tubes that are subjected to the hottest steam on the inside are not expected to 
fail before the HL as long as degradation of the tube strength has not progressed past the point 
where a tube will fail when subjected to a stress of only ( 1.0 / 1.68 =) 59.5 % of the stress that 
would fail a nondegraded SG tube." 
 
These stress factors are considered as the split fractions for the probability of TI-SGTR when 
loop seal is not cleared, i.e., 36.5-percent failure for the base case and 59.5-percent failure for 
the sensitivity case.  Other split fractions are taken from the EPRI report.  The sequences that 
loop seal is cleared but the cleared loop SG is not depressurized is treated the same as the 
sequences that loop seal is not cleared.  The applicant states that this is a conservative 
assumption because it is more likely under this situation that a large amount of hot gas would 
flow through the cleared loop and the hot gas would be cooled down by the wet secondary 
system.  However, particular thermal hydraulic information is not available for this specific 
situation, and hence this assumption is applied. 
 
The applicant utilized this APET to estimate the conditional containment failure probabilities, for 
the base case and the sensitivity case, as 0.0136 and 0.0165, respectively.  The LRF 
evaluations addressing this APET calculation show only small increases, relative to values 
provided in DCD Revision 3. 
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Comparing the results of the staff’s confirmatory analyses to the applicant’s evaluation suggests 
that the conditional probabilities assigned in the APET, while reasonable, may still be optimistic.  
In addition, the conditional probabilities assigned in the APET may not adequately cover the 
range of thermal-mechanical uncertainties, particularly for the two top events:  RCS 
depressurization following ICIS tube failure, and no concurrent loop seal and core barrel 
clearing.  The staff also noted that the APET only depicts failure branches that lead to TI-SGTR 
and is not a complete event tree.  Therefore, the staff issued follow-up RAI 752-5614, Question 
19-523, requesting that the applicant perform sensitivity calculations regarding the success 
fractions for these top events.   
 
The applicant’s response to RAI 752-5614, Question 19-523, dated June 3, 2011, provides 
sensitivity analyses by varying the probabilities of the aforementioned top events as suggested.  
The results show the conditional probability of TI-SGTR could increase by factor of 2.1, and a 
maximum change in LRF and CCFP for internal events at power of less than six percent.  
Based on these results, the applicant concludes that the changes to be not significant. 
 
The staff’s review of the applicant’s response to Question 19-523 and the APET for the TI-
SGTR in the PRA Revision 3 noted that even though the applicant’s response addresses the 
requested uncertainties, it does not adjust the conditional probability of experiencing large RCP 
seal LOCAs in the APET.  The APET currently assumes that large RCP seal LOCAs above 170 
gpm per pump could depressurize the reactor that precludes TI-SGTR.  However, as indicated 
in the RAI Question 19-523, even with seal leakage of 300 gpm per pump, there is a strong 
likelihood that for an average, unflawed tube in the pressurizer-loop, tube rupture followed the 
earliest failure of any other RCS component by only one minute.  Therefore, additional branches 
need to be added to this event tree, or change the branch probability for large RCP seal LOCAs 
to 0.192 (complement of 0.808 for no large RCP seal LOCAs) instead of the assigned value of 
0.027. 
 
The staff’s confirmatory analysis of the corrected branch probability showed that the conditional 
probability of TI-SGTR could increase to 0.10, if the RCS depressurization due to ICIS tube 
failure is set to zero.  This is about a factor three higher than the calculated maximum cited 
value in the applicant’s response to Question 19-523.  This is significant and requires a change 
in the APET.  Therefore, the staff issued RAI 872-6144, Question 19-561, requesting the 
applicant to add new branches to this event tree, or correct the branch probability for large RCP 
seal LOCAs to be the complement of 0.808 for no large RCP seal LOCAs, instead of the 
assigned value of 0.027.  Alternatively, the applicant can provide an analysis to justify the value 
chosen for seal LOCAs greater than 200 gpm per pump.  In addition, revise the LRF and CCFP 
based on the results obtained.  
 
The applicant’s response to Question 19-561, dated December 20, 2011, changes the APET by 
correcting the branch probability to 0.192 (complement of 0.808).  This change will result in a 
new TI-SGTR CCFP of 0.0423.  Using this revised value, the applicant recalculates new LRF 
values for fire, flood, and internal at power events.  The new values show increases in LRF 
ranging between 0.03 percent (for flood events) and 9.1 percent (for internal at power events).  
The new total LRF is still below the Commission LRF goal of 1.0E-6 per reactor-year.  The 
staff’s confirmatory analysis verified the applicant’s results.  Therefore, RAI Questions 19-450, 
19-523, and 19-561, are resolved.  Verification that the revised APET and TI-SGTR CCFP are 
included in the next revision of Level 2 PRA is being tracked as Confirmatory Item 19.1-
LEVEL 2-561. 
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ISX (In-vessel Steam Explosion) 
 
Top Event Question:  Is there no containment failure due to steam explosion in RV lower head? 
This is also referred to as an alpha mode failure. 
 
Quantification of Failure Fractions: 

• Set to 0.0001 for low- pressure sequences. 
 

• Set to 0.0 for intermediate- pressure sequences. 
 

• Set to 0.0001 when a temperature-induced, hot- leg rupture occurs in high- 
pressure sequences. 
 

• Set to 0.0 when no temperature-induced, hot- leg rupture occurs in high- 
pressure sequences. 

 
It is presumed that an “alpha mode failure” from an in-vessel steam explosion is ‘practically 
impossible” for low-pressure sequences in the US-APWR, because the analysis results based 
on the ROAAM method for existing 4-loop type plants with a pre-stressed concrete containment 
vessel (PCCV) shows a very low risk.  The US-APWR PCCV structure is considered 
fundamentally similar in this respect to the existing 4-loop PWRs with a PCCV and the ROAAM 
analysis results are applicable. 

 
It is assumed that alpha mode failures do not occur in medium- or high-pressure sequences, 
because steam explosions were not observed in the ALPHA experiments by Japan Atomic 
Energy Research Institute (JAERI) if the system pressure is higher than 145 psi (1.0Mpa). 
 
The in-vessel steam explosion is also considered if a temperature-induced hot leg rupture 
occurs, because the primary system pressure reduces following reactor coolant system rupture.  
Chapter 17 of the PRA provides additional information on the bases for the selection of failure 
fractions.  The staff reviewed the information and found it acceptable and consistent with the 
current state of knowledge on in-vessel steam explosion. 
 
HB1, HB2 (Hydrogen Burns Before or After Vessel-Melt Through) 
 
Top Event Question for Event HB1:  Is there no containment failure due to hydrogen combustion 
before reactor vessel failure?  
 
Top Event Question for Event HB2:  Is there no containment failure due to hydrogen combustion 
after reactor vessel failure?  
 
Quantification of Failure Fractions: 
 

• Set to 0.0001 when igniters are functional. 
 
• Set the following values according to steam and hydrogen concentration 

obtained in the accident progression analysis when the igniters are not 
functional: 

 
o 0.0001, when the steam concentration is more than 55 percent. 
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o 0.0001, when the hydrogen concentration is less than 10 percent. 
o 0.01, when the hydrogen concentration is between 10 percent and 13 

percent. 
o 0.1, when the hydrogen concentration is more than 13 percent. 

 
Containment failure from  hydrogen burns before vessel failure (HB1) and after vessel failure 
(HB2) are assigned a probability of 0.0001 if the igniters are functional, if the steam 
concentration is greater than 55 percent, or if the hydrogen concentration is less than 10 
percent.  Consideration of US-APWR containment layout (no areas long and slim without 
openings) indicates that the probability of hydrogen detonation for low (<13 percent) hydrogen 
concentration is very unlikely and assigned a probability of 0.01.  For hydrogen concentrations 
higher than 13 percent, flame accelerations and deflagration-to-detonation transition may occur 
with an assigned probability of 0.1.  Concentrations of hydrogen and steam are obtained from 
plant-specific MAAP analyses of representative sequences. 
 
To avert possible hydrogen generation deflagration or detonation during a severe accident, a 
hydrogen ignition system, consisting of twenty glow-plug type hydrogen igniters, is provided to 
burn the amount of hydrogen inside containment in a controlled manner.  The applicant 
determined the locations of the igniters through accident progression analyses using the 
GOTHIC7.2a-p5(QA) code.  They are arranged to prevent diffusion flames from directly 
attacking the containment shell, and are also located where hydrogen would enter the 
containment, where most of the released hydrogen could flow and accumulate, such as just 
below the dome. 
 
Two representative sequences (a LBLOCA and a loss of feedwater with RCS depressurization), 
with different expected containment hydrogen release points, were analyzed with MAAP to 
provide the input boundary conditions for more detailed GOTHIC7.2a-p5(QA) calculations.  For 
each sequence, the amount of hydrogen released to containment from the RCS was based on 
the conservative assumption that 100 percent of zirconium of the active fuel length cladding 
would react.  In addition, the amount of hydrogen generated by fuel-coolant interactions (FCI) 
and MCCI just after RPV failure is incorporated into the calculation, based on the assumption 
that all residual zirconium except for the active fuel length cladding reacts.  In its response to 
RAI 92-1237, Question 19-154, dated December 5, 2008, the applicant provided specific 
information supporting the assumptions regarding partitioning of the release points and 
quantities of hydrogen. 
 
The GOTHIC results showed that localized burns were initiated by the igniters in each 
sequence, in compartments near the release points.  Global burns in the dome did not occur, 
since the igniters controlled the hydrogen concentration below 10 percent, and the peak static 
pressures were below 70 psia (482 kPa).  Since the hydrogen concentration remained below 10 
percent, a pressure wave would not arise, and deflagration to detonation transition would not be 
expected.  
 
In its response to RAI 92-1237, Questions 19-155 and 19-158, dated December 5, 2008, and 
January 19, 2009, respectively, the applicant provided specific information supporting the 
hydrogen concentration/flammability criteria relevant to this analysis for the US-APWR PRA.  
The peak pressures were well below the ultimate containment capability.  The applicant thus 
concluded that the igniter locations are appropriate. 
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The staff also issued RAI 92-1237, Question 19-156, requesting the applicant to provide further 
information on the assumptions of mixing and the potential impact of hydrogen release points 
and stratification issues on the local hydrogen concentrations.  In addition, the staff requested 
additional analyses to assess the impact of local containment geometry, hydrogen build-up, and 
other factors on the potential for deflagration-to-detonation transition (DDT) and on the 
likelihood of combustion-induced containment failure for US-APWR. 
 
In its response to RAI Question 19-156, dated December 5, 2008, the applicant performed 
additional combustion analyses for the US-APWR plant.  These new analyses extended the 
previous analyses by using finer nodalization around the points of hydrogen release, and 
compared the combustible cloud size against the detonation cell size, to consider the possibility 
of DDT.  From this analysis, the applicant concluded that there is no DDT potential during 
severe accidents and that the containment atmosphere is well mixed.  
 
The staff's confirmatory analyses generally are in agreement with the applicant’s findings.  The 
main methodological difference is that the applicant’s analysis is entirely based on GOTHIC, 
while the confirmatory analyses used the results of MELCOR calculations, supported by 
additional calculations using jet and plume correlations.  The confirmatory analyses also 
considered certain ad hoc modifications of established scenarios, such as actuation of sprays at 
late times or arbitrary timing of ignition sources, to estimate bounds on containment 
pressurization.  These approaches, however, did not identify situations of significant probability 
of containment failure due to combustion. 
 
One specific area where the two analyses differ concerns combustibility of hydrogen in the 
RWSP compartment.  The GOTHIC model predicted combustibility of the RWSP atmosphere in 
the case of the MLOCA scenario.  GOTHIC also predicted that the mixture becomes flammable, 
but the hydrogen concentration remains below 10 percent.  On the other hand, the confirmatory 
analyses predicted detonable conditions in the RWSP compartment.   
 
The overall conclusion of the applicant is that there is no DDT potential during severe accidents 
and that the containment atmosphere is well mixed.  The confirmatory analyses have essentially 
confirmed the applicant’s findings, with no significant change in containment failure probability 
due to combustion.  However, the impact of potentially detonable conditions in the RWSP 
compartment on containment integrity needed to be assessed.  Based on the above discussion, 
RAI 92-1237, Questions 19-154, 19-155, 19-156, and 19-158, are considered resolved.  The 
issue regarding the impact of potentially detonable conditions in the RWSP on containment 
integrity is addressed through RAI 627-4926, Question 19-449.  In this RAI question the staff 
requested that the applicant investigate and report on the conditions under which detonable 
mixtures can be formed in the RWSP compartment, as well as an assessment of detonation 
loads, the structural capacity of containment for impulse loads, and the risk impacts of 
detonation in the RWSP compartment. 
 
In a letter dated November 1, 2010, the applicant’s analyses show results that are qualitatively 
consistent with the MELCOR confirmatory analyses (ERI/NRC 10-205) regarding the build-up of 
potentially detonable mixtures in the RWSP compartment.  The applicant also assumed in this 
study that occurrence of a detonation would cause the containment structure to fail, and treated 
the detonation potential probabilistically.  In a sensitivity calculation, the applicant determined 
that, if the containment failed with a conditional probability of unity if the hydrogen concentration 
in the RWSP was 13 percent or greater, the total LRF would increase from 8.3E-7/reactor-year 
(base case) to 1.1E-6/reactor-year, due to detonations during internal events and internal fire 
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scenarios.  The CCFP increases from 0.095 to 0.165.  Therefore, irrespective of the assumed 
failure fraction, the LRF is approximately 1.0E-6 per reactor-year. 
 
The applicant also stated that placement of hydrogen igniters inside the RWSP compartment is 
unrealistic because of potential complications for maintenance, and does not consider other 
mitigative or design improvements.   
 
Given the potential for build-up of large hydrogen concentration inside the RWSP compartment, 
and the fact that the risk results show that there is essentially no margin as compared with the 
Commission’s Goals, the staff issued RAI 752-5614, Question 19-522.  In this question, the staff 
requested that the applicant examine options such as, potential changes in the design, or 
operation; and/or implementation of accident management strategies to eliminate the potential 
for build-up of high combustible gas concentrations inside the RWSP compartment.  
Furthermore, the staff requested that any changes need to be examined using the Level 2 PRA 
to demonstrate compliance with NRC's deterministic and probabilistic guidelines as applicable 
to combustible gas control.  Any potential accident management procedures that are considered 
for detection and mitigation of hydrogen build-up inside the RWSP compartment need to be of 
sufficient details to demonstrate containment integrity is adequately maintained.  
 
In its response to Question 19-522, dated August 23, 2011, the applicant performed a sensitivity 
analysis by setting the probability of potential hydrogen detonation in the RWSP compartment to 
unity.  The applicant adds that this sensitivity analysis represents a bounding case, because of 
uncertainties in the physical phenomena such as ignition timing, ignition source, detonation 
impulse, and so on.  The applicant provides the revised LRF values based on the Revision 3 
PRA, which includes substantial enhancements in the internal fire and flood modeling, showing 
the total LRF remains below the Commission’s guideline of 1.0E-06 per reactor-year. 
 
This analysis also indicates an increase in LRF from baseline of about 30 percent.  With this 
change, the CCFP for internal events at power is about 0.17, and is about 0.21 for all initiators 
except for LPSD modes.  These results show that even though the LRF guideline is met, it does 
not comply with the probabilistic and deterministic containment performance guidelines outlined 
in Section III.D of SECY-90-016 and Section I.J of SECY-93-087.  Specifically, these SECY 
reports specify the CCFP to be less than about 0.1, and that the containment can maintain its 
role as a reliable leak-tight barrier against all credible challenges for the 24-hour period following 
core damage.  Following this period, the containment should continue to provide a barrier 
against the uncontrolled release of fission products. 
 
Therefore, the staff issued RAI 871-6121, Question 19-560, requesting the applicant to explain 
in detail how the probabilistic and deterministic containment performance goals will be met for 
all credible severe accident scenarios (and especially for those scenarios in a long-term SBO 
[e.g., PDS 5E]) for the first 24 hours after core damage.  Also, the question requested the 
applicant to explain how the containment can remain a barrier against an uncontrolled release 
of fission products after 24 hours.  RAI 871-6121, Question 19-560 includes the unresolved 
issues from RAI 627-4926, Question 19-449.RAI Question 19-449 is considered closed; 
unresolved issues from RAI 19-449 are incorporated into RAI 19-560. 
 
In its June 27, 2012, response to RAI 871-6121, Question 19-560, the applicant acknowledges 
that, per guidance in SECY 90-016, “Evolutionary Light Water Reactor (LWR) Certification 
Issues and Their Relationship to Current Regulatory Requirements,” and SECY 93-087, it is 
essential to demonstrate that the CCFP is less than approximately 0.1, and that the containment 
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can maintain its role as a reliable leak-tight barrier for at least 24 hours following the onset of 
core damage.  The applicant identified damage state 5E as the more likely severe accident 
scenario as part of the damage states that contribute more than 90 percent to the total CDF 
where igniters are not functional, and hydrogen combustion is a concern.  Therefore, the 
applicant proposes to change the hydrogen igniter power-supply design from the AC-powered 
configuration to an AC-powered system with battery (direct current-powered) backup 
configuration.  The applicant will provide dedicated batteries to 11-out-of-20 igniters that will 
have a capacity for at least 24 hours following the onset of SBO and loss of AAC.  The applicant 
identified the locations of the battery-backed hydrogen igniters in the proposed changes to DCD 
Subsection 6.2.5.2, “System Design,” and Figure 6.2.5-1, “Containment Hydrogen Monitoring 
and Control System Schematic.”  These igniters are intended to be strategically located near the 
potential hydrogen release locations inside the containment.  The applicant’s calculations for a 
long-term SBO accident scenario with the direct current-powered igniter configuration and a 
hydrogen production equivalent to the 100 percent of active fuel length cladding-coolant 
reaction show that the hydrogen concentration inside the various containment compartments, 
including the RWSP compartment, remains below 10 percent.  In addition, the applicant’s 
calculations show that the containment maintains its integrity for 24 hours after the accident, 
and containment over-pressurization failure is expected to occur at about 45 hours after 
accident initiation.  
 
The staff’s confirmatory analyses using the US-APWR MELCOR model show that, if all 20 
igniters operate, the hydrogen concentration in the RWSP compartment remains below 10 
percent if the total amount of in-vessel hydrogen generation is limited to 95 percent of the 
amount that is equivalent to the 100 percent oxidation of zirconium in active and inactive fuel 
cladding.  
 
The applicant’s calculations are based on the assumption of flooding of the reactor cavity using 
the diesel-driven firewater system to cool down the molten debris, per the US-APWR severe 
accident management framework as described in DCD Section 19.2.5, “Accident 
Management.”  For the analysis purposes, the applicant states that cavity water level is 
controlled to range from 14 to 20 feet in order “to allow hydrogen to accumulate in the 
RWSP.”  The applicant adds that the US-APWR design includes a reactor cavity water level 
sensor.  Even though this level sensor is useful for severe accident mitigation operations, the 
US-APWR severe accident management guidelines (SAMGs) do not require that the reactor 
cavity water level be controlled as assumed in this calculation.  If the firewater system is used to 
inject water into the cavity, the floodwater level corresponding to the cumulative amount of 
injected firewater can be calculated.  Therefore, the cavity water level sensor is not treated as 
an essential instrument for severe accident mitigation.  
 
The staff agrees with the applicant that the cavity flooding level can be determined using other 
available means (e.g., cumulative firewater injection), and knowing the exact level is not 
essential.  The applicant follows the protocol on US-APWR severe accident management 
framework to use firewater for containment cooling and MCCI prevention and cooling. 
 
In addition, the applicant has revised the Level 2 PRA for the direct current-powered igniter 
modification.  As part of this design change, the applicant modified the system fault tree of the 
hydrogen control top event in the CSET.  In this revised fault tree, the applicant considered that 
only 10-out-of-20 igniters are required for success, and these 10 igniters are part of the direct 
curret-power igniter modification.  The applicant produces a new hydrogen control top event 
fault tree by combining the failures of two igniter-trains.  This revised fault tree is used for the 
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hydrogen control top event in the CSET for the accident classes involving small LOCA and 
transients leading to early core melt following an SBO.  This revised fault tree is different from 
the current hydrogen control top event fault tree where all igniters are required to operate for 
success.  This new hydrogen control top event reduces the unavailability of the igniters leading 
to lower CDF and LRF for damage states where igniters are not functional after an SBO (e.g., 
damage state 5E).  The applicant provided a summary of the Level 2 PRA results in tabular 
format for internal events at-power and internal fires at-power for the direct curret-igniter 
modification case.  These results clearly show significant reductions in CDF and LRF values for 
the damage state 5E.  In addition, these results show that the contribution of the damage state 
5E to LRF in the internal event at-power decreases from about 8 percent in the baseline 
(Revision 3 PRA), to about 0.03 percent due to availability of direct current-powered igniters, 
thereby eliminating damage state 5E from the top 99.9 percent contributors to CDF. 
 
As part of the Level 2 PRA, the applicant also provided a sensitivity analysis for the direct 
current-powered igniter modification using the baseline PRA Revision 3 LRF that used a CCFP 
of 0.1 due to hydrogen combustion inside the RWSP compartment after vessel melt-through.  In 
the sensitivity analysis, the applicant sets the CCFP for damage state 5E to 1.0, and calculated 
new LRF values for internal events at-power and internal fire events at-power.  The results show 
the changes in LRF values due to the change in CCFP for damage state 5E to be minimal, 
emphasizing the effectiveness of the hydrogen ignition system power-supply design 
modification. 
 
The staff performed an analysis of the changes in LRF due to changes in the CCFP for the 
damage state 5E, and confirmed the applicant’s results.  For this analysis, the staff used the 
applicant’s summary results of the Level 2 PRA information for the direct current-igniter 
modification case.  However, comparisons of the applicant’s revised Level 2 PRA results with 
those provided in Table 17.3-9 of the PRA Revision 3, “Summary of Level 2 PRA Results for 
Internal Events at Power,” indicate the changes in the PDS frequency and LRF are not limited to 
those damage states resulting from a long duration SBO.  In addition, it is not clear whether the 
new hydrogen control top event is used only for the accident classes that lead to early core melt 
following an SBO, or for all accident classes.  However, it is clear that the new top event cannot 
be used for all damage states, especially those involving dry reactor cavity, because of a 
potential for additional hydrogen production, which requires all hydrogen igniters and in turn the 
use of original hydrogen control top event in the CSET.  Therefore, the applicant needs to 
provide additional information on the extent of the use and modeling of the new hydrogen 
control top event in the CSET.  Therefore, this issue remains open and is being tracked as 
Open Item 19.1-LEVEL2-560. 
 
In RAI 92-1237, Questions 19-181, 19-181 Supplemental, and 19-182, the staff requested the 
applicant to address the potential consequences from potential in-core instrument tube failure 
under severe core damage conditions.  This concern arises from new information about TMI-2 
investigations, suggesting that in some scenarios, hydrogen may be vented to containment 
through failed instrument tubes at about the time of core melt.  Around the fuel cladding rupture 
temperature, several physical phenomena such as material interaction between guide tube and 
grid spacer, and control rod failure may cause ICIS guide tube failure. 
 
In its response dated December 5, 2008, the applicant performed MAAP analysis of a high-
pressure core melt sequence to evaluate the hydrogen flow rate released through the failed 
instrument tubes into containment atmosphere.  Release is possible only from failure of the 
movable neutron detector (MD) thimbles but not from failure of the core exit thermocouple guide 
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tubes because they remain sealed at the pressure boundary by Swagelok fittings.  The release 
path is from the core to the containment upper dome and is assumed to open at the time of fuel 
cladding rupture.  The maximum release area from the 37 MD thimbles is about two square 
inches. 
 
Most of the hydrogen generated in the core is calculated to be directly released along the flow 
path created due to ICIS tube failure.  The containment upper dome is the largest compartment 
of the US-APWR containment volume and there is neither a significant obstacle to mixing nor 
narrow spaces to cause diffusion flame acceleration.  Five hydrogen igniters are positioned in 
the dome to effectively control hydrogen, so that venting to the containment upper dome can be 
considered to provide better conditions to control the released hydrogen than the annular 
compartment or the SG compartments.  The applicant notes that hydrogen release through 
instrument tube failures may offer advantages for hydrogen control. 
 
In addition, this release path is considered to produce another favorable influence for accident 
mitigation.  The RCS pressure gradually decreases after ICIS guide tube failure, thus reducing 
the RCS pressure and possibly preventing temperature-induced SGTRs. 
 
The applicant notes further that the calculation is limited in scope and the results should be 
considered qualitatively as indicative of an un-assessed level of non-conservatism.   
 
The staff reviewed the applicant’s evaluation of the potential consequences of in-core 
instrument tube failure under the severe core damage conditions.  The staff determined that this 
evaluation and associated results address the concerns associated with this issue.  The staff 
identified no adverse consequences associated with failure of the ICIS tubes during severe 
accidents.  Therefore RAI 92-1237, Questions 19-181 and 19-182 are closed. 
The staff found the analysis methodology and assumptions are suitable for evaluating the 
hydrogen combustion challenge and mitigation arrangements for the US-APWR.  However, due 
to Open Item 19.1-LEVEL2-560 (RAI 871-6121, Question 19-560), related to the application of 
the revised hydrogen control top event in the CSET, the staff is unable to finalize its conclusion 
on this section that the regulatory requirements for meeting hydrogen combustion challenges 
are satisfactorily met. 
 
ESX (Ex-Vessel Steam Explosion) 
 
Top Event Question: Is there no containment failure due to an ex-vessel steam explosion at 
reactor vessel failure? 
 
Quantification of Failure Fractions: 
 

• Set to 0.0 when the reactor cavity is not flooded. 
 

• Set to 0.01 when the reactor cavity is flooded before reactor vessel failure and 
HPME does not occur, i.e., low-pressure sequences.  
 

• Set to 0.0 when the reactor cavity is flooded after reactor vessel failure. 
 

• Set to 0.0 when the reactor cavity is flooded before reactor vessel failure for 
intermediate-pressure sequences, i.e., HPME occurs. 
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• Set to 0.0 when the reactor cavity is flooded before reactor vessel failure for high-
pressure sequences, i.e., HPME occurs. 

 
Containment failure due to an ex-vessel steam explosion would lead to a large release of fission 
products to the environment.  As stated in Subsection 19.1.4.4.2.1.2 of this report, for the US-
APWR, the applicant evaluated shockwave pressure due to an ex-vessel steam explosion with 
the TEXAS-V code under the most severe conditions in terms of both the possibility and 
magnitude of steam explosions.  The evaluated peak explosive shockwave load is 1.2×104 psia.  
The applicant investigated the structural capability of both the reactor cavity wall and the RCS 
pipes using LS-DYNA code for shockwave pressure challenges.  The applicant’s structural 
capability analysis shows that both reactor cavity wall and RCS piping structures can withstand 
this shockwave pressure load with sufficient margin.  
 
The analyses as documented in the US- APWR PRA Section 15.5, “Ex-vessel Steam 
Explosion,” for the assessment of cavity wall structural performance capability following ex-
vessel steam explosions, concluded that the calculated maximum plastic strain in the cavity wall 
is 14 percent, which is below the applicant-specified acceptance criterion of 19 percent for 
plastic strain.  The applicant’s analyses indicate a five percent margin between the calculated 
plastic strain and the maximum allowable strain.  Furthermore, the US-APWR DCD also 
discusses the impact of steam explosions on the RV and on the displacement of the RCS pipes, 
the maximum plastic strain in the RCS pipes, the extent of SG displacement, and the integrity of 
containment penetrations following the ex-vessel steam explosions.  Based on these 
assessments, the applicant concludes that the US-APWR containment can withstand the loads 
generated by potential ex-vessel steam explosions.  Hence the probability of a containment 
failure due to an ex-vessel steam explosion is judged by the applicant to be "Very Unlikely," and 
assigned a CCFP of 0.01. 
 
In order to obtain further insight into the DCD ex-vessel steam explosion analysis, the staff 
issued RAI 92-1237, Question 19-165, requesting the applicant to provide a list of various cases 
considered for the DCD analysis and a detailed information about the important initial conditions 
(e.g., debris composition, debris temperature, debris velocity, cavity water temperature, cavity 
water depth, and so on).  Furthermore, Question 19-165 also requested the peak cavity 
pressure and impulse loads that were calculated by the applicant for each case.  In its response 
to RAI 19-1237, Question 19-165, dated January 19, 2009, the applicant provided TEXAS-V 
results for several calculations performed with different cavity sizes (to examine sensitivity to 
fuel-coolant interaction field) and gas space volumes (to examine sensitivity to gap between RV 
and cavity wall).  The analysis also included sensitivity studies performed to examine the effect 
of debris pour duration, threshold pressure for film collapse, trigger pressure, and trigger 
location.  However, the NRC-supported confirmatory calculations performed using the original 
TEXAS-V code (as provided by the developers at the University of Wisconsin) showed 
considerably different results.  Consequently, in the follow-up RAI 480-3711, Question 19-435, 
the staff included several questions concerning the effect of nodalization, uncertainties in the 
fragmentation model parameters, the effect of cavity size, the location of peak pressure, the 
trigger elevation, and the margin between the calculated cavity plastic strain and the allowable 
design strain.  In its response to RAI 480-3711, Question 19-435, dated November 26, 2009, 
the applicant clarified that the differences in the calculation results are due to the applicant-
updated jet break-up model that is implemented into the TEXAS-V code.  For this analysis, the 
original TEXAS-V jet break-up model was replaced by a new model identified as a "Leading 
Edge Ball" model.  As a result, the premixing conditions (such as distribution of particle size, 
void fraction, and fuel) calculated by the applicant-updated TEXAS-V code were different from 
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those based on the original code.  This response resolved several of the staff’s concerns.  
However, the issues related to the effect of nodalization and the uncertainties in the TEXAS-V 
model parameters were not addressed satisfactorily.  Therefore, the staff issued RAI 627-4926, 
Question 19-448, requesting the applicant to perform several node size sensitivity studies and 
to compare the updated TEXAS-V model against several experiments in order to establish that 
the fragmentation model parameter values that are selected for the US-APWR DCD calculations 
are appropriate and justified. 
 
In its response to RAI 627-4926, Question 19-448, dated November 29, 2010, the applicant 
performed sensitivity calculations using two different node sizes, 0.6 m (Model 1) and 0.2 m 
(Model 2), as compared to a node size of 0.3 m used for the US-APWR DCD calculations.  The 
applicant also performed several calculations to study the sensitivity to fragmentation model 
parameters.  In this response, the applicant justified the ranges for the fragmentation model 
parameters based on the results of the benchmark studies for the original TEXAS-V code 
against the KROTOS experiment data.  However, the jet break-up model used in the MHI 
version of the TEXAS-V code is considerably different from the original TEXAS-V model.  
Therefore, the ranges of the fragmentation model parameters that are found to be appropriate 
for the original TEXAS-V model may not be applicable to the applicant’s version of the code.  
Furthermore, the applicant’s analysis showed that the peak cavity pressure is almost insensitive 
to one of the fragmentation model parameters.  However, the staff’s calculation showed that the 
peak pressure increases by about 90 percent over the same range of the selected 
fragmentation model parameter.  The impulse load calculated in the staff’s calculation was 50 
percent higher compared the applicant’s estimations using the updated TEXAS-V code.  The 
impulse load in the staff’s calculation also shows considerable dependence on the selected 
fragmentation model parameter.  The RAI response also stated that for the US-APWR DC 
analysis, the evaluated pressure is increased by 10 percent in order to take into account the 
modeling uncertainties. 
 
Considering the above noted differences between the results of the original and the applicant’s 
version of the TEXAS-V code calculations, the use of pressure history predicted by the original 
TEXAS-V code in the US-APWR cavity structural analysis may lead to significantly lower margin 
between the calculated plastic strain and the maximum allowable strain.  Therefore, the staff 
issued follow-up RAI 752-5614, Question 19-521, requesting the applicant to investigate the 
implications of larger uncertainties in the calculated peak pressure (i.e., as much as 50 percent 
instead of the applicant’s assumed 10 percent) associated with the steam explosions-induced 
dynamic loads on the cavity structural failure probability. 
 
In its response to RAI 752-5614, Question 19-521, dated July 12, 2011, the applicant refers to 
two finite-element structural analyses (FESAs) for both the RCS pipes and the reactor cavity 
that assumed a range of 10 percent and 50 percent increase in calculated peak pressure 
associated with ex-vessel steam explosions.  From these analyses, the applicant concludes that 
the pipe structures have sufficient capacity to withstand challenges from ex-vessel steam 
explosions over the wider range of uncertainties.  However, the reactor cavity structural integrity 
cannot be assured under the higher end of the explosions loads, depending on the analysis 
model.  Therefore, the applicant performs a sensitivity analysis to determine the impact of 
reactor cavity failure on LRF.  In this sensitivity analysis, the applicant sets the probability of 
containment failure due to ex-vessel steam explosion to 0.1 for the PDSs when the reactor 
cavity is flooded before VMT at low RCS pressure. 
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The sensitivity calculations show that the estimated LRF value for initiators excluding LPSD 
modes is 5.96E-7 per reactor-year, which is below the NRC guideline of 1.0E-6 per reactor-
year.  The increase in LRF from the baseline case (PRA Revision 3) is 32 percent.  This 
increase is significant, because the assigned containment failure probability of 0.10 is relatively 
conservative.  Pending the staff’s verification of the FESAs discussed in the response to RAI 
752-5614, Question 19-521, the staff considers that this response provides appropriate 
information on the loads generated by a shock wave from an ex-vessel steam explosion 
sufficient to address the structural response to ex-vessel steam explosions.  Based on the 
discussion above, RAI Questions 19-165, 19-435, 19-448, and 19-521, are considered resolved.  
The staff’s verification of the FESAs discussed in the response to RAI Question 19-521, is being 
tracked as Confirmatory Item 19.1-LEVEL2-521. 
 
Evaluation of Ex-Vessel Steam Explosion Modeling and Analysis 
 
The staff considers that the analysis methodology and assumptions used by the applicant are 
suitable for evaluating the ex-vessel steam explosion challenge and mitigation arrangements for 
the US-APWR. 
 
The staff concurs that the reported analyses and results demonstrate that the regulatory 
requirements for meeting steam explosion challenges are satisfactorily met and that the overall 
challenges to the containment integrity resulting from ex-vessel steam explosions are small.  
Pending the staff’s verification of the FESAs discussed in the response to RAI 752-5614, 
Question 19-521 (Confirmatory Item 19.1-LEVEL2-521), the staff considers the ex-vessel 
steam explosion issues resolved.   
 
DH (Direct Containment Heating) 
 
Top Event Question:  Is there no containment failure due to direct containment heating or 
rocket-mode reactor vessel failure? 
 
Quantification of Failure Fractions: 
 

• Set to 0.0001 for low-pressure sequences. 
 

• Set to 0.001 for intermediate-pressure sequences in which the reactor cavity is 
not flooded at reactor vessel failure. 
 

• Set to 0.0001 for intermediate-pressure sequences in which the reactor cavity is 
flooded before reactor vessel failure.  
 

• Set to 0.0001 when a temperature-induced hot-leg rupture occurs in high-
pressure sequences.  
 

• Set to 1.0 for high-pressure sequences in which the reactor cavity is not flooded 
at vessel failure. 
 

• Set to 1.0 for high-pressure sequences in which the reactor cavity is flooded 
before reactor vessel failure. 
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The applicant has chosen to conservatively assume, on low-frequency-of-occurrence grounds, 
that high-pressure sequences will always lead to rocket mode containment failure at vessel 
breach if there has not been a preceding hot-leg rupture, TI-SGTR, or preceding containment 
failure caused by an in- or ex-vessel steam explosion or a hydrogen burn.  Containment failures 
due to DCH are considered practically impossible (probability 0.0001) for low-pressure 
sequences, or when a TI-HLR occurs, or when the cavity is flooded.  Containment failures for 
intermediate-pressure VMT sequences with a dry reactor cavity are considered highly unlikely 
(probability 0.001).  
 
The reactor cavity design of the US-APWR is considered fairly similar to the Zion design, such 
as having a seal table and no direct pathway to the upper compartment.  These features act to 
mitigate dispersion from the reactor cavity to the upper compartment.  Accordingly the five 
percent of core debris dispersion is adapted as the basic amount in accordance with the 
NUREG/CR-6338, “Resolution of the Direct Containment Heating Issue for All Westinghouse 
Plants With Large Dry Containments or Subatmospheric Containments,” DCH study.  The 
pressure rise due to DCH is evaluated by the TCE model technique.  The initial condition of the 
pressure rise evaluation is obtained through MAAP analysis of a high-pressure scenario.  Sensitivity 
studies of the amount of debris dispersed and the size of the RV breach were performed.  These 
studies showed a maximum containment pressure of 100 psia (689 kPa), which is lower than the 
containment ultimate pressure capacity of 216 psia (1.5 MPa). 
 
The staff is concerned that the test data based on the Zion design in NUREG/CR-6338 may not 
be directly applicable to the US-APWR design.  Therefore, the staff issued RAI 92-1237, 
Question 19-153, requesting the applicant to demonstrate the applicability of the Zion data.  In 
its response to this question dated December 5, 2008, the applicant provided specific 
information supporting the consistency of the analyses with the existing state-of-the art and 
levels of uncertainty relevant to this analysis.  The values and their bases for the TCE model 
inputs were also provided and appear to staff to be reasonable and consistent to other similar 
TCE applications.  Therefore, the staff found the applicant's response acceptable, and the RAI 
92-1237, Question 19-153, is considered resolved.  
 
Evaluation of DCH Modeling and Analysis 
 
The staff considers that the analysis methodology and assumptions are suitable for evaluating 
the DCH challenge and mitigation arrangements for the US-APWR. 
 
The staff concurs that the reported analyses and results demonstrate that the overall challenge 
to the containment integrity by DCH is small. 
 
EVC (Basemat Melt-through) 
 
Top Event Question:  Are the debris and the containment cooled continuously? 
 
Quantification of Failure Fractions: 
 

• Set to 0.002 when the reactor cavity is flooded after reactor vessel failure. 
• Set to 0.002 when the reactor cavity is flooded before reactor vessel failure. 
• Set 1.0 when the reactor cavity is not flooded. 
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For top event EVC (Debris Quenched, Cooled Long-term and Containment Cooled), 
containment failure is due to basemat melt through.  The considerations are debris depth, crust 
breakup, and dryout heat fluxes.  A decision tree was used to derive the failure-to-cool 
probabilities which are generally 0.002 when the cavity is flooded and 1.0 if the cavity is not 
flooded. 
 
For the US-APWR, the debris spreading analysis was performed by the FLOW-3D code.   
In this analysis it was assumed that overlying water would quench and cool the debris in the 
reactor cavity if the debris depth was less than 25cm (10in.).  The FLOW-3D analysis shows 
that the molten core debris spreads over the entire reactor cavity floor and that the debris depth 
is less than 25cm (10in.) over 99 percent of the reactor cavity floor area.  This analysis was 
performed with conservative assumptions for debris spreading. 
 
If the debris depth is over 25cm (10inch), the coolability of the debris is considered and 
evaluated.  The main reason why a deep debris bed may not be coolable is the possibility that a 
solid crust layer can form at the top of the debris.  If this crust does not break up but remains as 
a solid sheet, the upward heat flux from the debris is limited by the heat conduction within the 
crust.  The thermal conductivity of oxidic debris is very low and the decay heat in the molten 
debris below the crust could not be removed by conduction through the crust at temperatures 
that would prevent the molten core concrete interaction.  Therefore concrete ablation continues 
and the containment eventually would fail due to basemat melt through. 
 
Evaluation of Molten Debris Spreading and Cooling (for preventing basemat-melt-
through) 
 
There has been extensive debate in the technical community regarding core debris cooling on 
the reactor cavity floor.  The main issue relates to the formation of an impermeable crust 
preventing water ingression.  Many experiments have been performed to analyze this problem, 
including SWISS, MACE, COTELS, and OECD-MCCI (a summary and references for these 
experiments are provided in the Table 19.2-3, “Summary of Relevant Studies and Experiments 
on Core Debris Coolability,” of DCD Revision 3).  Most of the experiments performed in the 
early stages MCCI research (e.g., SWISS, MACE, etc.) concluded that a solid impermeable 
crust layer rapidly forms preventing water ingression and debris cooling.  However, more 
recently performed experiments (e.g., OECD-MCCI) appear to support the potential for crust 
instability and possibly debris cooling.  These tests have recently been completed, but 
conclusions that the debris would be coolable are still not fully accepted by the technical 
community.  It should be noted that the MAAP computer code supports debris cooling due to 
water ingression.  On the other hand, the MELCOR computer code calculates the formation of a 
solid crust that is impermeable to water, and it can predict cooling only if the molten core debris 
is assumed to spread over a relatively large surface. 
  
A supporting summary of relevant studies is presented in DCD Table 19.2-3, “Summary of 
Relevant Studies and Experiments on Core Debris Coolability.”  The staff believed that the 
information is not complete, and the relationship to the analysis methodology not totally clear.  
Therefore, the staff issued RAI 92-1237, Questions 19-162 and 19-173, requesting the 
applicant to update the analysis using the current technology.  
 
In its response to these RAI questions dated December 5, 2008, the applicant provided 
information supporting the consistency of the analyses with the existing state-of-the art and 
levels of uncertainty.  The summary Table 15-3, “Summary of Relevant Studies and 
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Experiments on Core Debris Coolability and MCCI,” in the US-APWR PRA report 
encompasses the studies on debris cooling from the relatively early stage (mid 1980s) to the 
very recent studies (2007).  The MAAP code Version 4.0.6 employed for the US-APWR 
severe accident evaluation was released in 2005.  It was the latest version of the MAAP 4 
series code when the applicant started designing the US-APWR in 2006.  Version 9.0 of the 
FLOW-3D computer code, utilized for analyzing the debris spreading behavior, was released 
in 2005.  This version was also the latest version available in 2006.  The evaluation results on 
core debris cooling and MCCI progression for the US-APWR were derived based on the data 
and studies starting in mid 1980s until about 2007, and using the results based on these 
MAAP and FLOW-3D code versions.  Therefore, the applicant considers the overall analyses 
on the core debris cooling and molten core concrete interaction to be consistent with the 
state-of-the-art.  
 
The applicant considers that the experimental results of COTELS and OECD-MCCI can be 
applicable to the US-APWR design, and also considers the results of the MAAP4 computer 
code calculations adequate for incorporation into the US-APWR plant design.  On the other 
hand, the applicant also accepts the fact that research on debris cooling and water ingression 
remains incomplete and is still subject to inherent uncertainties.  Therefore, several sensitivity 
studies were performed by the applicant as described in Sections 15.4.3, “Sensitivity Analysis 
for Debris Coolability and MCCI,” and 15.4.4, “Evaluation of the Concrete Properties in 
Relation to MCCI,” of the PRA report.  
 
Sensitivity analyses are reported for the amount of corium involved and the heat transfer 
between molten core and coolant water.  Core debris cooling and MCCI progression are 
evaluated both for limestone/sand concrete and basaltic concrete basemats.  
 
For the case in which a conservatively low heat transfer coefficient is set, the maximum 
concrete erosion depth did not exceed the cavity floor thickness at 24 hours after onset of core 
damage.  Therefore the containment integrity is still maintained for this case.  The maximum 
containment pressure of 25.7 psia (177 kPa) is far below the containment ultimate pressure of 
216 psia (1.5 MPa).  Non-condensable gas generation by MCCI is not a significant threat to 
containment integrity before basemat melt through. 
 
The applicant concluded that these analyses demonstrate that containment integrity is likely to 
be maintained more than 24 hours after onset of core damage for the current US-APWR design, 
and the acceptance criteria that the NRC suggested in GL 88-20 are satisfactorily met. 
 
In SECY-93-087 the staff suggested, and the Commission approved in its related SRM, four 
general acceptance criteria regarding core debris cooling and MCCI issues.  GL 88-20 
additionally states that "...assessments be based on available cavity (spread) area and an 
assumed maximum coolable depth of 25 cm (9.8 in).  For depths in excess of 25 cm (9.8 in), 
both the coolable and non-coolable outcomes should be considered." 
 
The staff found the applicant's responses to RAI 92-1237, Questions 19-162 and 19-173, 
acceptable and they are considered resolved, because the applicant provides information, 
related to the OECD MCCI data and experiments, and the FLOW-3D computer code, 
sufficient to support the applicant’s conclusions on the molten debris spreading and 
coolability.  The staff also found that the analysis methodology and assumptions are suitable for 
evaluating the corium spreading and containment challenge mitigation arrangements for the US-
APWR, and present a reasonable understanding of the associated sensitivities and 
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uncertainties.  As stated above, the applicant has performed sensitivity analyses for the 
amount of corium involved and the heat transfer between molten core and coolant water.  In 
addition the applicant has considered core debris cooling and MCCI progression for both the 
limestone/sand concrete and basaltic concrete.  Molten core relocated from RV breach 
spreads very well over the whole reactor cavity floor and the depth of the molten debris at 
most areas is below the acceptance criterion of 25 cm (10 in.).  The results for a 
conservatively low heat transfer coefficient show the maximum concrete erosion depth does 
not exceed the cavity floor thickness at 24 hours after onset of core damage. The staff concurs 
that the reported analyses and results demonstrate that the containment integrity is likely to be 
maintained for more than 24 hours after onset of core damage for US-APWR, and that the 
acceptance criteria regarding core debris cooling and MCCI issues as defined by NRC in SECY-
93-087 and GL 88-20 are satisfactorily met.   
 
Large Release Frequency Quantification 
 
The frequency of each CET end state is quantified for each PDS by multiplying its CDF by the 
conditional probability of each CET end state for the PDS.  The frequency of each CET end 
state for each PDS is shown in PRA Revision 3, Table 17.3-9, “Summary of Level 2 PRA 
Results for Internal Events at Power.” 
 
The LRF is quantified by summing the frequencies of a large release for each PDS.  In addition 
the CCFP is defined as the ratio of LRF to CDF.  The summary of the Level 2 PRA results for 
internal events at power are: 
 

Core Damage Frequency for Level 2 PRA 1.0E-6 per reactor-year 
Large Release Frequency 1.07E-7 per reactor-year 
Conditional Containment Failure Probability 0.11 

 
The contributions of initiating events to large release frequency are listed in Table 19.1-7, 
“Contribution of Initiating Events to LRF,” below.  The thirteen largest PDS contributors to the 
containment failure probability are listed in Table19.1-8 below.   
 

Table 19.1-7- Contribution of Initiating Events to LRF 
 

Initiating 
Event 

Initiating Event Description Percent 

LOOP Loss of Offsite Power 40.4 

SLOCA Small Pipe Break LOCA 18.0 

LOCCW Loss of Component Cooling Water 10.7 

SGTR Steam Generator Tube Rupture 10.2 

PLOCW Partial Loss of Component Cooling Water 8.1 

SLBO Steam Line Break/Leak (Downstream MSIV: Turbine side) 3.9 

MLOCA Medium Pipe Break LOCA 2.5 
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Initiating 
Event 

Initiating Event Description Percent 

TRANS  General Transient 2.2 

RVR RPV Rupture 1.2 

LOFF Loss of Feedwater Flow 1.0 

VSLOCA Very Small Pipe Break LOCA 0.9 

ATWS Anticipated Transient Without Scram 0.6 

LOAC Loss of Vital AC Bus 0.2 

FWLB Feedwater Line Break 0.1 

LODC Loss of Vital DC Bus 0.0 

SLBI Steam Line Break/Leak (Upstream MSIV: CV side) 0.0 

LLOCA Large Pipe Break LOCA 0.0 

Total 100.0 
 
 

Table 19.1-8 - Dominant Plant Damage States for Large Release Frequency 
 

No PDS PDS Description CCFP Frequency Percent 

1 4K Medium RCS pressure, and containment 
failure before core damage 

1.0 2.0 x10-8 18.6 

2 1D Low RCS pressure, reactor cavity not 
flooded, hydrogen igniter functional, CSS 
not injected, and no CHR 

1.0 1.3 x10-8 11.9 

 4L Steam Generator Tube Rupture (SGTR) 1.0 1.0 x10-8 9.5 

4 3D Low RCS pressure, reactor cavity flooded 
before RPV failure, hydrogen igniter 
functional, CSS not injected, and no CHR 

1.0 9.7 x10-8 9.1 

5 4D Medium RCS pressure, reactor cavity not 
flooded, hydrogen igniter functional, CSS 
not injected, and no CHR 

1.0 9.6 x 10-9 9.0 

6 5E Medium RCS pressure, reactor cavity  
flooded after RPV failure, hydrogen igniter 
not functional, CSS not injected, and CHR 
operating 

0.11 8.4 x 10-9 7.9 
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No PDS PDS Description CCFP Frequency Percent 

7 3A Low RCS pressure, reactor cavity flooded 
before RPV failure, hydrogen igniter 
functional, CSS injected, and CHR 
operating 

0.012 6.4 x 10-9 6.0 

8 4H Medium RCS pressure, reactor cavity not 
flooded, hydrogen igniter not 
functional, CSS not injected, and no CHR 

1.0 5.8 x 10-9 5.4 

9 5A Medium RCS pressure, reactor cavity  
flooded after RPV failure, hydrogen igniter 
functional, CSS not injected, and CHR 
operating 

0.017 4.6 x 10-9 4.3 

10 1H Low RCS pressure, reactor cavity not 
flooded, hydrogen igniter not functional, 
CSS not injected, and no CHR 

1.0 4.2 x 10-9 3.9 

11 6H Medium RCS pressure, reactor cavity 
flooded before RPV failure, hydrogen 
igniter not functional, CSS not injected, 
and no CHR 

1.0 3.0 x 10-9 2.8 

12 8A High RCS pressure, reactor cavity flooded 
after RPV failure, hydrogen igniter 
functional, CSS injected, and CHR 
operating 

0.67 2.8 x 10-9 2.6 

13 2I Low RCS pressure, reactor cavity flooded 
after RPV failure, CSS injected, and 
containment not isolated 

1.0 2.8 x 10-9 2.6 

 
US-APWR Containment Fragility  
 
The specific design information required to perform a detailed containment finite element model 
evaluation is not available at this DC stage.  Hence, the analysis is through assuming the 
weakest elements of containment.  Only static over-pressure loads have been examined.  The 
response of the affected containment structures to local dynamic loads has not been assessed 
on a plant-specific basis. 
 
The US-APWR pre-stressed concrete containment vessel basically consists of a cylindrical shell 
with a hemispherical upper dome and a flat floor.  Discontinuities are identified at such as the 
interface of cylindrical shell and upper dome, the ring guarder section, etc.  However, the 
degree of these discontinuities is not significant compared to such as interfaces between the 
wall and floor.  This analysis conservatively assumes containment failure at containment shell 
yield, where the strains and deflections are small.  Therefore, the failures at local penetrations, 
which are induced by larger plastic strains, do not occur at the small yield strains.  In addition, 
major penetrations are considered stronger than general containment wall since the thickness of 
penetration wall area is thicker than general wall thickness, besides they are strengthened by 
additionally embedded reinforcing steels.  It is therefore assumed in this study that yielding of 
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the cylindrical shell limits the capacity of whole containment, and nominal containment capacity 
under severe accident conditions (assuming 400-600°F, 204 - 315 °C) is predicted. 
 
The ultimate pressure capability is calculated from the thin shell equation as 216 psia (201 
psig).  A lognormal distribution is selected to predict the cumulative containment failure 
probability.  The modeling uncertainties are set to zero because of the conservative assumption that the 
containment fails at yield.  The uncertainty for the yield properties are much smaller than for the 
ultimate failure properties, therefore, a low value of 0.04 is selected for the logarithmic standard 
deviation of material property uncertainty.  Combining the median failure pressure value of 216 psia 
(1.5 MPa) and the total logarithmic standard deviation of 0.04 produces the US-APWR 
containment cylindrical shell fragility curve shown in Revision 3 of the PRA Figure 16-1, “US-
APWR Containment Cylindrical Shell Fragility Curve.”  The staff’s review of the containment 
fragility curve will be discussed in SER Subsection 19.2.4.2.4, “Containment Performance 
Capability.”  Staff notes that this evaluation section will be provided at a later time. 
 
19.1.4.4.2.1.4 Large Release and Release Categories Definitions 
 
Any containment failure related to accidents is considered a large release.  Containment failure 
includes containment bypass, containment isolation failure, and containment failure due to 
energetic phenomena, basemat melt through, and containment overpressure failure.  The 
energetic phenomena addressed in this study include hydrogen combustion, in- or ex-vessel 
steam explosion, direct containment heating, and rocket-mode RPV failure. 
 
In Revision 2 of the DCD, the individual CPET (CET) end states are assigned to one of two 
classes, either intact containment (IC) or large release.  Large release is defined independent of 
the elapsed time from the onset of core damage.  The staff was concerned that this delineation 
was insufficient, and not conducive to providing inputs to source term evaluations for 
representative scenarios that would provide insights pertaining to LRF determination, as well as 
serve inputs to off-site consequence evaluations.  Thus, the staff issued RAI 627-4926, 
Question 19-447, asking for the appropriate details and for descriptions of the accident 
scenarios associated with the more complete set of release categories. 
 
In its response to Question 19-447, dated November 1, 2010, the applicant provided a 
breakdown of release categories that is more typical of a Level 2 PRA, and can be used to 
determine the source terms for input into the SAMDA evaluation (see Subsection 19.2.4.2.6 
below).  The applicant also provided this information in DCD Revision 3.   
 
The CPET as shown in Figure 19.1-3 presents the six release categories defined as follows: 
RC1:  Containment bypass which includes both core damage after SGTR and thermal induced 
SGTR after core damage.  Sequences No. 8 and No. 16 on CPET is assigned this release 
category. 
RC2:  Containment isolation failure.  Not on CPET because fission products would always be 
released to the environment. 
RC3:  Containment overpressure failure before core damage due to loss of heat removal.  Not 
on CPET because fission products would always be released to the environment. 
RC4:  Early containment failure due to dynamic loads which includes hydrogen combustion 
before or just after reactor vessel failure, in-vessel and ex-vessel steam explosion, rocket-mode 
reactor vessel failure, and direct containment heating.  Sequences 3-7 and 11-14 on CPET are 
assigned this release category. 



 

19-120 

 

RC5:  Late containment failure, which includes containment overpressure failure after core 
damage, hydrogen combustion long after reactor vessel failure, and basemat melt through.  
Sequences 2 and 10 on CPET are assigned this release category. 
RC6:  Intact containment in which fission products are released at design leak rate.  Sequences 
1 and 9 on CPET are assigned this release category. 
 
The staff found the applicant’s response clearly identifies the various release categories that 
are used in the analysis, and these categories are considered acceptable.  Therefore, this 
portion of Question 19-447 is resolved.  

19.1.4.4.2.1.5 Source Term Definition 
 
Initially, source terms were not provided as part of the limited Level 2 PRA results.  More 
detailed source terms were provided in the Level 3 PRA consequence assessment.  A 
comprehensive set of characteristics were provided for each of six release categories, including 
isotopes considered, release magnitude, release timing/duration, release energy and height, 
secondary containment deposition.  
 
The source term represents the fractional release to the environment, as a function of time, for 
different isotopic groups considered.  The source term analysis was performed using the MAAP 
4.0.6 code, for 12 groups of radionuclides.  The source terms were used in the Level 3 PRA to 
determine the consequences of severe accidents.  The results were used to support the DC ER, 
and SAMDA analysis; see Subsection 19.2.4.2.6 below.  These results were not initially 
provided in the US-APWR DCD.  The staff is concerned that the DCD information is insufficient, 
and not conducive to providing inputs to source term evaluations for representative scenarios 
that would provide insights pertaining to LRF determination, as well as serving as inputs to off-
site consequence evaluations.  Therefore, as part of the RAI 627-4926, Question 19-447, the 
staff requested that applicant provide appropriate details and descriptions of the accident 
scenarios associated with the more complete set of release categories and source terms as part 
of the US-APWR DCD.  In its response to this RAI question dated November 1, 2010, the 
applicant provided additional information on accident scenarios, release categories and 
associated source terms in DCD Revision 3.  The staff found the applicant’s response 
acceptable, because it revises the DCD to provide an adequate description of the accident 
scenarios and a complete set of release categories and source terms as requested. Therefore, 
Question 19-447 is resolved.   
 
19.1.4.4.2.1.6 Conditional Containment Failure Probability 
 
The CCFP is the probability that a given core damage sequence will result in a large radiological 
release to the environment.  It is calculated as the ratio of LRF to CDF.  The overall US-APWR 
CDF is 3.0E-6 per reactor-year and the LRF is 7.5E-7 per reactor-year for all initiators including 
LPSD modes.  The corresponding CCFP is 0.25.  The applicant conservatively assumed that all 
core damage events during LPSD would result in large releases.  If LPSD contributions are 
excluded, the CCFP for severe accidents occurring at normal, full power operation is 0.16.  The 
internal event at power CDF is about 1.0E-6 per reactor-year and the LRF is about 1.1E-7 per 
reactor-year.  The corresponding conditional CCFP is about 0.11. 
 
19.1.4.4.2.2 Results of the Level 2 Internal Events PRA for Operations at Power 
 
Dominant Contributors to Containment Failure 
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The dominant cutsets of LRF are shown in Revision 3 of the PRA Table 17.3-11, “Dominant Cut 
Sets of LRF.”  This information is derived by first adding the CCFP for each PDS to the top 
event of the CSET end states in the RiskSpectrum® code PRA fault tree and then requantifying.  
The five cutsets with frequencies greater than 2.0E-09 per reactor-year are described below.  
They constitute 18 percent of the LRF. 
 

1. SLOCA with reactor trip:  The frequency of this cutset is 6.0E-9 per reactor-year 
and accounts for 5.7 percent of LRF.  EFWS, SIS, and CSS succeed.  Therefore, 
core cooling succeeds.  However, containment heat removal by the CS/RHR 
heat exchanger (HX) fails.  In addition, the alternate containment cooling by the 
containment fan cooler system fails to operate and results in containment failure 
before core damage. 
 

2. LOOP with reactor trip:  The frequency of this cutset is 4.0E-9 per reactor-year 
and accounts for 3.8 percent of LRF.  The emergency AC power source and the 
alternate AC power source fail and lead to an SBO.  EFWS (turbine-driven 
pumps) succeeds.  However, an RCP seal LOCA occurs due to RCP seal 
cooling failure.  Offsite power recovery within one hour succeeds.  However, 
CCW pumps fail to restart due to software CCF.  Consequently, it results in core 
damage.  
 
The containment isolation and RCS depressurization succeed.  However, reactor 
cavity flooding and firewater injection to the spray header fail to operate due to 
software CCF.  Recovery of CCWS fails and this results in containment failure. 

 
3. LOOP with reactor trip:  The frequency of this cutset is 3.0E-09 per reactor-year 

and accounts for 2.9 percent of LRF.  The emergency AC power supply system 
and alternate AC power source fail and lead to an SBO.  EFWS (turbine-driven 
pumps) succeeds.  However, a RCP seal LOCA occurs due to RCP seal cooling 
failure.  In addition, recovery of power systems does not occur within 3 hours and 
core damage ensues.  
 
The containment isolation before core damage succeeds.  Because loss of 
emergency AC power supply, RCS depressurization and reactor cavity flooding 
fail.  The recovery of AC power system succeeds, but the containment fails due 
to temperature-induced SGTR.  

 
4. LOOP with reactor trip:  The frequency of this cutset is 2.6E-9 per reactor-year 

and accounts for 2.5 percent of LRF.  The emergency AC power source and AAC 
power source fail and lead to an SBO.  EFWS (T-D pumps) succeeds.  However, 
an RCP seal LOCA occurs due to RCP seal cooling failure.  Offsite power 
recovery within three hours succeeds.  However, CCW pumps fail to restart due 
to software CCF, which results in core damage. 
 
Containment isolation and RCS depressurization succeed.  However, reactor 
cavity flooding, and firewater injection to the spray header fails to operate due to 
software CCF.  Recovery of CCWS fails and this results in containment failure. 
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5. LOCCW with reactor trip, (EFWS succeeds): The frequency of this cutset is 2.4E-
9 per reactor-year and accounts for 2.3 percent of LRF.  Both alternate CCW 
supply by the non-essential chilled water and by the fire protection water supply 
system fail to operate and this results in a RCP seal LOCA due to RCP cooling 
failure.  Consequently, it results in core damage.  
 
Containment isolation, RCS depressurization, and reactor cavity flooding 
succeed.  However, firewater injection to the spray header fails to operate due to 
software CCF.  Recovery of CCWS fails and this results in containment failure. 

 
6. LOCCW with reactor trip:  The frequency of this cutset is 2.2E-09 per reactor-

year and accounts for 2.1 percent of LRF.  This is the same sequence as (4) until 
core damage.   
 
Containment isolation, RCS depressurization, and reactor cavity flooding 
succeed.  Firewater injection to the spray header succeeds.  However, recovery 
of CCWS fails and this results in containment failure.  

 
Risk-Significant Core Damage End-States, Initiating Events, Phenomena and Basic 
Events 
 
Core Damage End-State — The ACL CDFs are provided in Revision 3 of the PRA Table 12-4, 
“Core Damage Frequency of Each Accident Class.”  The highest frequency ACLs and the single 
bypass ACL are listed above in Section 19.1.4.4.2.1.3.  The five dominant ACLs contribute 92 
percent of the CDF.  Four are LOCAs with low or medium RCS pressure, and one is a high-
pressure transient. 
 
Initiating Events — Table 19.1-7 above lists the contribution of initiating events to LRF.  The four 
largest contributors are loss of offsite power (40 percent), small pipe break LOCA (18 percent), 
loss of component cooling water (11 percent), and SGTR (10 percent). 
Physical Phenomena — Because of the nature of the CPETs, it is not possible to determine the 
individual risk-significant phenomena through FV and RAW importance analyses.  
 
Basic Events (Hardware Failure, Human Error) — The results of FV and RAW for the large 
release frequency are shown in DCD Tables 19.1-44, “Basic Events (Hardware Failure, Human 
Error) FV Importance for LRF,” and 19.1-45, “Basic Events (Hardware Failure, Human Error) 
RAW for LRF,” respectively.  Note that the branch fractions of the CPETs are not included in 
these lists. 
 
The top five most significant basic events, based on a FV importance of greater than 0.10, are: 
 

• Failure of offsite power recovery within one hour - If offsite power does not 
recover within one hour under total loss of AC power condition, RCP seal LOCA 
is assumed to occur. 
 

• Failure of offsite power recovery within three hours - If offsite power does not 
recover within three hours under total loss of AC power condition, core damage 
is assumed to occur due to RCP seal LOCA. 
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• Failure to connect the AAC power source to Class 1E bus - If operator fails to 
connect the AAC power source to Class 1E bus, SBO would occur. 
 

• CCF of group-2 application software -- This failure causes almost all safety 
systems such as SIS and CCS fail to start. 
 

• CCF of Class 1E emergency power generators to run after first hour – This cutset 
applies after the LOOP.  If this failure occurs an SBO will ensue. 

 
The top five most significant basic events for LRF, based on the RAW, are:  
 

• CCF of basic software – This causes failure of all digital instruments leading to 
failure of transmitting various signals including plant trip signal and emergency 
core cooling system actuation signal. 
 

• CCF of all circuit breaker between Class 1E station service transformer and 
Class 1E 480-Vac load center to spurious open – This failure causes loss of all 
Class 1E 480-Vac load centers. 
 

• CCF of all circuit breaker between Class 1E 6.9-kV bus and Class 1E station 
service transformer to spurious open – This failure causes loss of all Class 1E 
480-Vac load centers. 
 

• CCF of all ESW pumps to run – This failure causes the loss of containment heat 
removal due to loss of the cooling chain to the ultimate heat sink (UHS). 
 

• CCF of all CS/RHR HX to plug /foul – This failure causes loss of containment 
heat removal due to loss of the cooling chain to the UHS. 

 
Human Error Events -The top 10 risk-important human error basic events for a FV importance 
and for a RAW are given in DCD Table 19.1-48, “Human Error FV Importance for LRF,” and 
DCD Table 19.1-49, “Human Error RAW for LRF,” respectively.  The most significant human 
error basic event based on FV importance is failure to connect the AAC power source to Class 
1E bus, with a FV importance of 0.22.  The most significant human error basic event based on 
RAW is mis-calibration of containment vessel pressure sensors A, B, C, and D with a RAW of 
49.  The plant LRF would increase approximately 49 times, if the probability of this failure were 
set to 1.0. 
 
Hardware Single Failure Events -The top 10 risk-important hardware single failure events for a 
FV importance and for a RAW are given in DCD Table 19.1-50, “Hardware Single Failure FV 
Importance for LRF” and DCD Table 19.1-51 “Hardware Single Failure RAW for LRF”, 
respectively.  Three single failure basic events have a FV importance greater than 0.02.  The 
most significant single failure basic events based on FV importance is the failure of AAC GTG with 
a FV of 0.041.  There are top 10 basic events that have a RAW greater than 1.6E+3.  The 
most significant single failure basic event is a rod injection failure.  The plant LRF would 
increase approximately 1.6E+3 times if the probability of this failure were set to 1.0.  
 
Common Cause Events - DCD Tables 19.1-46 “Common Cause Failure FV Importance for LRF” 
and 19.1-47 “Common Cause Failure RAW for LRF” show the risk-significant common cause 
events based on FV and RAW importance, respectively.  The most significant CCF basic event 
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based on FV importance is CCF of group-2 application software.  The second most significant 
CCF basic event is CCF of Class 1E emergency power generators.  The most significant CCF 
basic events based on the RAW are the same as the basic events ranked in top 10 most 
significant basic events based on RAW.  
 
Insights from Sensitivity and Uncertainty Analyses 
 
Sensitivity Analyses 
 
In PRA Chapter 18 of PRA Revision 3, “Importance and Sensitivity Analysis for Internal Events 
at Power,” the applicant performs a CPET sensitivity analysis to determine the sensitivity of the 
plant LRF at power to the assumed debris coolability probability.  
 

• Case 01:  Failure fraction of the debris coolability is increased to 0.1 from 0.002.  
 

Observation:  If failure fraction of the debris coolability is 0.1, the LRF is 2.0E-7 
per reactor-year, which is approximately twice that of the base case.  The 
applicant states that the increased is caused by the assumption that the RPV 
always fails after the core damage.  

 
• Case 02:  Failure fraction of the debris coolability is decreased to 0.0 from 0.002.  
 

Observation:  If the failure fraction of the debris coolability is zero, the LRF is 
1.0E-07 per reactor-year, which is almost the same as the LRF of the base case.  

 
In its response to RAI 752-5614, Questions 521 through 523, the applicant performed analyses 
to determine the LRF sensitivity to the assumed probabilities on ex-vessel steam explosion, 
hydrogen detonation, and TI-SGTR.  These analyses were discussed in Subsections 
19.1.4.4.2.1.2 and 19.1.4.4.2.1.3, see also more discussion below under key PRA insights. 
 
Uncertainty Analysis  
 
DCD Table 19.1-53 “Key Sources of Uncertainty and Key Assumptions (Level 2 PRA for Internal 
Events at Power),” lists the key sources of uncertainty and the key assumptions for the limited 
Level 2 PRA for internal events at power.  Five modeling uncertainties are addressed 
qualitatively.  These are: the inclusion of the ATWS and the reactor pressure vessel rupture 
scenarios in the low RCS pressure state; the assumption of failure of the RPV regardless of 
water injection; the assumption of a mean time of 24 hours to repair one train of CCWS; and the 
assumption that there is no dependencies of human errors between the Level 1 event tree and 
the CSET.  The summary results of the qualitative assessments can be characterized as finding 
that the uncertainties were conservative or not significant. 
 
Two parametric modeling uncertainties are addressed quantitatively.  These are the parametric 
uncertainty in the CDF and the parametric uncertainty of the systems in the CSET.  The results 
of the parametric uncertainty quantification for the total LRF are summarized by the mean (1.1E-
7 per reactor-year), median (8.2E-8 per reactor-year), lower 5th percentile (2.6E-8 per reactor-
year), and upper 95th percentile (3.5E-7 per reactor-year) of the distribution.  The EF (3.7) was 
estimated by the square root of the ratio of the 95th percentile to the 5th percentile.   
 
Key PRA Insights from the Level 2 PRA for Internal Events at Power 
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The applicant’s insights from the PRA results are the following: 
 

• The LRF for operations at power is lower than 1.0E-6 per reactor-year, because 
the US-APWR containment has high capability to withstand many postulated 
severe accident phenomena.  

 
• Some mitigation systems effectively reduce the LRF.   
 

- The containment isolation system with direct current-driven containment 
isolation valves effectively reduces the potential of the containment isolation 
failure during SBO events. 

 
- Firewater injection to the spray header reduces the potential for 

containment failure in the loss of CCW.  
 

- The alternative containment cooling by containment fan cooler 
system reduces the potential of the containment failure before core 
damage in which the CSSs fails by CCF. 

 
• The major initiating events contributing to the LRF are loss of CCW and loss of 

offsite power.  LOOP includes CCF of the CCW pumps restart at the time of 
emergency power recovery.  The reason for the importance of these events is 
that the containment heat removal systems share CCWS as the cooling chain to 
the UHS with the core cooling systems such as SIS and alternate core cooling.  
Therefore, the major PDSs that contribute to the total LRF are the ones related to 
loss of containment heat removal.  Upon such a loss, the containment is likely to 
fail regardless of severe accident phenomena even if incorporating the potential 
recovery of CCWS for the containment heat removal. 

 
The insights derived from the importance, sensitivity, and uncertainty analyses are: 
 

• The CCF basic events are important.  This is reasonable for a plant with highly 
redundant safety systems. 

 
• If the failure fraction of the debris coolability increases, the LRF increases 

because of one of the key conservative assumptions of the Level 2 PRA that RV 
always fails as the consequence of core damage.  If this conservative 
assumption is not considered, the possibility of in-vessel core retention success 
may arise and it may be possible to avoid the ex-vessel phenomenon, resulting 
in a reduced LRF. 

 
• The TI-SGTR for intermediate-pressure sequences accounts for about 26 

percent of LRF for internal events at power.  Sensitivity analysis indicates that 
the TI-SGTR contribution to LRF could increase by a factor of two.  The overall 
LRF is still below the NRC guideline of 1.0E-6 per reactor-year. 

 
• Changing the probability of reactor cavity failure for ex-vessel steam explosion 

for low-pressure sequences from 0.01 to 0.1 will increase LRF for internal events 
at power by 48 percent.  The overall LRF is still below the NRC’s guideline of 
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1.0E-6 per reactor-year. 
 
• Changing the probability of hydrogen detonation in a containment compartment 

after the vessel failure in long-term SBO conditions to unity will increase LRF for 
internal events at power by about 60 percent.  The overall LRF is still below the 
NRC’s guideline of 1.0E-6 per reactor-year. 

 
The last three sensitivity analyses were performed by the applicant as part of the response to 
RAI 752-5614, Questions 19-521 through 19-523, to determine the impacts of various 
assumptions on the estimated LRF.  The analyses in the applicant’s letters dated June 3, 2010, 
July 12, 2011, and August 23, 2011, showed that the individual assumptions may not have a 
large impact on LRF.  The staff performed an independent verification of the sensitivity results 
for the internal events at-power, including consideration of the combined effects of the various 
assumptions.  However, due to the lack of sufficient details on PDS assignments of fire and 
flood events in the US-APWR DCD and PRA, Revision 3, the staff was not able to perform an 
independent verification of the sensitivity analyses and the changes in LRF values that are 
cited for the fire and flood initiators.  Therefore, the staff issued RAI 872-6144, Question 19-
562, requesting that the applicant provide additional information that summarizes the various 
accident class and PDS assignment probabilities for fire and flood events, in a manner similar 
to those provided in Chapter 17 of the PRA for internal events at-power. 
 
In its response to this question dated December 20, 2011, the applicant provided new tables 
that showed the binned PDS CDFs for fire and flood events.  The applicant added that this 
information will be included in the next revision of the Level 2 PRA.  The staff considered the 
applicant’s response and the information requested satisfactory; therefore, the RAI question is 
resolved.  Verification that this information will be included in the next revision of the PRA 
report is being tracked as Confirmatory Item 19.1-LEVEL2-562. 
 
19.1.4.4.3 Level 3 Internal Events PRA for Operations at Power 
 
The applicant has not provided a Level 3 PRA analysis as an integral component of the 
US-APWR DC application, but one was provided only in support of the SAMDA analyses.  The 
NRC does not require the applicant to provide the Level 3 PRA results as part of the DC 
application.  However, as described in 10 CFR 51.55(a), the applicant is required to perform 
SAMDA analysis, which in turn, needs severe accident consequence analyses.  The staff 
reviewed the applicant’s Level 3 consequence analyses as part of the SAMDA evaluation in 
Section 19.2.4.2.6 of this SER.   
 
19.1.4.5 Safety Insights from the External Events PRA for Operations at 

Power 
 
In accordance with guidance provided in SRP, Section 19.0 and RG 1.206, Section C.I.19, the 
safety insights from the external events PRA for operations at power should include the 
following: 
 

• A summary description of the PRA for each analyzed external event, including 
plant response modeling and major assumptions. 
 

• Dominant accident sequences contributing to plant risk.  
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• Major contributors to the estimated plant risk. 
 

• Major contributors to maintaining the "built-in" plant safety (to ensure that risk 
does not increase unacceptably). 
 

• Major contributors to the uncertainty associated with the estimated plant risk. 
 

• Sensitivity of the estimated risk to potential biases in numerical values, to 
assumptions made in the PRA, to lack of modeling details in certain areas, and to 
previously raised safety issues. 

 
The applicant evaluated the risk resulting from seismic events using a PRA-based seismic 
margins approach (PRA-based SMA), which is described in SECY 93-087 and ANSI/ANS-
58.21. The applicant performed an internal flooding PRA and an internal fire PRA to evaluate 
risks from flooding and fire events and to obtain related risk insights.   
 
In SECY 93-087, the staff identified the need for a site-specific probabilistic safety analysis and 
analysis of external events.  Although the applicant discussed criteria for screening out external 
hazards from detailed risk assessment, the specific analysis (PRA or bounding) of the capability 
of the US-APWR design to withstand site-specific external hazards other than earthquakes 
(e.g., external flooding and high winds) was left to be performed by the COL applicant 
referencing the US-APWR design, as addressed in COL Action Item 19.3(4). 
 
The NRC requires, where applicable to the site, that the COL applicant perform a site-specific 
PRA-based analysis of all potential external events, such as external flooding, hurricanes, 
tornadoes, transportation accidents to search for site-specific vulnerabilities, etc.  The staff 
issued RAI 750-5675, Question 19-518, and requested the applicant to revise COL Action Item 
19.3(4) to state that all site-specific external hazards must be addressed by either screening or 
analysis.  In its June 30, 2011, response to RAI 750-5675, Question 19-518, the applicant 
revised COL Action Item 19.3(4), which requires COL applicants referencing the US-APWR 
design to assess site specific information and associated external hazards to ensure that the 
risk impacts from the external events will be re-evaluated and addressed.  To account for the 
site-specific design information and any design changes or departures, COL Action Item 19.3(4) 
is revised to state that, “The Probabilistic Risk Assessment and Severe Accident Evaluation is 
updated as necessary to assess specific site information and all associated potential site-
specific external hazards (both natural and man-made hazards) that may affect the facility are 
screened out or subjected to analysis.”  Inclusion of the revised COL Action Item 19.3(4), 
which is associated with RAI 750-5675, Question 19-518, is being tracked as 
Confirmatory Item 19.1-EXT-518. 
 
In addition, the PRA used to support the US-APWR DC will be updated, as necessary, when 
site-specific and plant-specific (as-built) information become available.  Differences between the 
as-built plant and the design used as the basis for the US-APWR PRA will be reviewed to 
determine whether there is significant impact on PRA results.  Special emphasis will be placed 
on areas of the design that either were not part of the certified design or were not detailed in the 
certification.  The staff finds that a new COL action item is needed to address this issue.  This is 
part of Open Item 19.1-LEVEL1-574. 
 
19.1.4.5.1 Safety Insights from the Seismic Risk Evaluation 
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TO BE PROVIDED LATER 
 
 
19.1.4.5.2 Safety Insights from the Internal Fire PRA for Operations at Power 
 
The US-APWR internal fire PRA was developed using the methodology provided in 
NUREG/CR-6850, “Fire PRA Methodology for Nuclear Power Facilities,” issued in 
September 2005.  Section 19.1.5.2 of US-APWR DCD addresses the risk associated with 
internal fire events and summarizes the results and insights drawn from the fire PRA.  The 
detailed internal fire PRA is documented in Chapter 23 of the US-APWR PRA Revision 3, 
docketed in June 2011.  The staff review of US-APWR fire risk is conducted in accordance with 
the guidance provided in SRP Section 19.1.5.2.   
 
19.1.4.5.2.1 Level 1 PRA for Internal Fires at Power  
 
The US-APWR is designed with four divisions of safety systems.  Each division is separated by 
a physical fire barrier to protect its safety function and to prevent fire propagation.  The US-
APWR internal fire protection scheme provides separation of the safety-related equipment and 
cabling for each of the four divisions by using three-hour fire-rated structural protection.  This 
design feature is reflected in the fire PRA yielding a lower estimated fire risk. 
 
19.1.4.5.2.1.1 Methodology and Approach 
 
For the US-APWR fire PRA development, the following tasks as described in NUREG/CR-6850 
have been performed by the applicant. 
 
Task 1:  Plant Boundary Definition and Partitioning – Define the physical boundary of the 
analysis and divide the plant into discrete physical units (i.e., fire compartments). 
 
Task 2:  Fire PRA Component Selection – Establish the link between internal events PRA 
model and internal fire PRA.  Define the components that are to be credited for plant shutdown 
following a fire. 

 
Task 3:  Fire PRA Cable Selection – Identify the associated circuits (including cables) and 
their locations for the components identified in Task 2 above. 
 
Task 4:  Qualitative Screening – Identify fire compartments that can be qualitatively shown to 
have little or no risk significance.  Screen those fire compartments that do not contain any fire 
PRA components or cables, or do not result in a plant trip. 

 
Task 5:  Plant Fire-Induced Risk Model – Create a plant response model to estimate the fire 
risk.  Examine internal events models for applicability to the fire events.  Identify additional fire-
induced initiators and fire accident sequences. 

 
Task 6:  Fire Ignition Frequency – Estimate fire ignition frequencies and probability values for 
fire compartments and scenarios.  For US-APWR, the fire ignition frequencies for specific 
ignition sources as provided in NUREG/CR-6850 have been used. 
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Task 7:  Quantitative Screening – Screen fire compartments and scenarios based on their 
contribution to fire risk.  US-APWR fire PRA assumes that the postulated fire would fail all 
equipment and cables within the compartment.   

 
Task 8:  Scoping Fire Modeling – The purpose of this task is to reduce the level of effort of the 
detailed fire modeling in Task 11.  This task has been skipped in the US-APWR fire PRA since 
the plant walk down cannot be performed at DC stage. 
 
Task 9:  Detailed Circuit Failure Analysis – Perform detailed circuit analysis for risk-
significant fire compartments to eliminate insignificant/unrelated cables.  Identify how the failure 
of specific cables will impact the components included in the fire PRA model. 

 
Task 10:  Circuit Failure Mode Likelihood Analysis – Estimate failure probabilities for the 
cables associated with the risk-significant components.  For US-APWR, the methodology 
provided in NUREG/CR-6850, which is based on the knowledge gained from the recent cable 
fire tests, is used. 

 
Task 11:  Detailed Fire Modeling – Address the initial fire characteristics, fire growth in a fire 
compartment, detection and suppression, damage from heat and smoke, and other relevant 
topics.  US-APWR fire PRA composes three analyses:  
 

a. Fire modeling of single-compartment scenarios 
b. Fire modeling of multi-compartment scenarios 
c. MCR fire scenario which focuses on the fire frequency and human error 

probability of the remote shutdown operation in the situation of MCR evacuation. 
 
Task 12:  Post-Fire HRA – Identify and re-evaluate post-fire operator actions for manipulation 
of plant components.  Re-calculate the associated human error probabilities (HEPs) 
accordingly. 
 
Task 13:  Seismic Fire Interactions – Identify and correct any weaknesses in the fire 
protection systems and vulnerabilities in the ignition sources due to seismic events.  Address 
the effects of a fire due to an earthquake qualitatively.  

 
Task 14:  Fire Risk Quantification – Quantify the fire risk (i.e., CDF and LRF) and identify the 
important contributors. 

 
Task 15:  Uncertainty and Sensitivity Analyses – Perform uncertainty analysis as an integral 
part of the previous probabilistic assessments.  Examine the assumptions that have significant 
impact on the fire risk through a series of sensitivity studies.  Demonstrate the importance of key 
assumptions. 
 
19.1.4.5.2.1.2 Major Assumptions   
 
The following major assumptions and engineering judgments have been made by the applicant 
in support of the internal fire PRA development: 
 

• All fire doors between the compartments housing safety trains are normally 
closed.  The Failures of these doors to remain closed are considered in the 
analysis. 
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• The switchyard is divided into nine fire compartments separating the 

transformers. 
 

• For the transient combustibles, a fuel configuration of “three airline trash bags” is 
assumed in each fire compartment. 
 

• The heat release rate as specified in Chapter 11, “Detailed Fire Modeling,” of 
NUREG/CR-6850 is used. 
 

• Damage temperature of thermoplastic cables as shown in Appendix H of 
NUREG/CR-6850 is used as the target damage temperature. 
 

• Only one fire barrier failure or one fire damper failure is assumed at any given 
time.  Cascading effect is not modeled because of its low probability. 
 

• For a fire in MCR, all mitigation systems considered in Level 2 PRA are not 
available if operators must evacuate the MCR. 
 

• Damage to any control circuit associated with a PRA component is assumed to 
lead to a spurious operation of that component with a conditional probability of 
1.0. 
 

• Reactor transient event would occur if no other initiating events can be suitably 
assigned given a fire. 
 

• A fire inside the containment would not cause spurious operation of SDVs, 
reactor vessel head relief valves, or emergency letdown valves (ELDVs) since 
their power cables inside the containment are laid in individual metal conduits 
such that power cable to power cable hot shorts are not possible. 
 

• The control circuits that may potentially induce spurious operation of these 
ELDVs are independently routed.  These circuits are physically separated by the 
fire resistant barriers without any openings.  Therefore, a fire affecting one valve 
is very unlikely to affect the other leading to a medium LOCA. 
 

• The control circuits that have a potential to induce spurious operation of the two 
reactor vessel top vent valves are independently routed.  These circuits are 
physically separated by fire resistant barriers without any openings.  Therefore, a 
fire affecting one valve is very unlikely to affect the other leading to a very small 
LOCA. 
 

• Fire compartments that house the CCW pumps and the associated cables are 
separated by fire resistant barriers.  Therefore, fire is very unlikely to cause a 
total loss of component cooling water. 
 

• Fire compartments housing the essential service water pumps and the 
associated cables are separated by fire resistant barriers.  Thus, fire is very 
unlikely to cause a total loss of essential service water. 
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• Fires would not cause a spurious actuation of digital control system. 
 

• Recovery of offsite power cannot be achieved for all fire scenarios. 
 

• Fire frequency of a gas turbine is assumed to be the same as the diesel 
generator. 
 

• The fire ignition frequencies provided in NUREG/CR-6850 Chapter 6, “Fire 
Ignition Frequencies,” are used to develop US-APWR fire frequencies. 
 

• All cables in US-APWR are qualified cables. 
 

• Fire-generated heat and smoke would damage all PRA equipment and cables in 
the fire compartment in which the fire takes place. 
 

• No credit is given to the fire suppression systems. 
 

• No credit is given to the potential mitigation functions of the MFW system. 
 

• The hot-short probability of a hardwired cable is assumed to be 1.0 for all 
intra/inter cables in both cable tray and conduit. 
 

• For an optical cable, only “open circuit” failure mode is assumed. 
 

• The conditional MCR evacuation probability is assigned to be 2.0E-01.  This 
probability value is estimated based on the actual fire data of 5 challenging fires 
among 26 MCR fire events as presented in NUREG/CR-6850, Appendix–C, 
Table C-4. 
 

• Given a large amount of oil in the non-safety gas turbine room, the possibility of a 
cascading fire passing through two doors and affecting the corridor and safety 
chiller rooms is considered in the assessment. 
 

• If fire resistance of walls or floors is not installed, the barrier failure probability is 
assumed to be 1.0. 
 

• Transient combustible with a total heat release capacity of 93,000 Btu obtained 
from NUREG/CR-6850, Appendix G, Table-7 is assumed for a fire ignition source 
within the containment. 
 

• Fire inside the containment is assumed to be restricted to the containment only. 
 

• Because of the digital control system, optical cables and co-axial cables (in the 
raised floor) would not cause spurious operation of the components. 

 
The staff finds that the list of internal fire key assumptions on Page 19.1-93 of US-APWR DCD 
is incomplete as compared to DCD Table 19.1-119 and also to Chapter 23, “Internal Fire Risk 
Assessment,” of the US-APWR PRA.  In RAI 834-6035, Question 19-557, the staff requested 
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that the applicant revise the DCD so that the key assumptions are consistent and appropriately 
documented. 
 
In its response to RAI 834-6035, Question 19-557, dated November 8, 2011, the applicant 
stated that the internal fire key assumptions on Page 19.1-93 of DCD Revision 3 described the 
general assumptions for PRA modeling.  Table 19.1-119 of DCD Revision 3 summarized key 
assumptions focusing on inputs for various programs and processes.  For consistency 
purposes, the applicant will revise the internal fire key assumptions on Page 19.1-93 and in 
Table 19.1-119 as described in the response. 
 
Revision of DCD regarding internal fire key assumptions, which is associated with RAI 
834-6035, Question 19-557, is being tracked as Confirmatory Item 19.1-FIRE-557 
 
The staff reviewed the US-APWR DCD and internal fire PRA and finds that the assumptions 
specifically developed for the internal fire PRA are reasonable for US-APWR design and to 
support DC activities.  The staff concludes that the documentation of assumptions in the internal 
fire PRA is detailed enough to ensure that they will remain valid for the as-built, as-operated 
plant.  Furthermore, as described in US-APWR DCD Section 19.1.2.4, “PRA Maintenance and 
Upgrade,” any changes to the assumptions relevant to the internal fire event will be incorporated 
into the PRA as part of the PRA maintenance process. 
 
19.1.4.5.2.1.3 Staff Evaluation 
 
As discussed in the following sections, the applicant established its fire PRA in-step with the 
technical tasks as structured in the NUREG/CR-6850.  In cases where detailed design 
information is not available, the applicant used bounding estimates to support the risk 
assessment.  The staff finds that the use of NUREG/CR-6850 method to perform internal fire 
PRA to support US-APWR design certification is acceptable because?. 
 
Task 1:  Plant Boundary Definition and Partitioning 
 
This task was performed to define the global plant boundaries relevant to the fire PRA and to 
divide the plant into discrete physical units, called “fire compartments.”  The US-APWR design 
information used to support this task (i.e., plant layout drawing, fire component mapping, cable 
routing, equipment located in each fire area, etc.) is provided in details in the US-APWR PRA.  
In US-APWR DCD Section 9A (Figures 9A-1 through 9A-27), the applicant provided the plant 
layouts for the fire areas and described the boundaries.  Based on the design-specific physical 
layouts and separations, the US-APWR fire PRA includes the following plant areas: 
 

• R/B 
• Auxiliary building 
• Diesel buildings 
• T/B 
• Access control building 
• Intake structure. 

 
During the DC stage, since the design of intake structure has not been finalized yet, a 
hypothetical design was postulated.  The applicant then further partitioned the above plant 
areas into fire compartments.  Table 23A, “List of Fire Compartments, Fire Areas and Fire 
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Zone,” of the fire PRA Attachment A provides a complete list of fire compartments along with the 
associated fire areas and fire zones.  
 
The staff reviewed the plant partition against the plant drawings provided in US-APWR DCD 
Appendix 9A, “Fire Hazard Analysis,” and PRA Attachment 23A, “List of Fire Areas and Fire 
Compartments,” and finds that the applicant has properly identified and defined the fire 
compartments in support of the internal fire PRA development because they are consistent?. 
 
Task 2:  Fire PRA Component Selection 
 
This step established the link between internal events PRA model and internal fire PRA.  The 
purpose of this task is to define the components that should be included in the fire risk model.  
The applicant utilized US-APWR internal events PRA to identify the initiators and accident 
sequences that would potentially be considered in the fire PRA model.  The applicant further 
evaluated and eliminated the insignificant sequences using the following screening criteria: 
 

• Sequences associated with the initiating events (IEs) that are not a direct result 
of a fire (e.g., pipe or vessel rupture). 

 
• Sequences associated with low-frequency events.  For example, ATWS is 

screened out because fire-induced failures would certainly remove power from 
the control rods rather than cause a “failure-to-scram” condition. 

 
In the fire PRA, LOAC is not modeled separately but included in the general TRANS since the 
LOAC sequence is similar to that of TRANS with one train of the safety AC power source 
unavailable.  Furthermore, LODC is also included in TRANS because the sequences of LODC 
are similar to that of TRANS with a loss of one train of the safety direct current power source. 

 
As a result of the screening, the following IEs and the associated accident sequences were 
eliminated from the US-APWR fire PRA: 

• LLOCA. 
• MLOCA. 
• Very small LOCA. 
• Reactor vessel rupture. 
• SGTR. 
• Feedwater line break. 
• Total loss of CCW. 
• ATWS. 
• LODC. 
• LOAC. 

 
For those IEs that survived the screening, Attachment 23B “List of Fire PRA Components” of 
US-APWR fire PRA compiles the SSCs generated by the plant response model. 
 
During its review, the staff has found that there was inconsistency between DCD Table 19.1-57, 
“Initiating Events Included/Excluded in the Internal Fire PRA,” and US-APWR PRA regarding 
the modeling of partial loss of CCW as a fire-induced initiator.  In RAI 834-6035, Question 19-
554, the staff requested the applicant to clarify this inconsistency and provide explanation if 
partial loss of CCW is no longer considered in the fire PRA. 
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In its response dated November 08, 2011, the applicant indicated that there is an editorial error 
in DCD Table 19.1-57.  Fire-induced simultaneous failures of CCW Trains A and B in the 
multiple-fire scenarios listed below might cause a partial loss of CCW. 
 

a) Multiple-fire scenario between FA2-201 (FA2-201 Corridor) and FA2-202(A-Class 
1 E Electrical room). 

 
b) Multiple-fire scenario between FA2-202(A-Class 1 E Electrical room) and FA2-

307(B-Class 1 E I&C Room). 
 
However, the above multiple-fire scenarios may also cause a small LOCA event due to the 
spurious actuation of SDVs and the simultaneous failures of block valves to close.  Therefore, 
these fire scenarios are modeled as a small LOCA event with partial failure of CCW systems. 
 
The applicant committed to revise DCD Table 19.1-57 to clarify all editorial phrases.  Revision 
of DCD Table 19.1-57 is being tracked as Confirmatory Item 19.1-FIRE-554. 
 
Table 19.1-9 of this report, “Screening of Fire-Induced Initiating Events,” is reproduced from 
Table 23.3-1 of US-APWR fire PRA, “Internal Events Initiating Events Considered in the Fire 
PRA,” showing a complete list of initiating events considered in the internal events PRA and 
also indicating whether or not these initiating events are applicable to the fire PRA.  For those 
that have been excluded, the basis for exclusion is also provided in this table. 
 
Table 19.1-10 of this report, “Human Actions Considered in the Internal Events PRA and Fire 
PRA,” is reproduced from Table 23.3-2 of US-APWR fire PRA, “Human Actions Considered in 
the Internal Events PRA Model,” providing a list of human actions in the internal events PRA 
that are deemed relevant to the fire PRA.  The operator actions at the remote shutdown panel 
after MCR evacuation are the only human actions identified specifically for the fire PRA.  
Instrumentation and diagnostic equipments needed to properly execute the postulated actions 
have been added to the fire PRA component list. 
 
The staff reviewed the list of IEs retained in the fire PRA and finds that this list is consistent with 
the descriptions provided in the internal events PRA and the assumptions provided in the fire 
PRA.  The staff concludes that the applicant has appropriately identified the potential fire-
induced IEs that could lead to a significant accident consequence. 
 

Table 19.1-9 - Screening of Fire-Induced Initiating Events 
 

 Event Description Consideration in Fire PRA Model 

1  Large Loss-of-Coolant Accident No.  Fire will not induce a pipe rupture. 

2  Medium Loss-of-Coolant 
Accident 

No.  Fire cannot induce simultaneous Accident 
spurious opening of two emergency letdown 
valves. 

3  Small Loss-of-Coolant Accident Yes.  A small LOCA may occur in the event a 
fire induces spurious opening of safety 
depressurization valves. 
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 Event Description Consideration in Fire PRA Model 

4  Very Small Loss-of-Coolant 
Accident 

No.  Fire cannot induce simultaneous spurious 
opening of two reactor vessel top vent line 
valves. 

5  Reactor Vessel Rupture No.  Fire cannot induce vessel rupture 

6  Steam Generator Tube Rupture No.  Fire cannot induce SG tube rupture 

7  Main Steam Line Break 
(Downstream MSIV: Turbine side) 

Yes.  May occur if the fire can induce spurious 
opening of secondary side power operated 
valve. 

8  Main Steam Line Break 
(Upstream MSIV: CV side) 

Yes.  MSLB may occur due to fire induced 
spurious opening of a main steam power 
operated relief valve. 

9  Feed Water Line Break No.  Fire cannot induce a pipe break.  

10  General Transient  Yes. 

11  Loss of Main Feed Water Yes. 

12  Total Loss of Component Cooling 
Water 

No.  Fire cannot affect all four trains because of 
physical separation via fire barriers between the 
four CCW trains.  

13  Partial Loss of Component 
Cooling Water 

Yes. 

14  Loss of Offsite Power Yes. 

15  Loss of Vital AC Bus  No.  LOAC is included in TRANS event. 

16  Loss of Vital DC Bus No.  LODC is included in TRANS event. 

17  ATWS  No.  There are no fire induced scenarios 
identified that lead to an ATWS condition. 

 
 

Table 19.1-10 - Human Actions Considered in the Internal Events PRA and Fire PRA 
 
 Event ID Descriptions Initiating Events 

1 ACWOO02CT  To establish the alternative CCWS by 
Cooling Tower System  

LOOP 

2 ACWOO02FS  To establish the alternative CCWS by Fire 
Suppression System  

LOOP 

3 CWSOO01ISO  To close CCW tie-line valve between trains  All 

4 EFWOO01006AB  To changeover EFW pit  All 
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 Event ID Descriptions Initiating Events 
5 EFWOO01014  To open EFW tie-line valve between trains  SLOCA, TRANS, 

LOFF, PLOCCW 
6 EFWOO01014-LO  To open EFW tie-line valve between trains  LOOP 
7 EFWOO01014-SB  To open EFW tie-line valve between trains  SLBO, SLBI 
8 EPSOO01UATRAT  To separate 52/UATA, D or 52/RATA, D 

(breaker) at local  
All 

9 EPSOO02RDG  To connect the alternate AC power source 
to Class 1E bus  

All 

10 HPIOO01001A (B, 
C,D) 

To isolate HHIS train A (B, C, D) that is 
caused external leakage  

All 

11 HPIOO01SDVDAS  To open safety depressurization valve by 
DAS  

All 

12 HPIOO02FWBD  Feed and bleed operation  TRANS, LOFF, 
LOOP 

13 HPIOO02FWBD-S  To open safety depressurization valve  SLOCA, SLBO, 
SLBI, PLOCCW 

14 MSPOO02STRV  Second side cooling operation  SLOCA, 
PLOCCW, LOOP 

15 NCCOO02CCW  Alternative containment cooling by 
recirculation unit operation  

All 

16 RSSOO01CSP  To start CSS  All 
17 RSSOO01CSS001A 

(B, C, D) 
Isolation of CS/RHR train A (B, C, D) to 
prevent external leakage  

All 

18 RSSOO02LNUP  Alternative core cooling operation  SLOCA, 
PLOCCW, LOOP 

19 RWSOO01RWAT  To isolate Refueling Water Recirculation 
system when external leakage is caused 

All 

 
Task 3:  Fire PRA Cable Selection  
 
The applicant performed this task to identify the circuits/cables and its locations/routings 
associated with the components modeled in the fire PRA.  This information is to be used to 
identify the fire PRA components that could potentially be affected by a postulated fire at a 
different location.  The task is documented in Attachments 23B through 23G to the US-APWR 
Fire PRA.  Attachment 23B, “List of Fire PRA components,” provides the electrical power 
sources needed for fire PRA components.  Tables 23D-1 through 23D-3 of Attachment 23D, 
“Matrix of Fire PRA Components Dependencies,” show the dependencies between fire PRA 
components and support systems, fire PRA components and electrical cabinets, and ESF 
actuation systems and reactor protection systems, respectively.  Attachment 23E, “List and 
Drawing of Cable Routes of Fire PRA Components,” presents the cables routing information.  
Attachment 23F lists the fire PRA components in each fire compartment and Attachment 23G 
indicates the fire PRA cables routed in each fire compartment.  
 
The staff reviewed these attachments and finds that the cable database is comprehensive for 
DC purposes, because?? and is therefore acceptable. 

 
Task 4:  Qualitative Screening 
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The objective of this task is to screen out those fire compartments that would neither contain 
any fire PRA components/cables nor lead to a plant trip due to plant procedures, automatic trip 
signal, or TS requirements.  The applicant followed NUREG/CR-6850 guidance using fire 
compartment information (i.e., fire PRA components and the associated cables) to achieve an 
initial qualitative screening.  For each compartment, the following screening criteria were 
applied: 
 
1. The compartment does not contain any fire PRA components or cables, and 
2. Fires in the compartment would not lead to an automatic trip or a manual shutdown. 
 
Since the US-APWR fire response procedures and emergency operating procedures have not 
been completely developed, the applicant assumed that all fire compartments in the R/ B, power 
source building, and T/B would contain cables that could lead to a reactor trip if damaged. 
 
The fire compartments that survived the qualitative screening of this task are specified in US-
APWR PRA Table 23.5-1, “Results of Qualitative Screening Analysis for Single Compartment 
Fire Scenarios.”  Attachment 23M, “Single-Compartment Fire Scenarios” of the US-APWR PRA 
provides detailed information such as fire-induced IEs, fire scenarios, fire protection features, 
fire scenarios, and other supportive information that was used to perform the screening. 
 
The staff finds that the applicant properly conducted the qualitative screening consistent with the 
guidance provided in NUREG/CR-6850 and that it is therefore acceptable. 
 
Task 5:  Fire-Induced Risk Model 
 
As described in Section 23.6.2 of the US-APWR PRA, “Process and Results,” the applicant 
modified Level 1 internal events PRA with input from Task 2 “Fire PRA Component Selection” 
described above to develop fire-induced risk model.  Attachment 23H, “Fire PRA Model at 
Power,” to the US-APWR PRA compiles the event tree (ET) models used in fire PRA to 
calculate the conditional core damage probabilities (CCDPs). 
 
In addition to the ETs developed in the internal events PRA that being used in the fire PRA, the 
applicant developed two additional ETs as follows: 
 
1. Hierarchy ET – It was developed to assess the IEs caused by each fire scenario.  Fire-

induced CCDP is a combination of this ET and the ETs in the internal events PRA.  The 
hierarchy ET is shown in Figure 23.6-1, “Hierarchy ET for Compartment Fire,” of the US-
APWR PRA. 

 
2. MCR Evacuation ET – It was developed to evaluate the fire scenario in which plant 

operation would be performed from the remote shutdown panel after MCR evacuation.  
This ET is shown in Figure 23.6-2, “ET for MCR fire scenario” of the US-APWR PRA.  In 
the MCR ET, the upper branches of top event “EVA – Evacuation to RSP from MCR” 
refer to the operator actions from the safety VDU in the MCR, and the lower branches 
represent the operator actions in the RSC.  The success paths and failure paths of top 
event “EVA” are identical because all equipment that is operated from the operator 
console (OC) VDU in the MCR can also be operated from the RSC. 
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To gain a better understanding of the basis underlying the MCR fire analysis described in 
Section 23.6.2 of the US-APWR PRA, the staff issued RAI 641-5045, Question 19-476, 
requesting that the applicant provide additional information for the following: 
 

• Timing and location of transfer switch required for transferring control of the plant 
to the remote shutdown console. 
 

• Systems/functions that could be controlled from the remote shutdown console. 
 

• Random failure probability of remote shutdown console given a successful 
transfer. 

 
In its response dated October 29, 2010, to RAI 641-5045, Question 19-476, the applicant 
specified that when evacuating the MCR, both switches on the RSC Changing Board 1 
(installed in FA 2-504 “Remote Shutdown Console Room”) and on RSC Changing Board 2 
(installed in FA 2-501 “Emergency Feedwater Pit Area/East side corridor”) are required to 
change position to transfer the control from MCR to RSC. 
 
Regarding the RCS systems and functions, Sections 6.2.2, “Containment Heat Removal 
Systems;” 6.3.2, “System Design;” 6.3.5, “Instrumentation Requirements;” 7.4.1.5, “Normal and 
Safe Shutdown from Outside the MCR;” and 7.4.1.6, “Normal and Safe Shutdown Functions,” of 
the DCD Chapter 6, “Engineered Safety Features,” identify the systems/functions that are 
controlled from RCS.  In addition, Tables 7.4-1, “Component Controls for Shutdown,” and 7.4-2, 
“Indication for Shutdown,” in the DCD Chapter 7, “Instrumentation and Controls,” list the controls 
and indications from RCS. 
 
The design of RSC equipment is equivalent to that of the operational VDUs installed in the 
MCR.  Therefore, the reliability of RSC equipment is assumed to be equivalent to that of the 
equipment in the MCR.  Random failure probability of the VDUs is low and not taken into 
account in the internal events PRA, and therefore is not modeled in the fire PRA. 
 
The MCR fire ET has been developed based on the TRANS ET modeled in the internal events 
PRA.  Any fire in the MCR was assumed to not induce a spurious operation of equipment, since 
the US-APWR safety I&C system is digital.  In the case of a MCR fire, it is assumed that the 
operator will manually trip the plant.  The MCR is equipped the fiber optic cables, thus the 
spurious signals could not be induced by fire damage.  In the MCR ET model, the top event 
"Main Feedwater Recovery" has been excluded because the MFW system was assumed to be 
lost.   
 
The staff finds that the probability values assigned to the top events and the basis for selection 
of key input parameters to quantify the MCR ET have not been clearly discussed and 
documented.  Thus, in RAI 639-5028, Question 19-462, the staff requested additional 
information on the control room abandonment actions/process, fire suppression, treatment of 
the availability of plant systems following control room abandonment, and the HEP used in the 
quantification. 
 
In its response dated October 29, 2010, to RAI 639-5038, Question 19-462, the applicant 
indicated that a top event “EVA” has been added to the MCR ET representing MCR evacuation.  
The success criteria are equivalent to the transient ET.  All fault trees linked to the MCR ET are 
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the same as those of the transient ET, except top event “EVA” in which the operator action from 
the RSC is added to the model. 
 
In its response to the follow-up RAI 744-5668, Question 19-505, dated September 8, 2011, 
regarding top event “EVA,” the applicant stated that the probability of EVA has been estimated 
by using the MCR fire event data presented in NUREG/CR-6850, Appendix -C, Table C-4 as 
follows. 
 
The fires of category "challenging fire" of the MCR fire events in Table C-4 of NUREG/CR-6850 
are assumed as the fires that cause evacuation from MCR.  The probability of EVA has been 
estimated by taking the number of MCR challenging fire events (5 events) and divided by total 
number of MCR fire events (26 events), which yields EVA = 0.2. 
 
For transferring control of the plant from MCR to RSC, both of the transfer switches are required 
to function.  One of the transfer switches is furnished on the "RSC Changing Board 1," which is 
installed in the RSC room FA2-504.  The other is furnished on the "RSC Changing Board 2," 
which is installed in the EFW pit area in the east-side corridor FA2-501. 
 
The staff finds that the transferring of plant control from MCR to RSC, including the transfer 
switches and operator actions, is important to the MCR fire risk model and is the key contributor 
to the fire risk estimate.  Thus, in RAI 967-6790, Question 19-573, the staff requested the 
applicant to enhance DCD Table 19.1-119 “Key Insights and Assumptions” to reflect the staff 
finding associated with the control transfer from MCR to RSC, ensuring that all important 
assumptions and insights remain valid for future plants.  RAI 967-6790, Question 19-573, 
associated with the above request, is being tracked as an Open Item 19.1-FIRE-573. 
Two kinds of operator actions that are considered from the RSC:  (1) operator action to supply 
water from the alternative EFW pit to the SG, and (2) operator action to initiate feed and bleed.  
The HEP of both actions was assigned to 0.1.  The fire suppression is not credited in fire PRA 
since its detailed information is not available. 
 
Regarding the containment/vessel fire area, the staff observed that RCP fires due to oil leakage 
have been excluded from the analysis, although they are the source of most fires in-
containment in operating history.  The staff cannot find sufficient design information regarding 
the specific oil collecting system in US-APWR DCD to conclude that reactor coolant pump fires 
would not occur in the containment and could be eliminated from the fire PRA.  In RAI 639-
5028, Question 19-458, the staff requested that the applicant reassess containment/vessel fire 
area to correctly address RCP fires and other fixed ignition sources or provide further 
justification for the exclusion. 
 
In its response dated October 29, 2010, to RAI 639-5028, Question 19-458, the applicant stated 
that the fires caused by oil leaks from the RCP motor lubricating system have been screened 
out based on the following.. 
 
For each RCP, the motor oil collection system is installed to assure that the leaked lubrication 
oil would not spray or spread to the surroundings.  The leaked oil would be collected to the 
collection tank; therefore, the fire occurrence due to leaked lubrication oil would not be 
postulated because there is a very low chance for the leaked lubrication oil to contact the hot 
surface.  The RCP oil collection system is designed to comply with the requirement of 
Regulatory Position 7.1 of RG 1.189, “Fire Protection for Nuclear Power Plants,” and those of 
Section 10.2.1.10 “Identification of and Protection Against Hazards” of NFPA 804.  The design 
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is in conformance with RG 1.189 as shown in DCD Table 9.5.1-1, “US-APWR Fire Protection 
Program Conformance with RG 1.189,” and in conformance with NFPA 804 as shown in DCD 
Table 9.5.1-2, “US-APWR Fire Protection Program Conformance with NFPA 804.” 
 
Based on the above response, the staff concluded that the issues raised by the staff have been 
reasonably addressed by the applicant, and the staff considers RAI 639-5028, Question 19-458, 
resolved. 
 
Regarding the turbine generator and T/B fires, it is anticipated that some fires would result in a 
turbine trip event.  However, the staff cannot find any fire-induced turbine trip modeled in the fire 
PRA.  Thus in RAI 639-5028, Question 19-460, the staff requested that the applicant justify why 
turbine trip is excluded from the fire PRA model. 
 
In its response dated October 29, 2010, the applicant stated that a fire in compartment FA6-
101-01 in the T/B would have a potential to cause a turbine trip due to fire damage to the turbine 
generator and/or turbine trip solenoid valves.  In this case and other similar cases, the transient 
ET is used to represent this scenario since the turbine trip event is categorized the same as the 
general transient event. 
 
The staff finds that the applicant has reasonably addressed the turbine trip issue and, therefore, 
the staff considers RAI 639-5028, Question 19-460, resolved. 
 
Task 6:  Fire Ignition Frequency 
 
The applicant estimated plant fire ignition frequencies by mapping the plant ignition sources to 
the corresponding bins provided in Table 6-1 of NUREG/CR-6850. 
 
Using ignition source weighting factors as described in NUREG/CR-6850 Section 6.5, the 
applicant calculated the ignition frequency associated with each compartment.  The applicant 
indicated that all cables used in US-APWR are “qualified cables”; therefore, bin # 12 “Self-
ignited cable fires” has been omitted based on the guidance provided in Appendix R of 
NUREG/CR-6850.  The results of this task are summarized in Attachment 23J, “Fire 
Frequencies by Fire Compartment” of the US-APWR PRA.  Table 23J-1, “List of Fire Frequency 
for Fire Compartment,” shows the estimated fire ignition frequency for every fire compartment.  
Table 23J-2, “Fire Ignition Frequencies,” provides the combustible materials, number of 
equipment, fire frequency bins, weighting factors, ignition frequency per fire source, and ignition 
frequency for each fire zone.  Table 23J-3, “Fire Frequency Bins and Generic Frequencies,” 
indicates the number of equipment associated with each fire ignition bin. 
 
Regarding the control room ignition frequency, in its response to RAI 744-5668, Question 19-
505, the applicant stated that most of US-APWR plant control systems are composed of low 
current digital systems.  Although sufficient fire event data of digital control system have not 
been recorded, the fire frequency of low current digital system is judged to be smaller than the 
fire frequencies of conventional nuclear plants with analog control circuits.  In this assessment, 
to be conservative, the applicant has set the fraction of MCR abandonment to same fraction of 
conventional plant MCR. 
 
The staff reviewed Attachment 23J of the US-APWR fire PRA and concludes that the fire 
ignition frequencies used in the fire PRA have been reasonably estimated consistent with 
NUREG/CR-6850 and are therefore acceptable. 
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Task 7:  Quantitative Screening 
 
In this task, the applicant quantified the fire model developed in Task 5 to screen out fire 
compartments and scenarios based on their contribution to fire risk.  The quantitative screening 
criteria described in NUREG/CR-6850 Section 7.5 were used to perform this task.  The CCDP 
for each fire compartment was calculated using the fire model developed in Task 5.  If a fire has 
a potential to cause more than one initiating event in one fire compartment, the CCDP of each 
initiating event was calculated separately.  In addition, the occurrence probability of each 
initiating event was calculated using the hierarchy event tree.  Table 23.8-1, “Result of 
Quantitative Screening Analysis (CDF),”of the US-APWR PRA provides the CCDP of each fire 
scenario.  Subsequently, the CDF associated with each single fire compartment was calculated 
by multiplying the fire ignition frequency estimated in Task 6 and the CCDP.  The resulting CDF 
for each compartment is also presented in US-APWR PRA Table 23.8-1. 
 
The applicant used the following CDF and LRF criteria, as described in NUREG/CR-6850, to 
screen fire compartments from further analysis: 
 

• CDF < 1.0E-7/yr. 
 

• Sum of fire CDFs for all screened out fire compartments < 10 percent of internal 
event average CDF. 

 
While the CDF screening criterion is set at 1.0E-7/yr, the applicant has lowered the threshold to 
5.7E-09/yr to satisfy the second screening criterion of total screening fire CDF of less than 10 
percent of internal events CDF.  The results from the quantitative screening analysis are 
provided in Table 23.8-1 of US-APWR PRA.  Of 172 single-compartment fire scenarios (MCR is 
not included), 160 compartments have been screened out based on the 5.7E-09/yr CDF 
criterion.  The sum of all screened out fire CDFs was found to be 9.8E-08/yr, which is less than 
10 percent of internal events CDF of 1.0E-06/yr. 
 
The following 12 fire scenarios have survived the initial quantitative screening: 
 

1. FA1-101-17:  C/V 3F Northwestern Part Floor Zone. 
2. FA1-101-24:  C/V 4F Southwestern Part Floor Zone. 
3. FA2-202:  A Class 1E Electrical Room. 
4. FA2-205:  D Class 1E Electrical Room. 
5. FA2-302:  A Class 1E UPS Room. 
6. FA2-304:  A Class 1E I&C Room. 
7. FA2-309:  D Class 1E I&C Room. 
8. FA3-103:  B Class 1E GTG Room. 
9. FA3-109:  C Class 1E GTG Room. 
10. FA6-101-01:  Turbine Building B1F Floor. 
11. FA6-101-04:  FA6-101-04 Zone. 
12. YARD:  Switchyard (Transformer – Catastrophic). 

 
The staff finds that using the CDF screening criterion of 5.7E-9/yr bounded the screening criteria 
described in Table 7-2 “Quantitative Screening Criteria for Single Fire Compartment Analysis” 
and Table 7-3 “Quantitative Screening Criteria for All Screened Fire Compartments” of 
NUREG/CR-6850, and is therefore acceptable. 
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The staff also verified that the sum of all screened out fire compartment CDFs is less than 10 
percent of the Revision 3 internal events CDF of 1.0E-6/yr and consistent with NUREG/CR-
6850, Table 7-3 “Quantitative Screening Criteria for All Screened Fire Compartments”. 
 
The staff review observed that for all 172 single-compartments identified in Table 23.8-1 of the 
US-APWR PRA, only two fire areas that fire-induced LOOP has been assigned to them.  In RAI 
641-5045, Question 19-473, the staff requested clarification on the modeling of fire-induced 
LOOP that there are no other fire areas besides “FA6-101-04” and “Switchyard” that fire could 
cause a LOOP event to occur. 
 
In its response dated October 29, 2010, the applicant clarified that although only two single 
compartment fire scenarios would induce LOOP, an additional scenario of multiple compartment 
fire-induced LOOP was also postulated between FA6-101-03 (Electrical room:  1 F) and FA6-
101-14 (Electrical room: 2F) in the T/B.  Fire area FA6-101-03 contains A train and B train of 
safety-related buses and FA6-101-14 contains C train and D train of safety-related buses.  A fire 
in any fire compartments of the R/B and power source building (PS/B) would not damage all 
safety-related buses simultaneously because all fire compartments in these buildings are 
separated by the fire resistant barriers. 
 
The applicant’s response to RAI 641-5045, Question19-473, addressed staff's concern and, 
therefore, this issue is resolved. 
 
Task 8:  Scoping Fire Modeling 
 
According to NUREG/CR-6850, this task has two main objectives: 
 

1. to screen out those fixed ignition sources that do not pose a threat to the targets 
within a specific fire compartment, and 

2. to assign severity factors to unscreened fixed ignition sources. 
 
Screening some of the ignition sources in the compartment, along with the application of 
severity factors to the unscreened ones, would reduce the compartment fire frequency 
previously calculated in Task 6. 
 
The applicant chose not to perform this task at the design certification stage since this task is 
undertaken to reduce the level of effort in Task 11 “Detailed Fire Modeling.”  The staff finds that, 
since it is intended to be conservative in the fire frequency estimates by skipping this task, the 
applicant’s modeling approach is acceptable. 
 
Task 9:  Detailed Circuit Failure Analysis 
 
The purpose of this task is to conduct a more detailed analysis of circuit operation and 
functionality to determine the equipment responses to specific cable failure modes.  These 
relationships are then used to further refine the original cable selection by screening out cables 
that cannot prevent a component from completing its credited function.  This task contains the 
following key actions: 
 

• Determine the component response to postulated conductor/cable failure modes, 
and 
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• Screen out cables that do not impact the ability of a component to complete its 
credited function. 

 
The applicant performed Task 9 using the method specified in NFPA 805 Appendix-B.3 
“Nuclear Safety Circuit Analysis” as referenced in NUREG/CR-6850 Appendix I.  A circuit 
analysis per NUREG/CR-6850 guidance was conducted to establish the possibility of spurious 
actuation due to fire-induced circuit failure. 

 
In Attachment 23L “Spurious Actuation of fire PRA Components,” of the US-APWR PRA, the 
applicant provided a composite matrix of fire compartments, fire PRA components in each 
compartment (including associated cables), and reactor transient caused by the spurious 
actuation of components due to a fire. 
 
The staff reviewed US-APWR fire PRA and found that the smoke damages were not discussed 
and excluded from the fire PRA.  Thus, in RAI 639-5028, Question 19-464, the staff requested 
the applicant to address the treatment of smoke-induced damages (i.e., propagation through 
ventilation ducts to either the ventilation equipment room or to other compartments).   
 
In its response dated October 29, 2010, to RAI 639-5028, Question 19-464, the applicant stated 
that the evaluation of the smoke influenced by a fire has been conducted by referring to the 
discussion of NUREG/CR-6850. 
 
Based on current testing, four modes of smoke damage, i.e., circuit bridge, contact fouling, 
binding of mechanical movement, and direct chemical/corrosive attack, have been identified.  Of 
these four failure modes, only circuit bridging has a potential to introduce risk-significant fire 
scenarios.  This failure mode may impact two classes of equipment (1) circuit-based 
components (including digital control and instrumentation circuits) and (2) high-voltage power 
distribution devices (i.e., switchgear, motor control center (MCC), transformer, and breaker). 
 
NUREG/CR-6850 describes that in the case of a general fire, there is no smoke influence on a 
fire-originating compartment and the adjoining fire PRA compartments for a short duration.  
Based on the above information, the applicant concluded that it is unnecessary to evaluate the 
smoke influence on multiple fire PRA compartments.  Although the smoke effect of a cabinet fire 
may not spread to the whole area of a fire-originating compartment, the applicant has 
conservatively assumed in the evaluation that the fire-originating compartment would be totally 
damaged given a fire. 
 
The staff reviewed the circuit failure analysis and Attachment 23L, “Spurious Actuation of Fire 
PRA Components,” and determined that the applicant has characterized the component 
response to the conductor/cable failure modes consistent with NUREG/CR-6850 guidance and 
that the analysis is therefore acceptable. 
 
Task 10:  Circuit Failure Mode Likelihood Analysis 
 
As discussed in Section 10 of NUREG/CR-6850, Task 10 focuses on the probability of hot short 
cable failure modes, which in turn can be correlated to specific component failure modes.  The 
applicant simplified Task 10 by assigning the probability of spurious operation to be 1.0 for all 
intra and inter cables in both cable trays and conduits as compared to the NUREG/CR-6850 
recommended value. 
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The staff finds that the explicit treatment of fire-induced spurious equipment actuation in the US-
APWR PRA Section 23.9 by itself is conservative.  However, its consequence could introduce 
biases into the results, insights, and assessment of importance measures with respect to the 
relative contributions to the risk (e.g., SSCs listed in the design reliability assurance program (D-
RAP)).  Thus, the staff issued RAI 639-5028, Question 19-463, requesting the applicant to 
address the effect on the risk insights and D-RAP SSCs by the use of 1.0 conditional probability 
for fire-induced spurious equipment actuation. 
In its response dated October 29, 2010, the applicant stated that a sensitivity analysis has been 
performed using a probability of 0.02 for conduit cables and 0.05 for tray cables to evaluate the 
effects of hot shorts.  The result of this sensitivity case showed a minor impact on the fire risk.  
The sensitivity study has confirmed that the CDF and importance rankings would not be 
reduced even if the probability of hot short is set to 0.3.  In addition, the dominant fire scenarios 
have been found to not be affected by hot shorts.  Therefore the conservative treatment of fire-
induced spurious equipment actuation would not introduce any biases into the results. 
 
Based on the sensitivity study described above, the staff finds that the conservatism embedded 
in the modeling of fire-induced spurious actuation would not have any significant impact on fire 
risk result and, therefore, the staff considers RAI 639-5028 Question 19-463, resolved. 
 
Task 11:  Detailed Fire Modeling 
 
The applicant performed detailed fire modeling for three different groups: 
 

1. Single-compartment fire scenarios, 
2. Multiple-compartment fire scenarios, and 
3. MCR fire scenario. 

 
For the single-compartment fire scenarios, as discussed in Task 7 above, twelve fire 
compartments/scenarios have remained after the initial quantitative screening.  Within these 
twelve scenarios, there are two compartments (1) Yard (“switchyard” FA7-301~309) and (2) 
FA6-101-01 (T/B) that the CDF contribution is greater than 1.0E-7/yr.  The applicant decided not 
to perform detailed fire modeling citing that the detailed design information of the Switchyard 
and T/B has not yet been sufficient at the DC stage, and furthermore, the risk associated with 
these compartments is relatively quite small.  Consequently, the detailed fire modeling has not 
been performed for any single compartments.  Attachment 23M, “Single Compartment Fire 
Scenarios,” of the US-APWR PRA describes details on the fire protection feature(s), fire-
induced initiating event(s), and fire scenario(s) for each single compartment.  Table 19.1-11, 
below, provides the single-compartment ignition frequencies and the resulting CDFs. 

 
Table 19.1-11 – Single-Compartment/Scenario Fire Frequency and CDF 

 
Single 

Compartment Fire 
Scenario 

Feature Fire Ignition 
Frequency 

[/yr] 

CDF      
[/yr] 

YARD  Switchyard (FA7-301~309)  6.0E-03 2.6E-07 

FA6-101-01  Turbine Building B1F Floor  5.6E-02 2.0E-07 

FA6-101-04  FA6-101-04 Zone  1.4E-03 6.0E-08 
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Single 
Compartment Fire 

Scenario 

Feature Fire Ignition 
Frequency 

[/yr] 

CDF      
[/yr] 

FA2-202  A-Class 1E Electrical Room  2.2E-03 4.3E-08 

FA2-205  D-Class 1E Electrical Room  2.2E-03 2.8E-08 

FA1-101-17  C/V 3F Northwestern Part Floor Zone  7.5E-04 2.3E-08 

FA2-304  A-Class 1E I&C Room  1.2E-03 1.5E-08 

FA1-101-24  C/V 4F Southwestern Part Floor Zone  3.4E-04 1.1E-08 

FA2-302 A-Class  1E UPS Room  6.9E-04 9.8E-09 

FA2-309 D-Class  1E I&C Room  1.2E-03 8.4E-09 

FA3-109 C-Class  1E GTG Room  4.7E-03 7.7E-09 

FA3-103 B-Class  1E GTG Room  4.7E-03 6.6E-09 

 
The staff finds that there are inconsistencies (i.e., fire frequencies and CDFs) between DCD 
Revision 3, Table 19.1-58, “Fire Compartment Evaluation,” and PRA Revision 3, Table 23.10-1, 
“CDF of Single Compartment Fire Scenarios That Survived All Screening Steps.”  In RAI 834-
6035, Question 19-553, the staff requested clarification of these discrepancies.  In its response 
dated November 8, 2011, the applicant indicated that the DCD Table 19.1-58 contains editorial 
errors.  Therefore, DCD Table 19.1-58 will be revised in the next revision to incorporate the 
descriptions of Table 23.10-1 of the PRA report. 
 
Revision of DCD Table 19.1-58, which is associated with RAI 834-6035, Question 19-553, 
is being tracked as Confirmatory Item 19.1-FIRE-553. 
 
For multiple-compartment fire scenarios, the risk associated with each fire scenario was 
estimated by assuming that a fire would have widespread impact on the components.  The 
applicant assessed fire risk in two steps:  (a) qualitative screening analysis and (b) detailed 
analysis. 
 
Multi-compartment fire scenarios of MCR and safety I&C rooms were also analyzed.  The 
detailed assessments are documented in Attachment 23N, Fire Scenarios and Fire-Induced 
Circuit Failure Analysis Method of Main Control,” of the US-APWR PRA.  The matrices of 
exposing and exposed compartments for all analyzed scenarios are provided in Attachment 23P 
“Multiple Compartment Fire Scenario”. 
 
The qualitative screening of multiple-compartment fire scenarios was first performed based on 
the contents of the exposed compartments.  The applicant screened out an exposed 
compartment if one of the following criteria is satisfied: 
 

1. The exposed compartment does not contain any fire PRA components or cables, 
and 
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2. The fire PRA components and cables in the exposing compartment and exposed 
compartment(s) are identical. 

 
For those fire scenarios that survived the first screening, the second screening was performed 
based on an initial estimate of fire scenario occurrence frequency.  This frequency was 
established by multiplying ignition frequency, combined severity factor and non-suppression 
probability, and barrier failure probability. 
 
The applicant stated that since no credits were given to the severity factor and the fire 
suppression before propagation to an adjacent compartment, the frequency of multi-
compartment fire was estimated by simply multiplying ignition frequency by the barrier failure 
probability.  The following probability values as specified in Table 11-3 of NUREG/CR-6850 
were used to represent barrier failure. 
 
Barrier Type  Barrier Failure Probability 
Type 1 – Fire Door  7.4E-03 
Type 2 – Fire Damper  2.7E-03 
Type 3 – Fire Penetration Seal  1.2E-03 
 
In this screening, a threshold value of 5.7E-9/yr was used to screen out low contributors.  
Attachment 23P “Multiple Compartment Fire Scenario” of the US-APWR PRA provides details 
on each analyzed scenario, including: 
 

• Fire exposing (fire originated) compartments. 
• Fire exposed (propagated) compartments. 
• Pathways (floor, ceiling, wall, door). 
• Postulated initiating events. 
• Scenario occurrence frequency. 
• Core damage frequency. 
• Results from the first screening. 
• Results from the second screening. 

 
The results from the first and second screenings of multiple-compartment scenarios are shown 
in Table19.1-59, “Screened Multiple Compartment Scenarios,” of the US-APWR DCD.  The 
applicant decided not to perform detailed analysis for these scenarios citing that their CDFs are 
quite small (i.e., less than 3.0E-08/yr).  Table 19.1-12 of this report shows the resulting CDFs 
from the multiple-compartment analysis. 
 

Table 19.1-12 – Multiple-Compartment CDFs 
 

Fire Scenario No. Fire exposing Area Fire exposed Area CDF (per year) 

FA2-205-M04 FA2-205 FA2-206 2.8E-08 

FA2-202-M04  FA2-202  FA2-201  2.7E-08 

FA2-202-M11  FA2-202  FA2-307  2.1E-08 

FA2-205-M11  FA2-205  FA2-312  2.1E-08 
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Fire Scenario No. Fire exposing Area Fire exposed Area CDF (per year) 

FA6-101-01-M02  FA6-101-01  FA6-101-04  1.8E-08 

FA2-202-M10  FA2-202  FA6-101-04  1.6E-08 

FA2-205-M10  FA2-205  FA6-101-04  1.5E-08 

FA6-101-04-M04  FA6-101-04  FA2-202  9.9E-09 

FA6-101-04-M07  A6-101-04  FA2-205  9.5E-09 

FA2-307-M09  FA2-307  FA2-202  9.4E-09 

FA2-312-M08  FA2-312  FA2-205  9.4E-09 

 
The applicant examined in-containment multiple-compartment fire scenarios by using CFAST 
code to simulate the fire behavior inside the containment vessel (CV) and the fire effects to the 
exposing and exposed compartments.  A fire inside the CV may spread to multiple fire 
compartments within CV since the boundaries of these compartments are not composed of fire-
resistant barriers.  The results of CFAST simulation showed that the ambient temperature of 
each compartment would not reach damage temperature of thermoplastic cable and thus the 
influence due to transient combustible is negligible.  The containment analysis is documented in 
Attachment 23Q “Inside Containment Fire Scenario Analysis” of the US-APWR PRA. 

 
For the MCR fire scenario, the applicant assessed the risk with an assumption that, if MCR is 
under severe fire situation, operators will evacuate the MCR and activate the control from RSC.  
As discussed in the fire PRA, most of the plant control systems in US-APWR design are digital.  
These systems compose low-current equipment resulting in a lower US-APWR MCR fire 
probability compared to the existing MCR.  Accordingly, the applicant concluded that the fire-
induced MCR abandonment in US-APWR is less than that in existing plants.  In the US-APWR 
PRA, the MCR fire frequency and abandonment probability have been set to the values 
assigned for the existing plant MCR.  The conditional MCR evacuation probability was 
estimated to be 2.0E-01 based on the actual fire event data of 5 challenging fires among 26 
MCR fire events as presented in NUREG/CR-6850, Appendix-C, Table C-4. 
 
In its response dated September 8, 2011 to RAI 744-5668, Question 19-505, the applicant 
stated that the US-APWR plant control systems are composed of low current digital systems.  
Although there is not sufficient fire event data for digital control systems, it is assumed that the 
fire frequency for low current digital systems would not be greater than the fire frequencies for 
nuclear power plants employing conventional analog control circuits. 
 
The applicant used the MCR event tree developed in Task 5 to calculate MCR fire CDF with the 
following assumptions. 
 

• Because of the digital control systems, fire damage to VDU in MCR would not 
cause spurious operation of the equipment.  All affected equipment would fail-as-
is. 

 
• The automatic starting signals would not be affected since their circuits are 

separately installed in four safety I&C rooms. 
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• The transient without MFW logic is used to represent MCR fire-induced 

sequences. 
 
The MCR fire CDF was calculated to be 8.5E-9/yr.  The applicant did not perform any further 
detailed MCR fire modeling citing that the MCR fire CDF is quite small.  The staff concurs with 
the applicant’s decision that, since the MCR fire CDF is small as less than 1% of the total fire 
CDF, the detailed modeling would not provide significant additional information, and therefore, it 
is acceptable to make bounding-type MCR analysis consistent with the guidelines in RG 1.200. 
 
Task 12:  Post-fire HRA 

 
The applicant examined and modified the human error probabilities modeled in internal events 
PRA for applicability in support of fire CDF estimation.  Since the plant procedures (i.e., 
emergency operational procedure, fire emergency procedure, etc.) and plant training documents 
are not yet available at the DC stage, assumptions were made to cover insufficient information.  
Section 23.11.1, “Assumptions,” of US-APWR PRA provides the key assumptions relevant to 
the operator actions.  The following post-fire actions were added to the list of human actions: 
 

• Control of reactor operation from RSC during MCR evacuation. 
• Operator actions to close safety depressurization isolation valve. 
• Operator actions to close main steam power-operated relief valve. 

 
Human error probabilities considered in the internal events PRA have also been examined for 
applicability to the post-fire human actions. 
 

• HEP of RSC operations relevant to DAS was set to 1.0 since DAS is not installed 
in RSC. 

 
• HEP relevant to instrumentations was set to 1.0 if the instruments or associated 

cables are damaged by fire. 
 
• In case a fire occurs in FA2-109 or FA2-111, the operator action to changeover 

EFW pit was not credited because the demineralized water storage tank outlet 
valve (A or B) is installed there.  However, it is possible to line up sufficient EFW 
water by opening manual valve “EFW-VLV-001A (or B)” which is connected to 
the demineralized water storage tank and EFW pit, since these valves are 
installed in different fire compartments.  HEP of opening manual valve “EFW-
VLV-001A (or B)” was set to the HEP to changeover EFW pit. 

 
• HEP of 0.1 is assigned to the operations from RSC including alternate shutdown 

means. 
 
• HEP of operator action to isolate refueling water recirculation system was set to 

1.0 in all fire scenarios, except for MCR. 
 
A complete list of newly added Human Failure Events (HFEs) associated with RSC is provided 
in Table 23.11-1, “HEP of Operator Actions from RSC,” of US-APWR PRA.  Detailed results are 
presented in Attachment 23R “Analysis and Data of Fire PRA at Power (Level 1)” of US-APWR 
PRA. 
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The staff reviewed the applicant’s evaluation on smoke impact and issued RAI 744-5668, 
Question 19-503, requesting the applicant to further describe the method used to examine and 
modify the internal events PRA HEPs to account for the potential impacts of fire events.  The 
HEPs modeled in the internal events PRA as provided in Table 23.3-2 “Human Actions 
Considered in the Internal Events PRA Model” of US-APWR PRA Chapter 23, “Internal Fire 
Risk Assessment,” should reflect equipment/indication losses, fire induced stress, 
communications difficulties, availability of lighting, potential impacts from smoke and heat, etc. 
 
In its response dated September 8, 2011, the applicant described that the following 
assumptions were made in estimating the post-fire operator error probabilities.  In conformance 
with the requirements in RG 1.189, the fire brigade is always provided based on the fire 
protection program.  In case that fire occurs and manual fire suppression is required, fire 
brigade will be participating in fire fighting allowing the plant operators to concentrate their 
attention on plant safe-shutdown operation. 
 
The stress levels of human actions of post-fire plant safe-shutdown are assumed to not become 
higher due to the following reasons. 
 

• The communication system would remain active during a fire because the 
redundant plant communication systems are installed with a minimum of two 
verbal communication paths between all plant locations. 

 
• The lighting system would remain active during a fire because emergency 

lighting system with redundant power sources is provided to every fire area. 
 
• Since fire dampers are installed in series to all HVAC ducts, the probability of 

heat and smoke propagation to adjacent fire compartment is assumed to be very 
low. 

 
Recovery of equipment damaged by a fire is not modeled.  Also if instrumentation equipment for 
monitoring plant condition is damaged by a fire, relevant operator actions are not expected. 
 
Accordingly, in the fire PRA, the applicant has examined and modified the HEPs estimated in 
the internal events PRA based on the following assumptions. 
 

• Recovery of equipment damaged by a fire has not been postulated, therefore, no 
credit has been taken for the operation of any equipment damaged by a fire. 
 

• Fire-induced heat and smoke effects may have a potential to jeopardize 
communication between the area of the fire and the MCR.  Therefore, no credit 
has been taken for operation of the equipment in the fire compartments affected 
by the fire. 
 

• The probability of heat and smoke propagation to the adjacent fire compartment 
is assumed to be very low because the fire dampers have been installed in series 
to all HVAC ducts in the fire compartments.  Therefore the heat and smoke 
propagation to the adjacent fire compartment through the duct is not considered.  
Consequently, the stress level of operators in the adjacent fire compartment 
would not increase. 
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• For the case where a fire has a potential to affect the function of instrumentation 

required for monitoring plant condition, the HEP of any operation associated with 
responding to information from the affected instrumentation is set to 1.0. 
 

• For the case where a fire in the MCR has a potential to jeopardize the ability of 
operations in the MCR, the operators would abandon the MCR and evacuate to 
the remote shutdown room (RSR) to perform required operations from the 
remote shutdown console.  The operating environment of RSR is worse than 
MCR because annunciations in RSR are not alarming and not blinking.  In 
addition, the supervisor console and shift technical advisor console for plant 
monitoring are not installed in RSR.  In this scenario, the HEP for operations at 
the RSR is set to 0.1. 

 
The staff finds the applicant’s approach reasonable because the applicant agreed to modify 
Table 19.1-119 to include the human error probability assumptions as detailed in the response.  
RAI 744-5668, Question 19-503.  RAI 744-5668 is being tracked as Confirmatory Item 19.1-
LEVEL1-503. 
 
Task 13:  Seismic fire interactions 

 
The applicant evaluated seismic-fire interaction issues by following the guidance provided in 
NUREG/CR-6850.  As discussed in the US-APWR fire PRA Section 23.12, “Seismic–Fire 
Interaction (Task 13),” based on the qualitative assessment of the effects of a fire due to an 
earthquake, the applicant concluded that: 
 

• Sufficient protections exist in US-APWR design preventing potentially significant 
seismically induced fires. 
 

• Since no credit is given to the fire suppression systems, examination of the 
seismic degradation of the fire suppression systems is not performed. 
 

• Since no credit is given to the fire detection and alarm systems, examination of 
the potential impact on spurious fire detection signals is not performed. 
 

• Since no credit is given for the manual fire suppression, examination of the 
potential impact of seismic event on manual fire fighting is not performed. 

 
Because plant walkdown cannot be performed during the DC stage, the staff reviewed the 
detailed information provided in US-APWR PRA Section 23.12 and finds that the applicant 
reasonably addressed the potential seismic-fire interactions consistent with the guidance 
provided in NUREG/CR-6850, and is therefore acceptable. 
 
Task 14:  Fire Risk Quantification 

 
Based on the fire PRA model and quantification as described in Chapter 23, “Internal Fire Risk 
Assessment,” of the US-APWR PRA, the total CDF from internal fire events was calculated to 
be 8.6E-07/yr.  This value is well below the Commission’s goal of 1E-04/yr as described in 
SECY-90-016, and is therefore acceptable. 
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The single-compartment fire scenarios contribute about 6.7E-07/yr to the total internal fire CDF.  
The multi-compartments fire scenarios contribute about 1.8E-07/yr to the total fire CDF.  In 
addition, the MCR fire contributes about 8.5E-09/yr to the total fire CDF.  Table 19.1.5-3 of this 
report shows the fire frequencies and resulting CDFs from the single-compartment fire 
scenarios.  Table 19.1.5-4 of this SER provides the fire frequencies and resulting CDFs from the 
multi-compartments fire scenarios.  The dominant fire scenarios and their contributions to the 
internal fire CDF are identified as follows. 
 
Yard Fire (Switchyard) - This area contains the main transformer, four unit auxiliary 
transformers, and four reserve auxiliary transformers.  A fire of one transformer may cause a 
cascade of multiple transformer failures resulting in a LOOP event.  As described in Section 
23.5.2 of the US-APWR PRA, the “Transformer Yard” is partitioned into nine fire compartments.  
The “Transformer Catastrophic,” “Transformer Non-catastrophic,” and “Other Yard 
Transformers” have been identified as potential fire ignition sources in these nine 
compartments.  The “Transformer Catastrophic” fire scenarios represent an event that all 
transformers installed in these compartments are damaged resulting in a LOOP.  The impacts 
from “Transformer Non-catastrophic” and “Other Yard Transformers” fire events are confined to 
the origin compartment. 
 
The total fire ignition frequency is calculated to be 6.0E-3/year.  The CCDP is estimated to be 
4.3E-5.  The resulting CDF of switchyard fire is 2.6E-7/yr, contributing about 30 percent to the 
total fire CDF.  The postulated fire scenario composes the following elements: 
 

• Fire would cause a LOOP event because the main transformer, unit auxiliary 
transformers, and reserve auxiliary transformer are assumed to be damaged. 
 

• Offsite power cannot be recovered. 
 

• All four Class-1E GTGs are unavailable due to random failures. 
 

• Operators fail to connect Class 1E bus to AAC due to human error. 
 

• Core damage would result because of the loss of all power supplies to the safety 
systems. 

 
FA6-101-01 (T/B other floor) – This fire area encloses many compartments in the T/B that 
consist several fire ignition sources.  The fire ignition frequency of this fire area is estimated to 
be 5.6E-2/yr.  This fire area contains the turbine bypass valves that spurious operation of these 
valves may lead to a transient event.  The CCDP of this fire scenario is estimated to be 3.6E-6.  
The resulting CDF of this scenario is 2.0E-7/yr, contributing about 23 percent to the fire CDF. 
 
FA6-101-04 (FA6-101-04 zone) – The ignition sources postulated for this fire area include 
transient combustibles and cable fires caused by welding or cutting.  The overall fire ignition 
frequency is estimated to be 1.4E-3/yr.  A fire in this area would result in a LOOP event since it 
contains cables from all four safety-related train bus ducts of offsite power sources.  The CCDP 
of this fire scenario is estimated to be 4.3E-5.  The resulting CDF of this scenario is 6.0E-8/yr, 
accounting for about 7 percent of the total fire CDF.  The postulated fire scenario composes the 
following elements: 
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• Fire would cause a LOOP by damaging all four safety bus ducts located in this 
fire area. 
 

• Offsite power cannot be recovered because all paths from offsite power to the 
Class 1E buses would be affected. 
 

• All four Class 1E GTGs are unavailable due to random failures. 
 

• Operators fail to connect Class 1E bus to AAC due to human error. 
 

• Core damage is resulted due to the loss of all power supplies to the safety 
systems. 

 
FA2-202 (A Class 1E electrical room) – This area contains Train A Class 1E electrical 
cabinets and their associated cables.  The fire ignition frequency for this area is estimated to be 
2.2E-3/yr.  A fire in FA2-202 may damage Train A mitigation system function of metal clad 
switchgear and the control center.  Therefore, a safety depressurization valve, SI pump A, CCW 
Pump A, and ESW Pump A may become unavailable following the fire event.  In addition, 
feedwater isolation valves of SGs A and B may have failed due to spurious closure caused by 
control cable damage resulting in a loss of EFW supply to two SGs.  The CCDP of this fire 
scenario is estimated to be 1.9E-5.  The resulting CDF of this scenario is 4.3E-8/yr, accounting 
for about 5.0 percent of the total fire CDF. 
 
FA2-205 (D Class 1E electrical room) – This area contains Train D Class 1E electrical 
cabinets and their associated cables.  The fire ignition frequency for this area is estimated to be 
2.2E-3/yr.  A fire in FA2-205 has a potential to damage Train D mitigation function of metal clad 
switchgear and control center.  Therefore, a SDV, SI pump D, CCW pump D, and ESW pump D 
may become unavailable.  In addition, feedwater isolation valves of SGs C and D may have 
failed due to spurious closure caused by control cable damage resulting in a loss of EFW supply 
to both SGs.  The CCDP of this fire scenario is estimated to be 1.3E-5.  The resulting CDF of 
this scenario is 2.8E-8/yr, accounting for about 3.3 percent of the total fire CDF. 
 
FA2-205-M04 (Propagation from FA2-205 to FA2-206) - This fire scenario initiated in Train D 
Class 1E electrical room (FA2-205) and propagated to R/B 1F west corridor (FA2-206).  The fire 
ignition frequency of FA2-205-M04 is estimated to be 2.2E-3/yr. 
 
FA2-205 contains the cables of SDV, and FA2-206 contains cables of isolation valve.  The fire 
scenario has a potential to cause spurious opening of safety depressurization valve and may 
result in a SLOCA event.  This fire scenario also has a potential to damage Train D metal clad 
switchgear, control center, DC control center, resulting in a loss of both Train C and Train D 
mitigation functions.  The fire scenario may also damage the control cables of the accumulator 
outlet valve and nitrogen line isolation valve.  The postulated fire scenario composes the 
following combination: 
 

• Spurious opening of pressurizer safety depressurization valve and failure to close 
safety depressurization isolation valve, resulting in a SLOCA event. 
 

• Random failure of SIS or associated support systems (e.g., ESWS) would result 
in core damage. 
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The CCDP of this fire scenario is estimated to be 1.7E-3.  The CDF of this fire scenario is 
estimated to be 2.8E-08/yr, accounting for about 3.3 percent of total fire CDF. 
 
FA2-202-M04 (Propagation from FA2-202 to FA2-201) – This fire scenario initiated in Train A 
Class 1E electrical room (FA2-202) and propagated to corridor (FA2-201).  The fire ignition 
frequency of FA2-202-M04 is estimated to be 2.2E-3/yr. 
 
FA2-202 contains the cables of SDV and FA2-201 contains the cables of the isolation valve.  
This multi-compartment fire scenario has a potential to cause spurious opening of safety 
depressurization valve, resulting in a SLOCA event.  The fire scenario also has a potential to 
damage A-train of metal clad switchgear, control center, and DC control center, resulting in a 
loss of both Train A and Train B mitigation functions.  The fire scenario also damages the 
control cables of accumulator outlet valve or nitrogen line isolation valve of every accumulator, 
resulting in a loss of accumulator function.  The postulated fire scenario composes of the 
following combination: 
 

• Spurious opening of pressurizer safety depressurization valve and failure to close 
safety depressurization isolation valve, resulting in a SLOCA event. 
 

• Random failure of SIS or associated support systems (e.g., ESWS) would result 
in core damage. 

 
The CCDP of this scenario is estimated to be 1.6E-3.  The CDF of this fire scenario is estimated 
to be 2.7E-8/yr, accounting for about 3.2 percent of the total fire CDF. 
 
The top cutsets for the above dominant fire scenarios are provided in Table 19.1-60 of the US-
APWR DCD. 
 
Significant SSCs, Operator Actions, and Common Cause Events 
 
Table 19.1-62 through Table 19.1-69 in the US-APWR DCD show the important contributors to 
the internal fire CDF based on the FV importance measure (FV greater than or equal to 0.005), 
or the RAW importance measure (RAW greater than or equal to two).  US-APWR DCD Table 
19.1-62, “Basic Events (Hardware Failure, Human Error) FV Importance for Fire,” shows the 
risk-significant contributors to the fire CDF based on the FV importance measure.  The following 
events have the highest FV:  
 
Rank Basic Event ID Basic Event Description BE Prob. FV 

1 RCP----SEAL  RCP Seal LOCA  1.0E+00 3.8E-01 
2 EPSOO02RDG (HE) Fail to Connect the Alternate 

AC Power Source to Class 1E Bus 
2.1E-02 3.0E-01 

3 FA6-101-01_10 Initiating Event Occurrence 
Probability (SLBO) 

1.0E+00 2.4E-01 

4 EPSCF4DLLRGTG-ALL Class-1E GTG A,B,C,D Fail to Run 
After First Hour of Operation (CCF) 

9.9E-04 2.4E-01 

5 HPIOO02FWBD-S (HE) Fail to Open Safety 
Depressurization Valve 

2.6E-03 1.2E-01 

6 SGNOO01S  (HE) Fail to Start Safety Injection 
Pump by DAS  

5.7E-02 1.1E-01 

7 SGNBTSWCCF2  Group-2 Application Software CCF  1.0E-05 1.0E-01 
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Rank Basic Event ID Basic Event Description BE Prob. FV 
8 EFWOO01006FIREAB  (HE) Fail to Changeover EFW Pit 

from B to A  
1.7E-02 8.8E-02 

9 FA6-101-04 Initiating Event Occurrence 
Probability (LOOP) 

1.0E+00 7.0E-02 

10 HPIOO02FWBD (HE) Fail to Open Safety 
Depressurization Valve and Start 
Safety Injection Pump 

3.8E-03 6.2E-02 

 
US-APWR DCD Table 19.1-63, “Basic Events (Hardware Failure, Human Error) RAW for Fire,” 
shows the risk-significant contributors to the fire CDF based on the RAW importance measure.  
The most important events are: 
 
Rank Basic Event ID  Basic Event Description  BE Prob. RAW 

1 RTPBTSWCCF  Basic Software CCF  1.0E-07 7.5E+04 
2 SGNBTSWCCF2  Group-2 Application Software 

CCF 
1.0E-05 1.0E+04 

3 SGNBTHWCCF  Digital I&C Hardware CCF  2.1E-06 9.5E+03 
4 EPSCF4CBSC52UAT-ALL  EPS 52/UATA,B,C,D (Breaker) 

Spurious Close (CCF)  
1.6E-07 9.4E+03 

5 EPSCF4CBSC52RAT-ALL  EPS 52/RATA,B,C,D (Breaker) 
Spurious Close (CCF)  

1.6E-07 9.4E+03 

6 EFWCF2CVOD008-ALL  EFS-VLV-008A,B Fail to Open 
(CCF)  

2.4E-06 1.7E+03 

7 EFWCF4CVOD018-ALL  EFS-VLV-018A,B,C,D Fail to 
Open (CCF)  

1.7E-06 1.7E+03 

8 EFWCF4CVOD012-ALL  EFS-VLV-012A,B,C,D Fail to 
Open (CCF)  

1.7E-06 1.7E+03 

9 RTPCF4ICYRRT7001-ALL  SG Water Level Sensor (Narrow 
Range) CCF  

1.4E-06 1.7E+03 

10 EFWCF4MVFC017-ALL  EFS-MOV-017A,B,C,D Fail to 
Control (CCF)  

8.5E-07 1.7E+03 

 
US-APWR DCD, Table 19.1-64, “Common Cause Failure FV Importance for Fire,” shows the 
risk-significant common cause events from the fire PRA based on the FV importance measure.  
The most important common cause events are: 
 
Rank Basic Event ID  Basic Event Description  BE Prob. FV 

1 EPSCF4DLLRGTG-ALL  Class-1E GTG A,B,C,D Fail to Run 
After First Hour of Operation (CCF)  

9.9E-04 2.4E-01 

2 SGNBTSWCCF2  Group-2 Application Software CCF 1.0E-05 1.0E-01 
3 EPSCF4DLADGTG-ALL  Class-1E GTG A,B,C,D Fail to Start 

(CCF) 
2.1E-04 5.0E-02 

4 EPSCF4DLSRGTG-ALL  Class-1E GTG A,B,C,D Fail to Run 
During First Hour of Operation (CCF) 

1.6E-04 3.7E-02 

5 MSRCF4AVCD515-ALL MSS-SMV-515A,B,C,D Fail to Close 
(CCF)  

1.8E-04 3.3E-02 

6 EPSCF2DLLRAAC-ALL  AAC A,B Fail to Run After First Hour 
of Operation (CCF)  

1.5E-03 2.1E-02 

7 SGNBTHWCCF  Digital I&C Hardware CCF 2.1E-06 2.0E-02 
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8 HPICF4PMAD001-ALL  SIS-MPP-001A,B,C,D (SI PUMP) Fail 
to Start (CCF) 

1.1E-04 1.5E-02 

9 MSRCF4AVCD515-14  MSS-SMV-515C,D Fail to Close 
(CCF) 

5.2E-05 9.9E-03 

10 MSRCF4AVCD515-13  MSS-SMV-515A,C Fail to Close 
(CCF) 

5.2E-05 9.9E-03 

 
US-APWR DCD, Table 19.1-65, “Common Cause Failure RAW for Fire,” shows the risk-
significant common cause events from the fire PRA based on the RAW importance measure.  
The most important common-cause events based on the RAW values are: 
 
Rank Basic Event ID  Basic Event Description  BE Prob. RAW 

1 RTPBTSWCCF  Basic Software CCF  1.0E-07 7.5E+04 
2 SGNBTSWCCF2  Group-2 Application Software CCF  1.0E-05 1.0E+04 
3 SGNBTHWCCF  Digital I&C Hardware CCF 2.1E-06 9.5E+03 
4 EPSCF4CBSC52UAT-ALL  EPS 52/UATA,B,C,D (Breaker) 

Spurious Close (CCF) 
1.6E-07 9.4E+03 

5 EPSCF4CBSC52RAT-ALL  EPS 52/RATA,B,C,D (Breaker) 
Spurious Close (CCF) 

1.6E-07 9.4E+03 

6 EFWCF2CVOD008-ALL  EFS-VLV-008A,B Fail to Open 
(CCF) 

2.4E-06 1.7E+03 

7 EFWCF4CVOD012-ALL  EFS-VLV-012A,B,C,D Fail to Open 
(CCF) 

1.7E-06 1.7E+03 

8 EFWCF4CVOD018-ALL  EFS-VLV-018A,B,C,D Fail to Open 
(CCF) 

1.7E-06 1.7E+03 

9 RTPCF4ICYRRT7001-ALL  SG Water Level Sensor (Narrow 
Range) CCF 

1.4E-06 1.7E+03 

10  EFWCF4MVFC017-ALL  EFS-MOV-017A,B,C,D Fail to 
Control (CCF) 

8.5E-07 1.7E+03 

 
US-APWR DCD, Table 19.1-66, “Human Error FV Importance for Fire,” shows the risk-
significant human actions from the fire PRA based on the FV importance measure.  The most 
important operator actions are: 
 
Rank Basic Event ID  BE Description  BE Prob. FV 

1 EPSOO02RDG  (HE) Fail To Connect the Alternate AC 
Power Source to Class 1E Bus 

2.1E-02 3.0E-01 

2 HPIOO02FWBD-S  (HE) Fail to Open Safety 
Depressurization Valve  

2.6E-03 1.2E-01 

3 SGNOO01S  (HE) Fail to Start Safety Injection Pump 
by DAS  

5.7E-02 1.1E-01 

4 EFWOO01006FIREAB  (HE) Fail to Changeover EFW Pit from B 
to A 

1.7E-02 8.8E-02 

5 HPIOO02FWBD  (HE) Fail to Open Safety 
Depressurization Valve and Start Safety 
Injection Pump  

3.8E-03 6.2E-02 

6 HPIOO01SDVDAS  (HE) Fail to Open Safety 
Depressurization Valve by DAS  

5.7E-02 5.0E-02 

7 EFWOO01006FIREBA  (HE) Fail to Changeover EFW Pit from A 
to B  

1.7E-02 2.0E-02 
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8 RSSOO01CSP  (HE) Fail to Start CV Spray System  5.0E-03 1.0E-02 
9 HPIOO02FWBD-R  (HE) Fail to Open Safety 

Depressurization Valve and Start Safety 
Injection Pump by RSC  

1.0E-01 9.3E-03 

10 EFWOO01014  (HE) Fail to Open EFW Tie-Line Valve 
Between Trains  

2.6E-03 7.2E-03 

 
US-APWR DCD, Table 19.1-67, “Human Error RAW for Fire,” shows the risk-significant human 
actions from the fire PRA based on the RAW importance measure.  The most important 
operator actions are:  
 
Rank Basic Event ID  Basic Event Description  BE Prob. RAW 

1 HPIOO02FWBD-S  (HE) Fail To Open Safety 
Depressurization Valve  

2.6E-03 4.6E+01 

2 HPIOO02FWBD  (HE) Fail To Open Safety 
Depressurization Valve And Start Safety 
Injection Pump  

3.8E-03 1.7E+01 

3 SGNOO04ICVR12  (HE) Miscalibration of C/V Pressure 
Sensors A,B,C,D  

6.7E-05 1.7E+01 

4 EPSOO02RDG  (HE) Fail To Connect The Alternate AC 
power source to Class 1E Bus 

2.1E-02 1.5E+01 

5 EFWOO01006FIREAB  (HE) Fail To Changeover EFW Pit from 
B to A 

1.7E-02 6.1E+00 

6 EFWOO01014  (HE) Fail To Open EFW Tie-Line Valve 
Between Trains  

2.6E-03 3.8E+00 

7 RSSOO01CSP  (HE) Fail To Start CV Spray System  5.0E-03 3.1E+00 
8 NCCOO04014  (HE) NCC Miscalibration of CSS-PT-014  8.0E-04 2.9E+00 
9 SGNOO01S  (HE) Fail To Start Safety Injection Pump 

by DAS  
5.7E-02 2.8E+00 

10 EFWOO01006FIREBA  (HE) Fail To Changeover EFW Pit from 
A to B  

1.7E-02 2.2E+00 

 
US-APWR DCD, Table 19.1-68, “Hardware Single Failure FV Importance for Fire,” shows the 
top risk-significant SSCs from the fire PRA based on the FV importance measure.  The most 
important events are: 
 
Rank Basic Event ID  Basic Event Description  BE Prob. FV 

1 RCP----SEAL  RCP Seal LOCA  1.0E+00 3.8E-01 
2 FA2-205-M04_P  Fire Resistant Door Failure  7.4E-03 3.3E-02 
3 FA2-202-M04_P  Fire Resistant Door Failure  7.4E-03 3.2E-02 
4 FA2-205-M11_P  Fire Resistant Ceiling Failure  1.2E-03 2.5E-02 
5 FA2-202-M11_P  Fire Resistant Ceiling Failure  1.2E-03 2.5E-02 
6 FA6-101-01-M02_P  Fire Resistant Door Failure  7.4E-03 2.0E-02 
7 SWSTMPE001B  EWS-MPP-001B (B-ESW Pump) Test & 

Maintenance  
1.2E-02 1.9E-02 

8 FA2-202-M10_P  Fire Resistant Wall Failure  1.2E-03 1.8E-02 
9 FA2-205-M10_P  Fire Resistant Wall Failure  1.2E-03 1.8E-02 
10 RTPDASF  DAS Failure  1.0E-02 1.7E-02 
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US-APWR DCD, Table 19.1-69, “Hardware Single Failure RAW for Fire,” shows the top risk-
significant SSCs from the fire PRA based on the RAW importance measure.  The most 
important events are: 
 
Rank Basic Event ID  Basic Event Description BE Prob. RAW 

1 EFWXVEL006A EFS-VLV-006A External Leak Large  7.2E-08 1.6E+03 
2 EFWXVEL006B  EFS-VLV-006B External Leak Large  7.2E-08 1.6E+03 
3 RWSPMEL001A  RWS-MPP-001A (A-RWR Pump) External 

Leak Large  
1.9E-07 7.3E+01 

4 RWSPMEL001B  RWS-MPP-001B (B-RWR Pump) External 
Leak Large  

1.9E-07 7.3E+01 

5 RWSXVEL103A  SFS-VLV-103A External Leak Large  7.2E-08 6.8E+01 
6 RWSXVEL006A  RWS-VLV-006A External Leak Large  7.2E-08 6.8E+01 
7 RWSXVEL013B  RWS-VLV-013B External Leak Large  7.2E-08 6.8E+01 
8 RWSXVEL024  RWS-VLV-024 External Leak Large  7.2E-08 6.8E+01 
9 RWSXVEL028  SFS-VLV-028 External Leak Large  7.2E-08 6.8E+01 
10 RWSXVEL103B  SFS-VLV-103B External Leak Large  7.2E-08 6.8E+01 

 
The staff finds that the applicant has fully provided the internal fire PRA results and risk 
importance measures in the US-APWR DCD and PRA Chapter 23R “Analysis and Data of Fire 
PRA at Power” in accordance with the guidance provided in the SRP Chapter 19 and RG 1.200.  
 
Task 15 - Uncertainty and Sensitivity Analysis 
 
The applicant performed the uncertainty analysis using a Monte Carlo process and the 
uncertainty parameters provided in Table C.3, “Generic Fire Ignition Frequency Model for U.S. 
Nuclear Power Plants,” of NUREG/CR-6850.  The uncertainty distributions developed in the 
internal events PRA were used to establish the uncertainties in CCDPs estimates.  The results 
of the uncertainty evaluation for fire CDF are presented in US-APWR PRA Attachment 23R and 
summarized below: 
 
95th percentile = 2.7E-06/yr 
Mean = 8.6E-7/yr 
Median = 6.3E-7/yr 
5th percentile = 2.1E-7/yr 
 
As seen above, there is 95 percent confidence that the plant CDF is no greater than 2.7E-6/yr, 
which is more than an order of magnitude below the Commission’s goal of 1E-4/yr.  Therefore, 
the staff finds it acceptable. 
 
The applicant performed a series of sensitivity studies to evaluate the impact of the PRA 
modeling on the fire CDF which include: 
 

• Fire frequency of gas turbine system. 
• Credit for fire suppression system. 
• Hot-short probability of hardwired cable. 
• Probability of MCR evacuation. 
• Probability of operator manual operation. 
• Scenario of fire in containment. 
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The details and results are provided in US-APWR PRA Section 23.14 showing that none of the 
above cases are highly sensitive to the internal fire CDF. 
 
Fire PRA Insights  
 
The applicant identified various fire PRA insights as summarized below. 
 
The total US-APWR fire CDF is slightly lower to the total internal events CDF although no credit 
is taken for mitigation function of fire detection and suppression in the fire PRA. 
 
The most significant fire scenario is LOOP due to switchyard fire.  The next biggest contributor 
to the internal fire risk is the turbine-bypass valve spurious open (SLBO) due to compartment 
FA6-101-01 (T/B) fire.  Together, these two scenarios contribute approximately 53 percent of 
the total fire CDF. 
 
The probability of cable hot-short due to fire damage was conservatively set to 1.0.  The 
sensitivity study indicated that the contribution from hot-short to fire risk is low. 
 
Operator actions at remote shutdown console during MCR evacuation are the only new actions 
added to fire PRA.  A sensitivity analysis was performed conservatively using a failure 
probability of 1.0 to determine the impacts of these manual actions.  The result showed that an 
increase in fire CDF is essentially double the base fire CDF. 
 
The significant fire compartments to fire risk are the Yard (switchyard), FA6-101-01 (T/B Other 
Floor), and FA6-101-04 (FA6-101-04 zone).  A fire in the "Yard" or in "FA6-101-04" would have 
a potential to cause LOOP.  In addition, simultaneous failures of all Class 1E GTGs and 
operator action of switching to an AAC power sources would lead to a SBO event.  In these 
cases, the estimated CCDPs are higher than those of other fire scenarios, resulting in a higher 
CDF.  FA6-101-01 has higher fire ignition frequency and CDF since it contains a larger amount 
of combustible materials compared to other fire compartments. 
 
The dominant fire-induced initiating events are LOOP and SLBO.  In order to cope with these 
initiators, the EFWS is required to cool down RCS in order to avoid core damage.  If EFWS is 
unavailable to remove heat, the actuation of pressurizer SDV is needed to bleed the inventory of 
RCS.  Therefore, the functions of EFWS and pressurizer control system are found to be 
significant. 
 
All fire compartments, except for the CV and switchyard, compose of a fire resistant wall, floor, 
and ceiling; therefore, all four ESF trains are segregated individually.  The fire PRA identified no 
significant multi-compartments fire scenarios.  A fire in any fire compartments in the CV would 
not spread to the adjacent compartments as demonstrated by CFAST simulation. 
 
Significant operator action relevant to the post fire accident is the connection of Class 1E bus to 
the AAC in case of all four Class 1E GTGs unavailable.  This operator action is important 
because it is necessary to cope with a SBO, which is the dominant fire-induced initiating event. 
 
Electrical room in turbine building is divided into two fire compartments by the fire barrier, 
resulting in a reduction of fire risk. 
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19.1.4.5.2.1.4  Conclusions 
 
The staff review could not find any COL action item that ensures the COL applicant that 
references the US-APWR DC will perform as-designed and as-built information verification and 
will conduct walk-downs to confirm that the assumptions used in the PRA remain valid with 
respect to the fire events.  This issue is part of Open Item 19.1-LEVEL1-574.   
 
The staff reviewed US-APWR DCD Section 19.1.5.2 “Internal Fires Risk Evaluation” and 
confirmed that the applicant has addressed the required information relating to the internal fire 
PRA, in conformance with the guidance provided in the SRP.  The staff’s review of US-APWR 
fire PRA determines that the applicant has appropriately characterized the assumptions, 
however, as a result of Chapter 19 open items, the staff is unable to finalize its conclusion 
regarding acceptability. 
 
19.1.4.5.2.2 Level 2 PRA for Internal Fires at Power  
 
Fire scenarios are quantified using the same fault tree and event tree logic used in the internal 
events evaluation.  The calculated mean total LRF from the Level 2 PRA model for internal fires 
at power is 1.9E-7 per reactor-year.  The CCFP from all fire large release sequences is 0.22, 
given a mean fire CDF of 8.6E-07 per reactor-year. 
 
The most significant fire scenario is a turbine bypass spurious open (SLBO) event due to fire in 
turbine building fire compartment FA6-101-01 with a contribution of about 11 percent of the total 
internal fire LRF.  The second significant fire scenario is a LOOP event due to a yard fire with a 
contribution of about nine percent.    
 
A sensitivity analysis has been performed for the fire protection water supply system as a 
mitigation feature for severe accidents.  The results confirmed that the LRF for internal fires is 
greatly decreased if the fire protection water supply system can be used.  
 
The electrical room in the T/B has been divided into two fire compartments by a fire barrier.  
This has resulted in a reduction of the fire risk.   
 
Uncertainties in the evaluation of different fire scenarios are evaluated using a Monte Carlo 
process.  The results are shown in Table 19.1-13 below.  The plant LRF uncertainty accounts 
for the dominant eight scenarios.  Because the other scenarios are less than about 10-percent 
contribution of total LRF, the influence of these scenarios is low. 
 

Table 19.1-13 - Calculated uncertainties in fire-induced core damage frequency 
 

Fire CDF 
(per reactor-year) 

LRF 
(per reactor-year)* 

95th percentile 2.7 x 10-6 5.1 x10-7 

Mean 8.6 x 10-7 1.9 x 10-7 

Median 6.3 x 10-7 1.5 x 10-7 

5th percentile 2.1 x 10-7 5.2 x 10-8 

* Based on sequences that contribute 90 percent of total fire-induced LRF  



 

19-160 

 

 
19.1.4.5.3 Safety Insights from the Internal Flooding Risk Evaluation 
The applicant developed an internal flood PRA (IFPRA), including identification of the significant 
accident sequences, quantifying the leading core damage contributors, obtaining risk-significant 
functions/feature/phenomena/human-actions, and gaining related risk insights.  DCD Section 
19.1.5.3, “Internal Flooding Risk Evaluation,” summarizes the results and insights drawn from 
IFPRA.  The review of US-APWR internal flooding risk is conducted in accordance with the 
guidance provided in the SRP Section 19.1.5.3.  The detailed IFPRA is documented in Chapter 
22, “Internal Flood Risk Assessment,” of MUAP-07030-P, the US-APWR PRA, Revision 3. 
 
19.1.4.5.3.1 Level 1 PRA for Internal Floods at Power  
 
As discussed in the following sections, the applicant evaluated the risk from internal flood 
events and obtained associated risk insights by performing a combined qualitative-quantitative 
method.  Since the US-APWR has important safety-related SSCs in the R/B and PS/B, it is 
designed to provide a high degree of flood protection (i.e., physical separation into east and 
west areas, flood relief panels, water-tight doors, etc.) to mitigate R/B and PS/B against internal 
floods and potential propagation from other areas.  These design features result in a low 
probability that flooding would affect more than two safety-related systems or divisions, thereby 
minimizing the internal flood CDF. 
 
19.1.4.5.3.1.1 Methodology and Approach 
 
The US-APWR IFPRA includes potential flood scenarios in conjunction with random failures as 
part of the internal events PRA model.  The applicant developed IFPRA using both qualitative 
and quantitative approaches. 
 
Qualitative Analysis 
 
The US-APWR internal flood qualitative analysis includes four key steps: 
 
Step 1 – Identify independent flood areas and SSCs located within these areas. 
Step 2 – Identify flood sources and flood mechanisms. 
Step 3 – Perform plant walkdown to verify the information used in Steps 1 and 2 above.  

Alternately, a table-top examination has been performed at the DC stage. 
Step 4 – Perform qualitative screening by considering flood sources and modes, and flood 

propagation pathways. 
 
The major products of this phase include:  (a) screening of plant flood areas based on the 
screening criteria associated with flood sources, (b) identifying flood propagation pathways, (c) 
identifying potential impacts of floods on SSCs, and (d) selecting flood areas for the quantitative 
evaluation. 
 
Quantitative Analysis 
 
The US-APWR internal flood quantitative risk analysis comprises six separate steps commonly 
performed in the existing IFPRA in identifying flood scenarios and quantifying the flood CDF. 
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Step 1 – Develop flood scenarios for each flood source, accounting for the effects of spraying, 
local or global flooding on plant operability and safety.  Manual and automatic 
responses to an impending or imminent flood event have also been considered. 

Step 2 – Perform flood-induced initiating events analysis  
Step 3 – Evaluate the impact on equipment, including failures by submergence, spray, jet 

impingement, pipe whip, humidity, condensation, and temperature  
Step 4 – Evaluate flood mitigation strategies and perform human reliability analysis of actions 

taken by the control room operators and auxiliary operators. 
Step 5 – Develop probabilistic risk model. 
Step 6 – Quantify flood-induced accident sequences. 
 
At the DC stage, the detailed information such as flood mitigation features (i.e., drain, curb, etc.) 
and operating/emergency procedures to mitigate flooding is limited; therefore, the applicant has 
made conservative assumptions to compensate for these unavailable details. 
 
Based on the evaluation of information presented in the US-APWR DCD and IFPRA, the staff 
determines that the applicant’s modeling approach for US-APWR internal flood events is 
consistent with ASME-RA-Sc-2009 PRA Standard, and is therefore acceptable. 
 
19.1.4.5.3.1.2 Major Assumptions 
 
The US-APWR IFPRA was developed based on the assumptions provided in US-APWR PRA 
Chapter 22, as summarized below. 
 
1. Flood occurred inside CV is not included in IFPRA, since its impacts are evaluated as 

part of LOCA events in the internal events PRA. 
 
2. Potential flood sources include pipe ruptures and pressure boundary failures (e.g., tanks, 

heat exchangers, pumps). 
 
3. Concurrent of spray events or flooding events from multiple sources in a same area are 

not considered since the likelihood of concurrent occurrence is very low. 
 
4. IFPRA utilizes the success criteria described in the internal events PRA. 
 
5. Control room operators are not responsible for mitigating a flood outside of the control 

room.  Therefore, during a flood event, the HEPs for control room operator actions (e.g., 
initiating automatic depressurization systems) are assumed to be comparable to other 
initiators. 

 
6. Walls are assumed to remain intact throughout a flood event since they are designed to 

be able to withstand anticipated maximum flood loading. 
 
7. For storage tank rupture, it is assumed that the entire tank inventory is drained. 
 
8. Pipe lines not normally pressurized or charged, such as drain lines and dry fire 

protection piping are not considered as credible flood or spray sources. 
 
9. The de-mineralized water is assumed to be insignificant flood source in the T/B due to 

their limited water capacity. 
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10. Flood by the ESW system is assumed to be isolated within 15 minutes.  If the isolation is 

failed, flood water released from ESW system is assumed to be propagated to other 
areas including upper floor areas in the east or west non-restricted area of R/B.  
Flooding from the ESW system is assumed to be detectable by the leak detectors. 

 
In RAI 53-956, Question 19-101, the staff requested the applicant to describe the 
damage given that the isolation of ESWS within 15 minutes is a total success.  In its 
September 18, 2008, response to RAI 53-956, Question 19-101, the applicant described 
that if the ESWS isolation was successfully performed within 15 minutes, the amount of 
water discharged from ESW pump for 15 minutes is assumed to propagate to the east or 
west side area of the B1F in the R/B and fail both safety related trains in that side of the 
building.  If the isolation is unsuccessful, flood would propagate to the upper floor of east 
side of R/B and PS/B and fail the equipments placed in the upper areas.  The impact is 
limited to either east or west side of the R/B but not both.  The staff finds that the 
applicant has reasonably addressed this concern and, therefore, the staff considers RAI 
53-956, Question 19-101 resolved. 

 
11. Fire doors are not watertight unless they are also flood rated. 
 
12. For floor drain system, the check valves, back flow preventers, or siphon breaks are 

expected to prevent back flow and potential flood propagation. 
 
13. Main steam and feedwater piping compartment is designed as a pressure tight 

compartment and provided with blow out panels to protect against propagation to other 
R/B in case of pipe ruptures. 

 
14. Seals are provided for walls, floors, and ceilings, therefore, propagation is not 

considered through these barriers.  However, the fire protection doors are considered as 
propagation paths. 

 
The staff finds that DCD Page 19.1-113, second bullet "Fire protection seals for 
penetrations or fire protection doors are effective to mitigate the impact of flood" is 
inconsistent with the key assumption (i) on Page 19.1-112 "Fire protection doors are 
considered as flood propagation paths."  Thus, in RAI 834-6035, Question 19-556, the 
staff requested that the applicant address the inconsistency and revise the DCD and/or 
PRA as necessary.  In its November 8, 2011, response, the applicant stated that in the 
PRA, fire protection doors are conservatively assumed as flood propagation paths for 
severe flooding scenarios categorized as floods or major floods because the doors are 
not water tight occasionally.  The applicant committed to revise assumption (i) in DCD 
Section 19.1.5.3.1 as follows:  “Fire protection doors that are not water tight are 
conservatively assumed as flood propagation paths for flood and major flood scenarios.” 
 
Revision of assumption (i) on Page 19.1-112, which is associated with RAI 834-
6035, Question 19-556, is being tracked as Confirmatory Item 19.1-FIRE-556. 
 

15. Watertight doors are provided for the boundary between R/B and T/B.  Therefore, 
propagation between R/B and T/B is not considered. 
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16. Propagation through the elevator shafts and stair wells are assumed to reach the bottom 
floor directly and thus, the other floors are not affected. 

 
17. Propagation from the equipment hatches is assumed to reach lower floors. 

 
18. Fluid propagated through the floor drains is accumulated in the drain sump.  When the 

amount of flood fluid exceeds capacity of the sump, propagation through the overflow 
pipe is assumed. 

 
19. Water level indicators and alarms are installed in the floor drain sumps providing 

indication in the control room that a flood may have occurred. 
 
20. Drained fluid accumulated in the sump tank is transferred by sump pumps.  Check 

valves are provided for the discharge side of the sump pumps.  Therefore, propagation 
by backflow from the discharge piping of sump pumps is not considered. 

 
21. Penetrations between the restrictive areas and the non-restrictive areas are sealed and 

doors or dikes are provided for the openings.  Therefore, except for major flood events, 
propagation is not considered. 

 
22. Flood propagation from those areas that are enclosed by water tight doors is considered 

if reaching the high water level.  In RAI 649-5123, Question 19-484, the staff requested 
the applicant to define the term “high water level” in this assumption and explain how it 
was implemented in the flood models.  In its November 12 , 2010, response, the 
applicant stated that the high water level is defined as approximately eight feet of water 
depth in the flood area.  The criterion is established such that the flood water height is 
less than the height of the ventilation ducts, so that water would not propagate to other 
areas through the ventilation ducts.  In the internal flooding analysis, it is assumed that 
the flood water will propagate from the flood area to other areas through a ventilation 
duct or a water-tight door if a quantity of a flood water source in a flood area reaches to 
this specific height.  The staff finds that the assumption and bounding treatment 
described above are reasonable because…; therefore, the staff considers RAI 649-
5123, Question 19-484 resolved. 

 
23. The MCR is assumed to be a water tight compartment.  In RAI 649-5123, Question 19-

485, the staff requested the applicant to describe the fluid-carrying systems in the MCR 
(i.e., sanitation system, fire suppression), if there are any, and to demonstrate that no 
flood scenario is capable of significantly impacting the MCR including propagation 
through ventilation ducts. 

 
In its November 12, 2010 response to RAI 649-5123, Question 19-485, the applicant 
explained that the MCR and the adjoined break room are separated from other areas 
with walls and water-tight doors.  There are no fluid systems in the MCR (FA2-308-01).  
The adjoining break room (FA2-308-02) includes fluid-carrying systems such as fire 
suppression equipment.  The MCR and the break room are separated by a wall and a 
door.  Since the door between the MCR and the break room is not water-tight, if a flood 
has occurred in the break room, the water source would possibly propagate to the MCR 
through this door.  However, the operators are in the MCR 24 hours a day; therefore, a 
flood in the break room would be diagnosed immediately and the leak would be isolated 
by the operator.  The penetrations on the wall under the raised floor are sealed to 
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prevent the propagation of leaked water in the break room or the MCR.  The MCR 
ventilation systems are wholly contained within the MCR envelope and the MCR 
ventilation system ducts do not communicate with other areas which might be subject to 
flooding.  Therefore, there is no flood propagation to the MCR from ventilation ducts.  
The applicant has clearly addressed the staff’s concerns, therefore, the staff considers 
RAI 649-5123, Question 19-485, resolved. 

 
24. A water leak in the break room that adjoins the MCR would be isolated immediately by 

the operators in the MCR. 
 
25. East side and west side of R/B are physically separated by water tight walls/doors.  

Therefore, propagation between east side and west side of R/B is not considered. 
 
26. Penetrations between R/B and ESW tunnel are assumed to be sealed and no flood 

propagation would occur between these areas. 
 
27. Water tight door is normally closed and its open condition is alarmed and indicated to the 

MCR. 
 
28. Submerged equipment such as motors or solenoids for valves, control cabinets, and 

circuitry is assumed to result in equipment failure.  Water intrusion from equipment being 
sprayed or splashed also causes equipment failure unless otherwise justified. 

 
29. The expected effect of spraying or flooding of electrical equipment such as motor control 

centers, electrical cabinets, and terminal boxes is a short-to-ground. 
 
30. Water-induced failure of air-operated valves would place the valve to the de-energized 

position. 
 
31. MOVs would remain in its current position if power is lost.  Flooding and/or spraying of a 

MOV would cause the valve to fail as-is. 
 
32. Passive components such as check valves, pipes, and tanks are not considered 

vulnerable to flood effects. 
 
33. Four trains of ESWS are designed with physical separations, thus flooding in one train 

would not propagate to the other trains. 
 
34. No credit is taken for the operation of sump pumps to mitigate flood consequences. 
 
35. The components that are environmentally qualified would be considered impregnable to 

spraying or submerge effects.  Also flood-induced failure of environmentally qualified 
component would not result in the loss of the associated electrical bus. 

 
36. The event trees and fault trees developed for internal events PRA are used for internal 

flood PRA.  
 
37. Drain systems are designed to compensate with flood flow rate below 100 gpm.  Thus, 

flood with flow rate below 100 gpm will not propagate to other areas. 
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The staff finds that the list of internal flood key assumptions on Page 19.1-111 is different from 
Table 19.1-119 of DCD Revision 3.  In RAI 834-6035, Question 19-557, the staff requested that 
the applicant revise the DCD so that the key assumptions are consistent and appropriately 
documented. 
 
In its November 8, 2011, response to Question 19-557, the applicant committed to revise the 
internal flood key assumptions on Pages 19.1-111, 19.1-112 and 19.1-113 and Table 19.1-119 
as described in details in the response.  Revision of DCD regarding internal flood key 
assumptions, which is associated with RAI 834-6035, Question 19-557, is being tracked 
as Confirmatory Item 19.1-FLOOD-557. 
 
The staff reviewed the US-APWR DCD and IFPRA and finds that the assumptions specifically 
developed for IFPRA are reasonable for US-APWR design and to support DC activities.  Based 
on the SRP guidance, the staff concludes that the documentation of assumptions in the IFPRA 
is detailed enough and sufficient to ensure that they will remain valid for the as-built, as-
operated plant.  Furthermore, as described in US-APWR DCD Section 19.1.2.4, “PRA 
Maintenance and Upgrade,” any changes to the assumptions relevant to the internal flood will 
be incorporated into the PRA as part of the PRA maintenance process. 
 
19.1.4.5.3.1.3 Flood Scenario Modeling 
 
Identification of Flood Areas 
 
The applicant defined the flood areas similar to the fire areas described in the US-APWR fire 
PRA.  The internal flood evaluation is performed using design-specific flooding protection 
features and the flood area descriptions described in Appendix 3K of the DCD Chapter 3.  Table 
22.3-1, “Internal Flood Areas,” in Chapter 22, “Internal Flood Risk Assessment,” of US-APWR 
PRA identifies 265 flood areas being considered in the IFPRA.  Figure 22.3-1, Sheets 1 through 
25, of the US-APWR PRA, shows the flood areas and their boundaries. 
 
The staff reviewed the US-APWR conceptual configuration and layout in US-APWR PRA 
Chapter 22 and finds that the applicant properly identified and selected the flood areas for the 
risk assessment. 
 
SSCs in Flood Areas 
 
Table 22.3-2, “Internal Flood PRA Components and Locations,” of the IFPRA Chapter 22 shows 
the SSCs included in each defined flood area.  These SSCs were identified based on the 
internal events PRA models.  The applicant gathered information regarding equipment location 
from several sources including general arrangement drawings, US-APWR internal and fire PRA 
databases, and discussions with design engineers.  In the IFPRA, the applicant excluded some 
SSCs, such as manual valves, check valves, safety valves, orifices, and tanks assuming these 
SSCs would not be affected by flooding.   
 
Flood Sources 
 
The applicant utilized the component arrangement drawings and flow diagrams to identify the 
flood sources.  Specifically, for each selected location, the flood sources such as piping, tanks, 
heat exchangers, and pumps were considered in the flood analysis as potential initiators.  Table 
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22.3-3, “Internal Flood Sources,” of the US-APWR PRA shows the flood sources in each flood 
zone. 
 
For each area, the applicant analyzed three different types of passive component pressure 
boundary failures and identified the associated consequences as. 
 
a) Spray – the applicant defined spray as a result of an event with no accumulation of 

water on a building floor.  An underlying assumption is that a spill rate from a pressure 
boundary through-wall flaw is within the capacity of a floor drain system.  The resulting 
leak or spill rate is defined as less than 100 gpm. 

 
b) Flood – the applicant characterized a flood event as a pressure boundary failure 

involving a large through-wall flow rate with accumulation of water on a building floor.  In 
the flood hazard evaluation the upper bound for a resulting spill rate was chosen 
consistent with the plant-specific flood design basis as defined in SRP Section 3.4.1, 
“Flood Protection.”  The spill rate resulting from this type of pressure boundary failure 
may challenge the capacity of a floor drain system.  The resulting spill rate was defined 
as in excess of 100 gpm but no larger than 2000 gpm. 

 
c) Major Flood – the applicant characterized a major flood event as a pressure boundary 

structural failure with a resulting spill rate beyond the flood design basis.  A resulting spill 
rate would exceed the capacity of a floor drain system.  The result of a major structural 
failure is a rapid release of a large volume of water with a spill rate in excess of 2000 
gpm. 

 
The staff’s review finds that the definitions provided above are consistent with EPRI Report 
1021086 "Pipe Rupture Frequencies for Internal Flooding Probabilistic Risk Assessments" - 
Revision 2 and the PRA Standard, and thus acceptable. 
 
DCD Revision 3, Page 19.1-114, last bullet states that "Consequential effects of high energy 
line break (HELB) as well as moderate energy line break (MELB) events are considered in the 
internal flooding PRA."  In RAI 834-6035, Question 19-552, the staff requested the applicant to 
describe in details how HELB and MELB are modeled in the internal flooding PRA.  In its 
November 8, 2011, response, the applicant stated that the internal flooding PRA is performed 
considering different types of passive component pressure boundary failures.  For HELB and 
MELB, the consequential effects are bounded by the effects of floods and major floods because 
all components placed in flood propagation areas are assumed to lose their functional 
capability.  Therefore, HELB and MELB are treated in the same way as flood and major flood 
events in the flood scenario development.  The applicant will revise the DCD Revision 3, Page 
19.1-114, last bullet to incorporate above information as follows. 
 

“HELB - High Energy Line Break (HELB) is characterized by a large through wall 
flow rate caused by a major structural failure in a high-energy line.  A piping 
system is defined as high-energy if the maximum operating temperature exceeds 
200F or the maximum operating pressure exceeds 275 psig.  By contrast, a 
piping system is defined as moderate energy if the maximum operating 
temperature is less than 200F and the maximum operating pressure is less than 
275 psig.  Consequential effects of HELB as well as moderate-energy line break 
(MELB) events are considered in the internal flood PRA.  In this internal flooding 
PRA, consequential effects of HELB and MELB are bounded by the effects of 
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floods and major floods assuming all components placed in flood propagation 
areas lose their function.” 

 
The staff finds that the applicant has reasonably addressed the consequential effects of HELB 
and MELB by assuming failure of all components.  Thus, revision of DCD to incorporate the 
above statement, which is associated with RAI 834-6035, Question 19-552, is being 
tracked as Confirmatory Item 19.1-FLOOD-552. 
 
Flood Scenarios and Qualitative Screening 
 
Attachment 22.A, “Internal Flood and Flood Propagation Scenarios,” of the US-APWR PRA 
provides details on the flood scenarios and propagations, including: 
 

• Flood area and description. 
• Potential flood sources. 
• Flow rate and flood volume. 
• Flood propagation paths and affected areas. 
• Flood detection measures. 
• Flood frequencies (spray, flood, and major flood). 

 
In Section 22.4, “Flood Scenarios and Qualitative Screening,” and Attachment 22.A of the US-
APWR PRA, the applicant screened out some flood scenarios using the qualitative criteria of (1) 
no flood sources in the flood area and (2) no PRA components in the flood area and the 
potential flood areas through propagation.  The staff finds that the screening criteria are used 
consistently with the guidance of ASME PRA Standard and RG 1.200.  However, the staff 
cannot identify the screened flood areas and/or scenarios as a result of the qualitative screening 
process, since they are not provided in either US-APWR DCD or IFPRA.  Thus, in RAI 649-
5123, Question 19-487, the staff requested the applicant to identify the screened areas and also 
state the basis for each screening.  
 
In its November 12, 2010, response to RAI 649-5123, Question 19-487, the applicant indicated 
that the auxiliary building and access building have been screened out because there are no 
PRA components in these buildings.  In the R/B, the tendon gallery area (FA2-123-01) and 
buttress shaft areas (FA2-207-01 and FA2-208-01) have been screened out since there are no 
flood sources and no PRA components in these areas.  The staff finds that screening of these 
areas is reasonably consistent with the design information and plant layout, and therefore, the 
staff considers RAI 649-5123, Question 19-487 resolved. 
 
Flood Initiating Frequencies 
 
The applicant chose Topical Report EPRI TR-1013141 “Pipe Rupture Frequencies for Internal 
Flooding PRAs” to derive internal flood frequencies for those selected flood areas.  This topical 
report provides the failure rates per linear foot per reactor operating year for each system.  
Hence, the flood frequency in each flood zone was calculated considering the design-specific 
piping lengths of the systems involved in the zones.  Table 22.5-3, “Internal Flood PRA Piping of 
Each Zone and Failure Rate,” of the US-APWR PRA provides the flood frequencies and details 
regarding the estimates. 
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Since the EPRI Report TR-1013141 explicitly includes non-piping components such as pumps, 
valves or HXs as flooding sources, the staff finds that, at the design stage, the applicant 
reasonably estimated the US-APWR flood frequency based on the available design information. 
 
Flood-induced Initiating Events 
 
The applicant identified the following initiators as the applicable flood-induced events that could 
lead to core damage.   
 

• TRANS - General transient or plant shutdown 
• MLOCA/VSLOCA - CVCS letdown line breaks outside containment vessel 
• LOOP - Loss of offsite power 
• LOFF - Loss of feedwater flow 
• LOCCW - Loss of component cooling water 
• PLOCW - Partial loss of component cooling water 
• SLBO - Steam line break downstream MSIV 
• SLBI - Steam line break upstream MSIV. 

 
Figures 22.5-1 through 22.5-8 of the US-APWR PRA Chapter 22 show the event trees 
developed for these initiating events.  These event trees were used to quantify the risk 
associated with internal floods. 
 
The staff reviewed the list of initiating events provided in the internal events PRA and the 
information provided in the IFPRA as well as the event trees and finds that the list of flood-
induced initiating events is consistent and thus acceptable. 
 
Flood Scenario Quantification 
 
The applicant modified the system fault trees developed in the internal events PRA to include 
the combined effects of failures caused by flooding (including direct and indirect effects of flood) 
and those coincident with the flooding due to random failures.  Table 22.6-1, “Boundary 
Conditions of Fault Trees of Internal Flood,” of the IFPRA shows the boundary conditions of 
each flood scenario. 
 
Attachment 22.B, “Conditional Core Damage Probability of Internal Flooding at Power,” of the 
IFPRA provides the CCDP estimated using RiskSpectrum® code.  The quantitative results are 
summarized in Table 22.6-2, “Internal Flood CDF and LRF,” of the US-APWR PRA.  For each 
flood area, Table 22.6-2 provides the flood frequency, CCDP, and resulting CDF for each type 
of failures (i.e., spray, small flood, and major flood).  The total CDF due to internal flooding was 
estimated to be 8.9E-7/yr.  Within this CDF, the “spray” scenarios contribute appropriately 3.3E-
8/yr or 3.7 percent; the “flood” scenarios contribute 2.6E-7/yr or 29.2 percent; and the “major 
flood” scenarios contribute 5.9E-7/yr or 66.3 percent.  Table 22.6-3 of the US-APWR PRA 
presents the significant scenarios.  Table 22.6-4, “Core Damage Frequencies of Initiating 
Events of Internal Flood,” of the US-APWR PRA shows the CDF of each initiating event due to 
internal floods. 
 
Dominant Flooding Scenarios Leading to Core Damage 

 
The dominant flood scenarios that altogether contributing about 90 percent to the total internal 
flood CDF are shown in Table 19.1-14 below.   
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Table 19.1-14 - Internal Flooding CDF 

 

Location ID Description CDF (/yr) CDF (%) 

FA2-321-01 Major flood at reactor building 2F west corridor 1.6E-07 18.0 

FA2-320-01 Major flood at reactor building 2F east corridor 1.5E-07 16.9 

FA2-507-02 Flood at reactor building 4F steam generator 
blowdown water radiation monitor room 7.1E-08 8.0 

FA2-321-01 Flood at reactor building 2F west corridor 5.7E-08 6.4 

FA2-320-01 Flood at reactor building 2F east corridor 4.4E-08 4.9 

FA2-102-01 Major flood at reactor building B1F east A-EFW pump 
room 3.2E-08 3.6 

FA2-111-01 Major flood at reactor building B1F east corridor 3.0E-08 3.4 

FA2-108-01 Major flood at reactor building B1F west D-EFW pump 
room 2.9E-08 3.3 

FA2-420-01 Flood at reactor building 3F east corridor 2.3E-08 2.6 

FA2-109-01 Major flood at reactor building B1F west C-EFW pump 
room 2.3E-08 2.6 

FA2-108-01 Flood at reactor building B1F west D-EFW pump room 2.3E-08 2.6 

FA2-112-01 Major flood at reactor building B1F west corridor 2.2E-08 2.5 

FA3-114-01 Major flood at power source building 1MF west cable 
tray space 2.1E-08 2.4 

FA2-102-01 Flood at reactor building B1F east A-EFW pump room 1.8E-08 2.0 

FA2-507-01 Major flood at reactor building 4F east corridor 1.7E-08 1.9 

FA2-103-01 Major flood at reactor building B1F east B-EFW pump 
room 1.5E-08 1.7 

FA2-509-01 Major flood at reactor building 4F west corridor 1.4E-08 1.6 

FA2-420-01 Major flood at reactor building 3F east corridor 1.3E-08 1.5 

FA2-423-01 Major flood at reactor building 3F west corridor 1.2E-08 1.3 

FA2-414-01 Spray at reactor building 3F east main steam piping 
room 9.8E-09 1.1 

FA2-201-01 Major flood at reactor building 1F east corridor 9.8E-09 1.1 

FA2-206-01 Major flood at reactor building 1F west corridor 9.6E-09 1.1 

FA2-102-01 Spray at reactor building B1F east A-EFW pump room 8.0E-09 0.9 

Total 8.1E-7 91 
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The top ten scenarios are summarized as follows. 
 
Major flood at reactor building 2F west corridor (FA2-321-01) – The resulting CDF of the 
major floods in FA2-321-01 was estimated to be 1.6E-7/yr.  A major flood due to pipe rupture in 
the west side corridor of R/B 2F would cause a partial loss of component cooling water systems.  
Simultaneous operator failure to open EFW pit discharge valve of cross-tie line and failure to 
initiate feed and bleed would result in core damage. 
 
Major flood at reactor building 2F east corridor (FA2-320-01) - The CDF of this scenario was 
estimated to be 1.5E-7/yr.  Similar to the west corridor, a major flood due to pipe rupture in the 
east side corridor of R/B 2F would cause a partial loss of CCWSs.  Simultaneous operator 
failure to open EFW pit discharge valve of cross-tie line and failure to initiate feed and bleed 
would result in core damage. 
 
Flood at reactor building 4F steam generator blowdown water radiation monitor room 
(FA2-507-02) - The CDF of this scenario was estimated to be 7.1E-8/yr.  A flood due to pipe 
rupture in R/B 4F room would cause a loss of both A and B trains of CCW pumps, essential 
chillers, and batteries by the effect of flood propagation.  This scenario would also result in a 
failure of both A and B EFW pumps and a partial loss of CCWSs.  Simultaneous operator failure 
to open EFW pit discharge valve of cross-tie line, operator failure to initiate feed and bleed, and 
random failure of EFW pumps would result in core damage. 
 
Flood at reactor building 2F west corridor (FA2-321-01) - The CDF of this scenario was 
estimated to be 5.7E-08/yr.  A flood due to pipe rupture in west side corridor of R/B 2F would 
cause a partial loss of component cooling water systems.  Simultaneous operator failure to open 
EFW pit discharge valve of cross-tie line and failure to initiate feed and bleed would result in 
core damage. 
 
Flood at reactor building 2F east corridor (FA2-320-01) - The CDF of this scenario was 
estimated to be 4.4E-08/yr.  Similar to the west corridor, a flood due to pipe rupture in the east 
side corridor of R/B 2F would cause a partial loss of CCWSs.  Simultaneous operator failure to 
open EFW pit discharge valve of cross-tie line and failure to initiate feed and bleed would result 
in core damage. 
 
Major flood at reactor building B1F east A-EFW pump room (FA2-102-01) - The CDF of this 
scenario was estimated to be 3.2E-08/yr.  A major flood caused by pipe rupture in the R/B A-
EFW pump room would cause a loss of both A and B trains of the CCW pumps, essential chiller 
pumps, EFW pumps, and batteries due to flood propagation.  This scenario would also cause a 
partial loss of CCWSs.  Simultaneous operator failure to open EFW pit discharge valve of cross-
tie line and failure to initiate feed and bleed would result in core damage. 
 
Major flood at reactor building B1F east corridor (FA2-111-01) - The CDF of this scenario 
was estimated to be 3.0E-08/yr.  A major flood due to pipe rupture in the east side corridor of 
R/B B1F would cause a partial loss of CCWSs.  Simultaneous operator failure to open EFW pit 
discharge valve of cross-tie line and failure to initiate feed and bleed would result in core 
damage. 
 
Major flood at reactor building B1F west D-EFW pump room (FA2-108-01) - The CDF of 
this scenario was estimated to be 2.9E-08/yr.  A major flood due to pipe rupture in the D-EFW 
pump room in R/B B1F would cause a loss of both C and D trains of CCW pumps, essential 
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chiller pumps, batteries, and EFW pumps by the effects of flood propagation.  This scenario 
would also cause a partial loss of CCWSs.  Simultaneous operator failure to open EFW pit 
discharge valve of cross-tie line and failure to initiate feed and bleed would result in core 
damage. 
 
Flood at reactor building 3F east corridor (FA2-420-01) - The CDF of this scenario was 
estimated to be 2.3E-08/yr.  A flood due to pipe rupture in the east side corridor of R/B 3F would 
cause a partial loss of CCWSs.  Simultaneous operator failure to open EFW pit discharge valve 
of cross-tie line and failure to initiate feed and bleed would result in core damage. 
 
Major flood at reactor building B1F west C-EFW pump room (FA2-109-01) - The CDF of 
this scenario was estimated to be 2.3E-08/yr.  A major flood due to pipe rupture in the C-EFW 
pump room of R/B B1F would cause a loss of both C and D trains of CCW pumps, essential 
chiller pumps, batteries, and EFW pumps by the effect of flood propagation.  This scenario 
would also cause a partial loss of CCWSs.  Simultaneous operator failure to open EFW pit 
discharge valve of cross-tie line and failure to initiate feed and bleed would result in core 
damage. 
 
Important Features and Operator Actions for Internal Flooding Events  

 
The dominant cutsets for the internal flood PRA are illustrated in US-APWR DCD, Table 19.1-
70.  The significant equipment failures, human errors, and CCFs modeled in the US-APWR 
internal flood PRA are tabulated in US-APWR DCD, Tables 19.1-71 through 19.1-78.  These 
failures are ranked by their RAW and FV importance measures.  RAW values show the factor 
by which overall CDF would increase if an operator action or a particular piece (or set, for 
CCFs) of equipment were certain to fail.  FV values indicate the fraction of CDF that comes from 
cutsets that include a particular human error, equipment failure, or CCF; if that failure could be 
made impossible, CDF would decrease by that fraction. 
 
US-APWR DCD, Table 19.1-71, “Basic Events (Hardware Failure and Human Error) 
FV Importance for Flood,” shows the risk-significant contributors to the internal flood CDF based 
on the FV importance measure.  The following events have the highest FV:  
 
Rank Basic Event ID Basic Event Description BE Prob. FV 

1 EFWOO01006AB  Fail to Changeover EFW Pit 1.7E-02 7.9E-01 
2  HPIOO02FWBD-S  Fail to Open Safety Depressurization Valve 2.6E-03 4.4E-01 
3 SGNOO01S  Fail to Start Safety Injection Pump by DAS  5.7E-02 2.0E-01 
4 RCP----SEAL  RCP Seal LOCA  1.0E+00 1.0E-01 
5 HPITMPI001C  SIS-MPP-001C (C-SI Pump) Test & 

Maintenance  
4.0E-03 4.4E-02 

6 CHIOO01CHIB  Fail to Start the Standby Charging Injection 
Pump B 

2.6E-03 4.1E-02 

7 RTPDASF  DAS Failure 1.0E-02 3.5E-02 
8 OPSLOOP  Consequential LOOP Given a Reactor Trip  5.3E-03 3.5E-02 
9 SWSTMPE001D  EWS-MPP-001D (D-ESW Pump) Test & 

Maintenance  
1.2E-02 3.4E-02 

10 EFWXVOD006B  EFS-VLV-006B Fails to Open  7.0E-04 3.2E-02 
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US-APWR DCD, Table 19.1-72, “Basic Events (Hardware Failure, Human Error) RAW for 
Flood,” shows the risk-significant contributors to the internal flood CDF based on the RAW 
importance measure.  The most important events are: 
 
Rank Basic Event ID Basic Event Description BE Prob. RAW 

1 RTPBTSWCCF  Basic Software CCF  1.0E-07 1.5E+04 
2 SGNBTSWCCF2  Group-2 Application Software 

CCF 
1.0E-05 9.9E+02 

3 SGNBTHWCCF  Digital I&C Hardware CCF  2.1E-06 8.7E+02 
4 EPSCF4CBSO52LC-ALL EPS 52/LCA,B,C,D (Breakers) 

Spurious Open (CCF) 
1.6E-07 6.5E+02 

5 EPSCF4CBSO52STH-ALL  EPS 52/STHA,B,C,D (Breakers) 
Spurious Open (CCF) 

1.6E-07 6.5E+02 

6 EPSCF4CBSO52STL-ALL  EPS 52/STLA,B,C,D (Breakers) 
Spurious Open (CCF) 

1.6E-07 6.5E+02 

7 EPSBSFFMVCC  C-CLASS 1E MOV 480V MCC 
Failure 

5.8E-06 3.1E+02 

8 EPSCF4CBSO52STL-34  EPS 52/STLC,D (Breakers) 
Spurious Open (CCF) 

3.4E-08 2.7E+02 

9 EPSCF4CBSO52STH-24  EPS 52/STHC,D (Breakers) 
Spurious Open (CCF) 

3.4E-08 2.7E+02 

10 SWSCF4PMYR-FF  EWS-MPP-001A,B,C,D (A,B,C,D-
ESW Pumps) Fail To Run (CCF) 

1.2E-08 2.6E+02 

 
US-APWR DCD, Table 19.1-73, “Common Cause Failure FV Importance for Flood,” shows the 
risk-significant common cause events from the internal flood PRA based on the FV importance 
measure.  The most important common cause events are: 
 
Rank Basic Event ID Basic Event Description BE Prob. FV 

1 HPICF4PMAD001-ALL SIS-MPP-001A,B,C,D (SI Pumps) Fail 
to Start (CCF) 

1.1E-04 2.5E-02 

2 PZRCF2MVOD117-ALL RCS-MOV-117A,B Fail to Open (CCF) 1.3E-04 2.2E-02 
3 SGNBTSWCCF2  Group-2 Application Software CCF  1.0E-05 9.9E-03 
4 RSSCF4MVOD145-ALL  NCS-MOV-145A,B,C,D Fail to Open 

(CCF) 
8.4E-05 6.8E-03 

5 RSSCF4MVOD004-ALL CSS-MOV-004A,B,C,D Fail To Open 
(CCF) 

8.4E-05 6.8E-03 

6 HPICF4PMAD001-23  SIS-MPP-001C,D (SI Pumps) Fail To 
Start (CCF) 

2.2E-05 4.6E-03 

7 EPSCF4DLLRGTG-ALL CLASS-1E GTG A,B,C,D Fail to Run 
After First Hour of Operation (CCF) 

9.9E-04 3.4E-03 

8 CHICF2PMBD001-ALL CVS-MPP-001A,B (Pumps) Fail To 
Start (CCF) 

2.0E-04 3.2E-03 

9 RWSCF4SUPR001-ALL SIS-SST-001A,B,C,D (ESS/CS 
Strainers) Plug During Operation 
(CCF)  

9.7E-06 2.1E-03 

10 HPICF4PMAD001-234  SIS-MPP-001A,C,D (SI Pumps) Fail To 
Start (CCF)  

9.5E-06 2.0E-03 
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US-APWR DCD, Table 19.1-74, “Common Cause Failure RAW for Flood,” shows the risk-
significant common cause events from the internal flood based on the RAW importance 
measure.  The most important common-cause events based on the RAW values are: 
 
Rank Basic Event ID  Basic Event Description  BE Prob. RAW 

1 RTPBTSWCCF Basic software CCF  1.0E-07 1.5E+04 
2 SGNBTSWCCF2  Group-2 application software CCF  1.0E-05 9.9E+02 
3 SGNBTHWCCF  Digital I&C Hardware CCF 2.1E-06 8.7E+02 
4 EPSCF4CBSO52LC-ALL  EPS 52/LCA,B,C,D (Breakers) 

Spurious Open (CCF)  
1.6E-07 6.5E+02 

5 EPSCF4CBSO52STH-ALL  EPS 52/STHA,B,C,D (Breakers) 
Spurious Open (CCF)  

1.6E-07 6.5E+02 

6 EPSCF4CBSO52STL-ALL  EPS 52/STLA,B,C,D (Breakers) 
Spurious Open (CCF)  

1.6E-07 6.5E+02 

7 EPSCF4CBSO52STL-34  EPS 52/STLC,D (Breakers) 
Spurious Open (CCF)  

3.4E-08 2.7E+02 

8 EPSCF4CBSO52STH-24  EPS 52/STHC,D (Breakers) 
Spurious Open (CCF)  

3.4E-08 2.7E+02 

9 SWSCF4PMYR-FF  EWS-MPP-001A,B,C,D (A,B,C,D-
ESW Pumps) Fail To Run (CCF)  

1.2E-08 2.6E+02 

10 HPICF4PMAD001-ALL  SIS-MPP-001A,B,C,D (SI Pumps) 
Fail To Start (CCF)  

1.1E-04 2.2E+02 

 
US-APWR DCD, Table 19.1-75, “Human Error FV Importance for Flood,” shows the risk-
significant human actions from the internal flood PRA based on the FV importance measure.  
The most important operator actions are: 
 
Rank Basic Event ID Basic Event Description BE Prob. FV 

1 EFWOO01006AB  (HE) Fail to Changeover EFW Pit 1.7E-02 7.9E-01 
2 HPIOO02FWBD-S  (HE) Fail to Open Safety Depressurization 

Valve  
2.6E-03 4.4E-01 

3 SGNOO01S  (HE) Fail to Start Safety Injection Pump by 
DAS  

5.7E-02 2.0E-01 

4 CHIOO01CHIB  (HE) Fail to Start the Standby Charging 
Injection Pump B  

2.6E-03 4.1E-02 

5 HPIOO02FWBD (HE) Fail to Open Safety Depressurization 
Valve and Start Safety Injection Pump 

3.8E-03 2.9E-02 

6 RSSOO01CSP  (HE) Fail to Start CV Spray System  5.0E-03 1.0E-02 
7 EPSOO02RDG  (HE) Fail to Connect the Alternate AC 

Power Source to Class 1E Bus 
2.1E-02 6.0E-03 

8 CWSOO01ISO  (HE) Fail to Close CCWS Tie-Line Valve 
Between Trains  

9.5E-02 4.2E-03 

9 NCCOO04014  (HE) NCC Miscalibration OF CSS-PT-014  8.0E-04 3.8E-03 
10 EFWOO01014  (HE) Fail to Open EFW Tie-Line Valve 

Between Trains  
2.6E-03 3.4E-03 

 
US-APWR DCD, Table 19.1-76, “Human Error RAW for Flood,” shows the risk-significant 
human actions from the internal flood PRA based on the RAW importance measure.  The most 
important operator actions are:  
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Rank Basic Event ID  Basic Event Description  BE Prob. RAW 

1 HPIOO02FWBD-S  (HE) Fail to Open Safety Depressurization 
Valve  

2.6E-03 1.7E+02 

2 EFWOO01006AB  (HE) Fail to Changeover EFW Pit 1.7E-02 4.7E+01 
3 CHIOO01CHIB  (HE) Fail to Start the Standby Charging 

Injection Pump B  
2.6E-03 1.7E+01 

4 HPIOO02FWBD  (HE) Fail to Open Safety Depressurization 
Valve and Start Safety Injection Pump  

3.8E-03 8.7E+00 

5 NCCOO04014  (HE) NCC Miscalibration of CSS-PT-014  8.0E-04 5.7E+00 
6 SGNOO01S  (HE) Fail to Start Safety Injection Pump By 

DAS  
5.7E-02 4.3E+00 

7 RSSOO01CSP  (HE) Fail to Start CV Spray System  5.0E-03 3.0E+00 
8 SGNOO04ICVR12  HE) Miscalibration of C/V Pressure Sensors 

A,B,C,D  
6.7E-05 2.8E+00 

9 EFWOO01014  (HE) Fail to Open EFW Tie-Line Valve 
Between Trains  

2.6E-03 2.3E+00 

10 EFWOO04LBBB  (HE) EFS Miscalibration of EFS-LT-070 , 
071  

2.2E-04 1.5E+00 

 
US-APWR DCD, Table 19.1-77, “Hardware Single Failure FV Importance for Flood,” shows the 
top risk-significant SSCs from the internal flood PRA based on the FV importance measure.  
The most important events are: 
 
Rank Basic Event ID  Basic Event Description  BE Prob. FV 

1 RCP----SEAL  RCP Seal LOCA  1.0E+00 1.0E-01 
2 HPITMPI001C  SIS-MPP-001C (C-SI Pump) Test & 

Maintenance  
4.0E-03 4.3E-02 

3 RTPDASF  DAS Failure  1.0E-02 3.5E-02 
4 OPSLOOP  CONSEQUENTIAL LOOP Given a 

Reactor Trip  
5.3E-03 3.5E-02 

5 SWSTMPE001D  EWS-MPP-001D (D-ESW Pump) 
Test & Maintenance  

1.2E-02 3.4E-02 

6 EFWXVOD006B  EFS-VLV-006B Fail to Open  7.0E-04 3.2E-02 
7 EFWXVCD007B  EFS-VLV-007B Fail to Close  7.0E-04 3.2E-02 
8 CHIPMBD001B-R  CVS-MPP-001B (B-CHI Pump) Fail 

to Re-Start  
1.8E-03 2.8E-02 

9 RTPNWIFRT5001D2  RPS-D Group-2 Network I/F Card 
for Unit Bus RT5001D2 Failure  

5.2E-03 2.7E-02 

10 RTPNWIFRT5002D2  RPS-D Group-2 Network I/F Card 
for Safety Bus RT5002D2 Failure 

5.2E-03 2.7E-02 

 
US-APWR DCD, Table 19.1-78, “Hardware Single Failure RAW for Flood,” shows the top risk-
significant SSCs from the internal flood based on the RAW importance measure.  The most 
important events are: 
 
Rank Basic Event ID Basic Event Description  BE Prob. RAW 

1 EPSBSFFMVCC  C-CLASS 1E MOV 480V MCC Failure 5.8E-06 3.1E+02 
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2 RWSXVEL001  RWS-VLV-001 External Leak Large  7.2E-08 1.7E+02 
3 RWSXVEL024  RWS-VLV-024 External Leak Large  7.2E-08 1.7E+02 
4 RWSCVEL023  RWS-VLV-023 External Leak Large  4.8E-08 1.7E+02 
5 RWSMVEL002  RWS-MOV-002 External Leak Large  2.4E-08 1.7E+02 
6 RWSPNELPIPE2  RWS Piping Between RWSP and RWS-

VLV-002 External Leak Large 
6.0E-10 1.7E+02 

7 RWSPNELPIPE1  RWS Piping Between RWSP and RWS-
VLV-023 External Leak Large 

6.0E-10 1.7E+02 

8 EPSBSFFMVCD  D-CLASS 1E MOV 480V MCC1 Failure  5.8E-06 1.6E+02 
9 RWSTNEL001  RWS-MCP-001 (RWSP) External Leak 

Large  
4.8E-08 1.5E+02 

10 HPIMVEL001A  SIS-MOV-001A External Leak Large  2.4E-08 1.2E+02 
  

The staff finds that the applicant has fully provided the internal floods PRA results and risk 
importance measures in the US-APWR DCD and PRA Chapter 22 “Internal Flood Risk 
Assessment” in accordance with the guidance provided in the SRP Chapter 19 and RG 1.200. 

 
Sensitivity Analysis  

 
The applicant performed several sensitivity cases to evaluate the impact of modeling 
assumptions on the internal flood CDF as discussed in Section 19.1.5.3.2, “Results from the 
Internal Flooding Risk Evaluation,” of the US-APWR DCD.  The applicant has drawn several 
insights from the sensitivity studies as summarized below. 
 
The flooding CDF is sensitive to the separation of the electrical rooms on the first floor and the 
second floor of the T/B.  This separation reduces the risk from LOOP caused by flooding in the 
T/B.  A sensitivity study was performed assuming that a flood in T/B would result in a LOOP.  If 
the electrical room of the T/B is not separated into different flooding zones, flooding in the T/B 
followed by failure of all Class 1E GTGs would result in a station blackout.  The resulting total 
CDF is increased to 9.2E-07/yr. 
 
A sensitivity case analyzing the installation of water tight doors to prevent flood propagation was 
also performed.  In this case, it was assumed that all doors would be failed except the controlled 
barriers such as R/B separations between east side and west side and high energy 
compartments.  The resulting CDF in this case increased to 2.7E-06/ry.  Since the CDF 
increase is small, the applicant concluded that even having several watertight doors open, the 
increase in risk would not be significant. 
 
A flooding propagation to the MCR is not considered in the base case.  A sensitivity study was 
performed to identify the effectiveness of mitigation actions in the MCR and the RSC in the case 
of flood propagation into the MCR.  The CDF resulting from this sensitivity study scenario is less 
than 1E-10/yr.  
 
The significant operator action relevant to the internal flood is the switch-over of EFW pit water 
source.  In the base case, the HEP associated with this action was assigned to the same value 
of internal events PRA because there is sufficient margin (approximately eight hours) to perform 
the action.  In this sensitivity case, it is assumed that the HEPs of all human actions outside 
MCR are increased by a factor of ten.  This value is selected as an extreme case for high stress 
HEPs in NUREG-1921 [Reference 22-6].  The resulting internal flood CDF is 6.0E-06/yr, which 
is about seven times higher than the base case. 
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The flooding CDF is found to be sensitive to the failure of switching over from the EFW pit to the 
intact emergency feed water trains.  This is because each EFW pit has a 50 percent water 
source to perform cold shutdown.  This sensitivity study was performed to assess the potential 
impact of the estimated risk if such an action is not required.  Assuming each EFW pit has 100 
percent water source, and thus the switching over of the EFW pit is not needed in the case of 
severe flooding events, the resulting total flooding CDF is reduced to 1.4E-07/ry.  This sensitivity 
study indicates that an adequate plant-specific EFW operating procedure would be effective in 
reducing flood risk. 
 
The staff reviewed the sensitivity studies performed by the applicant and agreed with the 
applicant’s conclusion that none of the chosen cases would lead to a significant increment in 
CDF.  Based on the information presented above and in the IFPRA, the staff concludes that the 
applicant has properly evaluated uncertainties in the internal flooding PRA, in part by performing 
sensitivity studies, and identified important equipment. 
 
Uncertainty Analysis 
 
In Section 19.1.5.3.2 of the US-APWR DCD, the applicant stated that the internal flood 
uncertainty analysis was performed using a Monte Carlo sampling approach, including initiating 
events parametric uncertainties.  The uncertainties in pipe failure rates provided in Table A-13 
through Table A-52 of EPRI-TR 1013141 were used in this analysis.  Since the flooding isolation 
is not credited in the flooding assessment, except for a flood in the break room adjacent to the 
MCR, the applicant concluded that the internal flooding assessment bounds the uncertainties 
due to flooding isolation, spill rate distributions, and the time to reach a critical flood volume.  
The uncertainty results are presented in Section 19.1.5.3.2 of the US-APWR DCD and 
summarized as follows:  
 

• Internal flood CDF 95 percent value = 2.4E-06/yr  
• Internal flood CDF mean value = 8.4E-07/yr  
• Internal flood CDF median = 5.0E-07/yr 
• Internal flood CDF 5 percent value = 1.4E-07/yr  

 
As seen above, the 95th percentile CDF value is more than an order of magnitude below the 
Commission’s goal of 1E-04/yr, therefore, the staff finds it acceptable. 
 
19.1.4.5.3.1.4 Internal Flood Insights 
 
Based on the IFPRA, the following key design protections were found to be effectively reduced 
the flooding risk. 
 

• Flood propagation to multiple safety-related systems in R/B and PS/B (more than 
two out of four trains) is prevented by: 

 
- Separation of R/B into two areas of east and west sides 
- Installation of water-tight doors for the safety-related SSC areas, safety-

related electric I&C rooms, and main control room 
- Isolation of the essential service water pump to prevent flow into R/B. 
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• Flow from the circulating water system to the yard is drained by flood relief 
panels on the T/B exterior walls. 

 
In the light of the intent of RAI 640-5051, Question 19-469, the following risk insights are drawn 
from the IFPRA. 
 
The most significant areas to internal flood risk are the second floor corridors (FA2-321-01 and 
FA2-320-01) of R/B where EFW piping is located.  The flooded water is assumed to propagate 
to other lower areas in the R/B east or west side and fail two safety-related systems.  The SG 
blowdown water radiation monitor room (FA2-507-02), T/D EFW pump rooms (FA2-102-01 and 
FA2-108-01) are also important to internal flood risk due to numerous water sources and a 
potential failure of two safety-related systems. 
 
The most significant system to internal flood risk is the EFW system.  Internal flood is modeled 
to fail SSCs in either east or west side of the R/B and two EFW pumps of the affected side.  In 
this scenario, switchover of the EFW pit or realignment of EFW source to the intact side of the 
EFW lines is necessary.  Therefore, the operator action to perform EFW switching is also a 
significant contributor to the internal flood risk. 
 
The most significant systems to internal flood frequencies are (1) emergency feedwater system 
(EFWS), (2) main feedwater system (MFWS), (3) main steam system (MSS), and (4) circulating 
water system (CWS).  These systems are designed with more piping.  According to EPRI-TR 
1013141 study, the flood frequencies per piping lengths of EFWS and MFWS are relatively 
higher than other systems.  Consequently, EFWS and MFWS are ranked at the top.  For MSS 
and CWS, the numbers of pipes and their length are relatively more than other systems in R/B. 
 
19.1.4.5.3.1.5 Staff Evaluation  
 
The applicant performed the internal flood PRA commensurate with the level of detail available 
and made conservative assumptions where detailed information was not available, to bound the 
assessment.  The staff finds that, based on the staff’s evaluation provided above, the US-APWR 
flood analysis is reasonable and sufficient to identify potential vulnerabilities and to lend insight 
into the design which can be used to support DC. 
 
The US-APWR internal flooding CDF is driven by the following key designs/assumptions.  First, 
all floors in the R/B are divided into two areas, east and west, by concrete walls and/or water-
tight doors.  The east side and west side of R/B are physically separated by flood propagation 
preventive equipment and the connections are kept closed and locked.  This design limits the 
flood-induced failure to no more than two of the four safety-related trains.  Second, areas 
between R/B and T/B are physically separated by flood prevention equipment. 
 
Based on its review described in the above sections, the staff finds that the assumptions 
identified in sections above in support of the internal flood PRA development have been 
characterized reasonably.  The sensitivity studies were practically set up to test the robustness 
of the conclusions with respect to the current PRA practice. 
 
Regarding the human actions modeled in the IFPRA, in RAI 744-5668, Question 19-504, the 
staff requested the applicant clarify whether any human actions will be conducted outside the 
control room and also describe the potential impacts on these actions due to a postulated 
flooding event.  In its September 8, 2011, response to RAI 744-5668, Question 19-504, the 



 

19-178 

 

applicant indicated that the most important operator action outside the MCR in response to the 
flood event is the failure of switching the water source to an intact EFW pump for long term 
secondary cooling.  This action would be successful if one of the following three water supply 
lines is established. 

 
1) Open two manual valves between demineralized tank and EFW pump suction 

lines, EFS-VLV-004 and EFS-VLV-006A (or EFS-VLV-006B) to supply water 
from the demineralized water tank to A and B EFW pumps (or C and D EFW 
pumps).  EFS-VLV-004 and EFS-VLV-006A are located on B1F east side of R/B 
and EFS-VLV-006B is located on B1F west side of R/B. 

 
2) Open two manual valves EFS-VLV-006A and EFS-VLV-006B to line up EFW pit 

A and B to accommodate water source into intact EFW pump lines. 
 
3) Open a manual valve EFS-VLV-001A (or B) which is located on 4F east (or west) 

side of R/B to supply water from the demineralized water tank to EFW pit A (or 
B). 

 
These actions are required approximately eight hours after the initiating event occurred when a 
water level of EFW pit is decreased.  Other operator actions outside the MCR such as isolation 
of flood sources were conservatively not modeled in the US-APWR internal flooding PRA. 
 
The staff expects that, in the future, COL holders that reference the US-APWR DC will update 
and upgrade the information in the design-specific internal flood PRA to incorporate site-specific 
information as part of the site-specific PRA development required by 10 CFR 50.71(h)(1) as 
follows:  

 
No later than the scheduled date for initial loading of fuel, each holder of a 
combined license under subpart C of 10 CFR part 52 shall develop a level 1 and 
a level 2 probabilistic risk assessment (PRA).  The PRA must cover those 
initiating events and modes for which NRC-endorsed consensus standards on 
PRA exist one year prior to the scheduled date for initial loading of fuel. 

 
In addition, COL applicant/holder that references the US-APWR DC should review as-designed 
and as-built information and conduct walk-downs as necessary to confirm that the assumptions 
used in the IFPRA remain valid with respect to internal flood events. 
 
In RAI 640-5051, Question 19-470, the staff requested the applicant to revise the US-APWR 
DCD to include a COL action item or similar commitment to the above actions.  In its October 
29, 2010, response to RAI 640-5051, Question 19-470, the applicant included the following 
statement in Subsection 19.1.2.4, “PRA Maintenance And Upgrade,” of DCD Chapter 19: 
 

“In accordance with 10 CFR 50.71(h)(1), prior to the scheduled date for initial 
loading of fuel, a plant-specific PRA that covers initiating events and modes for 
which NRC-endorsed consensus standards on PRA exist shall be developed one 
year prior to the scheduled date for initial loading of fuel.  The plant-specific PRA 
will reflect the as-built plant.  The plant-specific PRA model will utilize the US-
APWR DCD PRA model as a baseline along with any additional modeling 
changes resulting from the plant-specific design.  Any departures from the design 
used in the US-APWR DCD PRA, insights from procedure development and 
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operator training, or other PRA modeling changes that are identified subsequent 
to the completion of the US-APWR DCD PRA will also be utilized.  The PRA-
based risk insight differences between the plant-specific PRA and the US-APWR 
DCD PRA will be evaluated.  Plant walk-downs to confirm that the assumptions 
used in the PRA remain valid will also be conducted.” 

 
The applicant also revised Section 19.3 of the DCD to include additional COL information items 
on plant-specific PRA model and plant walk-down, as requested in the staff RAI, therefore, the 
staff considers RAI 640-5051, Question 19-470 resolved. 
 
The discussion above provides the staff’s evaluation of the applicant’s description of the Level 1 
PRA for internal flooding events and its results, as well as of related issues raised in RAIs.  The 
staff reviewed detailed results including data, sequence, and importance measures and 
requested justification of specific aspects of the PRA described in the DCD.  This review follows 
the guidance provided in the SRP to determine whether the Level 1 PRA for internal flooding 
events occurring at power appropriately reflects the US-APWR design.  The staff finds that, 
based on the information and evaluation described above, the applicant has provided an 
adequate description of the design-specific internal flooding events PRA, as well as its results, 
sufficient for the staff to obtain risk insights about the US-APWR design.   
 
19.1.4.5.3.1.6 Staff Conclusion 
 
The staff finds that the applicant has provided the information relative to the internal floods PRA, 
in conformance with the guidance provided in the SRP.  Based on its review of US-APWR 
internal floods PRA, the staff finds that the applicant’s flooding model provides reasonable 
accident sequences and CDF and LRF estimates to draw the conclusion that the US-APWR 
design is capable of withstanding severe accident challenges from internal floods in a manner 
superior to operating plants.  The staff concludes that the approach and results of the internal 
flooding PRA described in the US-APWR DCD, Section 19.1.5.3, “Internal Flooding Risk 
Evaluation,” are reasonable and meet the Commission’s goals of less than 1.0E-4/yr for CDF 
and less than 1.0E-6/yr for LRF. 
 
However, as a result of Chapter 19 open items, the staff is unable to finalize its conclusion 
regarding acceptability. 
 
19.1.4.5.3.2 Level 2 PRA for Internal Floods at Power  
 
Flooding scenarios are quantified using the same fault tree and event tree logic used in the 
internal events evaluation.  The total CDF due to internal flooding is about 8.9E-7 per reactor-
year, and the total LRF is about 1.6E-7 per reactor-year, with a CCFP of 0.18.  Dominant flood 
scenarios of LRF with frequencies greater than 1.0E-8 per reactor-year are: 
 

• Major flood at R/B 2F, west corridor:  3.9E-8 per reactor-year 
• Flood at R/B 2, west corridor:  1.4E-8 per reactor-year 
• Major flood at R/B 2F, east corridor:  1.2E-8 per reactor-year 

 
Risk significant scenarios involve major flood due to the ruptures of piping at R/B west or east 
corridor.  R/B contains safety related components.  Major flood causes partial (east side or west 
side) failures of CCW system.  This event combined with operator failure to open the valve of 
EFW pit cross-tie line and failure to start feed and bleed operation leads to core melt.  Dominant 
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cutsets for these and other scenarios in internal flooding are listed in DCD Revision 3 Table 
19.1-70.  FV and RAW importance measures are shown in the DCD Tables 19.1-71 and 19.1-
72, respectively.  Importance of common cause failures, human errors and hardware failures 
are shown in DCD Tables 19.1-73 through 19.1-78.  Significant SSCs are EFWS, feed and 
bleed operation using high head injection system and SDVs.  Key initiating events are partial 
loss of CCWS. 
 
Uncertainties in the evaluation of different flooding scenarios are evaluated as presented in 
Table 19.1-15, below.  The plant LRF uncertainty accounts for the dominant scenarios that 
contribute 90 percent of the flooding-induced LRF.  The other scenarios are less than about 10 
percent contribution of total LRF; the influence of these scenarios is low.  In addition, because of 
the conservative bounding analysis during the design certification phase, site-specific internal 
flooding is expected to result in a reduced estimate of risk as compared to the results presented 
in the present PRA.   
 

Table 19.1-15 - Calculated Uncertainties in Flooding-Induced CDF 
 

Flooding CDF (per reactor-year)* LRF (per reactor-year)** 

95th percentile 2.4 x 10-6 3.8 x 10-6 

Mean 8.4 x 10-6 1.5 x 10-7 

Median 5.0 x 10-7 9.7 x 10-8 

5th percentile 1.4 x 10-7 3.3 x 10-8 

* Based on sequences that contribute 95 percent of total flooding–induced CDF 
** Based on sequences that contribute 90 percent to total flooding–induced LRF 

 
The most significant contributor for flooding risk is operator action to switchover from the EFW 
pit to the intact EFW train.  The applicant has performed a sensitivity study to determine the 
effect of increasing each EFW pit water availability from 50 percent to 100 percent in order to 
preclude the need for this operator action.  The sensitivity analysis showed that if the EFW 
water pit volume were to increase to 100 percent, the total flooding CDF will be reduced by 
about 16 percent (or 1.4E-7 per reactor-year) and its LRF will be reduced by 27.5 percent (or 
4.4E-8 per reactor-year), respectively.  
  
Given the acceptability of the Level 1 PRA on internal floods at power, as discussed earlier in 
Subsection 19.1.4.5.3.1.6, the staff found that the Level 2 PRA results meet the commission’s 
goal of less than 1.0E-6 per reactor year for LRF and less than 0.1 for CCFP.   
 
19.1.4.6 Safety Insights from the PRA for Low-Power and Shutdown 
 Modes of Operation 

 
10 CFR 52.47(a)(27) requires that a description of the design-specific PRA and its results be 
included in the DCD submitted in support of the DC application.  The staff reviewed the PRA 
information submitted in Chapter 19 of the DCD and the applicant’s responses to the staff’s 
RAIs to make the evaluation findings described in the SRP.  The staff’s evaluation of the 
analysis for events occurring during plant operation at LPSD is documented in Sections 
19.1.4.6.1 and 19.1.4.6.2, below, for internal and external events, respectively. 
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In accordance with guidance provided in RG 1.206, Section C.I.19 and SRP Section 19.0, the 
safety insights from the Level 1 PRA for operations at LPSD include the following:  
 

• A summary description of the PRA for operations at LPSD. 
 

• Dominant accident sequences contributing to CDF associated with LPSD 
operations. 
 

• Areas where certain US-APWR design and operational features were the most 
effective in reducing risk occurring during LPSD operation with respect to 
operating reactor designs. 
 

• Major contributors to the estimated CDF from events occurring during LPSD 
operation, such as hardware failures, system unavailabilities, and human errors. 
 

• Major contributors to maintaining the "built-in" plant safety during LPSD operation 
(to ensure that risk does not increase unacceptably). 
 

• Major contributors to the uncertainty associated with the estimated CDF at LPSD 
operation. 
 

• Sensitivity of the estimated CDF from events occurring at LPSD operations to 
potential biases in numerical values, to assumptions made in the PRA, to lack of 
modeling details in certain areas, and to previously raised safety issues. 

 
10 CFR 52.47(a)(27) requires that a summary description of the PRA, in addition to the results 
of the PRA, be included in the DCD.  The staff’s evaluation of the summary description of the 
internal events PRA for operations at LPSD (which is provided in Section 19.1.6.1, “Description 
of the Low-Power and Shutdown Operations PRA,” of the US-APWR DCD) is documented in 
Section 19.1.4.6.1.1 below.  The staff’s evaluation of the internal events PRA results for 
operations at LPSD (which are reported in Section 19.1.6.2, “Results from the Low-Power and 
Shutdown Operations PRA,” of the US-APWR DCD) is documented in Section 19.1.4.6.1.2 
below. 
 
19.1.4.6.1. Summary of Technical Information, Methodology, and Approach 
 
Section 19.1.6.1, “Description of the Low-Power and Shutdown Operations PRA,” of the DCD 
provides a detailed description of the applicant’s approach to developing the shutdown PRA.  
The methodology includes: determining outage types and frequencies, defining POS, identifying 
initiating events, analyzing accident sequences, modeling plant systems, developing a 
database, performing a HRA, and quantifying the full model. 
 
19.1.4.6.1.1 Selection of Outage Types 
 
The applicant describes three outage types in the DCD: 
 

• Type A:  Maintenance outages in which the RCS remains closed and filled. 
 



 

19-182 

 

• Type B:  Maintenance outages with reduced RCS inventory or an open RCS, but 
no refueling. 
 

• Type C:  Refueling outages, which include open and closed RCS states and filled 
and drained RCS levels. 

 
The applicant states that Type C is a representative outage type.  The outage frequency used to 
determine initiating event frequencies, therefore, is the frequency of full refueling outages (once 
every two years, or 0.5 per year (/yr)).  This assumption is non-conservative, because 
shutdowns other than refueling outages are likely to occur. 
If drained maintenance occurs annually, shutdown CDF could double, but would remain well 
below the Commission’s goal of 1E-4/yr.  Given that the PRA will be updated throughout the life 
of the plant and that the shutdown PRA is highly configuration-specific, the staff concludes that 
the use of a representative refueling outage to gain insights about the most risk-important 
configurations (e.g., mid-loop operation) is appropriate at the DC stage. 
 
19.1.4.6.1.2 Plant Operational State (POS) Definition and Characterization 
 
The applicant defined 13 POSs based on plant configuration, potential for initiating events, and 
plant response.  These POSs are described as follows: 
 

• POS 1 represents low-power operation until control rods are inserted into the 
core to achieve hot standby status. 
 

• POS 2 represents hot standby, in which the SGs are used for decay heat 
removal, until temperature and pressure decrease to 2.7 MPa (400 psig) and 
177°C (350°F), respectively, and the RHR system can be used. 
 

• POS 3 represents hot and cold shutdown (MODES 4 and 5) when RHR is used 
for decay heat removal and the RCS is filled. 
 

• POS 4 represents cold shutdown at reduced inventory, starting when RCS 
draining begins.  POS 4 is further divided into  
 
- POS 4-1:  This POS begins at the initiation of the drain down process 

from the RCS full level to the water level below the main coolant piping 
(MCP) Flange.  The end of POS 4-1 is the time at which the SG manways 
are removed.  Draining of the RCS and maintain water level is controlled 
by the CVCS.  In POS 4-1, since draining is performed with the RCS 
closed with exception of a pressurizer spray vent valve, reflux cooling by 
the SGs is assumed.  Once the RCS is drained below the top of the MCP 
by the CVCS for SG tube draining, RCS inventory is raised to above the 
top of the MCP level to initiate operations to remove the RV head and 
remove the ICIS from the top of the vessel head.  SG manways on the 
hot-leg side are removed then the cold-leg side is removed. 
 

- POS 4-2:  This POS beings at the end of POS 4-1 and continues until all 
of the SG nozzle dams are installed.  In this POS, the SGs are 
unavailable as a heat sink, but gravity injection is assumed to be available 
since a SG hotleg manway will be open.  In this POS, the pressurizer 
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safety valves are removed as a RCS vent.  The SG nozzle dams on the 
cold leg side are installed first following by the hot leg nozzle dams. 
 

- POS 4-3:  This POS beings at the end of POS 4-2 and continues until the 
refueling cavity is filled at the level necessary for core alterations.  The 
RCS inventory is controlled by the CVCS and increased by the RWR and 
the CS/RHR pumps.  The RV head is removed during this POS.  Decay 
heat removal by the SG is not assumed to be available during this POS 
since the pressurizer safety valves are removed.  Gravity Injection is not 
assumed to be available since this POS includes a portion of time when 
the RV head is on the vessel and the RCS is vented by high elevation 
vents in the pressurizer.   
 

• POS 5 represents the state in which the refueling cavity is filled at the level 
necessary for core alterations and fuel is in the vessel (MODE 6). 
 

• POS 6 represents the time period when there is no fuel in the core or the core is 
partially offloaded. 
 

• POS 7, similar to POS 5, represents the state in which the refueling cavity is filled 
with water. 
 

• POS 8, similar to POS 4, represents cold shutdown at reduced inventory, starting 
when the refueling cavity is drained.  POS 8 is further divided into: 
 
- POS 8-1:  This POS begins at the initiation of the RCS drain from the 

refueling cavity to water level above the top of the MCP by CS/RHR pump 
and CVCS.  The RV head is installed when the water level is one-foot 
below the RV flange.  Following installation of the RV head, the ICIS is 
installed from the top of the RV head.  POS 8-1 ends when the SG hot leg 
nozzle dam is removed.    
 

- POS 8-2:  This POS begins at the end of POS 8-1 and ends when the SG 
manways are installed.  In this POS, the pressurizer safety valves are 
installed RCS vent.  The SG manways are installed on the cold leg first 
and then the hot legs second (the end of POS 8-2).  In this POS, since 
the RCS is open, reflux cooling by the SGs is unavailable, but gravity 
injection is assumed to be available since a large hot leg vent path is 
available. 
 

- POS 8-3:  This POS begins at the end of POS 8-2 and continues until the 
RCS inventory is raised up to RCS loops are filled.  At the end of POS 8-
3, vacuum venting and refilled of the RCS is performed.  Since the RCS is 
closed, reflux cooling by the SGs is assumed.  The details of vacuum refill 
are Confirmatory Item (19.1.1) pending staff review of the next version of 
the DCD.  
 

• POS 9, similar to POS 3, represents cold shutdown when RHR is used for decay 
heat removal and the RCS is filled. 
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• POS 10 represents the RCS leakage test.  In this POS, decay heat is removed 
by the SGs, the RCS is filled, and RHR is isolated.  Pressure and temperature 
are increased to normal operating conditions to perform this test. 
 

• POS 11, similar to POS 3 and 9, represents cold shutdown when RHR is used 
for decay heat removal and the RCS is filled, until temperature approaches 
177°C (350°F) during startup and RHR is isolated. 
 

• POS 12, similar to POS 2, represents hot standby with decay heat removal 
performed by the SGs. 
 

• POS 13, similar to POS 1, represents low-power operation after the reactor 
becomes critical. 

 
The following POSs are screened out of the detailed analysis.  POS 1, 2, 10, 12, and 13 are 
considered to be addressed by the at-power model because the plant configuration required by 
TS in MODE 3 is similar (e.g., SI system is required).  
 
Detailed accident sequence quantification is performed for POS 4-3 and POS 8-1.  According to 
the operating assumptions assumed in this PRA, these POSs are risk-significant and dominate 
APWR shutdown risk.  Should a COL applicant decide to drain the RCS in POS 4-1 with the 
RCS open such that the SGs cannot be used for decay heat removal, then risk of POS 4-1 
could become a significant addition to USAPWR shutdown risk.  This issue is documented in 
Open Item 19.1-LPSD-546. 
 
Based on the evaluation of CDF for POS 4-3  and POS 8-1, the CDF contribution for the other 
POSs was  approximated by:  (1) Estimating the frequency for each POS, (2) multiplying the 
frequency of each POS by the CCDP of POS 8-1, and (3) multiplying the result by a correction 
factor to credit additional available mitigation systems (SGs or GI).  These reduction factors 
represent the human errors associated with the additional mitigating systems and their 
dependence on previous human errors in the sequence 
 
19.1.4.6.1.3 Initiating Events 
 
A unique set of initiating events is identified during shutdown.  Specifically, the applicant 
modeled initiating events that can affect the key shutdown safety functions of inventory control 
and heat removal.  The six main categories of internal initiating events are: 
 

• LOCA:  LOCAs caused by pipe rupture were considered by the applicant to be 
unlikely to occur at low pressure compared to the elevated temperature and 
pressure conditions at full power.  Only LOCAs caused by operator error were 
considered in the shutdown PRA.  In response to the staff RAIs, initiating event 
frequencies for LOCAs were estimated using operational data from EPRI TR-
1003113, “An Analysis of Loss of Decay Heat Removal Trends and Initiating 
Event Frequencies (1989-2000)”.  The staff has questions regarding the omission 
of LOCAs during POSs 5, 6, and 7.  This issue is documented in RAI 899-
6281, Question 19-565, Open Item 19.1-LPSD-565.  
 

• Loss of RHR because of over-drain (OVDR):  During POS 4-1 and 8-1, when 
the operators are draining the RCS to mid-loop, errors in the draining process 
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combined with failure of automatic letdown isolation on low level can cause the 
RCS to over drain.  If level falls too low, the RHR pumps can become air-bound 
or cavitate, leading to a loss of RHR.  
 

• Loss of RHR because of failure to maintain water level (FLML):  During POS 
4-2, 4-3, 8-2, and 8-3, failures of the charging system or letdown line combined 
with failure of automatic isolation on low level can cause the RCS to drain.  As 
with the OVDR initiating event, low level can lead to a loss of RHR. 
 

• Loss of RHR because of other failures (LORH):  Loss of RHR because of 
RHR-specific failures (e.g., pump failure, isolation valve closure) is modeled with 
fault trees.  
 

• Loss of CCW or essential service water (ESW):  Loss of the cooling water 
systems (LOCS) that support RHR can lead to a loss of RHR during shutdown.  
This initiating event is modeled with fault trees.  The staff performed a review of 
the initiating event cutsets and concluded that, since time-based failures (e.g., 
failure to run) dominate, the approach does not result in a significant 
overestimation of demand-based failures. 
 

• LOOP: A LOOP during shutdown creates a need for backup ac power (the Class 
1E GTGs or AAC GTGs) or recovery of offsite power, all of which are modeled in 
the LOOP event tree discussed later.  The applicant used NUREG/CR-6890, 
“Reevaluation of Station Blackout Risk at Nuclear Power Plants,” to apply a 
shutdown-specific LOOP frequency.  Non-recovery probabilities are specific to 
the time available before the core would be uncovered in each POS given an 
extended loss of DHR.  

 
Screened Initiating Events.  Several initiating events familiar from operating plants’ shutdown 
PRAs are not included explicitly in the US-APWR model. These events include low-temperature 
overpressure events (LTOP), failure of temporary pressure boundaries, and boron dilution. 
 
LTOP events, caused by additional injection when the pressurizer is solid, are not modeled.  In 
RAI 39-548, Question 19-62, the staff asked the applicant to justify this exclusion.  In its August 
28, 2008, response, the applicant stated that the RHR pump suction relief valves provide LTOP 
protection for the RCS, as required by TS.  Spurious operation of charging or SI pumps is 
limited by shutting off the power supply to the pumps or closing their isolation valves, as 
required by TS.  If a mass or energy addition occurs when the RCS is not vented, pressure relief 
is possible through the RHR suction relief valves, the SDV, and the depressurization valves 
(DV).  The applicant stated that it is possible that the valves would stick open, but that the 
frequency of this type of LOCA is small compared to the frequency of the flow diversion LOCA 
caused by human error (1E-4/yr).  The staff concludes that the consequences of a loss of 
coolant following an overpressurization are captured by the LOCA analysis performed by the 
applicant, and exclusion of a specific LTOP initiating event does not significantly affect the 
shutdown PRA results and insights. 
 
As stated above, the failure of temporary pressure boundaries such as nozzle dams or thimble 
seals is not explicitly modeled.  Freeze seals are not used in the US-APWR because isolation 
valves are installed and CCW is separated into individual trains.  This design insight is 
documented in the Table 19.1-119 of the DCD.  As documented in Section 4.1 of the DCD, the 
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reactor vessel bottom head has no penetrations that could lead to inadvertent draining of the 
RCS during shutdown.  In core instrumentation is inserted into the active core through the 
reactor vessel upper head and reactor internals as documented in Section 7.5, “Information 
Systems Important to Safety,” of the DCD.   
 
The failure of SG nozzle dams due to RCS pressurization will be resolved by ensuring that staff 
guidance in GL 88-17 and IN 87-36 is followed by documenting this guidance in the DCD 
Section 5.4   This issue is documented in RAI 749-5651, Question 19-506, Open Item 19.1-
LPSD-506. 
 
Inadvertent dilution of the RCS is not modeled.  In the DCD, the applicant initially stated only 
that dilution would progress very slowly with enough time for recovery.  In RAI 39-548, Question 
19-63, the staff requested further justification of this exclusion.  In its August 28, 2008, 
response, the applicant provided an excerpt from DCD Section 15.4.6.2, “Sequence of Events 
and Systems Operation,” to justify this statement; in addition, the assumption was added to 
DCD Table 19.1-119.  The operator must perform two separate actions to begin a dilution, 
reducing the likelihood of operator-induced inadvertent dilution; planned dilutions are under 
strict administrative control.  Also, the CVCS design limits the maximum boron dilution rate and 
provides alarms and trips to ensure reactivity transients can be terminated.  If a CVCS failure 
causes a high makeup flow rate, an alarm occurs and the water makeup isolation valve is 
automatically closed, as described in DCD Section 7.6.1.3, “Primary Makeup Water Line 
Isolation Interlock.”  Source range neutron flux monitors are also required by TS to alert the 
operators of a dilution event.  Given the applicant’s response and the lower significance of 
boron dilution compared to other initiating events in previous shutdown PRA models, the staff 
concludes that the exclusion of inadvertent dilution and the six initiating event categories 
selected by the applicant for quantification to be acceptable for the design certification review 
because it does not significantly impact the LPSD risk results and risk insights.  The exclusion of 
inadvert dilution may need to be re-evaluated as applicable for future risk-informed regulatory 
decision making (i.e., risk-informed TS) 
 
19.1.4.6.1.4 Accident Sequences 
 
Using a core damage criterion of collapsed liquid level below the top of active fuel, the applicant 
developed unique event trees for shutdown using the same methodology as in the at-power 
model. These event trees are provided in Figures 19.1-16 to 19.1-20 in the DCD, and the staff 
found the event trees to be acceptable for the development of LPSD risk insights..  
 
19.1.4.6.1.5 System Models 
 
During shutdown, the mitigating systems serve two functions: decay heat removal and RCS 
inventory makeup.  Decay heat removal can be provided either by the RHR system or the SGs.  
Inventory makeup is needed in case of a LOCA or if decay heat removal fails; it can be provided 
by CVCS, SI, or Gravity Injection (GI) (from the spent fuel pit (SFP)). 
 

• Many of the same systems (e.g., SI, CVCS, and RHR) are modeled in the 
shutdown PRA as in the at-power PRA.  The system fault trees are quantified 
using the same methods used for the at-power model.  However, some of the 
systems operate differently or are unavailable during shutdown.  The SG and GI 
top events are shutdown-specific, although they are modeled only by the 
dependent human events that are expected to dominate the associated failures.  
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Table 19.1-83, “Planned Maintenance Schedule for LPSD PRA,” of the DCD lists 
which systems are available in each POS. 

 
In addition, some success criteria are relaxed because of the reduced temperature, pressure, 
and decay heat during shutdown.  Success criteria for each system are provided in DCD Table 
19.1-85, “Success Criteria of POS 8-1 for LPSD PRA (Example).”  Each top event modeled in 
the shutdown PRA is described below 
 
RCS Makeup by Charging (MC).  The MC top event appears in the LOCA, OVDR, and FLML 
event trees.  It represents short-term charging injection to recover level after successful isolation 
of the drain path.  Charging pumps are started manually and must inject enough coolant to allow 
the RHR pumps to operate.  Although only short-term operation of the charging pumps is 
expected to be needed, the PRA conservatively assumes a 24-hour mission time.  The staff 
found the modeling of RCS Makeup by Charging to be acceptable for design certification, 
because the modeling is sufficiently detailed to obtain risk insights. 
 
Decay Heat Removal by RHR (RH).  The RH top event appears in the LOCA, OVDR, FLML, 
and LOOP event trees.  The applicant originally assumed that a single RHR pump can 
successfully remove decay heat in all POS, so the RHR system fails only if all RHR trains fail or 
the operators fail to start standby pumps when the running pump fails. 
 
In its response to RAI 395-3007, Question 19-345, dated July 17, 2009, the applicant committed 
to impose a more restrictive RHR success criterion for POS 4-1, because decay heat is high 
enough early in this POS to require two trains of RHR for functional success –up to 36 hours 
post shutdown.  Initially, one train of RHR was assumed to be unavailable in this POS, while two 
were running and an additional train was in standby.  If both running trains failed (e.g., following 
a loss of inventory), the number of standby trains would not be sufficient to provide the function 
in this configuration.  Therefore, the applicant changed the system configuration to assume that 
all four trains are available in POS 4-1.  This assumption also reduces the impact of a flood on 
one side of the reactor building that could disable two RHR pumps.   
 
US-APWR DCD Table 19.1-83, “Planned Maintenance Schedule,” reflects the new RHR 
success criterion.  Since the LPSD risk evaluation is based on POS 4-3 and POS 8-1, the 
success criteria for POS 4-3 and POS 8-1 was judged to be bounding to the other POSs.  Since 
the total risk of POS 4-1 contributes approximately ten percent of the LPSD internal events 
CDF, this simplification was considered by the applicant to not significantly change the risk 
results and the risk insights.  The staff agrees unless a COL applicant decides to drain the 
RCS with a large vent, as documented in Open Item 19.1-LPSD-546, which is discussed in 
previous sections. 
 
Decay Heat Removal by SGs (SG).  The SG top event appears in the LOCA, OVDR, FLML, 
LORH, and LOOP event trees.  This top event is not modeled explicitly, because the SGs are 
isolated with nozzle dams in POS 4-3 and POS 8-1.  However, the DCD states that loss of the 
function occurs if the operators fail to start the EFW system, the operators fail to open the 
motor-operated MSDV, or EFW fails to operate for the mission time.  As discussed previously, 
for each sequence modeled in POS 8-1, the applicant assessed whether the SGs could be used 
in other POS.  The SGs are unavailable if the nozzle dams are installed or if there is a large 
vent in the RCS.  According to the PRA, the SGs are credited for heat removal in POS 3, 4-1, 8-
3, 9, and 11.  In these POS, the applicant multiplied the CCDP for each sequence that included 
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the SG top event by a correction factor that represents the human errors associated with the 
additional mitigating systems and their dependence on previous human errors in the sequence. 
 
In RAI 39-548, Question 19-45, the staff requested that the applicant provide a description and 
results of a design-specific analysis to demonstrate the effectiveness of reflux cooling for the 
US-APWR.  In its November 11, 2008, response, the applicant provided this information.  The 
analysis was performed using the M-RELAP5 code, assuming the decay heat level 12 hours 
after shutdown and that the pressurizer spray line vent valve (3/4 inch) was opened.  One hour 
after loss of RHR, the operator closes the vent, starts the EFW pump, and opens the MSDV.  
RCS pressure gradually increases to 2 MPa (290 psia) at 24 hours because of non-
condensable gas accumulation in the SG tubes, but the core remains covered and the fuel 
cladding does not heat up excessively. 
 
The applicant performed two sensitivity studies with RCS level at the bottom and top of the main 
coolant piping, instead of at mid-loop.  When the initial RCS level is at the top of the main 
coolant piping, a continuous pressure increase occurs because of water accumulation in the SG 
plenum and tubes.  In this case, the RHR relief valves are expected to open after 10 hours and 
the core could be uncovered after more than 34 hours; however, the applicant states that it is 
likely that SI or charging could be recovered in this amount of time. 
 
The applicant performed a third sensitivity study in which the pressurizer spray line vent was 
kept open.  In this case, RCS inventory will be lost through the vent and the core will uncover 
after 20 hours.  Therefore, it is important that the operators close the vent within this timeframe.  
In response to RAI 369-2625, Question 19-336, the applicant added the operator actions for 
reflux cooling to DCD Table 19.1-115 (now Table 19.1-119). 
 
In RAI 138-1704, Question 19-236, the staff asked the applicant to address the scenario in 
which the RCS is initially full.  In its March 10, 2009, response, the applicant provided the results 
of this fourth sensitivity study.  After one hour, the SG is depressurized and one train of EFW 
supplies one of the SGs.  The results of a MAAP 4.0.6 analysis showed that primary system 
pressure and temperature decrease once secondary cooling is established, and primary system 
water level remains steady.  The RCS is full in POS 3, 9, and 11; in these POS, as discussed 
above, no penetrations in the RCS are open, so the operators need not close any vents to 
prevent core damage. 
 
Based on the information provided in the response to RAI 39-548, Question 19-45 and RAI 138-
1704, Question 19-236, the staff concludes that secondary decay heat removal will function if 
the operators properly start an EFW pump, open the MSDV, and close the pressurizer vent (if 
open). 
 
Charging Injection from CVCS (CV).  The CV top event appears in the LOCA, OVDR, FLML, 
LORH, and LOOP event trees.  It represents long-term charging injection to remove decay heat 
when RHR and the SG have failed.  Charging pumps are started manually and inject water from 
the RWSAT.  Because the RWSAT may not have enough inventory for the required mission 
time, makeup is provided from the RWSP via the RWR pumps.  The CV function fails if the 
operators do not start the charging pumps or provide makeup, or if equipment failures cause the 
charging or RWR pumps to fail.  The staff found the modeling of Charging Injection from CVCS 
to be acceptable for design certification, because the modeling is sufficiently detailed to obtain 
risk insights. 
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High Head Injection (SI).  The SI top event appears in the LOCA, OVDR, FLML, LORH, and 
LOOP event trees.  The SI top event represents manual injection from the RWSP to the RCS 
using the SI pumps, and failure of the operators to start the pumps or equipment failures in the 
SI system or its support systems will cause failure of the function. 
 
The discussion above of the relationship between the charging success criterion and the LTOP 
TS requirements also applies to the SI system.  TS 3.4.12 requires that a maximum of two SI 
pumps be capable of injecting into the RCS, and the PRA was revised to match these 
requirements.  As discussed previously for the charging pumps, the operators are able to start 
additional SI pumps if needed.  This operator action will be included in maintenance procedures 
and is an important insight for reducing the risk of the US-APWR design.  The staff found the 
modeling of High Head Injection to be acceptable for design certification, because the modeling 
is sufficiently detailed to obtain risk insights. 
 
Gravity Injection (GI).  The GI top event appears in the LOCA, OVDR, FLML, LORH, LOCS, and 
LOOP event trees.  Loss of the function occurs if the operators fail to open valves in the 
injection line from the SFP to the RCS or if the operators fail to supply water to the SFP from the 
RWSP via the RWR pumps.  The RCS must be at atmospheric pressure for the GI function to 
succeed.  
In RAI 1-45, Question 19-2, the staff asked the applicant to discuss the operator actions 
required for success of the GI top event.  In its May 16, 2008, response, the applicant identified 
the following operator actions: 
 

• Open valves RHR-VLV-033A/D and RHR-VLV-034A/D to initiate GI from the SFP 
(clarified in a November 27, 2008, response to RAI 88-1438, Question 19-146); 
the valves are usually locked closed and under administrative control to prevent 
inadvertent GI. 
 

• Establish a path to supply water from the RWSP to the SFP by confirming that 
valves RWS-VLV-021, SFS-VLV-103A, NCS-VLV-066A/B, and SFS-VLV-103B 
are closed and confirming that valves RWS-VLV-001, RWS-MOV-002, RWS-
MOV-004, RWS-VLV-006A/B, RWS-VLV-005, RWS-VLV-013A/B, RWS-VLV-
014, SFS-VLV-028, SFS-VLV-029, SFS-VLV-015, SFS-VLV-017, SFS-VLV-
021A/D, and SFS-VLV-022 are open. 
 

• Start the RWR pump RWS-RPP-001A. 
 

In RAI 39-548, Question 19-44, the staff asked for additional detail on the GI top event.  In its 
September 25, 2008, response, the applicant provided a drawing of the RCS and SFP, 
reproduced below as Figure 19.1-4.  The drawing shows that the SFP water level is higher than 
the elevation of the main coolant piping and that the SFP suction nozzle is located in the upper 
part of the SFP to prevent over draining. 
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Figure 19.1-4 - Relative Elevations of RCS and SFP (Response to RAI 39-548, Question 19-44) 
 
The earliest time GI would be used is 51 hours after shutdown (the beginning of POS 4-2).  
Assuming the decay heat load 40 hours after shutdown, 655 liters per minute (lpm) (173 gallons 
per minute (gpm)) of makeup is needed.  The applicant provided a graph of flow rate versus 
SFP water level, reproduced below as Figure 19.1-5.  Normal SFP level is between 22.8 m (74 
feet 11 inches) and 23 m (75 feet 5 inches).  The graph indicates that when SFP level is above 
21.6 m (71 feet), the flow rate is greater than the 665 lpm (173 gpm) required.  To prevent SFP 
level from dropping below 21.6 m (71 feet), water is supplied to the SFP from the RWSP via the 
RWR pumps. 
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Figure 19.1-5 - Gravity Injection Flow Rate (Response to RAI 39-548, Question 19-44) 
 
The staff raised questions whether GI can be credited during POSs 4-2, 4-3, 8-1 and 8-2.  In 
POS 4-2 and 8-2, the RCS is closed with exception of the SG manways which are low elevation 
large RCS vent paths.  In POS 4-3 and POS 8-1, the RCS is vented by the pressurizer safety 
valves when the RV head is installed.  For POS 4-3 and POS 8-1, following a loss of RHR and 
boiling in the RCS, the steam velocity in the pressurizer surge line may be high enough to cause 
water to be held up in the pressurizer.  This phenomenon occurs if there is a vent on the 
pressurizer, the decay heat is high, and all or most of the decay heat generates steam that goes 
to the pressurizer.  Even if initial RCS level is low, water may have been forced into the 
pressurizer by swelling after boiling initiates or entrained with the steam from boiling.  If surge 
line flooding occurs, the actual time to core uncovery may be less than calculated, RCS level 
indication using an upper tap in the pressurizer may be in error, and RCS pressure may 
increase high enough to prevent gravity flow.    
 
In addition to not crediting GI when the RCS is vented from the pressurizer, the applicant also 
committed in the response to RAI 608-4776, Question 19-440 to add an insight to the DCD 
about the effect that surge line flooding could have on instrumentation.  The applicant states 
that operational procedures will be developed to incorporate both measures: 
 

• Installation of an additional RCS water level sensor that measures main coolant 
piping water level with reference to pressures at the reactor vessel head vent line 
and crossover leg. 

 
• Operational procedures to perform continuous RCS injection when a loss of RHR 

occurs under conditions where the pressurizer manway is the only vent from the 
RCS. 

 
In its response to RAI 601-4747, Question 19-436, dated July 27, 2010, the applicant updated 
Table 19.1-119 to include the recommendations discussed in GL 88-17 (Reference 19-1) to be 
implemented prior to operating in a reduced inventory condition.  Specifically, the core exit 
thermocouples will be available whenever the RCS is in a midloop condition, and the reactor 
head is located on top of the reactor vessel.  The core exit thermocouples were included in the 
D-RAP program in response to RAI 608-4776, Question 19-439.   
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Regarding RCS level instrumentation, the narrow and middle range mid-loop water level 
sensors are permanent instruments.  The narrow and middle range midloop level sensors are 
connected to the bottom of the RCS cross over piping and the pressurizer spray line.  In its 
response to RAI 601-4747, Question 19-437, dated July 27, 2010, and RAI 479-3871, Question 
19-403,dated November 25, 2009, the DCD was updated to describe this instrumentation in 
Sections 5.4.7.2.3.6, “Mid-loop and Drain Down Operations, “ and 7.6.1.7, “Low-pressure 
Letdown Line Isolation Interlock.”  The applicant also clarified that the a temporary mid-loop 
water level sensor that measures the RCS water level with reference to pressure at the reactor 
vessel head vent line and cross over piping will be installed.  This sensor will meet three 
specifications to address the instrumentation issues described in NUREG-1449, “Shutdown and 
Low-Power Operation at Commercial Nuclear Power Plants in the United States:” 
 

• Water level can be read outside containment. 
• A Tygon tubing manometer will not be used. 
• The pipe diameter will be sufficient to prevent a delay in response. 

 
The pressurizer water level, the RCS hot and cold leg temperature, and the wide-range RCS 
level sensors were also be included in the D-RAP program (Table 17.4-1 of the DCD, “Risk-
significant SSCs”) in response to RAI 528-4023, Question 19-412.  The pressurizer spray line 
vent (RCS-VLV-153) was included in the D-RAP program (Table 17.4-1 of the DCD) in 
response to RAI 528-4023, Question 19-413. The staff found the modeling of Gravity Injection to 
be acceptable for design certification, because the modeling is sufficiently detailed to obtain risk 
insights. 
 
Isolation of Letdown Line (LOB).  The LOB top event appears in the OVDR and FLML event 
trees.  In the US-APWR design, low-pressure letdown line isolation valves are installed.  One 
normally closed air-operated valve is installed in each of two low-pressure letdown lines that are 
connected to two of the four RHR trains.  These valves are automatically closed by detection of 
a RCS low level signal and the CVCS is isolated from the RCS to prevent a loss of RCS 
inventory during mid-loop operation.  In its response to RAI 577-4482, Question 19.01-1, dated 
May 26, 2010, the applicant acknowledged that the automatic isolation of low-pressure letdown 
(CVCS) on low-hot-leg level is risk-significant and added this function in TS Sections 3.4.8 and 
3.9.6.   
 
Crediting this auto-isolation function and operator action to isolate letdown in case of automatic 
isolation failure, the OVDR frequency was estimated to be 3.7E-6 per year.  The staff has 
questions regarding the auto-isolation function and prevention of vortexing in the hot leg.  This  
issue is documented in RAI 925-6413, Question 05.04.07-14 which is a follow-up RAI to 
RAI 681-5257, Question 19-495, Open item 19.1-LPSD-495.  The staff has additional 
questions regarding the auto-isolation function, manual isolation, and RCS hot leg indication 
which affects the calculated OVDR and FLML frequency.  This issue is documented in RAI 
924-6352, Question 19-568, Open Item 19.1-LPSD-568.   
 
Charging Injection from CVCS with Alternate CCW (SC).  The SC top event appears in the 
LOCS and LOOP event trees, representing connection of the fire suppression system (FSS) to 
the cooling water line for the charging pumps.  This function allows charging to inject when 
CCW is not available, either because of the LOCS initiator or because the CCW pumps do not 
restart after a LOCA.  Failures of CVCS or FSS or failure of the operators to make the 
connection and start the charging pump lead to failure of the SC function.  The staff found the 
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modeling of Charging Injection from CVCS with Alternate CCW to be acceptable for design 
certification, because the modeling is sufficiently detailed to obtain risk insights. 
 
Power Supply by Gas Turbine Generators (GT).  The GT top event appears only in the LOOP 
event tree, representing power supply by the Class 1E GTGs.  The Class 1E GTGs 
automatically start because of the blackout sequence following a LOOP.  Equipment failures 
affecting all available Class 1E GTGs can cause loss of the GT function.  The staff found the 
modeling of Power Supply by Gas Turbine Generators to be acceptable for design certification, 
because the modeling is sufficiently detailed to obtain risk insights. 
 
Power Supply by AAC Sources (SP).  The SP top event appears only in the LOOP event tree, 
representing power supply by the AAC GTGs.  Failure of the SP function is caused by operator 
failure to connect the AAC GTGs or equipment failures associated with the GTGs.  The staff 
found the modeling of AAC Sources to be acceptable for design certification, because the 
modeling is sufficiently detailed to obtain risk insights. 
 
Offsite Power Recovery (AC).  The AC top event appears only in the LOOP event tree, 
representing recovery of offsite ac power within one hour.  In RAI 39-548, Question 19-69, the 
staff requested justification for the assumption that one hour is available to recover from a 
LOOP.  In its September 25, 2008, response, the applicant provided the time available before 
the core would uncover following a LOOP-induced loss of RHR in each POS, calculated using 
the MAAP code.  The details of these calculations were marked proprietary by the applicant.  
However, the calculations showed that the core is not uncovered in any POS in less than one 
hour assuming the GL 88-17 recommendations for the installation of SG nozzle dams during 
midloop operations are implemented.  Therefore, the staff concludes that, if offsite power were 
recovered in less than one hour, mitigating systems such as charging or SI could be used to 
restore inventory lost to boiling during that hour and prevent core damage.   
 
Given a SBO event in POS 4-3 and POS 8-1, the time to RCS boiling is 20 minutes and 40 
minutes respectively as documented in the revised response to RAI 669-5219, Question 19-
493, which is Confirmatory Item,19.1-LPSD-493  pending staff review of the next revision of the 
DCD.  Therefore, following the restoration of the AC source or offsite power, the RCS could be 
boiling.  The event tree for LOOP with 1ECTG failure initially credited RHR recovery without the 
need for standby RCS injection.  In response, to staff RAI 823-5933, Question 19-549, the event 
tree was corrected to require RCS standby injection for this condition.  This issue is documented 
in RAI 823-5933, Question19-549 which is Confirmatory Item, 19.1-LPSD-549 pending staff 
review of the next revision of the DCD. 
 
CCW and ESW Pump Restart (PR).  The PR top event appears only in the LOOP event tree, 
representing the automatic restart of the CCW and ESW pumps after power supply to the safety 
buses is restored.  If this function fails, all mitigating systems requiring CCW are unavailable, so 
only the GI or SC top events are questioned. .The staff found the modeling of CCW and ESW 
Pump Restart to be acceptable for design certification, because the modeling is sufficiently 
detailed to obtain risk insights. 
 
Support System Failures.  Finally, the staff reviewed failures of support systems that could 
affect multiple functions were modeled in the PRA.  In RAI 138-1704, Question 19-206, the staff 
observed that the assessment of the SG and GI functions considers dependence between 
human actions, but does not carry forward equipment failures from other top events in the 
accident sequence that could disable the SG or GI mitigating systems.  In its March 10, 2009, 
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response, the applicant clarified the support systems required for the GI and SG functions, but 
stated that dependence between human errors is a more dominant contributor to risk than 
support system dependencies.  The staff concludes that this treatment is acceptable for the DC 
review, but the COLA applicant should update the PRA to include the dependence between 
support systems for the GI and SG functions for risk-informed applications. The staff will 
consider a COL action item for modeling the dependence between the support systems for the 
GI and SG functions for risk-informed applications.  
 
Software and I&C failure.  In its response to inquiries from the staff (a February 6, 2009, 
response to RAI 138-1704, Question 19-216; a May 8, 2009, response to RAI 266-2201, 
Question 19-312; and a July 10, 2009, response to RAI 369-2625, Question 19-342), the 
applicant committed to add software CCFs and sensor failures related to operator actions in the 
shutdown PRA.  In RAI 443-3332, Question 19-392, the applicant was requested to justify not 
including I&C hardware failures in the shutdown PRA.  In its October 2, 2009, response, the 
applicant indicated that most mitigating functions are performed within an hour of an initiating 
event and that hardware failures during this mission time are unlikely.  Hardware failures 
occurring prior to the initiating event are less likely during shutdown because “…the operability 
of I&C systems are frequently checked through maintenance activities and evolution of….” POS.  
The applicant states that if a CCF causing inoperability of redundant trains is detected, “the 
operator will not perform activities or plant evolutions (such as RCS draining) that increase the 
risk of causing an initiating event.” The failed I&C component can be replaced quickly, so the 
exposure time will be short. 
 
The staff issued RAI 479-3871, Question 19-404, to request that these operational assumptions 
(which are important to achieving low shutdown risk) be documented in the DCD.  The staff also 
requested the applicant to discuss whether any I&C hardware would be expected to be 
important during shutdown, but not important enough in the at-power model to be included in 
RAP, and how the list of risk-important equipment was modified to account for any such 
omissions.  In its response to RAI 479-3871, Question 19-404, dated November 25, 2009, the 
applicant stated that failures of sensors essential for manual actions and automatic signals were 
modeled in Revision 2 of the shutdown PRA.  These sensors were also incorporated as risk-
significant SSCs in D-RAP program (Table 17.4-1, “Risk-significant SSCs,” of the DCD).  The 
key assumptions were also added to Revision 3 of the DCD.  Thus, the staff concerns 
documented in Question 19-404 are considered to be resolved.. 
 
19.1.4.6.1.6 Human Reliability Analysis  
 
The HRA method for the shutdown PRA is the same as that used for the at-power model.  
However, human errors are much more important to the shutdown model.  
 
Type A (pre-initiator) human errors are evaluated with the Accident Sequence Evaluation 
Program (ASEP) HRA procedure described in NUREG/CR-4772, “Accident Sequence 
Evaluation Program Human Reliability Analysis Procedure,” dated February 1987.  Type A 
actions include misalignment of manual valves following maintenance.  In RAI 138-1704, 
Question 19-220, the staff observed that a basic HEP of 0.03 was used for Type A human 
errors and asked the applicant to justify this treatment.  A screening value of 0.05, not 0.03, is 
recommended for use in ASEP for cases where no plant visit or interaction is possible, as is the 
case at the design certification stage.  In its February 6, 2009, response, the applicant clarified 
that a basic HEP of 0.03 was used because the modeled actions are similar to those performed 
at operating plants.  The applicant also stated that Type A errors contribute less than 0.5 
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percent to the shutdown CDF.  The staff concludes that while this treatment is not necessarily 
conservative, it is acceptable because the effect on the overall shutdown PRA results and 
insights is minimal.  
 
Type C (post-initiator) human errors are also evaluated using the ASEP procedure.  Type C 
actions are extremely important to the shutdown model and include such actions as aligning a 
standby RHR train or starting an SI pump.  Four topics related to the evaluation of Type C 
human errors warranted additional review by the staff, as discussed in the following paragraphs. 
 
Dependence Between Human Failure Events 
 
For multiple human actions, post initiator, the SPAR-H dependency model was used to calculate 
conditional human error probabilities based on the preceding human failure event in the 
sequence.  The staff reviewed Table 9.43-2, “Dependency Level Evaluation for Each Accident 
Sequences for LPSD conditions,” and the dominant cutsets for POS 4-3 and POS 8-1 as 
reported in Table 20.10-4, “Dominant Sequences of POS 8-1 for LPSD PRA.”  The staff 
concluded joint HEPs were above 1E-5.  NUREG-1792, Good Practices for Implementing 
Human Reliability Analysis, advises that no sequence with more than one HFE have a joint HEP 
lower than 1.0 E-5.  The staff found this modeling of operator dependency to be adequate to 
obtain risk insights for DC.  
 
RCS Overdrain Events at Midloop  
 
The US-APWR frequency of overdraining the RCS to reach midloop conditions is reported as 
approximately 3E-6 per calendar year assuming midloop will be entered twice in each refueling 
outage per 24 month cycle.  This reduction, which is orders of magnitude lower than current 
PWR operating data,  is based on (1) failure of automatic isolation of CVS on low hot leg level 
and (2) failure of the operator to terminate the drain down if the automatic isolation fails.  The 
staff has questions regarding the auto-isolation function and prevention of vortexing in the hot 
leg.  This issue is documented in RAI 925-6413, Question 05.04.07-14 which is a follow-up 
RAI to RAI 681-5257, Question 19-495, Open Item 19.1-LPSD-495.  The staff has additional 
questions regarding the auto-isolation function, manual isolation, and RCS hot leg indication 
which affects the calculated OVDR and FLML frequency.  This issue is documented in RAI 924-
6352, Question 19-568, Open Item 19.1.5.   
  
RHR Recovery.  Given a SBO event in POS 4-3 and POS 8-1, the time to RCS boiling is 20 
minutes and 40 minutes respectively as documented in the revised response to RAI 669-5219, 
Question 19-493, which is confirmatory pending staff review of the next revision of the DCD.  
Therefore, following the restoration of the AC source or offsite power, the RCS could be boiling.  
The event tree for LOOP with 1ECTG failure initially credited RHR recovery without the need for 
standby RCS injection.  In response to the staff’s RAI 823-5933, Question 19-549, the event 
tree was corrected to require RCS standby injection for this condition.  This issue is documented 
in RAI 823-5933, Question 19-549, Confirmatory Issue, 19.1-LPSD-549, pending the staff 
review of the next revision of the DCD. 
 
19.1.4.6.1.7 Model Quantification. 
 
As with the at-power model, the applicant quantified the event and fault trees together using the 
RiskSpectrum7 computer code.  A 1E-15 truncation limit was used in the quantification.  
Uncertainty analyses were performed using the probability distributions associated with initiating 
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event frequencies, failure rates, CCF probabilities, and HEPs.  Sensitivity studies were also 
performed to address uncertainty in success criteria and assumptions made in the PRA model.  
These uncertainty and sensitivity studies are discussed below. 
 
19.1.4.6.1.8 Significant Accident Sequences and Leading Contributors  
 
Detailed accident sequence quantification was performed for pos 4-3 (36 hours) and POS 8-1 
(60 hours), as discussed above.  Based on the current version of the PRA as described in 
Revision 3 of the DCD, the applicant estimated the internal event LPSD CDF to be 
approximately 2E-7 per reactor year.  Over eighty percent of the US-APWR shutdown internal 
event risk occurs during midloop/reduced inventory conditions before refueling and after 
refueling, POSs 4 and 8.   
 
It is important to note the that the dominant sequences reported below will change as a result of  
Confirmatory Item 19.1-LPSD-493 (Documentation in the next revision of the DCD)   This 
issue requests updated documentation in the next revision of the DCD of the following items: 

 
• Corrected anticipated times for RCS boiling and core damage for the sub POSs 

in POSs 4 and 8. 
• Installation and removal of SG nozzle dams will be performed consistent with the 

staff guidance in GL 88-17 and IN 88-36. 
• Table 19.1-141, “Summary of Plant Configuration and Operator Activities during 

Mid-Loop Operation,” (Sheet 1) Summary of Plant Configurations and Operator 
Activities during Mid-loop Operation. 

• Table 19.1.-141 (Sheet 2) Plant Configurations and Operator Activities during 
Mid-loop Operation.  

• Table 19.493-2, “Duration of each POS for LPSD PRA.”  
• Table 19.493-3, “Frequency Of Initiating Events for LPSD PRA.”  
• Table 19.493-4, “Core Damage Frequencies for LPSD PRA,” a revised list of 

core damage frequency for the LPSD PRA by POS and sub POSs for POS 4 and 
8. 

• Table 19-493-5, “Dominant Sequences of POS 4-3 for LPSD PRA.”  
• Table 19.493-6, “Dominant Sequences for POS 8-1 for LPSD PRA.” 
• Table 19.493-7, “Dominant Cutsets of POS 4-3 and POS 8-1 for LPSD PRA.”  
• Multiple Tables describing dominant cutsets by initiator and POS 4-3 and POS 8-

1. 
• Revised Importance Analyses for POS 4-3 and POS 8-1. 

 
 
LOCAs, caused by inadvertent draining of the RCS, during POSs 4 and 8 contribute 
approximately 26 percent of the LPSD internal CDF.  LOOPs during POSs 4 and 8 contribute 38 
of the LPSD internal CDF.  Loss of RHR due to RCS OVDR to achieve midloop and FLML has 
small impact on total CDF.  This result occurs by crediting the automatic isolation of the low-
pressure letdown line on low-RCS-hot-leg level and reliable manual isolation given automatic 
isolation failure.  The staff has questions regarding the auto-isolation function and prevention of 
vortexing in the hot leg.  This OPEN issue is documented in RAI 925-6413, 05.04.07-14 which is 
a follow-up RAI to RAI 681-5257, Question 19-495.  The staff has additional questions regarding 
the auto-isolation function, manual isolation, and RCS hot leg indication which affects the 
calculated OVDR and FLML frequency.  This OPEN issue is documented in RAI 924-6352, 
Question 19-568.   
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Sequences and cutsets were developed for each sub POS of POS 4 and 8.  Dominant 
sequences are listed below for the most risk-significant sub POSs, POS 4-3 and POS 8-1. 
 
The top four accident sequences contribute 72 percent of the Level 1 shutdown core 
damage frequency of POS 4-3.  These dominant sequences are as follows: 
 

• LOOP with the success of Class 1E GTGs and the failure of all mitigation 
systems, which contributes 35 percent to the CDF in POS 4-3. 

 
In this sequence, the Class 1E GTGs succeed to start and run automatically 
following the initiating event.  Multiple random failures involving RHR operation, 
CVCS injection and SI lead to core damage.  Decay heat removal via SGs and 
gravity injection are not available due to the plant configuration in this POS.  The 
major contributor to CDF is a combination of: 

 
-  Human error for the re-start of RHRS (ID: RSSOO02P). 
-  Human error for the initiation of safety injection pump (ID: HPIOO02S-

DP2). 
-  Human error for the initiation of charging pump and refill of RWSP water 

(ID:CHIOO02P+RWS-DP3). 
 
• LOOP event resulting in SBO and failure of offsite power recovery, which 

contributes 16 percent to the CDF. 
 

In this SBO sequence, Class 1E GTGs and AAC fail following the initiating event.  
Recovery of offsite power is not successful.  All mitigation systems that are 
supported by AC power are unavailable.  The major contributors to CDF include: 

 
-  CCF of Class 1E (A, B, C and D) gas turbine generators (ID: 

EPSCF4DLLRGTG-ALL). 
-  Human error for the connection of AAC generator (ID: EPSOO02RDG). 
-  Failure of offsite power recovery (ID: ACRPOS8-1-F). 

 
• LOCA with success of LOCA isolation and RCS make-up, and failures of all 

mitigation systems, which contributes 11 percent to the CDF in POS 4-3.  In this 
sequence, the isolation of the LOCA and the RCS make-up are successful.  
Multiple random failures such as the RHR operation, the safety injection and the 
charging injection lead to core damage.  The major contributor to CDF is a 
combination of: 

 
-  Human error for the initiation of RHRS (ID: RSSOO02LINE+P). 
-  Human error for the initiation of safety injection pump (ID: HPIOO02S-

DP2). 
- Human error for the initiation of charging pump and refill RWSP water 

(ID:CHIOO02RWS-DP3).    
   

• FLML with the success of the isolation of letdown line and failure of the RCS 
make-up and SI, which contributes 10 percent to the CDF in POS 4-3.  In this 
FLML sequence, the isolation of the RCS drain is successful.  Multiple random 
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failures Involving RCS make-up and the SI lead to core damage.  The major 
contributors to CDF include:   

 
-  Failure of low-pressure letdown line isolation valve (ID: CVCAVCD024C 

or CVCAVCD024B) (initiating event frequency contributors). 
-  Human error for initiation of SI pump (ID: HPIOO02S).      

 
The top seven accident sequences contribute 75 percent toward the Level 1 LPSD CDF 
in POS 8-1.  These dominant sequences are as follows: 
 

• LOCA with successful LOCA isolation and the failure of the RCS make-up and all 
mitigation systems, which contributes 31 percent to the CDF in POS 8-1.  
 

• LOOP with the success of Class 1E GTGs with subsequent failure of all 
mitigation systems, which contributes 22 percent to the CDF in POS 8-1. 
 

• LOOP resulting in SBO with failure of offsite power recovery, which contributes 
12 percent to the CDF in POS 8-1.  
 

• LOCS event with failure of the alternate component cooling, which contributes 10 
percent to the CDF in POS 8-1. 
 

19.1.4.6.1.9 Risk-Significant Functions/Features/phenomena/challenges, and Human 
Action 

 
Detailed accident sequence quantification was performed only for POS 4-3 and POS 8-1, as 
discussed above.  The staff used the results of the applicant’s importance analyses to identify: 
(1) SSCs and/or human actions whose reported reliability contribute most to achieving the low 
reported shutdown CDF (risk achievement worth) and (2) SSCs and /or human actions whose 
reported reliability contribute most to a reduction in shutdown CDF if the reliabilities were 
improved (risk reduction worth).   
 
Since the reported US-APWR CDF is very low and meets the Commission Safety goals and the 
EPRI ALWR CDF requirements (<10E-5 per year), the staff focused on the results of the US-
APWR risk achievement analyses.  The staff used these results to identify:  (1) the SSCs for 
which it is particularly important to maintain the reliability/availability levels assumed in the PRA 
(e.g., by testing and maintenance) to avoid significant increases in CDF and (2) the human 
actions which, if failed, would have the largest impact on the shutdown PRA.  Risk importance 
analyses were performed at the component/human action/initiating event level.  The following 
basic events have the highest RAW values for POS 8-1 reported in the DCD, Table 19.1-94, 
“Basic Events (Hardware Failure, Human Error) RAW of POS 8-1 for LPSD PRA.” 
 
BASIC SOFTWARE FAILURE CCF       2.9E+04  
ESW PUMP FAIL TO RUN CCF                             1.1E+04  
CCW PUMP FAIL TO RUN CCF      1.1E+04 
CCW HX  PLUG /FOUL(CCF)       1.1E+04  
EPS BREAKERS SPURIOUS OPEN CCF (4 BREAKER GROUPS) 8.3E+03  
NON-SAFETY PSMS APPLICATION SOFTWARE CCDF   1,2E+03  
EPS BREAKERS SPURIOUS OPEN CCF (3 BREAKER GROUPS) 1.1E+03  
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The staff had questions regarding how automatic isolation of letdown on low hotleg level was 
handled in the importance analysis.  The applicant plans to update the next version of the DCD 
documenting component importance (using RAW) for the automatic isolation of low pressure 
letdown. This issue is documented in RAI 832-6034, Question 19-551 as Confirmatory 
issue, 19.1-LPSD-551. 
 
Human Errors 
Human actions  are extremely important to shutdown risk.  Human errors appear in almost all of 
the significant shutdown cutsets.  Any major change  in the performance shaping factors (e.g. 
training) that affect human reliability would be expected to have a significant effect on the 
shutdown PRA results.  The most risk significant human error basic event for POS  8-1 based 
on FV importance is HPIOO02S-DP2 (Operator fails to start standby SI pump under the 
condition of failing their previous task (HE)), with a FV importance of 6.0E-01.  The most 
significant human error basic event for POS 8-1 based on RAW is CHIOO02P (Operator fails to 
start standby Charging pump (HE)), with a RAW of 1.1E+02. . Risk-important HAs are identified 
from the LPSD PRA/HRA  are used as input to the Human Factors Engineering design effort  as 
described in Chapter 18 of the DCD. 
 
19.1.4.6.1.10 Insights from Uncertainty, Importance, and Sensitivity Analyses. 
 
Detailed accident sequence quantification was performed only for POS 4-3 and POS 8-1, as 
discussed previously. In the DCD, the applicant documents seven sensitivity cases designed to 
evaluate the impact of modeling assumptions on the shutdown CDF.  Based on these studies, 
the applicant obtained several insights: 
 

• The shutdown CDF is less sensitive to the GTG failure rate than the at-power 
CDF.  If the GTG data from NUREG/CR-6928, “Industry-Average Performance 
for Components and Initiating Events at U.S. Commercial Nuclear Power Plants,” 
dated February 2007, is used instead of emergency diesel generator (EDG) data, 
total internal events CDF increases by about 13 percent. 
 

• LOOP frequency has a small impact on total internal events CDF.  When the 
original LOOP frequency was multiplied by three, the shutdown CDF increased 
by about 91 percent. 
 

• If planned maintenance were not performed during shutdown, total internal 
events CDF would decrease by about 12 percent. 
 

• The shutdown CDF is not sensitive to the assumptions related to outage type 
and frequency.  If refueling outages were every 18 months instead of every 2 
years, total shutdown CDF would increase by about 33 percent.  If forced 
outages with drained maintenance occur once every two years and a forced 
outage without RCS draining every three years, the sensitivity case, shutdown 
CDF increases approximately 80 percent.  
 

• Operator actions are extremely important to shutdown risk.  Human errors 
appear in almost all of the significant shutdown cutsets and any major change in 
the factors (e.g., training) that affect human reliability would be expected to have 
a significant effect on the shutdown PRA results. 
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Discussions regarding the sensitivity of the results to operator error and outage planning will be 
updated once RAI 669-5219, Question 19-494 (Open Item 19.1-LPSD-494) and RAI 899-6281, 
Question 19-567 (Open Item 19.1-LPSD-567) are resolved.  Based on the response to RAIs 
related to US-APWR LPSD PRA, RAI 669-5219, Question 19-494, the staff concluded that 
voluntary initiatives must be implemented by the COL applicant for the US-APWR design to 
meet the Commission’s Goals for new reactors.  In Question 19-494, the staff is requesting the 
applicant to add shutdown TS  to comply with Criterion 4 of 10CFR50.36(c)(2)(ii) for SI.  RAI 
899-6281, Question 19-567 questions the lack of automation for standby RCS injection given 
the risk significance of manual RCS injection. 
 
The staff has questions regarding the key sources of uncertainty and key assumptions for 
identified in the LPSD PRA.  This issue is documented in RAI 924-6352, Question 19-570, Open 
Item 19.1-LPSD-570. 
 
19.1.4.6.1.11 Use of PRA to Meet the Objectives Described in NUREG -0800 Chapter 19 
 
Another relevant regulatory requirement listed above is 10 CFR 52.47(a)(4), which requires that 
the applicant assess the risk to public health and safety resulting from  operation of the facility 
and including determination of the margins of safety during normal operations and transient 
conditions anticipated during the life of the facility, and the adequacy of SSCs provided for the 
prevention of accidents and the mitigation of the consequences of accidents. The US-APWR 
impact on public health and safety is addressed by the Level 2 PRA and severe accident 
assessments documented in DCD Sections 19.1.4.2, “Level 2 Internal Events PRA for 
Operations at Power,” and 19.2, “Severe Accident Evaluation,” evaluated separately.  However, 
a comparison of the US-APWR shutdown risk with Commission’s safety goals for new reactors 
as referenced in NUREG-800 Chapter 19 is discussed below.  
 
Shutdown Core Damage Frequency 
 
As stated previously, uncertainty results are not available for total shutdown CDF in all POS, so 
it is not possible to compare a mean value of internal events, fire, and flood CDF in all POS 
directly to the Commission Safety Goal of CDF less than 1E-4/reactor yr.  However, the 
applicant provides the following results: 
 

• Total LPSD internal events CDF is 2.2E-7/yr, about four times the POS 8-1 mean 
value and slightly higher than the 95th percentile value for POS 8-1. 
 

• Total LPSD internal fire CDF is 4.8E-8/yr; about three times the POS 8-1 mean 
value and less than the 95th percentile value for POS 8-1. 

 
Shutdown Large Release Frequency 
 
The staff is currently evaluating the total LRF and CCFP as part of the review of DCD Sections 
19.1.4, 19.1.5, and 19.2.4.  Based on the shutdown risk results reported in the DCD, the staff 
concludes that the shutdown CDF equals the shutdown LRF frequency.  No credit was given by 
the applicant for containment closure.  In its response to RAI 610-4761, Question 19-442, dated 
September 3, 2010, the applicant reported that the US-APWR shutdown CDF removing all 
requirement not required by TS to be 2.1E-5 per reactor year.  This result means that the LRF 
removing all equipment not required by TS to be 2.1E-5 per reactor year which exceeds the 
Commission Safety Goal of LRF less than 1E-6 per reactor year.  Thus, the staff concludes that 
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voluntary initiatives, which can be withdrawn without prior staff approval, must be implemented 
by the COL applicant for the US-APWR design to meet the LRF Commission Safety Goal.  This 
issue is documented in RAI 669-5219, Question 19-494, Open Item 19.1-LPSD-494.  
 
RAI 899-6281, Question 19-566, Open Item 19.1-LPSD-566, requests information regarding 
containment closure.  According to the DCD Figure 3.8.1-1, “Configuration of PCCV,” the 
equipment hatch is 27’11” (8.5 m) in diameter and sits at the 76’ (23 m) elevation (4th floor in 
containment which is on the refueling deck).  The personnel airlocks are located at the 76’ (23 
m) elevation and at the 25’ (7.6 m) elevation.  In Section 19.2.5 of the DCD, the applicant states 
that, “However, the ability to close the containment and to recover heat removal without ac 
power is minimal and may not be possible.  It may also be preferable to limit undertaking the 
maintenance activities which require opening the equipment hatch during the inventory is low in 
the reactor.” Not having a containment closure capability during reduced inventory operation is 
inconsistent with U.S. industry guidance, NUMARC 91-06, and staff guidance GL 88-17.  This 
section of the SER will be updated when RAI 669-5219, Question 19-494 and RAI 899-6281, 
Question 19 -566 are resolved. 
 
In addition to containment closure, the staff raised questions regarding the need for 
containment cooling given an extended loss of the RHR function.  The applicant will 
update the next version of the DCD to document that core damage for the LPSD 
PRA is defined as uncovery of reactor core. Either decay heat removal functions or 
RCS inventory make-up functions can prevent core damage, regardless of containment 
cooling.This issue is documented in RAI 681-5257, Question 19-498, Confirmatory Item 
19.1-LPSD-498. 
 
Availability Controls and TS 
 
US-APWR TS 3.4.8, for Mode 5 when the RCS loops are not filled require three RHR loops to 
be operable and two RHR loops shall be in operation.  This TS represents an improvement over 
current Westinghouse STS 3.4.8 for PWRs which require that two RHR loops shall be 
OPERABLE and one RHR loop shall be in operation.  
   
Regarding electrical power availability, during Modes 5 and 6, US-APWR TS 3.8.2 require: 
 

• one offsite transmission network and the onsite Class 1E ac electrical power 
distribution subsystem(s). 
 

• two Class 1E GTGs capable of supplying 
 
o two trains of the onsite Class 1E ac electrical power distribution. 
o subsystem(s) required by LCO 3.8.10. 

 
The US-APWR TS also include surveillances that require verification of breaker alignments; 
therefore, maintenance that disables multiple breakers is not expected.  The GTG start 
instrumentation is required to be operable by TS 3.3.5; therefore, the associated software 
credited in the PRA is also expected to be available.  These US-APWR TS also represents an 
improvement over current STS for Westinghouse designs during Modes 5 and 6 which require 
one offsite power source to supply the onsite Class 1E AC electrical power distribution 
subsystem(s) and one diesel generator (DG) capable of supplying one train of the onsite Class 
1E AC electrical power.  
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The applicant and the staff also reviewed risk-significant SSCs in accordance with the fourth 
criterion of 10 CFR 50.36(c)(2)(ii).  In response to staff’s RAIs, the applicant acknowledged that 
the automatic isolation of low-pressure letdown (CVCS) on low hot-leg level is risk-significant 
and proposed adding this function in TS Sections 3.4.8 and 3.9.6.  However, the set points for 
this function were not listed in TS 3.3.1.  The staff also has questions regarding the auto-
isolation function and prevention of vortexing in the hot leg.  This OPEN issue is documented in 
RAI 925-6413, Question 05.04.07-14 which is a follow-up RAI to RAI 681-5257, Question 19-
495.  The staff has additional questions regarding the auto-isolation function, manual isolation, 
and RCS hot leg indication which affects the calculated OVDR and FLML frequency.  This 
OPEN issue is documented in RAI 924-6352, Question 19-568, Open Item 19.1-LPSD-568. 
 
The lack of TS requirements for some design features that reduce shutdown risk (such as RCS 
injection) means that the shutdown risk profile of the US-APWR is largely dependent on 
voluntary actions (e.g., implementation of NUMARC 91-06, “Guidelines for Industry Actions to 
Assess Shutdown Management,” dated December 1991, and GL 88-17) that could be 
withdrawn without NRC approval.  In its response to RAI 610-4761, Question 19-442, the 
applicant reported that the US-APWR shutdown CDF, removing all requirement not required by 
TS, to be 2.1E-5 per reactor year.  Thus, the staff concludes that voluntary initiatives, which may 
be withdrawn without prior staff approval, must be implemented by the COL applicant for the 
US-APWR design to meet the LRF Commission Safety Goal.  In RAI 669-5219, Question 19-
494, Open Item 19.1-LPSD-494 and following discussions with the applicant, the staff is 
requesting the applicant to  add shutdown TS for SI to to comply with Criterion 4 of 10 CFR 
50.36(c)(2)(ii).  RAI 899-6281, Question 19-567, Open Item 19.1-LPSD-567, questions the 
lack of automation for standby RCS injection given the risk significance of manual RCS 
injection.  Given these two Open Items, the staff cannot finalize its conclusions regarding the 
adequacy of LPSD TS given the results and risk insights from the LPSD PRA. 
 
PRA-Based Insights 
 
The staff also reviews the applicant’s development of PRA-based insights, as defined above in 
the evaluation of DCD Section 19.1.4.1, “Level 1 Internal Events PRA for Operations at Power.”  
DCD Table 19.1-119, described above, includes insights and assumptions related to shutdown 
risk.  This table was revised and improved throughout the DC review process.  In RAI 1-45, 
Question 19-27; RAI 39-548, Question 19-59; and RAI 138-1704, Question 19-207, the staff 
asked the applicant to revise this table to include additional entries related to the shutdown PRA 
and dispositions for each entry (such as a reference to another part of the DCD, an ITAAC, TS, 
or a COL item).  Training programs are described in DCD Section 18.9, “Training Program 
Development,” and procedure development is directed by COL Items 13.5(5), 13.5(6), and 
13.5(7).  As a result of staff questions, as well as the applicant’s independent review of the PRA, 
dozens of important shutdown insights were added to the table.  The staff then reviewed DCD 
Table 19.1-119 in detail.  
 
The staff raised questions about the following insights/assumptions: 
 

• “Nitrogen will not be injected in the SG tubes to speed draining in the US-APWR 
design.  The SG tubes will be filled with air during midloop operation.”  In 
response to RAI 621-4947, Question 19.01-3, the applicant stated that the 
pressurizer vent valve which is ¾ inch (1.9 cm) in diameter provides a sufficient 
vent path from preventing the RCS pressure to be negative compared to 
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containment during RCS draining.  The staff requests the applicant to provide an 
analysis to show that RCS draining from pressurizer full to midloop (assuming 
only this vent valve to be open) can be performed in the timeframe that the 
applicant assumed.  This issue is documented in RAI 783-5855, Question 19-
546 (Open Item 19.1-LPSD-546). 
 

• “Hydrogen peroxide addition is adopted instead of aeration because it decreases 
the duration of the mid-loop operation”.  This risk insight is not valid for this 
design and is being removed from Table 19.119 of the DCD in response to RAI 
668-5180, Question 19.01-10, Confirmatory Item 19.1-LPSD-10 pending staff 
review of the next version of the DCD. 
 

• In its response to RAI 369-2625, Question 19-336, dated July 10, 2009, the 
applicant committed to add the operator actions for reflux cooling to DCD Table 
19.1-119.  These operator actions are described in assumption 14, Page 19.1-
961 of the DCD.  However, closure of the pressurizer vent valve in POS 4-1 or 
other RCS penetrations was not included in this assumption.  The staff requested 
the applicant to state in this assumption that successful SG cooling requires; (1) 
a closed RCS, (2) assurance that temporary RCS boundaries such as SG nozzle 
dams will not fail as a result of RCS pressurization (3) SG inventory by motor 
driven EFW, and (4) a SG depressurization valve to remove decay heat.   
 

• In its response to RAI 749-5651, Question 19-506 (Open Item 19.1-LPSD-506), 
dated April 25, 2012, the applicant plans to update the DCD and the risk insights 
table to identify:  (1) the number of pressurizer safety valves that must be 
removed to protect the SG nozzle dams during a postulated RCS re-
pressurization following an extended loss of RHR in response to GL 88-17 and 
(2) to assure that cold leg penetrations will not be open without an associated 
hotleg vent path to prevent expelling of RCS inventory during an inadvertent RCS 
re-pressurization in response to IN 88-36.  
 

• In its response to RAI 39-548, Question 19-66, Open Item 19.1-LPSD-66, a risk 
insight is missing from the risk insights table. 

 
Due to the open items associated with the LPSD PRA, the staff cannot finalize its conclusions 
regarding the adequacy of the applicant’s LPSD PRA based risk insights. 
 
19.1.4.6.1.12 Reduction of Risk Compared to Operating Plants 
 
Qualitative Improvements 
 
For designs that have evolved from current plant technology, the results of the PRA should 
indicate that the design represents a reduction in risk compared to operating plants.  The 
evaluation of DCD Section 19.1.3 above provides a qualitative assessment of the ways that the 
US-APWR design has achieved this risk reduction. 
 
In addition, DCD Table 19.1-119, introduced above, lists the design features that contribute 
most to the low shutdown risk estimated for the US-APWR design.  Because these features are 
critical to achieving the stated risk reduction, each table entry includes references to Tier 1, 
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Tier 2, and COL items where the feature is described in more detail, providing assurance that 
the as-built plant will match the as-designed plant. 
 
The most important features that reduce shutdown risk for the US-APWR design include: 
 

• Automatic isolation of the low-pressure letdown line when an RCS loop low-level 
signal is received to prevent cavitation of the RHR pumps during midloop 
conditions. 
 

• Four-train RHR system with separate hot-leg droplines.  US-APWR TS require 
three RHR trains to be operable with two in operation during Mode 5 and 6 when 
the RCS loops are not filled. 
 

• No penetrations in the bottom head of the vessel, removing a potential drain path 
from the reactor. 
 

• Use of isolation valves rather than freeze seals that have been known to fail and 
create a drain path. 

 
Quantitative Improvements 
 
The risk metrics discussed above also demonstrate a quantitative reduction in risk compared to 
current operating plants.  The total shutdown CDF, adding the values for internal events, 
internal fires, and internal floods, is approximately 3E-7/yr.  In comparison, the staff estimated in 
SECY-97-168, “Issuance for Public Comment of Proposed Rulemaking Package for Shutdown 
and Fuel Storage Pool Operation,” dated July 30, 1997, that shutdown CDF at PWRs 
implementing voluntary practices based on NUMARC 91-06 and GL 88-17 ranged from 8E-5/yr 
to 2E-6/yr.  
 
19.1.4.6.1.13 Conclusions 
 
In summary, 10 CFR 52.47(a) (27) requires that the applicant describe the design-specific PRA 
and its results.  As a result of the Open and Confirmatory items the staff is unable to finalize its 
conclusion 19.1.6 in accordance with the requirements of NRC regulations. 
 
19.1.4.6.2 Results and Insights From External Events For Other Modes of Operation 
 
19.1.4.6.2.1 Results and Insights from the Low-Power and Shutdown Fire Risk 

Assessment 
 
19.1.4.6.2.1.1 Regulatory Criteria 
 
The staff considered the results and insights for shutdown risk assessment with respect to the 
Commission’s objectives for new reactor designs stated in Section 19.1.1 of this report 
 
19.1.4.6.2.1.2 Summary of Technical Information, Methodology, and Approach 
 
Detailed accident sequence quantification was performed for POS 4-3 and POS 8-1, as 
discussed above.  The scope of the internal fire PRA for LPSD at DC phase initially focused on 
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mid-loop operation, and thereafter enlarged to all POSs since POS 4-3 and POS 8-1(mid-loop 
operation) were considered by the applicant to be most vulnerable to a fire.    
 
For internal fires, risk-significant POS 4-3 and POS 8-1 of LPSD have been estimated using the 
same methodology as the at power fire PRA.  However, the impact of transient combustibles 
and breaches to fire barriers to perform maintenance was included.  The following tasks were 
performed to develop the shutdown Fire PRA: 
 

Task 1:  Identification of Initiating Events during LPSD 
Task 2:  LPSD Fire-induced Risk Modeling 
Task 3:  LPSD Fire PRA Components and Cable Selection 
Task 4:  Qualitative Screening of fire compartment 
Task 5:  LPSD Fire Ignition Frequency 
Task 6:  Detailed Fire Modeling 
Task 7:  Fire Risk Quantification 

 
Following Task 1, LPSD initiating events that were evaluated include:  LOCA, OVDR, FML, and 
LOOP.  In RAI 1-45, Question 19-18, the staff asked for clarification on the initiating events 
modeled in the shutdown fire PRA.  In its May 16, 2008, response, the applicant clarified why 
fire-induced LORH and LOCS initiating events were not modeled.  The four RHR trains are 
physically separated, so fire in one compartment only affects one train and random failures of 
the other two trains would be needed to cause a LORH initiating event.  The same argument is 
provided for losses of CCW.  The staff observes that the probability of a running motor-driven 
pump (MDP) failing to run over a 24-hour mission time is approximately 1.2E-4 based on the 
data provided in DCD Table 19.1-14, “Mitigating Systems for Safety Functions in each Alternate 
Operator Action.”  The maximum fire ignition frequencies for the RHR piping and pump rooms 
provided in the PRA result in a fire-induced RHR train failure probability of about 6E-6 over a 
24-hour period.  Similarly, the maximum fire ignition frequencies for the CCW pump room, ESW 
pump room, and ESW piping tunnel provided in the PRA result in a fire-induced CCW train 
failure of about 6E-6 over a 24-hour period.  Therefore, the staff agrees that random failures of 
RHR and CCW modeled in the internal events model are more significant to the overall 
shutdown PRA and the exclusion of fire-induced LORH and LOCS does not significantly affect 
the shutdown PRA results and insights. 
 
From Task 2 and Task 3, LPSD event trees and LPSD sequences are used to identify fire 
induced initiating events resulting from equipment affected by fire.  The data based from the full 
power model is used to identify LPSD fire PRA components and their locations.  The focus of 
fire scenario development was on fire damage to the offsite power transformers, RHR, chemical 
and volume control system (CVCS), and their support systems.  The LOCA, OVDR, FLML, and 
LOOP initiating events described above were all postulated following various fires.  In RAI 138-
1704, Question 19-263, the staff requested additional information on fire-induced flow diversions 
during shutdown.  In its response to RAI 138-1704, Question 19-263, dated February 6, 2009, 
the applicant updated the DCD to discuss fire-induced LOCA, OVDR, and FLML scenarios and 
paths for isolation.  In many cases, automatic isolation of letdown on low RCS level will stop the 
flow diversion.   
 
From Task 4, fire compartments that do not contain PRA components or cables capable of 
causing one of the postulated LPSD fire induced initiating events or impact SSCs needed to 
mitigate the initiating events are screened. 
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From Task 5, the frequencies of each fire compartment are estimated using the same method 
as the full power PRA.  In RAI 1-45, Question 19-19, the staff asked how fire initiation and 
propagation values were adjusted to account for hot work and maintenance.  In its May 16, 
2008, response, the applicant clarified that for any compartment containing equipment that is 
assumed to be out of service during the POS, the transient combustible frequency was 
assumed to increase and the weighting coefficients for cable fires and transients were set to 
“high.”  Fire doors were assumed to be open for adjacent compartments containing equipment 
assumed to be out of service during the POS.  Because the applicant increased the transient 
combustible frequency and assumed that doors are open when maintenance occurs, the staff 
concludes that the fire initiation and propagation model has been appropriately adjusted to 
reflect shutdown conditions.   
 
From Task 6, only those fire compartments that survive the screening process are evaluated in 
detail.  Fire scenarios are analyzed and the scenario frequencies are estimated.   
 
Multiple compartment fire scenarios were evaluated by evaluating adjacent fire compartments 
and fire barriers failure probabilities for floors, ceilings, walls, and doors.   The staff accepts the 
licensee’s approach for addressing LPSD fire risk because the licensee’s approach is adequate 
for gaining risk insights necessary for design certification. 
 
19.1.4.6.2.1.3 Shutdown Fire Risk Significant Core Damage Scenarios and Dominant 

Contributors  
 
The applicant estimated the LPSD fire CDF to be 1.8E-8 per reactor year.  Similar to internal 
event LPSD risk , the applicant concluded that over eighty percent of the US-APWR shutdown 
fire risk occurs during midloop/reduced inventory conditions before refueling and after refueling, 
POSs 4 and 8.  Fire induced losses of offsite power from all POSs (3-11) was reported by the 
applicant to contribute over 65 percent of the shutdown fire risk.  Fire induced over draining of 
the RCS to achieve midloop conditions in POS 4-1 and POS 8-1 was reported by the applicant 
to contribute another 25 percent of the total LPSD fire risk.  Given the open issues associated 
with the internal events PRA, these numerical results will be re-evaluated. 
 
The top dominant fire scenario for POS 8-1 is postulated to occur from the following events: 
 

(1) Fire of the main transformer, unit auxiliary transformer, and reserve auxiliary 
transformer. 

(2) No recovery of the offsite power is credited. 
(3) Random failure of Class 1E GTGs and failure to switchover to AAC gas turbines 

results in core damage. 
 
As discussed previously, credit for SG cooling and Gravity Injection is not credited in POS 4-3 
and POS 8-1. 
 
19.1.4.6.2.1.4 Risk Significant Function/Design Features, Phenomena/Challenges and 

Human Actions 
 
The DCD did not initially include significant human errors, equipment failures, or CCFs for the 
shutdown internal fires evaluation.  In its response to RAI 39-548, Question 19-52, dated August 
28, 2008, and supplemental RAI 528-4023, Question 19-407, dated March 3, 2010, the 
applicant provided this information in the DCD. 
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As documented in Table 19.1-119 and Section 9.5.1, “Fire Protection Program,” of the DCD, the 
US-APWR has four divisions of safety system which are separated by fire barriers.  The MCR 
and the four divisions of the safety related I&C system are separated by individual fire barriers.  
The staff acknowledges that these design features would lower the USAPWR LPSD fire risk 
compared to operating PWRs.  
 
19.1.4.6.2.1.5 Results and Insights from Shutdown Fire Importance and Sensitivity 

Studies  
 
The staff used the results of the applicant’s preliminary importance analyses to identify:  (1) 
SSCs and/or human actions whose reported reliability contribute most to achieving the low 
reported shutdown CDF (risk achievement worth) and (2) SSCs and /or human actions whose 
reported reliability contribute most to a reduction in shutdown CDF if the reliabilities were 
improved (risk reduction worth).   
 
Since the reported US-APWR CDF is very low and meets the Commission Safety goals and the 
EPRI ALWR CDF requirements (<10E-5 per year), the staff focused on the results of the 
USAPWR risk achievement analyses.  The staff used these results to identify:  (1) the SSCs for 
which it is particularly important to maintain the reliability/availability levels assumed in the PRA 
(e.g., by testing and maintenance) to avoid significant increases in CDF and (2) the human 
actions which, if failed, would have the largest impact on the shutdown PRA.   
 
Risk importance analyses were performed at the component/human action level.  The following 
CCFs have RAW values exceeding 1E+1. 
 
The following basic events have the highest RAW values for POS 8-1 reported in the DCD, 
Table 19.1-124, “Basic Events (Hardware and Human Error) FV importance of Internal Fire at 
LPSD (POS8-1).” 
 
Class 1E CTG A,B,C FAIL TO LOAD AND RUN  
 
AFTER THE FIRST HOUR OF OPERATION    1.9E+02  
RHR-AOV-024b (THE CVCS LETDOWN VALVES) FAILS TO CLOSE      7.4E+01  
THE OPERATOR FAILS TO START THE STANBY CHARGING PUMP 7.1E+01 
THE OPERATOR FAILS TO START THE STANDBY SI PUMP  3.9E+01 
 
19.1.4.6.2.1.6 Conclusions  
 
As a result of the Open and Confirmatory items identified in the internal events LPSD PRA, the 
staff is unable to finalize its conclusion on Section 19.1.6.2.1 in accordance with the 
requirements of NRC regulations. 
 
19.1.4.6.2.2 Results and Insights from the Low-Power and Shutdown Flood Risk 

Assessment 
 
19.1.4.6.2.2.1 Regulatory Criteria 
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The staff considered the results and insights for shutdown internal floods risk assessment with 
respect to the Commission’s objectives for new reactor designs stated in Section 19.1.1 of this 
report 
 
19.1.4.6.2.2.2 Summary of Technical Information, Methodology, and Approach 
 
The applicant also modeled internal floods explicitly during shutdown.  As in the LPSD internal 
events model, POS 4-3 and POS 8-1 were modeled in detail and simplifying assumptions were 
used to model other POS.  Flooding frequencies used in the at-power model are also applied to 
the shutdown flooding analysis.  The applicant states that this assumption may be conservative 
because rupture probabilities may be lower at low pressures.  Floods were postulated to cause 
a LOCA (a flood at the CVCS letdown line), a loss of RHR (flood in one train combined with 
random failures of the others), or a loss of CCW (flood in one train combined with random failure 
of the other). 
 
The qualitative and quantitative steps of the full power internal flood PRA as described in DCD 
Section 19.1.5.3 were also applied to LPSD.  As in the at-power model, boundary conditions are 
applied to the mitigating system fault trees to represent the SSCs damaged by the flood 
scenario.  The staff accepts the licensee’s approach for addressing LPSD flood risk to be 
adequate for gaining risk insights necessary for design certification. 
 
19.1.4.6.2.2.3 Shutdown Flood Risk Significant Core Damage Scenarios and Dominant 

Contributors  
 
The applicant estimated the total LPSD flood CDF to be 9.5E-8 per reactor year.  Approximately 
83 percent of the US-APWR shutdown flood risk occurs during midloop/reduced inventory 
conditions before refueling and after refueling, POSs 4 and 8.  Flood induced losses of CCW 
and ESW from all POSs (3-11) contribute over 98 percent of the shutdown flood risk.  The ten 
dominant flood scenarios for POS 8-1 involve flooding in the Reactor Building that result in 
LOCS in conjunction with random failure of the other division of the CCW system.    
 
19.1.4.6.2.2.4 Risk Significant Function/Design Features, Phenomena/Challenges and 

Human Actions 
 
The DCD did not initially include significant human errors, equipment failures, or CCFs for the 
shutdown internal floods evaluation.  In its response to RAI 39-548, Question 19-52, dated 
August 28, 2008, and supplemental RAI 528-4023, Question 19-407, dated March 3, 2010, this 
information was added to the DCD. 
 
This LPSD PRA assumes that the administratively controlled flood barriers that separate the 
reactor building east and west side remain intact during shutdown.  Therefore, flood propagation 
between the east and west sides in the reactor building are not considered.  This key risk insight 
is documented in DCD Table 19.1-119.  If these administrative controls are not followed then 
the risk of floods at shutdown could significantly increase. 
 
19.1.4.6.2.2.5 Results and Insights from Shutdown Flood Importance and Sensitivity 

Studies  
 
The staff used the results of the applicant’s preliminary importance analyses to identify:  (1) 
SSCs and/or human actions whose reported reliability contribute most to achieving the low 
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reported shutdown CDF (risk achievement worth) and (2) SSCs and /or human actions whose 
reported reliability contribute most to a reduction in shutdown CDF if the reliabilities were 
improved (risk reduction worth).   
 
Since the reported US-APWR LPSD internal floods CDF is very low and clearly meets the 
Commission Safety goals and the EPRI ALWR CDF requirements (<10E-5 per year), the staff 
focused on the results of the US-APWR risk achievement analyses.  The staff used these 
results to identify:  (1) the SSCs for which it is particularly important to maintain the 
reliability/availability levels assumed in the PRA (e.g., by testing and maintenance) to avoid 
significant increases in CDF and (2) the human actions which, if failed, would have the largest 
impact on the shutdown PRA.    
 
Risk importance analyses were performed at the component/human action level.  The following 
CCFs have RAW values exceeding 1E+2: 
 
The following basic events have the highest RAW values for POS 8-1 reported in the DCD, 
Table 19.1-129, “Basic Events (Hardware and Human Error) FV Importance of Internal Flood at 
LPSD (POS8-1).” 
 
EWS STRAINER PLUG    7.3E+02 
C-ESW PUMP FAIL TO RUN    7.3E+02 
C-CCW PUMP FAIL TO RUN    7.3E+02 
NCS-FE-037 (ORIFICE) PLUG    7.3E+02 
EWS-SRO-002C (ORIFICE) PLUG    7.3E+02 
EWS-FT-072 (FLOW METER) PLUG   7.3E+02 
EWS-FE-036 (ORIFICE) PLUG    7.3E+02 
EWS-SRO-001C (ORIFICE) PLUG    7.3E+02 
NCS-FE-042 (ORIFICE) PLUG   7.3E+02 
C-CLASS 1E 6.9-KV SWITCHGEAR FAILRUE 7.3E+02 
 
19.1.4.6.2.2.6 Conclusions  

 
As a result of the Open and Confirmatory items associated with the internal events LPSD PRA, 
the staff is unable to finalize its conclusion on Section 19.1.6.2.2 in accordance with the 
requirements of NRC regulations. 
 
19.1.4.6.2.3 Results and Insights from the Low-Power and Shutdown Seismic Margins 

Assessment 
 
TO BE PROVIDED LATER 
 
 
19.1.4.7 PRA-Related Input to Design, Certification and Other Programs and 

Processes  
 
The PRA information provided by the applicant in Chapter 19 of the DCD follows the guidance 
provided in RG 1.206.  In reviewing the content and objectives of the submitted PRA 
information, the staff followed the guidance provided in the SRP Section 19.0.  This guidance 
lists the expected uses of PRA results and insights to support the DC and other programs and 
processes (e.g., the RAP).  These uses of PRA results and insights are summarized in Section 
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19.1.1 of this report along with the objectives that must be achieved during the US-APWR 
design and certification processes.  The staff’s initial observations of how the applicant has met 
these objectives, through the use of PRA insights, are provided below.  The staff will update 
these observations in accordance with its review and final finding on US-APWR design.  
 
19.1.4.7.1 Identify and address potential design and operational vulnerabilities  
 
The staff finds that the applicant has used PRA results and insights during the US-APWR 
design phase to identify and address potential design features and plant operational 
vulnerabilities, where a small number of failures could lead to core damage, containment failure, 
or large releases (e.g., assumed individual or CCFs could drive plant risk to unacceptable levels 
with respect to the safety goals).  This effort contributed to design optimization by identifying 
and eliminating early in the design phase potential vulnerabilities and influencing the selection of 
design alternatives, such as four-train core cooling systems, an in-containment RWSP and full 
digital I&C systems.  Section 19.1.4.3 of this report discusses the major features that are 
incorporated in the US-APWR design for the purpose of limiting plant transients, preventing 
severe accidents, and mitigating the consequences. 
 
19.1.4.7.2 Eliminate or reduce known weaknesses from operating plants experience 
 
The US-APWR design evolved from current PWR technology through design changes and 
incorporation of features intended to make the plant safer, more available, and easier to 
operate.  Insights from the PRAs and experience of operating reactors contributed in designing 
such features, as well as in identifying design changes.  The US-APWR incorporated features 
and requirements intended to improve plant safety by reducing or eliminating the significant risk 
contributors of existing operating plants as applicable to the new design.  For example, the 
known significant risk contributor to operating PWR plants which is associated with the 
switchover to recirculation was eliminated in the US-APWR design by the introduction of the in-
containment RWSP.  Section 19.1.4.3 of this SER and Table 19.1-119 of the DCD provide the 
major features and requirements in the US-APWR design in eliminating or reducing known 
weaknesses from operating plant experience.  Such features and requirements were based 
primarily on the principles of redundancy, diversity, simplicity and physical separation of 
redundant trains and systems performing same or similar functions.  The staff finds that the 
applicant has used PRA results and insights during the US-APWR design phase to reduce or 
eliminate significant known failures from operating plant experience in accordance with the 
guidance provided in the SRP.       
 
19.1.4.7.3 Select among alternative features, operational strategies, and design 

options 
 
The staff finds that the applicant has used PRA results and insights during the US-APWR 
design phase to select among alternative features, operational strategies and design options.  
For example, PRA results and insights were used in the selection of 50-percent-capacity EFW 
pits (it was determined that the adoption of 50-percent-capacity EFW pits would not increase the 
risk significantly as compared to 100-percent-capacity EFW pits).  Operational strategies and 
detailed design options are discussed in Table 19.1-119 of the DCD as assumptions made in 
the PRA regarding design and operational features of the US-APWR design.  In addition, a 
SAMDA study was performed and documented in Chapter 19 of the DCD.         
 
19.1.4.7.4 Assess levels of defense-in-depth and tolerance of severe accidents  
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The staff finds that the applicant has used PRA results and insights to assess the US-APWR 
standard design’s robustness, levels of defense-in-depth, and tolerance of severe accidents 
initiated by either internal or external events.  The resulted assessment is provided in Chapter 
19 of the DCD by accident initiating event and mode of plant operation and the staff’s evaluation 
is discussed in the corresponding FSER sections.  The design robustness, levels of defense-in-
depth, and tolerance of severe accidents have been assessed by identifying dominant accident 
sequences, risk-significant design features and operator actions as well as by identifying areas 
of uncertainty and understanding their impact on PRA results and insights.      
 
19.1.4.7.5 Assess the risk significance of specific human errors 
 
The staff finds that the applicant has used PRA results and insights to assess the risk 
significance of specific human errors associated with the design, and characterize the significant 
human errors in preparation for better training and more refined procedures.  The resulted 
assessment is provided in Chapter 19 of the DCD by accident initiating event and mode of plant 
operation.  The staff’s evaluation is discussed in the corresponding FSER sections.  The risk 
significance of specific human errors associated with the design have been assessed by 
identifying dominant accident sequences, risk-significant operator actions and areas of 
uncertainty and by understanding the impact of uncertainties on PRA results and insights.  A list 
of risk-significant human tasks has been developed and included in Chapter 19 of the DCD.  
This list would be taken into account by COL applicants referencing the US-APWR standard 
design in developing and implementing procedures, training and other human reliability related 
programs.  For this purpose, the currently proposed COL Action Item 19.3(6) must be revised to 
reference the list of risk-significant operator actions identified by the PRA and associated 
assumptions (listed in Table 19.1-119 of the DCD) that a COL applicant or licensee should take 
into account in developing and implementing procedures, training and other human reliability 
related programs.  This issue is being tracked as part of Open Item 19.1-LEVEL1-574.      
 
19.4.1.7.6 Compare the risk associated with the design to Commission’s goals 
 
The staff finds that the applicant has used the PRA to demonstrate how the risk associated with 
the US-APWR design compares against the Commission’s goals of less than 1.0E-04/year for 
CDF and less than 1.0E-06/year for LRF.  The applicant assessed the risk associated with a 
plant referencing the US-APWR design as follows: 
 
Total CDF: 3.1E-06 per year          
 
   1.0E-06/yr from internal events at power 
   8.6E-07/yr from internal fires at power 
   8.9E-07/yr from internal floods at power 
   3.7E-07/yr from low-power and shutdown 
 
Total LRF: 8.3E-07 per year  
 
   1.1E-07/yr from internal events at power 
   1.9E-07/yr from internal fires at power 
   1.6E-07/yr from internal floods at power 
   3.7E-07/yr from low-power and shutdown 
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The assessed total CDF value is significantly smaller than the Commission’s goal of less 
than1.0E-04/year for CDF.  Also, the assessed total LRF value is smaller than the 
Commission’s goal of less than 1.0E-06/year for LRF.  Even though the assessed total CDF 
values do not include any contribution from seismic events and other site-specific external 
hazards, it is expected that the US-APWR will meet the Commission’s goals for both CDF and 
LRF when the risk from site-specific external events is assessed due to the conservative 
assumptions made in the design-specific US-APWR PRA, especially in the PRA models for 
internal fires and floods at power and for PRA models for operations at shutdown.   
 
19.1.4.7.7 Compare the design’s containment performance to Commission’s goals 
 
The staff finds that the applicant has used PRA results and insights to compare the US-APWR 
design’s containment performance against the Commission’s approved use of a containment 
performance goal, which includes (1) a deterministic goal that containment integrity be 
maintained for approximately 24 hours following the onset of core damage for the more likely 
severe accident challenges and (2) a probabilistic goal that the CCFP be less than 
approximately 0.1 for the composite of all core damage sequences assessed in the PRA. 
 
Regarding the deterministic goal, the applicant contends that this goal is met because analyses 
have confirmed that containment integrity is maintained for more than 24 hours following the 
onset of core damage for the more likely severe accident conditions.   
 
Regarding the probabilistic goal, the CCFP was assessed to be 0.095, if only internal events at 
power operations are considered.  However, when internal fires and floods at power operations 
as well as events occurring at shutdown are added to the internal events at power, the 
calculated CCDP is 0.19.  Therefore, the probabilistic goal of 0.1 for the CCDP is met only when 
internal events at power operations are considered.  The applicant has stated its belief that the 
CCDP does not strictly meet the goal of 0.1 because of (1) the low value of CDF (due to the 
presence of substantial preventive and mitigating features of the US-APWR design as 
compared to operating reactors), (2) the conservative assumptions made in the Level 2 PRA, 
and (3) the assumption of “open containment” made in the shutdown PRA model. 
 
The staff cannot make any final conclusions on how the US-APWR design containment 
performance compares to the Commission’s goals before all open issues are resolved. 
 
19.1.4.7.8 Assess the balance of preventive and mitigating features  
 
The staff finds that the applicant has used PRA results and insights to assess the balance of 
preventive and mitigating features in the US-APWR design.  The staff’s acceptance criterion 
consists of a determination that the applicant has adequately demonstrated that the design 
properly balances preventive and mitigating features and represents a reduction in risk when 
compared to existing operating plants.  The US-APWR design incorporates both “preventive” 
and “mitigating” features.  The major “preventive” features, which limit plant transients and 
prevent severe accidents, are discussed in Section 19.1.4.3.1 of this report.  The major 
“mitigating” features, which mitigate the consequences of severe accidents, are discussed in 
Section 19.1.4.3.2 of this report.  Areas where the US-APWR design “preventive” and 
“mitigating” features are the most effective in reducing risk with respect to operating reactors 
have been identified and discussed in this report, Sections 19.1.4.4.1.2 and 19.1.4.4.2.2 for 
internal events at power operations, in Sections 19.1.4.5.1, 19.1.4.5.2 and 19.1.4.5.3 for seismic 
events, internal fires and internal floods, and in Sections 19.1.4.6.1.2 and 19.1.4.6.2 for events 
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occurring during shutdown operations.  These sections of the SER discuss the staff’s review of 
dominant accident sequences, risk-significant design features and operator actions, important 
areas of uncertainty and their impact on PRA results and insights as well as the reasons why 
the US-APWR represents a reduction in risk when compared to existing operating plants.  Due 
to the open items, the staff cannot make any final conclusions regarding the adequacy of the 
balance of preventive and mitigating features incorporated in the US-APWR design but it is 
expected that such a balance will be demonstrated once all open issues are resolved. 
 
19.1.4.7.9 Reduction in risk compared to existing operating plants 
 
The applicant has used PRA results and insights to show that the US-APWR design represents 
a reduction in risk compared to existing operating plants.  The US-APWR has evolved from 
current plant technology through the incorporation of several features intended to make the 
plant safer, more available, and easier to operate.  Chapter 19 of the DCD and the staff’s review 
(e.g., Section 19.1.4.4.1.2) discuss a broad (qualitative and quantitative) comparison of risks, by 
initiating event category and mode of operation, between the US-APWR design and existing 
operating PWRs (from which the US-APWR design evolved) to identify the major design 
features that contribute to the reduced risk of the proposed design compared to existing plant 
designs.  
 
 
19.1.4.7.10 Demonstrate that the design addresses known issues10 CFR 50.34(f) 
 
The staff finds that the applicant has used PRA results and insights to demonstrate that the 
design addresses known issues related to the reliability of core and containment heat removal 
systems at some operating plants (i.e., the additional TMI-related requirements in 10 CFR 
50.34(f)).  Major features and requirements that are incorporated in the US-APWR design for 
the purpose of addressing issues related to the reliability of core and containment heat removal 
systems at some operating plants are discussed in Section 19.1.4.3 of this FSER and Table 
19.1-119 of the DCD.  Such features and requirements are based primarily on the principles of 
redundancy, diversity, simplicity and physical separation of redundant trains and systems 
performing same or similar functions.  The staff finds that the PRA results and insights 
documented in Chapter 19 of the DCD indicate that known issues related to the reliability of 
core and containment heat removal systems were addressed in the US-APWR design. 
 
19.1.4.7.11 Support the regulatory treatment of non-safety systems process  
 
For designs using passive safety systems and active defense-in-depth systems, sensitivity 
studies must be performed to investigate the impact of uncertainties on the PRA results under 
the assumption of plant operation without credit for the non-safety-related defense-in-depth 
systems.  These studies provide additional insights about the risk importance of the defense-in-
depth systems that are taken into account in selecting non-safety-related systems for regulatory 
treatment according to the RTNSS process.  Since the US-APWR relies primarily on active 
safety systems for accident mitigation, a RTNSS-type process is not necessary to support the 
US-APWR DC. 
 
19.1.4.7.12 Support regulatory oversight processes and programs associated with 

plant operations 
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An expected use of PRA results and insights is to support, as a minimum, regulatory oversight 
processes (e.g., Mitigating Systems Performance Index, significance determination process) 
and programs that are associated with plant operations (e.g., technical specifications, reliability 
assurance, human factors, Maintenance Rule implementation, etc.).  The applicant identified in 
DCD Section 19.1.1 the uses and applications of PRA related to the design, licensing, 
construction and operation phases of the plant.  The staff’s review of Section 19.1.4.1) and the 
quality of the PRA discussed in Section 19.1.4.2 indicates that the US-APWR design-specific 
PRA is technically adequate, pending the satisfactory resolution of the open issues listed in 
Section 19.1.5 of this report, to support the objectives regarding the uses and applications of the 
PRA.  The US-APWR design PRA has been developed and evaluated so that it can be used as 
the starting point of a future plant-specific PRA that can be used to support risk-informed 
applications, such as RMTS and surveillance frequency control programs (SFCP), following 
future updates and upgrades, as necessary, to address plant-specific and application-specific 
issues.   
 
19.1.4.7.13 Identify and support the development of specifications and performance 

objectives 
 
The staff finds that the applicant has used the PRA results and insights, including those from 
uncertainty analyses, importance analyses, and sensitivity studies, in an integrated fashion to 
identify and establish specifications and performance objectives (e.g., ITAAC, TS, D-RAP, and 
COL action items) for the design, construction, testing, inspection, and operation of the plant.  
The specific programs establish the staff's acceptance criteria.  For example, Section C.I.17.4 of 
RG 1.206 presents the RAP submittal guidance and SRP Section 17.4, “Reliability Assurance 
Program (RAP),” gives the associated staff review guidance, including acceptance criteria.  
Specifications and performance objectives for the design are established through the disposition 
of the “key insights and assumptions” listed in Table 19.1-119 of the DCD. 
 
The staff cannot make any final conclusions regarding the completeness and adequacy of the 
items included in Table 19.1-119 of the DCD and their proposed disposition before all related 
open and confirmatory items are resolved. 
 
19.1.5 Open, Confirmatory, and COL Action Items 
 
The open and confirmatory items identified by the staff’s review of PRA portion of Chapter 19 
(Section 19.1) are summarized below in Sections 19.1.5.1 and 19.1.5.2, respectively.  The 
staff’s evaluation of the currently proposed COL action items is reported below in Section 
19.1.5.3.  
 
19.1.5.1 Summary of Open Items 
 
The following open items have been identified by the staff’s review:  
 
1. Open Item 19.1-LEVEL1-574 (Completion of COL action items) (Including 

Questions 19-507, 19-509, 19-559, and 19-564) 
 

During the staff’s review, the staff finds that the list of COL action items currently provided in 
Section 19.3 is incomplete due to the use of generic information and bounding 
assumptions.  The staff requests MHI to finalize the list of COL action items in DCD Section 
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19.3 to ensure that the COL applicant or holder referencing the certified US-APWR design, in 
conformance with the guidance provided in the SRP 19.0 and RG 1.206, as minimum, will:  
 
• (COL applicant and holder) evaluate and address the “key sources of uncertainty and 

key assumptions” identified in US-APWR DCD Table 19.1-38 as new or more detailed 
information becomes available. The COL holder should also address these items as the 
site-specific PRA is developed. 
 

• (COL applicant and holder) assess, confirm, and update the “key insights and 
assumptions” identified in US-APWR DCD Table 19.1-119, ensuring that they are 
complete and applicable to the plant.  The COL holder should also address these 
items as the site-specific PRA is developed. 
 

• (COL holder) review as-designed and as-built information and conduct walk-downs as 
necessary to confirm that important assumptions made in the PRA about design features 
and characteristics (e.g., routing and location of piping and cables, flood propagations, 
HCLPF fragilities, etc.) and operator actions remain valid with respect to all applicable 
events and modes of operation. 
 

• (COL holder) upgrade the PRA to industry standards to meet the technical adequacy 
requirements needed to support certain risk-informed applications during operation (e.g., 
risk-managed TS). 
 

• (COL applicant) ensure that asymmetric conditions due to modeling simplicity will be 
addressed or properly accounted for when the PRA is used for decision making. 
 

• (COL holder) revise and update the evaluations of identified operator actions and human 
error probabilities as detailed design information becomes available and plant-specific 
EOPs are developed. 

 
2. Open Item 19.1-LEVEL1-512 (Identification and documentation of important design 

features in DCD Table 19.1-119) 
 

The staff finds that the applicant must perform a systematic search to identify “key 
insights and assumptions” regarding design and operational features which must be 
included in the DCD (e.g., revise existing Table 19.1-119) with a proper disposition 
which ensures that these “assumptions” will remain valid in the as-to-be-built, as-to-be-
operated plant.  In RAI 750-5675, Question 19-512, the staff requested that the 
applicant include in the DCD “key insights and assumptions,” the following items: 

 
• Assumptions made regarding hardware and software diversity must be stated 

clearly along with their basis and an appropriate disposition. 
 
• The presence of interlocks, implemented on the EFW control valves and EFW 

isolation valves, which ensures that the SG water level is within the range for 
effective secondary cooling regardless of operator action. 

 
3. Open Item 19.1-LEVEL1-513 (Perform a systematic investigation to demonstrate 

the robustness of the assumed PRA success criteria) 
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In the July 29, 2008, responses to RAI 40-610, Questions 19-97 and 19-98, and July 
9, 2009, response to RAI 423-2710, Question 19-364, regarding the implementation of 
the approach that the applicant followed to determine PRA success criteria, in some 
cases, the applicant took credit in the T-H analysis of “bounding” sequences involving 
multiple failures for more than the minimum set of equipment that could be available, 
based on the success criteria.  In other cases, it is not clear whether some “success” 
sequences are bounded by an analyzed “success” sequence.  In addition, there are no 
T-H analyses performed to support the assumed success criteria of some mitigating 
systems and functions, such as the alternate containment cooling function.  Thus in RAI 
750-5675, Question 19-513, the staff requested that the applicant perform a systematic 
investigation to demonstrate the robustness of the assumed PRA success criteria for all 
“success” sequences of significant frequency.  

 
In its June 30, 2011, response, the applicant agreed to perform the T-H analyses to 
provide basis for the success criteria and to summarize the results in DCD Table 19.1-
15, “Typical Results of Thermal/Hydraulic Analysis.” 

 
 
4. Open Item 19.1-LEVEL1-514 (Operator action to equalize primary and secondary 

pressures) 
 

The staff finds that the failure probability of the operator action equalize primary and 
secondary pressures (event DEP) must be estimated and documented together with all 
key assumptions and bases (e.g., T-H analysis) used in the estimation.  In addition, 
event DEP should be addressed in the accident sequence quantification and importance 
analysis.  Thus, in RAI 750-5675, Question 19-514, the staff requested the applicant to 
consider the above findings. 

 
In its June 30, 2011, response, the applicant agreed to incorporate assumptions of core 
damage caused by failure to equalize the primary and secondary pressure hardly occurs 
due to redundancy of operator actions for equalization of the pressure and sufficiently 
long allowable time for the actions in the DCD Table 19.1-119.  The response is 
currently under staff review. 

 
5. Open Item 19.1-LEVEL1-515 (Treatment of I&C hardware and software CCFs) 
 

In RAI 750-5675, Question 19-515, the staff requested the applicant to provide the 
precise definition of I&C hardware and software CCFs modeled in the PRA, in terms of 
diversity assumptions and what signals are impacted by each event. 

 
In its June 30, 2011, response, the applicant provided the definitions of digital I&C 
hardware CCF (event SGNBTHWCCF), digital I&C basic software CCF (event 
RTPBTSWCCF), and application software CCFs (events SGNBTSWCCF1, 
SGNBTSWCCF2, and SGNBTSWCCF3).  The response is currently under staff’s 
review. 

 
6. Open Item 19.1-LEVEL1-516 (Modeling of HVAC failures in the PRA) 
 

In RAI 750-5675, Question 516, the staff requested the applicant to provide the basis of 
the assumption made in the PRA that the time the T-D EFW pumps are required to 
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operate during accidents is shorter than the time these pumps are designed to operate 
without HVAC cooling. 

 
In its June 30, 2011, response, the applicant provided the temperature analysis results 
of the following locations: 
 
(a) T/D EFW Pump Room. 
(b) GTG Room. 
(c) SI Pump Room. 
(d) CS/RHR Pump Room. 
(e) Class 1 E Electrical Area Room. 
(f) MCR. 

 
The applicant also stated in the response that a new table (Table 19.1-180, “Room 
Temperature Analysis Results for Each Area”) which summarizes the above room 
temperature analysis results will be provided in the DCD.  The response is currently 
under staff’s review. 

 
7. Open Item 19.1-LEVEL1-575 (Clarification of statements in Section 19.1.2.3) 
 

Clarify the statement in Section 19.1.2.3, which says that “The PRA has been developed 
in accordance with industry consensus standards as described in Section 19.0,” since no 
information regarding the PRA technical adequacy is provided in Section 19.0 of the 
DCD (e.g., Is this reference to Section 19.0 of the SRP or Section 19.0 of RG 1.206?) 
and describe how this was verified to be in accordance with the standards (e.g., by a 
peer review, self assessment, or in-house review, etc.).  In addition, clarify the statement 
in Section 19.1.2.3, which states that “The PRA …has been subjected to a peer review 
process as defined in ASME/ANS RA-S-2008 and associated addenda.”  

 
8. Open Item 19.1-FIRE-573 (Transferring the control of the plant from MCR TO RSC 

should be included in DCD Table 19.1-119) 
 

The staff finds that the transferring of plant control from MCR to RSC, including the 
transfer switches and operator actions, is important to the MCR fire risk model and is the 
key contributor to the fire risk estimate.  Thus, please enhance DCD Table 19.1-119 to 
reflect the staff finding associated with the control transfer from MCR to RSC, ensuring 
that all important assumptions and insights remain valid for future plants. 

 
9. Open Item 19.1-LEVEL2-560 (Address hydrogen build-up in the RWSP) 
 

The applicant proposes a design change for hydrogen igniters and provides DC-
powered battery backup to 11 strategically located hydrogen igniters.  The staff’s review 
of the applicant’s response to RAI 871-6121, Question 19-560, identifies two concerns 
regarding the Level 2 PRA modeling of the hydrogen control top event in the 
containment system event tree.  A follow-up RAI question is in preparation to 
communicate the staff’s concerns.  

 
10. Open Item 19.1-LPSD-546 (Impact on LPSD risk) 
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This issue questions the impact on LPSD risk should a COL applicant decide to drain the 
RCS in POS 4-1 with the RCS open to speed the draindown process such that the SGS 
cannot be used for decay heat removal.   

 
11. Open Item 19.1-LPSD-565 (Omission of LOCAs) 

 
This issue questions the omission of LOCAs during POSs 5, 6, and 7 from the LPSD 
PRA. 

 
12. Open Item 19.1-LPSD-506 (Failure of the SG nozzle dams) 
 

This issue concerns failure of the SG nozzle dams due to a postulated RCS re-
pressurization and adequate RCS venting during nozzle dam installation. 

 
13. Open Item 19.1-LPSD-495 (Auto-isolation function of RCS letdown) 
 

This issue concerns the auto-isolation function of RCS letdown on low hotleg level and 
prevention of vortexing in the hotleg. 

 
14. Open Item 19.1-LPSD-568 (OVDR and FLML frequency) 
 

This issue concerns the auto-isolation of letdown on low hot leg level, manual isolation of 
letdown, and RCS hot leg indication which affects the calculated OVDR and FLML 
frequency. 

 
15. Open Item 19.1-LPSD-494 (Shutdown technical specifications) 
 

This issue questions the lack of shutdown technical specifications resulting in the need 
for voluntary initiatives to ensure that the Commission’s goals for new reactors are met. 

 
16. Open Item 19.1-LPSD-567 (Automation for standby RCS injection) 
 

This issue questions the lack of automation for standby RCS injection given the risk 
significance of manual RCS injection. 

 
17. Open Item 19.1-LPSD-570 (Key sources of uncertainty and assumptions) 
 

This issue questions the key sources of uncertainty and key assumptions identified in 
the LPSD PRA. 

 
18. Open Item 19.1-LPSD-566 (Information on containment closure) 
 

This issue requests information regarding containment closure consistent with staff 
guidance in GL 88-17. 

 
19. Open Item 19.1-LPSD-66 (Risk insights from LPSD) 
 

This issue requests a risk insight to be added to the risk insights Table as agreed to by 
the applicant. 
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19.1.5.2 Confirmatory Items 
 
The following confirmatory items have been identified by the staff’s review. 
 
1. Confirmatory Item 19.1-LEVEL1-503 (Revision of DCD Table 19.1-119 to include 

HEPs assumptions) 
 

In RAI 744-5668, Question 19-503, the staff requested that the applicant describe the 
method used to examine and modify the lEs PRA HEPs to account for the potential 
impacts of fire events. 

 
In its April 27, 2011, response, the applicant committed to revise US-APWR DCD Table 
19.1-119 to include the key assumptions regarding the human error probability.  
Inclusion of the key assumptions is being tracked as Confirmatory Item 19.1-LEVEL1-
503. 

 
2. Confirmatory Item 19.1-LEVEL1-508 (Modification of COL Action Item 19.3(6)) 
 

In RAI 750-5675, Question 19-508, the staff requested that the applicant revise the COL 
Action Item 19.3(6) per SRP Chapter 19.0 to address the following: 

 
- Reference to the development and implementation of emergency operating 

procedures. 
 

- Reference to the risk-significant operator actions identified by the PRA and 
associated assumptions (listed in DCD Table 19.1-119) that a COL 
applicant/licensee should take into account in the development and 
implementation of procedures for operation, accident management, training and 
other human reliability related programs. 
 

- Reference to the disposition of risk-significant operator actions discussed in "key 
insights and assumptions" and/or elsewhere in the DCD. 
 

- Ensure that insights gained from the design-specific PRA, including the site and 
plant-specific information available at the COL application phase, are 
incorporated in the development of programs and processes which are initiated 
during or following the COLA phase, such as severe accident management 
guidelines, emergency operating procedures, reliability assurance, training and 
human factors engineering. 

 
In its April 28, 2011, response, the applicant provided the following text for inclusion in 
the DCD: 

 
COL 19.3(6) - The COL Applicant develops an accident management program which 
includes emergency operating procedures, [See COL Action Item 13.5(6)7 Risk-
significant operator actions listed in DCD Table 19.1-119 are to be addressed in the 
development and implementation of procedures for operation, accident management, 
training and other human reliability related severe accident guidance programs.  Insights 
gained from the design-specific PRA.  Including insights created by the incorporation 
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(unless bounded) of site and plant-specific information available at the COL application 
phase, are to be reflected appropriately. 

 
Inclusion of the above item, which is associated with RAI 750-5675, Question 19-508, is 
being tracked as Confirmatory Item 19.1-LEVEL1-508. 

 
3. Confirmatory Item 19.1-LEVEL1-510 (Revision of inappropriate statements in the 

DCD) 
 

The applicant has included several statements in Chapter 19 of the DCD regarding the 
technical adequacy of the design-specific PRA that the staff finds to be not appropriate 
and should be removed.  In RAI 750-5675, Question 19-510, the staff requested the 
applicant to revise the following statements: 

 
• “The quality of the PRA is sufficient to provide confidence in the results, such that 

the PRA may be used in regulatory decision making and to support risk-informed 
applications.” 
 

• “The PRA has been developed in accordance with industry consensus standards 
as described in Section 19.0, and has been subjected to a peer review process 
as defined in ASME-RA-S-2002 and associated addenda and as outlined in the 
Nuclear Energy Institute (NEI) peer review guide NEI-00-02.” 
 

• “Upgrades of the PRA will receive a peer review in accordance with the 
requirements detailed in Section 6 of ASME-RA-S-2002 and associated 
addenda, but will be limited to aspects of the PRA that have been upgraded.” 

 
In its June 30, 2011, response, the applicant committed to remove all three statements 
from Section 19.1.2 of the DCD. 

 
Revision of the DCD is being tracked as Confirmatory Item 19.1-LEVEL1-510. 

 
4. Confirmatory Item 19.1-LEVEL1-511 (Identification of important sources of 

uncertainty in the DCD) 
 

The staff finds that the applicant must perform a systematic search to identify “key 
sources of uncertainty” from all PRA areas and list them in the DCD as part of the risk 
insights required by the design certification process and to ensure that uncertainties are 
addressed in future PRA applications.  In RAI 750-5675, Question 19-511, the staff 
requested that the applicant include in the DCD the following identified key sources of 
uncertainty: 

 
1. CCF probability of CCW and ESW pumps. 
 
2. Unavailability due to maintenance of CCW pumps, ESW pumps, and other risk-

important components. 
 
3. Failure probability of risk-important components with long testing intervals. 
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4. Modeling of the PSVs in the PRA due to maintenance of CCW pumps, ESW 
pumps, and other risk-important components. 

 
5. Modeling of the CCF of I&C hardware and associated probability. 
 
6. CCF probability of basic software. 
 
7. CCF probability of support software. 

 
In its June 30, 2011, response, the applicant agreed to revise the DCD as requested in 
the above RAI. 

 
RAI 750-5675, Question 19-511 is being tracked as Confirmatory Item 19.1-LEVEL1-
511. 

 
5. Confirmatory Item 19.1-LEVEL1-564 (Revision of DCD Sections 19.1.1 and 19.1.2) 
 

In RAI 898-6275, Question 19-564, the staff requested that the applicant, in accordance 
with guidance provided in SRP Section 19.1 and RG 1.206, revised Sections 19.1.1 and 
19.1.2 of the US-APWR DCD Revision 3 to define which PRA (i.e., design-specific PRA 
or plant-specific PRA) is in consideration when mentioning "PRA" in these sections. 

 
In its July 02, 2012, response, the applicant committed to revise Sections 19.1.1 and 
19.1.2 to clarify the responsibility of the DC applicant, COL applicant, and COL holder on 
the use, maintenance and upgrade of the PRA. 

 
Revision of DCD Sections 19.1.1 and 19.1.2, which is associated with RAI 898-6275, 
Question 19-564, is being tracked as Confirmatory Item 19.1-LEVEL1-564. 

 
6. Confirmatory Item 19.1-FIRE-553 (Inconsistencies of fire frequencies and CDFs 

between US-APWR DCD and PRA) 
 

The staff finds that there are inconsistencies (i.e., fire frequencies and CDFs) between 
DCD Revision 3, Table 19.1-58 and PRA Revision 3, Table 23.10-1.  In RAI 834-6035, 
Question 19-553, the staff requested clarification of these discrepancies. 

 
In its November 8, 2011, response, the applicant stated that the DCD Table 19.1-58 
contains editorial errors.  Therefore, DCD Table 19.1-58 will be revised in the next 
revision to incorporate the descriptions of Table 23.10-1 of the PRA report. 

 
Revision of DCD Table 19.1-58, which is associated with RAI 834-6035, Question 19-
553, is being tracked as Confirmatory Item 19.1-FIRE-553. 

 
7. Confirmatory Item 19.1-FIRE-554 (Inconsistency between DCD Table 19.1-57 and 

fire PRA) 
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The staff finds that there is inconsistency between DCD Table 19.1-57 and US-APWR 
PRA regarding the modeling of partial loss of CCW as a fire-induced initiator.  In RAI 
834-6035, Question 19-554, the staff requested the applicant to clarify this inconsistency 
and provide explanation if partial loss of CCW is no longer considered in the fire PRA. 

 
In its November 08, 2011, response, the applicant indicated that there is an editorial 
error in DCD Table 19.1-57.  The DCD Table 19.1-57 will be revised and also modified 
to clarify other editorial phrases. 

 
Revision of DCD Table 19.1-57 is being tracked as Confirmatory Item 19.1-FIRE-554. 

 
8. Confirmatory Item 19.1-FIRE-556 (Inconsistency regarding fire protection doors 

and seals) 
 

In RAI 834-6035, Question 19-556, the staff requested that the applicant address the 
inconsistency between DCD Page 19.1-113, second bullet "Fire protection seals for 
penetrations or fire protection doors are effective to mitigate the impact of flood" and the 
key assumption (i) on Page 19.1-112 "Fire protection doors are considered as flood 
propagation paths." and revise the DCD and/or PRA accordingly. 

 
In its November 8, 2011, response, the applicant committed to revise assumption (i) in 
DCD Section 19.1.5.3.1 as follows:  “Fire protection doors that are not water tight are 
conservatively assumed as flood propagation paths for flood and major flood scenarios.” 

 
Revision of assumption (i) on Page 19.1-112, which is associated with RAI 834-6035, 
Question 19-556, is being tracked as Confirmatory Item 19.1-FIRE-556. 

 
9. Confirmatory Item 19.1-FIRE-557 (Inconsistency on internal fire key assumptions) 
 

The staff finds that the list of internal fire key assumptions on Page 19.1-93 of US-APWR 
DCD is incomplete as compared to DCD Table 19.1-119 and also to Chapter 23 of the 
US-APWR PRA.  In RAI 834-6035, Question 19-557, the staff requested that the 
applicant revise the DCD so that the key assumptions are consistent and appropriately 
documented. 

 
In its response to RAI 834-6035, Question 19-557, dated November 8, 2011, the 
applicant committed to revise the internal fire key assumptions on Page 19.1-93 and in 
Table 19.1-119 as described in the response. 

 
Revision of DCD regarding internal fire key assumptions, which is associated with RAI 
834-6035, Question 19-557, is being tracked as Confirmatory Item 19.1-FIRE-557. 

 
10. Confirmatory Item 19.1-FLOOD-557 (Revision of DCD regarding internal flood key 

assumptions) 
 

The staff finds that the list of internal flood key assumptions on Page 19.1-111 is 
different from Table 19.1-119 of DCD Revision 3.  In RAI 834-6035, Question 19-557, 
the staff requested that the applicant revise the DCD so that the key assumptions are 
consistent and appropriately documented. 
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In its November 8, 2011, response to Question 19-557, the applicant committed to revise 
the internal flood key assumptions on Pages 19.1-111, 19.1-112 and 19.1-113 and Table 
19.1-119 as described in details in the response. 

 
Revision of DCD regarding internal flood key assumptions is being tracked as 
Confirmatory Item 19.1-FLOOD-557. 

 
11. Confirmatory Item 19.1-FLOOD-552 (Modeling of HELB and MELB in internal 

flooding PRA) 
 

In RAI 834-6035, Question 19-552, the staff requested the applicant to describe in 
details how HELB and MELB are modeled in the internal flooding PRA. 

 
In its November 8, 2011, response, the applicant committed to revise the DCD Revision 
3, Page 19.1-114, last bullet to incorporate the following information. 

 
“HELB - High Energy Line Break (HELB) is characterized by a large through wall 
flow rate caused by a major structural failure in a high-energy line.  A piping 
system is defined as high-energy if the maximum operating temperature exceeds 
200F or the maximum operating pressure exceeds 275 psig.  By contrast, a 
piping system is defined as moderate energy if the maximum operating 
temperature is less than 200F and the maximum operating pressure is less than 
275 psig.  Consequential effects of HELB as well as moderate-energy line break 
(MELB) events are considered in the internal flood PRA.  In this internal flooding 
PRA, consequential effects of HELB and MELB are bounded by the effects of 
floods and major floods assuming all components placed in flood propagation 
areas lose their function.” 

 
Revision of DCD to incorporate the above statement is being tracked as Confirmatory 
Item 19.1-FLOOD-552. 

 
12. Confirmatory Item 19.1-EXT-518 (Revision of COL Action Item 19.3(4) to include all 

site-specific hazards) 
 

In RAI 750-5675, Question 19-518, the staff requested that the applicant modify COL 
Action Item 19.3(4) to address all site-specific external hazards by either screening or 
analysis. 

 
In its June 30, 2011, response, the applicant committed to revise COL Action Item 
19.3(4) as follows: 

 
COL 19.3(4) “The Probabilistic Risk Assessment and Severe Accident Evaluation is 
updated as necessary to assess specific site information and all associated potential 
site-specific external hazards (both natural and man-made hazards) that may affect the 
facility are screened out or subjected to analysis.” 

 
Revision of the above action item, which is associated with RAI 750-5675, Question 19-
518, is being tracked as Confirmatory Item 19.1-EXT-518. 

 
13. Confirmatory Item 19.1-LEVEL2-561 (Containment bypass potential from 
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temperature-induced steam generator tube rupture) 
 

In its response to RAI 872-6144, Question 19-561 dated December 20, 2011, the 
applicant will change the APET event tree in the PRA report by correcting the branch 
probability for large RCP seal LOCAs to 0.192 (i.e., complement of 0.808 for no large 
RCP seal LOCAs).  This change will result in a new TI-SGTR CCFP of 0.0423.  The 
evaluation results due to this change will be revised accordingly in the PRA report and 
DCD. 

 
14. Confirmatory Item 19.1-LEVEL2-521 (Staff to verify FESAs for both the RCS pipes 

and the reactor cavity) 
 

In its response to RAI 752-5614, Question 19-521 dated July 12, 2011, the applicant 
refers to FESAs for both the RCS pipes and the reactor cavity.  The staff found the 
response acceptable pending the staff’s verification of the FESAs discussed in the 
response.  This verification will likely be performed through an audit. 

 
15. Confirmatory Item 19.1-LEVEL2-562 (Include in PRA report the PDS frequencies 

for fire and flood events) 
 

In its response to RAI 872-6144, Question 19-562 dated December 20, 2011, the 
applicant will provide in the Level 2 PRA report new tables that show the PDS 
frequencies for fire and flood events, in which the CDFs and LRFs are summarized.  

 
16. Confirmatory Item 19.1-LPSD-5 (Details of vacuum refill operations) 
 

This issue requests documentation of the details of vacuum refill operations in the DCD 
and the PRA. 

 
17. Confirmatory Item 19.1-LPSD-493 (Anticipated times for RCS boiling) 

 
This issue requests documentation  of the correct anticipated times for RCS boiling and 
core damage for the sub POSs in POSs 4 and 8 in the DCD and the PRA. 

 
18. Confirmatory Item 19.1-LPSD-549 (Standby RCS injection) 
 

This issue requests the documentation of the need for standby RCS injection following 
the restoration of the AC power source or offsite power after RCS boiling. 

 
19. Confirmatory Item 19.1-LPSD-551 (Automatic isolation of RCS letdown) 
 

This issue requests the documentation of how the automatic isolation of RCS letdown on 
low hotleg level was handled in the importance analyses in the DCD and the PRA.   

 
20. Confirmatory Item 19.1-LPSD-10 (Removal of a risk insight) 
 

This issue concerns removal of a risk insight that is not valid for this design concerning 
hydrogen peroxide addition at midloop. 

 
21. Confirmatory Item 19.1-LPSD-498 (Containment cooling) 
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This issue requests the documentation of the need for containment cooling given an 
extended loss of the RHR function in the DCD and the PRA. 

 
22. Confirmatory Item 19.1-LPSD-547 (Improved wording in the DCD) 
 

This issue requests improved wording in the DCD regarding the discussion of the 
analyses that were completed to support gravity injection and reflux cooling.  

 
23. Confirmatory Item 19.1-LPSD-493 (Documentation in the next revision of the DCD) 

This issue requests documentation in the next revision of the DCD of the following items: 
 
• Corrected anticipated times for RCS boiling and core damage for the sub POSs 

in POSs 4 and 8. 
• Installation and removal of SG nozzle dams will be performed consistent with the 

staff guidance in GL 88-17 and IN 88-36. 
• Table 19.1-141, “Summary of Plant Configuration and Operator Activities during 

Mid-Loop Operation,” (Sheet 1) Summary of Plant Configurations and Operator 
Activities during Mid-loop Operation. 

• Table 19.1.-141 (Sheet 2) Plant Configurations and Operator Activities during 
Mid-loop Operation.  

• Table 19.493-2, “Duration of each POS for LPSD PRA.”  
• Table 19.493-3, “Frequency Of Initiating Events for LPSD PRA.”  
• Table 19.493-4, “Core Damage Frequencies for LPSD PRA,” a revised list of 

core damage frequency for the LPSD PRA by POS and sub POSs for POS 4 and 
8. 

• Table 19-493-5, “Dominant Sequences of POS 4-3 for LPSD PRA.”  
• Table 19.493-6, “Dominant Sequences for POS 8-1 for LPSD PRA.” 
• Table 19.493-7, “Dominant Cutsets of POS 4-3 and POS 8-1 for LPSD PRA.”  
• Multiple Tables describing dominant cutsets by initiator and POS 4-3 and POS 8-

1. 
• Revised Importance Analyses for POS 4-3 and POS 8-1. 

 
19.1.5.3 COL Information Items 
 
COL information numbers and descriptions from DCD, Revision 3, Tier 2, Table 1.8-2, 
“Compilation of All Combined License Applicant Items for Chapters 1-19,” and from DCD Tier 2, 
Section 19.3.3, “Combined License Information”:  
 

Table 19.1-1 
US-APWR Combined License Information Items for DCD Chapter 19 

Item No. Description Section 
COL 

19.3(1) 
The COL Applicant who intends to implement risk-managed 
technical specifications continues to update Probabilistic Risk 
Assessment and Severe Accident Evaluation to provide PRA input 
for risk-managed technical specifications.  Peer reviews for the 
updated PRA will be performed prior to the use of PRA to risk-
informed applications. 

19.3.3 
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Table 19.1-1 
US-APWR Combined License Information Items for DCD Chapter 19 

COL 
19.3(4) 

The Probabilistic Risk Assessment and Severe Accident Evaluation 
is updated as necessary to assess specific site information and 
associated site-specific external events (high winds and tornadoes, 
external floods, transportation, and nearby facility accidents). 

19.3.3 

 
The staff finds that the list of COL action items above is not complete and should be modified to 
fully address the staff’s findings.  In RAI 967-6790, Question 19-574, the staff requested the 
applicant to finalize the list of COL action items in DCD Section 19.3 to ensure that the COL 
applicant or holder referencing the certified US-APWR design, in conformance with the 
guidance provided in the SRP 19.0 and RG 1.206, as minimum, will:  
 

• (COL applicant and holder) evaluate and address the “key sources of uncertainty 
and key assumptions” identified in US-APWR DCD Table 19.1-38 as new or 
more detailed information becomes available.  The COL holder should also 
address these items as the site-specific PRA is developed. 
 

• (COL applicant and holder) assess, confirm, and update the “key insights and 
assumptions” identified in US-APWR DCD Table 19.1-119, ensuring that they are 
complete and applicable to the plant.  The COL holder should also address these 
items as the site-specific PRA is developed. 
 

• (COL holder) review as-designed and as-built information and conduct walk-
downs as necessary to confirm that important assumptions made in the PRA 
about design features and characteristics (e.g., routing and location of piping and 
cables, flood propagations, HCLPF fragilities, etc.) and operator actions remain 
valid with respect to all applicable events and modes of operation. 
 

• (COL holder) upgrade the PRA to industry standards to meet the technical 
adequacy requirements needed to support certain risk-informed applications 
during operation (e.g., risk-managed TS). 
 

• (COL applicant) ensure that asymmetric conditions due to modeling simplicity will 
be addressed or properly accounted for when the PRA is used for decision 
making. 
 

• (COL holder) revise and update the evaluations of identified operator actions and 
human error probabilities as detailed design information becomes available and 
plant-specific EOPs are developed. 

 
RAI 967-6790, Question 19-574, associated with the above request, is being tracked as an 
Open Item 19.1-LEVEL1-514. 
 
19.1.6 Conclusions 
 
The staff has evaluated the US-APWR design-specific PRA quality and its use in the design and 
certification processes.  With the exception of the open and confirmatory items, the staff 
concludes that the quality and completeness of the US-APWR PRA is adequate for its intended 
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purposes..  The staff expects to be in a position to reach the conclusion that the approaches 
used by the applicant for both the core damage and containment analyses are logical and 
sufficient to achieve the desired goals of describing and quantifying potential core damage 
scenarios and containment performance during severe accidents.  In addition, with the 
exception of the open and confirmatory items, the staff concludes that the use of PRA in the US-
APWR design process helped improve the features of the design by better understanding plant 
response, including potential system interactions, during postulated beyond-design-basis 
accidents.  Such features contributed to the reduced CDF and CCFP estimates of the US-
APWR design when compared with operating PWRs.  PRA results and insights were used to 
identify areas where it is particularly important to implement the certification and operational 
requirements assumed during the design and certification processes (e.g., ITAACs, D-RAP, 
COL Action Items and TS).  With the exception of the open and confirmatory issues discussed 
above, the staff concludes that the US-APWR PRA shows that the design meets the 
Commission's goals and represents an improvement in safety over operating PWRs in the 
United States.  However, as a result of the open items, currently, the staff is unable to finalize its 
conclusion on Section 19.1 in accordance with the requirements of NRC regulations. 
 
19.2 Severe Accident Evaluation 
 
This section of the DCD describes the applicant’s approach to resolve severe accident issues 
for the US-APWR design.  In addition, the requirement that a plant-specific PRA be performed 
in order to seek improvements in the reliability of core and containment heat removal systems is 
addressed in Section 19.2.6 (“Consideration of Potential Design Improvements Under 10 CFR 
50.34(f)”) of the application. 
 
19.2.1 Introduction 
 
The uses of the PRA and severe accident evaluation and the uses of the PRA results and 
insights are drawn from 10 CFR Part 52, the Commission's Severe Reactor Accident Policy 
Statement regarding future designs and existing plants, the Commission's Safety Goals Policy 
Statement, the Commission-approved positions concerning severe accidents contained in 
SECY-90-016 and SECY-93-087, and NRC interest in the use of PRA to help improve future 
reactor designs. 
 
All uses of the PRA and severe accident evaluation should reflect the potential limitations of the 
PRA, as indicated by the results of sensitivity and uncertainty analyses. 
 
19.2.2 Summary of Application  
   
DCD Tier 1:  There are no DCD Tier 1 entries for this area of review.  
 
DCD Tier 2:  The applicant has provided a DCD Tier 2 description in Section 19.2 (“Severe 
Accident Evaluation”), summarized here in part, as follows: 
 

This section describes the design features for the US-APWR to prevent and mitigate 
severe accidents in accordance with the requirements in 10 CFR 52.47(a)(23).  These 
features specifically address the issues identified in SECY-90-016 and SECY-93-087, 
which the Commission approved in related SRMs dated June 26, 1990, and July 21, 
1993, respectively, and SECY-94-302.  The specific issues are related to prevention 
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(e.g., ATWS, mid-loop operation, SBO, fire protection, and interfacing system LOCA), 
and mitigation (e.g., containment bypass, hydrogen generation and control, core debris 
coolability, high-pressure core melt ejection, containment performance, dedicated 
containment vent penetration) and for equipment survivability. 

 
In addition, the US-APWR design is demonstrated to satisfy the requirements of 10 CFR 
52.47(a)(8) for a DC application.  In particular, this regulation invokes 10 CFR 
50.34(f)(1)(i) to specify that a design-specific or plant-specific PRA should be performed 
to seek improvements in core heat removal system reliability and containment heat 
removal system reliability that are significant and practical and do not excessively impact 
the plant. 

 
Topical Reports:  There are no topical reports for this area of review 
 
ITAAC:  There are no ITAAC for this area of review 
 
TS:  There are no TS for this area of review.   
 
19.2.3 Regulatory Basis  
 
The relevant requirements of the Commission’s regulations for this area of review, and the 
associated acceptance criteria, are given in Section 19.0 of NUREG-0800 (the SRP), and are 
summarized below.  Review interfaces with other SRP sections can be found in Section 19.0 of 
NUREG-0800.  The relevant regulatory requirements are: 
 
1. 10 CFR 52.47(a)(8): Provide the information necessary to demonstrate compliance with 

any technically relevant portions of the Three Mile Island (TMI) requirements set forth in 
10 CFR 50.34(f). 

 
2. 10 CFR 52.47(a)(23): Provide a description and analysis of design features for the 

prevention and mitigation of severe accidents. 
 

3. 10 CFR 52.47(b)(1): A design certification application must contain the proposed ITAAC 
that are necessary and sufficient to provide reasonable assurance that, if the 
inspections, tests, and analyses are performed and the acceptance criteria met, a facility 
that incorporates the DC  has been constructed and will be operated in accordance with 
the design certification, the provisions of the Atomic Energy Act of 1954, and the 
Commission’s regulations. 

 
Acceptance criteria adequate to meet the above requirements include: 
 
1. Commission Papers (SECY-90-016, SECY-93-087, and SECY-97-044) and associated 

SRMs, which provide guidance for implementing features in new designs to prevent and 
mitigate the effects of severe accidents.  

 
2. NRC Policy Statements:  50FR 32138 (Section B on Policy for New Plant Applications), 

59 FR 35461 (section stating Commission Policy), and 60 FR 42622 (section stating 
Commission Policy).  
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3. RG 1.70, Revision 3, “Standard Format and Content of Safety Analysis Report for 
Nuclear Power Plants,” issued November 1978, provides guidance for meeting the 10 
CFR 50.44(c)(5) requirement and specifies the following: 
 

4. Steel containments meet the requirements of the ASME Code (edition and addenda as 
incorporated by reference in 10 CFR 50.55a(b)(1)), Section III, Division 1, Subarticle NE-
3220, “Service Level C Limits,” considering pressure and dead load alone (evaluation of 
instability is not required). 

 
5. Concrete containments meet the requirements of the ASME Boiler and Pressure Vessel 

Code, Section III, Division 2, Subarticle CC-3720, “Factored Load Category,” considering 
pressure and dead load alone.  
 

6. At a minimum, the specific ASME Code requirements set forth for each type of 
containment will be met for a combination of dead load and an internal pressure of 310.3 
kPa (45 psig). 

 
7. SECY-93-087 and the Commission’s SRM provide guidance for meeting the 

deterministic containment performance goal (CPG) in the evaluation of the passive 
ALWRs as a complement to the CCFP approach.  The SECY-93-087 guidance with 
respect to the deterministic containment performance assessment is described as 
follows: 

 
a) The containment should maintain its role as a reliable, leak-tight barrier (e.g., by 

ensuring that containment stresses do not exceed ASME Service Level C limits 
for metal containment or factored load category for concrete containments) for 
approximately 24 hours following the onset of core damage under the most likely 
severe accident challenges, and following this period, the containment should 
continue to provide a barrier against the uncontrolled release of fission products. 

 
b) By meeting the staff’s acceptance criteria, the applicant will adequately 

demonstrate that the design properly balances severe accident preventive and 
mitigating features and represents a reduction in risk when compared to existing 
operating plants. 

 
19.2.4 Technical Evaluation 
 
The applicant’s Severe Accident Evaluation, presented in Section 19.2 of the DCD, follows the 
outline suggested in Chapter 19 of the SRP.  The following topics are discussed: 
 

• Severe accident prevention features. 
• Severe accident mitigation features, and severe accident progression in the US-

APWR. 
• Containment performance capability. 
• Accident management. 
• Consideration of potential design improvements under 10 CFR 50.34(f) and 

Severe Accident Mitigation Design Alternatives (SAMDA). 
 
19.2.4.1 Severe Accident Prevention 
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19.2.4.1.1 Severe Accident Prevention Features 
 
A summary of important features aimed at preventing the onset of severe accident has been 
provided in Subsection 19.1.4.3.1 of this report.  This subsection provides a deterministic 
evaluation to show how the US-APWR design’s severe accident preventive features act to 
prevent the following events: 
 

• ATWS. 
• Mid-loop operation. 
• SBO. 
• Fire protection. 
• Interfacing system LOCA. 

 
19.2.4.1.1.1 Anticipated Transients Without Scram (ATWS)  
 
The US-APWR is designed with the following features for ATWS prevention and mitigation: 
 

• A DAS, as a countermeasure to CCF of the digital I&C systems (see DCD 
Section 7.8, “Diverse Instrumentation and Control Systems”); and 
 

• Automatic actuation of EFW under conditions indicative of an ATWS. 
 
The DAS utilizes conventional hardware circuits (analog circuits, solid-state logic processing, 
relay circuits).  Therefore, a software CCF in the digital safety and non-safety systems 
(protection and safety monitoring system [PSMS] and plant control and monitoring system 
[PCMS]), would not affect the DAS.  In addition, the DAS hardware for ATWS mitigation 
functions—reactor trip, turbine trip, and EFW actuation— is diverse from the RT hardware used 
in the PSMS. 
 
The effectiveness of these design features for addressing ATWS concerns have been evaluated 
in DCD Section 15.8 (“Anticipated Transients without Scram”).  Given these features, the US-
APWR PRA demonstrated that ATWS provides an insignificant contribution to CDF. 
 
19.2.4.1.1.2 Mid-loop Operations  
 
During refueling or maintenance activities, the reactor coolant system is sometimes partially 
drained to a “mid-loop” level.  The US-APWR design features for improved safety during 
shutdown and mid-loop operation include the following. 
 

• Provisions for availability of reliable (four redundant safety related trains) systems 
for decay heat removal. 
 

• Reactor pressure vessel water level instrumentation to provide reliable 
measurement of liquid levels in the vessel. 
 

• Provisions for RCS make up (from charging injection and high head injection) 
and heat removal via SGs, and water injection from the spent fuel pit by gravity 
in conditions that the RHRS is not operative. 
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The effectiveness of RHR in mid-loop operation and provision to prevent boron dilution during 
mid-loop operations are described in DCD Sections 5.4.7 (“Residual Heat Removal System”) 
and 15.4 (“Reactivity and Power Distribution Anomalies”), respectively.  
 
19.2.4.1.1.3 Station Blackout 
 
During a total LOOP, the safety-related electrical distribution system is powered from the on-site 
non-safety-related GTG.  The US-APWR design, in accordance with the guidance in RG 1.155, 
“Station Blackout,” includes two separate and independent SBO GTG generator units capable of 
powering at least one complete set of the shutdown loads, for eight hours.  The power supply 
from a GTG to one of the Class 1E buses can be restored within 60 minutes.  Conformance of 
SBO GTG units to the requirements of 10 CFR 50.63 is documented in the DCD Section 8.4 
(“Station Blackout”).  
 
19.2.4.1.1.4 Fire Protection 
 
The Fire Protection System (FPS) does not perform any safety-related function.  The FPS 
serves as a preventive feature for severe accidents by reducing or eliminating the possibility of 
fire events that could induce transients, damage mitigation equipment, and hamper operator 
responses.  In the US-APWR,  FPS features as described in the DCD Section 9.5.1 (“Fire 
Protection Program”) and Appendix 9A (“Fire Hazard Analysis”) are capable of providing 
reasonable assurance that, in the event of fire, the plant will not be subjected to an 
unrecoverable incident.  The risk significance of fire in severe accidents is summarized in 
Subsection 19.1.4.5.2 of this report. 
 
19.2.4.1.1.5 Interfacing system LOCA 
 
In the US-APWR, lines connected to the RCS have redundant isolation valves in order to 
prevent the RHRS from being exposed to RCS pressure during full power operation.  Relief 
valves are installed to prevent over-pressurizing the RHRS if the isolation valves should leak.  
Any flow through the relief valves is directed to the in-containment RWSP.  In addition, the 
RHRS is designed not to fail by over-pressure even if a large internal leak occurs in the 
redundant isolation valves.  The RHRS piping is rated at 900 psia (6.2 mPa).  Therefore, the 
design conforms to the regulatory guidance associated with the intersystem LOCA as 
described in SECY 90-016 and SECY 93-087 with respect to the structural capacity of 
systems connected to RCS.  
 
19.2.4.1.1.6 Other Severe Accident Preventive Features 
 
The US-APWR design uses other features to prevent severe accidents including: 
 

• Continuously supplying feedwater to the SG by opening the crosstie valve at the 
EFWS pump exit, during events that requires SG cooling, but the EFWS is not 
available, 
 

• Feed and bleed operation by SIS and redundant pressurizer SDVs, in case of 
loss of all feedwater 
 

• Core cooling by using CS/RHRS when the containment spray is lost, to provide 
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long-term heat removal during a LOCA, if the SIS is lost, 
 

• Alternative containment cooling by the containment fan cooler system during a 
LOCA without the function of the containment heat exchanger, to prevent 
containment failure before core damage.  

 
The US-APWR design includes SDVs, and a severe accident dedicated DV.  The SDVs are 
used to cool the reactor core by feed and bleed operation when loss of heat removal from the 
SGs occurs.  The SDVs are motor-operated remote manual valves.  The DVs are used to 
prevent HPME at vessel failure and TI-SGTR by depressurizing the reactor coolant system.  All 
these valves are powered by the independent Class 1E power supply, and could be powered by 
the AAC power supply in an SBO condition.  Additional information on these valves is provided 
in DCD Subsection 5.4.12 (“Reactor Coolant System High Point Vents”). 
 
The CCWS/ESWS is composed of four-train systems.  These systems are designed to be 
separated automatically in an accident and to achieve a high level of reliability.  If the 
CCWS/ESWS is lost at power operation, failure of RCP seal injection function is prevented by 
the supply of alternative component cooling water to charging pumps.  During LPSD, if the 
CCWS/ESWS is lost, the core remains covered by supplying cooling water from one of the 
charging pumps with alternative component cooling water. 
 
19.2.4.2 Severe Accident Mitigation 
 
19.2.4.2.1 Overview of Containment Design 
 
The US-APWR containment is designed as an essentially leak-tight barrier that will safely 
accommodate calculated temperature and pressure conditions resulting from the complete 
size spectrum of piping breaks, up to and including a double-ended, guillotine-type break 
of a reactor coolant or main steam line. 
 
The US-APWR has a large-volume type PCCV.  The containment systems to mitigate severe 
accident are fundamentally the same as for current generation four-loop PWRs, so that no new 
phenomena or configurations are introduced.  One notable exception is the placement of a 
refueling water storage tank inside containment.  The containment free volume is 
approximately 2.74E+6 ft3 (7.76E+4 m3) and the ultimate design pressure is 216 psia (1.5 MPa).  
A series of igniters is included for combustible gas control.  
 
A description of the containment’s functional design is given in DCD Section 6.2.1, 
“Containment Functional Design.”  The physical description of the containment is given in 
DCD Section 3.8, “Design of Category I Structures.”  The DCD Subsection 3.8.1.4.3, “Ultimate 
Capacity of the PCCV,” specifies the results of the containment ultimate capacity pressure 
analysis. 
 
19.2.4.2.2 Severe Accident Progression 
 
Severe accident progression can be divided into two phases: an in-vessel phase and an ex-
vessel phase.  The in-vessel phase generally begins with insufficient decay heat removal and 
can lead to melt-through of the reactor vessel.  The ex-vessel phase involves the release of the 
core debris from the reactor vessel to the containment, followed by core-concrete interactions, 
fuel-coolant interactions, and possibly DCH. 
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19.2.4.2.2.1 In-Vessel Melt Progression 
 
In-vessel melt progression establishes the initial conditions for assessing the thermal and 
mechanical loads that may ultimately threaten the integrity of the containment.  In-vessel melt 
progression begins with uncovering of the core and initial heat-up, and continues until either (1) 
the degraded core is stabilized and cooled within the reactor vessel, or (2) the reactor vessel is 
breached and molten core material is released into the containment.  The phenomena and 
processes in the US-APWR that can occur during in-vessel melt progression are similar to those 
for existing PWRs with large, dry containments. 
 
19.2.4.2.2.2 Ex-Vessel Melt Progression 
 
The initial response of the containment to ex-vessel severe accident progression is largely a 
function of the pressure of the RCS at reactor vessel failure and the existence of water within 
the reactor cavity.  If the accident is not prevented through design features, risk consequences 
are usually dominated by early containment failure mechanisms that could result from energetic 
severe accident phenomena such as HPME with DCH, and/or ex-vessel steam explosions.  The 
long-term response of the containment from ex-vessel severe accident progression is largely a 
function of the containment pressure and temperature resulting from core-concrete interaction 
and the availability of containment heat removal mechanisms. 
 
The US-APWR has incorporated a reliable depressurization system (i.e., DVs) to provide 
assurance that, in the event of a core melt scenario, failure of the RPV would occur at a low 
pressure.  Key events evaluated for the ex-vessel melt progression are melt relocation from 
vessel breach to the reactor cavity, fuel-coolant interaction, MCCI and debris cooling.  Potential 
consequences from the ex-vessel melt progression events that may result in challenges to the 
containment integrity include hydrogen generation and combustion, ex-vessel steam 
explosion, basemat melt through, non-condensable gas generation, DCH, rocket-mode RV 
failure and long-term containment overpressure due to postulated failure of the decay heat 
removal function.  These events are addressed in more detail in Subsection 19.2.4.2.3 of this 
report. 
 
19.2.4.2.3 Severe Accident Mitigative Features 
 
The fundamental approach to mitigate a severe accident in the US-APWR design is to flood the 
reactor cavity with coolant water, keep the molten fuel within the reactor cavity, and provide 
sufficient cooling to maintain the core debris in a safe, cooled state for the long-term.   
 
Figure 19.2-1, below, shows the design features for severe accident mitigation in the US-APWR.  
The numbers shown in boxes following the names of mitigation features correspond to the 
specific severe accident phenomena addressed in the US-APWR design, discussed in DCD 
Subsection 19.2.3.3, “Severe Accident Mitigation Features.” 
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Figure 19.2-1 - Schematic Diagram of the US-APWR Severe Accident Mitigation Features 
 
19.2.4.2.3.1 External Reactor Vessel Cooling 
 
In-vessel retention of core debris by external RV cooling is considered by the applicant to be an 
effective mechanism for severe accident mitigation.  Various physical phenomena related 
to severe accidents such as ex-vessel steam explosions and MCCI, which are the 
consequences of a result of core debris relocation to the reactor cavity, are prevented and 
resolved by attaining in-vessel retention.  Because the cavity would be filled with coolant water 
when a severe accident occurs, external RV cooling may be possible.  However, the staff 
concurs with the applicant’s approach not to take credit for in-vessel retention, because there is 
considerable uncertainty about its efficacy, especially for a reactor with high power level. The 
severe accident phenomena related to ex-vessel steam explosion and MCCI are evaluated in 
Subsection 19.1.4.4.2.1.3. 
 
19.2.4.2.3.2 Hydrogen Generation and Control 
 
The US-APWR design includes an open large containment volume, to allow good containment 
atmospheric mixing and prevent excessive combustible gas accumulation.  The 
containment vessel also provides sufficient strength to withstand pressure loads generated 
by most hydrogen burns. 
 
The applicant performed an analysis for hydrogen generation and control to meet the following 
requirements: 
 

• Demonstrate that containment has capability for ensuring a mixed atmosphere 
(10 CFR 50.44(c)(1)), 
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• Demonstrate that uniformly distributed hydrogen concentration is less than 10 

percent by volume when hydrogen ignition system is functional (10 CFR 
50.34(f)(2)(ix) and 10 CFR 50.44(c)(2)), 
 

• Demonstrate that containment integrity is maintained when hydrogen ignition 
system is functional, assuming hydrogen generated from 100 percent 
fuel cladding-coolant reaction (10 CFR 50.34(f)(3)(v)(A)(1) and 10 CFR 
50.44(c)(5)), and  
 

• Demonstrate that containment integrity is maintained to address an accident that 
releases hydrogen generated from 100 percent fuel clad-coolant reaction 
accompanied by hydrogen burning (10 CFR 50.44 (c)(5)) 

 
Hydrogen would be generated during severe accidents due to oxidation of fuel rod cladding, 
MCCI, and oxidation of other core and upper plenum structures.  The US-APWR containment is 
not inerted; therefore, it has a hydrogen gas control system to avoid the risk of containment 
failure due to a fast deflagration or from an accidental ignition of a critical gas mixture.  The 
hydrogen ignition system consists of twenty hydrogen igniters, which would burn combustible 
gases in a controlled manner, thus preventing deflagrations or even violent detonations 
that would threaten containment integrity.  Deliberate ignition has some attractive 
features, such as no poisoning effects, good capability to control combustible gas in terms of 
gas amount and controlling speed, compact in size, easy to maintain, and so on.  The applicant 
has determined the locations of the igniters by carrying out accident progression 
analyses using the GOTHIC7.2a-p5(QA) code. 
 
The US-APWR PRA considers deflagration, flame acceleration and DDT as potentially 
unfavorable loadings for the containment during a severe accident.  Containment structural 
integrity must be maintained per 10 CFR 50.44.  The containment response is to be monitored 
to ensure that the pressure loads resulting from the accumulation and combustion of hydrogen 
could not exceed the containment ultimate capacity pressure limit.  To provide reasonable 
assurance that structural integrity is not compromised, the containment is qualified with regard 
to global hydrogen deflagration, and flame acceleration.  With regard to global deflagration, the 
Adiabatic Isochoric Complete Combustion (AICC) pressure was used as a bounding value for 
the pressure that could result should a single large deflagration occur.  
 
As indicated in Subsection 19.1.4.4.2.1.3 of this report, and summarized here, the GOTHIC 
results showed that localized burns could be initiated by the igniters in compartments near the 
release points, global burns in the dome would not occur, the igniters would control hydrogen 
concentration below 10 percent, and the peak static pressures would be below 70 psia (483 
kPa).  With the hydrogen concentration below 10 percent, the flame speed does not accelerate 
to sonic levels and hence a pressure wave does not occur and deflagration to detonation 
transition is not expected.  This peak pressure of 70 psia (483 kPa) is well below the ultimate 
containment capability.  In addition, the AICC analysis indicates a final containment pressure of 
127 psia (876 kPa).  If it is assumed further that all of the zirconium in-core reacts, the maximum 
pressure is 152 psia (1 MPa).  These values are lower than the US-APWR containment ultimate 
pressure capability of 216 psia (1.5 MPa).     
 
For a severe accident during shutdown conditions, the staff issued RAI 924-6352, Question 19-
569 requesting the applicant to clarify in Chapter 19 of the DCD whether operability of the 
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hydrogen igniters and other severe accident design features are necessary for the containment 
to remain intact and provide an effective barrier against the postulated release of fission 
products.  The staff is awaiting the applicant’s response to this RAI and, therefore, has identified 
this RAI as Open Item 19.2-SE-569. 
 
Basis for Acceptability 
 
The hydrogen control design features in the US-APWR should comply with the specific 
requirements of 10 CFR 50.44(c)(1), 10 CFR 50.34(f)(2)(ix), 10 CFR 50.44(c)(2), 10 CFR 
50.34(f)(3)(v)(A)(1), and 10 CFR 50.44(c)(5).  The combination of the large robust containment, 
the location of hydrogen igniters, and the supporting detailed analyses of global and local 
hydrogen combustion scenarios, are presented by the applicant to support its conclusion that, 
except for the potential detonable accumulation of hydrogen in the RWSP compartment, the risk 
associated with combustible gases in other compartments inside containment is negligible.   
 
The overall conclusion of the applicant’s analyses is that there is not any potential for DDT 
during severe accidents and that the containment atmosphere is well mixed.  The staff 
confirmatory analyses using MELCOR have essentially confirmed the applicant’s findings, with 
no significant change in containment failure probability due to combustion.  However, as pointed 
out in Subsection 19.1.4.4.2.1.3 above, the staff’s confirmatory analyses with MELCOR 
predicted potential detonable conditions in the RWSP compartment during long-term SBO 
accident scenarios. 
 
In DCD Revision 3 Subsection 19.2.3.3.2, “Hydrogen Generation and Control,” the applicant 
states that for sequences with potential hydrogen accumulation in the RWSP compartment 
(e.g., sequences when RWSP water is not used for decay heat removal), the operators will 
inject firewater into the RWSP to fill the RWSP volume.  However, as a result of questions on 
the exact nature and timing of this activity, in the response to RAI 803-5891 Question 06.02.05-
44 dated September 9, 2011, the applicant states that firewater system will not be used for filling 
the RWSP volume.  In the response, the applicant adds that this change will be reflected in the 
next revision of the DCD.   
 
In its response to RAI 871-6121, Question 19-560, dated June 27, 2012, the applicant 
proposed to modify 11 of the hydrogen igniters to be powered from backup dedicated batteries 
with a capacity of at least 24 hours following the onset of SBO (and loss of AAC).  In addition, 
as part of the US-APWR severe accident management framework and SAMGs, the applicant 
plans to flood the reactor cavity by the diesel-driven firewater system.  Reactor cavity flooding 
provides core debris cooling, and prevents MCCI.  The staff reviewed this response in 
Subsection 19.1.4.4.2.1.3 of this report. The staff‘s analysis confirmed that the applicant’s 
reported analyses and results demonstrate that the regulatory requirements of 10 CFR 
50.44(c)(2) for meeting hydrogen combustion challenges are satisfactorily met.  The applicant’s 
response, as detailed in Subsection 19.1.4.4.2.1.3, shows that the hydrogen concentration in 
the RWSP compartment remains below 10 percent if the total amount of in-vessel hydrogen 
generation is less than the amount that is equivalent to the 100 percent oxidation of zirconium in 
active and inactive fuel cladding.  However, the review also identified a concern with regard to 
the revised hydrogen control top event in the CSET.   This concern is being tracked under Open 
Item 19-1 Level 2-560.  
 
19.2.4.2.3.3  Core Debris Coolability 
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In a severe accident leading to core melt through of the reactor vessel, a potential exists for 
containment failure if the molten core debris is not sufficiently cooled.  The fundamental design 
approach for severe accident termination in the US-APWR is reactor cavity flooding to cool the 
core debris.  Systems have been designed to do so.  As shown in Figure 19.2-1, the CSS is 
used to provide the water into the containment.  The water then would flow under gravity 
through a drain line from the SG compartment to the reactor cavity.  The CSS would be 
automatically activated when high-high containment pressure is detected.  In addition, firewater 
injection to the reactor cavity could be provided as a backup.  The fire protection water supply 
system is provided outside of containment and is in stand-by status during normal operation.  
The system line-up is modified for emergency operation during a severe accident, and firewater 
is provided from outside to the reactor cavity.  The two systems are independent and thus 
provide high-reliability reactor cavity flooding. 
 
The geometry of the US-APWR reactor cavity is designed to ensure adequate core debris 
coolability.  Sufficient reactor cavity floor area (an area equal or greater than 970 square feet, 90 
m2), with a thickness of equal or greater than three feet, is provided to enhance spreading of the 
core debris.  This ensures that an adequate interface is maintained between the core debris and 
coolant water and that the thickness of the deposited core debris is reduced to diminish the heat 
flux transmitted from the core debris to the reactor cavity floor concrete. 
 
Core Debris Coolability Design Evaluations 
 
The goals of analysis for core debris coolability listed below are established to ensure mitigation 
of severe accident progression in accordance with 10 CFR 52.47 (a) (23): 
 

• Demonstrate that core debris is adequately cooled when the reactor cavity is 
adequately flooded, (SECY 93-016). 
 

• Demonstrate that containment integrity is maintained against pressure rise due to 
MCCI more than 24 hours following the onset of core damage, (SECY 93-016). 
 

• Demonstrate that basemat melt through does not occur within 24 hours following 
the onset of core damage. 
 

• Demonstrate that the core debris deposition thickness on the reactor cavity floor 
is below approximately 25 cm (10 in), (GL 88-20). 
 

• Address the inherent phenomenological uncertainties related to core debris 
coolability and MCCI, and confirm the above goals are still satisfied under 
reasonably conservative assumptions.  

 
The applicant’s results of accident progression analyses using the MAAP 4.0.6 code for select 
characteristic accident sequences, in which both features of the diverse reactor cavity flooding 
system are available, indicate that molten debris is appropriately cooled down in a reactor 
cavity water pool and no concrete erosion occurs for accident sequences in which molten 
debris drops into water pool.  Very slight concrete erosion (i.e., less than 0.1 in) occurs for an 
accident sequence in which coolant water is poured after molten debris spread on the dry 
reactor cavity floor.  Calculations also confirmed the coolability of debris for cases where 
coolant water is available.  Results of accident progression analyses for characteristic 
accident sequences, in which no means for continuous reactor cavity flooding are available, 
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indicate that the earliest possibility of complete erosion of the reactor cavity floor concrete (i.e., 
more than 40 inches erosion of concrete) is approximately 28 hours after onset of core damage.  
Furthermore, the containment pressure for all accidents within 24 hours from onset of core 
damage would remain below the ultimate containment pressure, including scenarios in which 
there are no containment sprays, no fan coolers, and no fire water injection.  These results are 
reported by the applicant in the Revision 3 of the US-APWR PRA, Tables 14-3 to 14-11.   
 
The applicant also used the FLOW-3D code to assess molten core spreading behavior.  The 
results indicate that molten core debris spreads very well over the entire reactor cavity floor.  
The depth at most area is below the acceptance criterion of 25 cm (10 in), although the depth in 
a very limited area, mostly adjacent to the reactor cavity wall, could exceed 25 cm (10 
inches).  However, the percentage of the area with over 25 cm (10 inches) deposition is much 
less than one percent of the reactor cavity floor.  The potential for a non-coolable geometry, 
due to molten core depth exceeding the 25 cm (10 inches), is treated probabilistically in the Level 
2 PRA study, (see Sections 19.1.4.4.2.1.2 and 19.1.4.4.2.1.3 above). 
 
Basis for Acceptability 
 
The US-APWR design addresses the regulatory guidance of SECY 90-016 for core coolability 
by providing sufficient floor space for debris spreading and quenching, and severe accident 
mitigation features to provide for long-term cooling of the core debris inside the cavity.  The 
applicant’s analysis of melt spreading predicts a relatively uniform thickness of molten debris, 
ranging between 7 to 10 inches.  The melt would be cooled by the water from two independent 
sources:  water from RWSP using containment spray, and fire protection water supply (see 
Figure 19.2-1).  
 
The applicant also performed sensitivity analyses on the effects of heat transfer between molten 
core and coolant water on the core debris coolability and MCCI progression.  The analyses 
indicated that a factor-of-three reduction in heat transfer coefficient would not lead to complete 
concrete erosion of the reactor cavity floor within 24 hours after the core melt.  The containment 
pressure as a consequence of flooding in the spreading area, in a worse case sequence (no 
containment heat removal capability), is calculated to exceed the containment ultimate pressure 
of 216 psia (1.49 MPa) at about 48 hours after the core melt.  The containment pressure after 
24 hours from core melt is calculated to be about 120 psia (0.83 MPa). 
 
The staff carried out confirmatory assessment calculations using the MELCOR code, and 
compared them to applicant’s results for several severe accident scenarios where debris cooling 
was assumed to be unavailable.  In all cases, basemat melt-through was predicted to occur 
later than 24 hours after the start of the accident. 
 
Based on the above, the staff concludes that the US-APWR cavity design and flooding strategy 
provide a high degree of assurance that the core debris would be cooled effectively, and the 
containment would not be challenged by core debris-concrete interactions. 
 
19.2.4.2.3.4  High-Pressure Melt Ejection 
 
Under conditions of high RCS pressure at the time of reactor vessel failure, a potential exists for 
the rapid ejection of molten core debris into the containment atmosphere, leading to rapid 
oxidation, hydrogen combustion, and a convective energy transfer, a phenomenological process 
known as DCH with a consequent over-pressurization that may potentially result in early 
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containment failure.  SECY 93-087 recommends that the evolutionary reactors include a 
depressurization system and cavity design features to reduce the RCS pressure and contain the 
ejected core melt.  The US-APWR design includes features that reduce the risk for HPME and 
DCH. 
 
The goals of analysis for HPME and DCH are established below to adequately address severe 
accidents for the US-APWR design features in accordance with 10 CFR 52.47(a)(23): 
 

• Demonstrate that the capacity of depressurization valve is adequate and 
accordingly the potential of high-pressure melt ejection is sufficiently low; 
 

• Investigate the ability of the debris trap so that a very limited amount of core 
debris is dispersed to the containment atmosphere.  Accordingly show that the 
challenge by direct containment heating is acceptably low; and 
 

• Demonstrate that the containment structure has sufficient capability to withstand 
the pressure rise due to direct containment heating 

 
Severe Accident Dedicated Depressurization Valves 
 
The US-APWR severe accident dedicated DVs design includes a flow path with two redundant 
motor-operated remote manual valves connected in series, allowing non-condensable gas 
and/or steam to discharge directly into the containment vessel.  The valve arrangement with two 
normally closed valves in series minimizes the possibility of inadvertent actuation.  The MOVs 
are controlled from MCR.  Each valve is respectively powered by the independent Class 1E 
power supply, which could be also powered by AAC power supplies under SBO conditions.  
 
Open and closed indication of the valves is provided and monitored from MCR.  The valves are 
opened and closed based on the information available from progress of core damage and RCS 
pressure.  The objective of this design is to convert high-pressure core melt sequences into low-
pressure sequences, so that a high-pressure vessel breach can be excluded.  
 
Resistance to Core Melt Dispersal 
 
The US-APWR severe accident DVs and reactor cavity are designed to significantly reduce the 
potential risk of HPME.  If reactor depressurization fails, the most severe reactor vessel failure 
from the standpoints of both entrainment and fragmentation of melt is a small penetration at the 
very bottom of the lower head.  Under high pressure, debris particles would be driven from the 
reactor cavity region towards the remainder of the containment.  There is a debris trap in the 
reactor cavity as well as no direct pathway to the upper compartment of the containment.  
However, because of the drain line pathway in the SG compartment as part of the reactor cavity 
flooding system, some debris dispersion from the reactor cavity to upper containment is 
expected.  Nevertheless, the reactor cavity and containment configuration in the SG 
compartment would create several flow resistance obstacles with a tortuous pathway.  Hence, 
the design provides resistance to in-containment aerosol dispersal and a long residence time for 
HPME to occur, and allows plate-out and de-entrainment of aerosols along the path, thereby 
reducing and eliminating the potential for early containment failure due to DCH from ejected 
core debris.  
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The melt and aerosols dispersal through the reactor cavity cooling ventilation ducts after RPV 
failure under elevated pressure is expected to be tortuous causing entrainment and de-
entrainment along the path, causing significant reduction in materials entering the upper 
containment.  
 
Basis for Acceptability 
 
The US-APWR addresses the regulatory expectation of SECY 93-087 for HPME by providing: 
 

• A reliable primary depressurization system capability to lower RCS pressure after 
loss of decay heat; and 
 

• A reactor cavity and containment design with a tortuous pathway to contain 
ejected core debris and prevent DCH. 

 
HPME is prevented by two motor operated remote manual DVs.  Following actuation of these 
valves, the reactor depressurizes.  The applicant’s MAAP Version 4.0.6 analysis of RCS 
pressure indicates a maximum pressure of less than 200 psia (1.4 MPa).  This pressure is 
below the cut-off pressure for occurrence of HPME, which is defined as 250 psia (1.7 MPa).  
This cut-off pressure is conservatively defined from an engineering judgment in accordance 
with the discussions such that an existing experiment cut-off pressure of debris dispersal is 
around 345 psig (2.5 MPa) [“Low-Pressure Cutoff for Melt Dispersal from Reactor Cavities,” 
N.K. Tutu et al., Transaction of American Nuclear Society, Volume 57; Joint meeting of the 
European Nuclear Society and the American Nuclear Society; 30 Oct - 4 November 1988, 
Washington, D.C.], and a 285 psig typically used in Japanese safety analyses.  Therefore, the 
capacity of the depressurization valve is sufficient to reduce the RCS pressure lower than the 
conservatively defined cut-off pressure for preventing high-pressure melt ejection as well as 
subsequent direct containment heating. 
 
The containment peak pressure has been calculated by the two-cell equilibrium model 
described in NUREG/CR-6075 for a postulated DCH phenomenon, even though the capacity of 
depressurization valve is sufficient to reduce the RCS pressure.  For this analysis, a debris 
dispersal fraction of five percent is assumed based on previous studies and experiments.  The 
containment peak pressure for a postulated direct containment heating condition is calculate 
to be 74 psia (510 kPa), which is sufficiently lower than the containment ultimate pressure 216 
psia (1.5 MPa).  Further evaluation of DCH phenomenon is provided in Subsection 
19.1.4.4.2.1.3 of this report. 
 
Based on the above, the staff concludes that the US-APWR depressurization system, cavity 
design, and tortuous pathway to the upper portion of the containment provide a high degree of 
assurance that the HPME-induced DCH would not occur. 
 
19.2.4.2.3.5 Fuel-Coolant Interaction 
 
The containment function may be challenged by a rapid energy release during a FCI that results 
in a steam explosion.  The term "steam explosion" refers to a phenomenon in which molten fuel 
rapidly fragments and transfers its energy to the coolant resulting in rapid steam generation, 
shock waves, and possible mechanical damage.  To be a significant safety concern, the 
interaction must be very rapid and must involve a large fraction of the core mass.  Steam 
explosions may occur, either in-vessel or ex-vessel.  
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In-Vessel Steam Explosion  
 
The in-vessel steam explosion was first hypothesized in the Reactor Safety Study [“Reactor 
Safety Study - An Assessment of Accident Risks in U.S. Commercial Nuclear Power Plants,“ 
Nuclear Regulatory Commission, WASH-1400/NUREG–75/14, October 1975].  The Steam 
Explosions Review Group (SERG) convened by the NRC in 1985 as SERG-1 [“A review of 
Current Understanding of Potential for Containment Failure Arising from In-Vessel Steam 
Explosions,” NUREG-1116, June 1985], and again in 1995 as SERG-2 [“A Reassessment of the 
Potential for an Alpha-mode Containment Failure and a Review of the Current Understanding of 
Broader Fuel-Coolant interaction (FCI) Issues,” NUREG–1524, August 1996], focused on the 
alpha-mode of containment failure (α-failure).  Both studies concluded that in-vessel steam 
explosion-induced containment failure probability is negligible.  
 
Ex-Vessel Steam Explosion Effects 
  
If core debris and water come into contact after vessel breach, fuel-coolant interactions can 
cause the containment pressure to increase.  In certain circumstances, steam explosions could 
possibly occur, leading to a highly energetic pressure rise.  The US-APWR design does not 
include any mitigation features that minimize the potential for ex-vessel steam explosions.  
Therefore, ex-vessel steam explosion is one of the key issues to be resolved for the US-
APWR design since the fundamental design concept for severe accident termination is to cool 
down molten core by reactor cavity coolant water and assure that the containment structure has 
sufficient capability to withstand the pressure load of an ex-vessel steam explosion. 
 
In SECY-93-087, the staff stated that any dynamic forces resulting from ex-vessel FCI on the 
integrity of the containment should be evaluated.  The goals of analysis for ex-vessel steam 
explosion listed below are established to adequately address severe accidents for the US-
APWR design features in accordance with 10 CFR 52.47(a)(23): 
 

• Evaluate the shock wave impulse pressure if ex-vessel steam explosion occurs; 
and 
 

• Demonstrate the containment structure has sufficient capability to withstand the 
dynamic loads resulting from a postulated ex-vessel steam explosion. 

 
The applicant performed an analysis of ex-vessel steam explosions as detailed in Section 
19.1.4.4.2.1.3 of this report.  The assumed conditions in terms of the degrees of water 
subcooling inside the reactor cavity, and the thermal energy content of molten debris are 
considered as reasonably bounding. 
 
The MAAP code analysis result for this accident sequence has been employed as the initial 
condition for the TEXAS-V code to predict dynamic pressures.  The peak pressure by TEXAS-
V is calculated as 1.23×104 psia.  This time-dependent pressure is employed as the initial 
condition for a finite element model analysis employing LS-DYNA code for the reactor cavity 
structural capability.  The analysis result by LS-DYNA shows that the maximum strain of the 
reactor cavity wall due to the shockwave pressure by steam explosion is within the range 
of elastic strain.  The RPV and RCS pipes displacement is evaluated as approximately 
four inches (10 cm), which is within the clearance of the eight inch (20 cm) (nominal value) 
sleeve.  The maximum plastic strain of RCS pipes is approximately one percent observed at 
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general pipe section.  As the elongation criterion of general pipe material is less than 26 
percent it is concluded that structural capability of RCS pipes is maintained with sufficient 
margin.  Therefore, the extent of SG displacement due to RCS pipes displacement is evaluated 
to be sufficiently small due to very tight anchor bolt holding.  Accordingly, the containment 
penetration integrity is expected to be maintained for this level of SG displacement.  
  
Basis for Acceptability 
 
The US-APWR DCD addresses the impact of fuel-coolant interactions.  The applicant states 
that the analysis confirmed that containment structural capability is maintained under 
these conservative assumptions for ex-vessel steam explosions, and concluded that the 
containment structure would withstand the challenge posed by an ex-vessel steam explosion.  
 
As described in Subsection 19.1.4.4.2.1.3 of the SE, however, the staff identified several 
problems with the applicant’s analysis and discrepancies in RAI responses.  The staff’s 
confirmatory calculations showed that the peak pressure increases by about 90 percent over the 
same range of the selected fragmentation model parameter.  The impulse load was 50 percent 
higher than the applicant’s estimate using the applicant-modified TEXAS-V code.  The impulse 
load also showed considerable dependence on the selected fragmentation model parameter.  In 
the US-APWR DC analysis, the applicant increased the calculated peak pressure by 10 percent in 
order to take into account the modeling uncertainties.  Because of the differences in results, in 
RAI 752-5614, Question 19-521, the staff requested the applicant to investigate the impacts of 
using a larger range of uncertainties (greater than 10 percent used earlier) to calculate the peak 
pressure impulse.  
 
In its response to RAI 752-5614, Question 19-521, dated July 12, 2011, the applicant refers to two 
FESAs for both the RCS pipes and the reactor cavity assuming a range of 10 percent and 50 
percent increase in calculated peak pressure associated with ex-vessel steam explosion dynamic 
loads.  From these analyses, the applicant concludes that the pipe structures have sufficient 
capacity to withstand challenges from ex-vessel steam explosions over the wider range of 
uncertainties.  However, the reactor cavity structural integrity cannot be assured under the higher 
end of the explosions loads, depending on the analysis model.  Therefore, due to uncertainties in 
the ex-vessel steam explosion dynamic loads and its effect on the reactor cavity, the applicant 
performs a sensitivity analysis to determine the impact of reactor cavity failure on LRF.  This 
analysis assumes a probability of 0.1 for severe accident PDSs when the RCS is at low pressure 
and reactor cavity is flooded at the VMT.  This analysis indicates that the total LRF for all initiators 
including LPSD modes will be less than the Commission’s guideline of 1.0E-06 per reactor year.  
In addition, the assumed containment failure of 0.1 is considered conservative.  Pending the 
staff’s verification of the FESAs discussed in the response to RAI 752-5614, Question 19-521 
(Confirmatory Item 19.1-LEVEL2-521 under Subsection 19.1.4.4.2.1.3), the staff considers the 
ex-vessel steam explosion issues resolved. 
 
19.2.4.2.3.6 Containment Bypass 
 
In SECY-90-016, the staff concluded that a special effort should be made to eliminate or further 
reduce the likelihood of a sequence that could bypass the containment.  Two types of accident 
scenarios would lead to containment bypass:  SGTR/TI-SGTR and ISLOCA.  
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Temperature-Induced Steam Generator Tube Rupture 
 
Temperature-induced SGTR is a postulated high primary system pressure accident.  In high 
primary system pressure accident scenarios, TI-SGTR competes with creep rupture induced 
failures of RCS piping at hot leg nozzles, surge line, or RV failure that leads to HPME.  The US-
APWR design strategy in reducing potential radioactive release in an SGTR is based on 
reducing the RCS pressure after core damage through DVs.  The US-APWR design includes 
SDVs as well as DVs.  The SDVs are provided in order to prevent a severe accident.  The DV is 
provided as a backup system of SDV, and these systems are independent of each other.  
Therefore, the RCS depressurization feature, which consists of SDVs and DVs, provides a 
reliable means to achieve depressurization.  The existing literature shows that the probability of 
TI-SGTR occurrence is high when the RCS is not depressurized and the SG secondary side is 
depressurized.  The capacity of the depressurization valve is considered to be sufficient to 
reduce RCS pressure for preventing TI-SGTR.  
 
Accident progression analysis was performed by the applicant using MAAP Version 4.0.6 for a 
high-pressure core melt scenario by assuming that the DV is manually opened 10 minutes after 
the onset of core damage.  For an accident assuming MSLB, it is calculated that the primary 
system pressure decreases to 169 psia (1.2 MPa), when the SG secondary system is at 
atmospheric pressure.  Therefore, the anticipated pressure difference between primary system 
and secondary system for the most severe case is approximately 155 psig (1.2 MPa).  This 
pressure difference can be considered insignificant in terms of the material properties, indicating 
that TI-SGTR can be precluded.  However, TI-SGTR includes inherently high uncertainty, 
therefore, TI-SGTR is addressed in the Level 2 PRA and its potential to release large quantities 
of radioactive materials is considered. 
 
As described in Subsection 19.1.4.4.2.1.3, the applicant has included an APET for the TI-SGTR 
in Chapter 17A of PRA Revision 3, “Temperature-Induced SGTR,” and provided supplemental 
sensitivity analyses in response to RAI 752-5614, Question 19-523, dated June 3, 2011, 
showing small increase in total LRF.  The staff’s review identified that the APET is not a 
complete event tree, and only depicts the failure branches that lead to TI-SGTR.  It also has an 
incorrect branch probability assignment.  The staff’s review of the applicant’s response to 
Question 19-523 and the APET for the TI-SGTR in the PRA Revision 3 noted that even though 
the applicant’s response addresses the requested uncertainties, it does not correct the 
conditional probability of experiencing large RCP seal LOCAs in the APET.  Therefore, 
additional branches need to be added to this event tree, or the branch probability for large RCP 
seal LOCAs be corrected to 0.192, instead of the assigned value of 0.027. 
 
The staff performed a confirmatory analysis by adjusting the branch probability for large RCP 
seal LOCAs to 0.192 and determined the overall impacts on LRF considering the uncertainties 
suggested in Question 19-523.  This analysis showed that the conditional probability of TI-
SGTR could increase to 0.10, if the RCS depressurization due to ICIS tube failure is set to zero.   
 
Therefore, the staff issued RAI 872-6144, Question 19-561 requesting the applicant to add new 
branches to this event tree, or correct the branch probability for large RCP seal LOCAs to be the 
complement of 0.808 for no large RCP seal LOCAs, instead of the assigned value of 0.027.  
Alternatively, the applicant can provide an analysis to justify the value chosen for seal LOCAs 
greater than 200 gpm per pump.  In addition, please revise the LRF and CCFP based on the 
results obtained.   
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The applicant’s response to RAI 872-6144, Question 19-561, dated December 20, 2011, 
changes the APET by correcting the branch probability to 0.192 (complement of 0.808).  This 
change will result in a new TI-SGTR CCFP of 0.0423.  The new total LRF is still below the 
Commission LRF goal of 1.0E-6 per reactor-year.  The applicant adds that the new changes will 
be added to the next revision of Level 2 PRA.  The staff’s confirmatory analysis verified the 
applicant’s results.  Therefore, this Question is resolved.  Verification that the revised APET and 
TI-SGTR CCFP are included in the next revision of Level 2 PRA is being tracked as 
Confirmatory Item 19.1-LEVEL2-561. 
 
Interfacing Systems Loss of Coolant Accident 
  
The applicant stated that ISLOCA is considered resolved for the US-APWR design as discussed 
in Section 19.2.4.1.1.5 of this report.  As stated there, the US-APWR design conforms to the 
guidance associated with the intersystem LOCA as described in SECY 90-016 and SECY 93-
087.  Therefore, no further discussion is therefore provided here.  
 
19.2.4.2.3.7 Equipment Survivability 
 
SECY-90-016 and SECY-93-087 require that “credible” severe accidents be considered in a 
survivability evaluation.  Specifically, SECY-90-016 recommends that severe accident 
mitigation features should be designed with reasonable assurance that they will operate in the 
environment for which they are designed for, and over the duration for which they are needed. 
10 CFR 50.34(f)(2)(ix)(c) requires that equipment survivability consider an accident with the 
release of hydrogen generated by the equivalent of a 100 percent of fuel-cladding metal-water 
reaction.  
 
Equipment and Instruments Necessary to Survive 
 
The US-APWR severe accident systems requirements are based on the conservative 
assumption that all severe accident scenarios result in RPV failure and the recovery of failed 
equipment is not credited.  That is, if equipment is failed or unavailable at any time during the 
accident sequence, it will not be repaired or made available.  
 
Only those components within the containment boundary are subject to a severe accident 
environment (e.g., pressure, temperature, humidity, radiation).  The US-APWR PRA report 
includes an equipment survivability assessment that considers electrical and mechanical 
instruments and equipment required for severe accident management.  The applicant classified 
the time frames for equipment survivability, selected the necessary equipment and instruments, 
analyzed severe accident environments, and finally assessed equipment survivability. 
 
The time frames for equipment survivability are classified in accordance with the characteristic 
stages of the severe accident progression.  The time frames are as follows: 
 

• T0:  before the core has uncovered, the reactor core is intact and the 
environmental conditions in the containment are within the envelope of the 
design-basis accident (DBA) conditions. 
 

• T1:  from core uncovered to core damage, the reactor core is overheated and 
hydrogen generation starts due to cladding-water interaction.  However, the 
environmental conditions in the containment are almost same as in T0. 
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• T2:  from core damage to reactor vessel failure, fission products are released 

from fuel to RCS and hydrogen is rapidly generated.  The decay heat and 
oxidation heat promote the core degradation.  Consequently core material 
relocates to the lower plenum if water is not properly injected into the reactor 
vessel.  However, the environmental conditions in the containment are not harsh 
(i.e., the containment pressure at vessel failure is likely to be below the design 
pressure regardless of the containment cooling system condition).  On the other 
hand, hydrogen release to the containment atmosphere is very likely in this time 
frame. 
 

• T3:  after reactor vessel failure, rapid hydrogen generation is expected to 
proceed immediately after the reactor vessel failure because un-oxidized metal in 
molten core reacts with water in the reactor cavity.  After this transient oxidation 
event, hydrogen may be continuously generated due to MCCI, although further 
rapid hydrogen generation is unlikely.  Hydrogen generation from MCCI occurs if 
reactor cavity is not flooded.  The reactor cavity is flooded, and hence the 
possibility of MCCI is considered low.  The environmental conditions in the 
containment for this time frame are maintained stable as long as containment 
heat removal is successful, regardless of hydrogen combustion by igniters.  If 
containment heat removal is not achieved, harsh conditions for equipment are 
anticipated, mostly governed by pressurization and corresponding temperature 
rise.  Influence by hydrogen combustion is considered insignificant. 

 
The equipment survivability assessment only considered devices, systems or properties needed 
in time frames T2 or T3 that would be located either in the RCS or inside containment.  
 
Some equipment and instruments can be screened out from the survivability assessment in 
accordance with the following three criteria: 
 

• The function of equipment and instruments are not directly related to prevention 
of containment failure or radiological fission product release; 
 

• Alternative countermeasures are available;  
 

• Equipment is static and robust. 
  
The equipment and instruments necessary to function in each time frame are tabulated in 
Tables 15-23 (“Equipments and Instruments Used in Severe Accident Management (Sheet 1 of 
2”) and 15-24 (“Equipments and Instruments Used in Severe Accident Management (Sheet 2 of 
2”) of the PRA.  Thirteen countermeasures against severe accidents are identified in the tables 
and described as follows in the PRA: 
 

• Identification of core damage:  Monitoring of core exit temperature and 
containment radiation level is necessary to identify the onset of core damage.  
Instruments for the monitoring are used in T0 and T1 and are excluded from the 
survivability assessment. 
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• Monitoring of noble gas release path:  Monitoring of noble gas release path is 
necessary throughout the accident.  Related instruments are located at outside of 
the containment and are excluded from the survivability assessment.  
 

• Water injection to primary system:  The purpose of water injection to the primary 
system is to mitigate accident progression such as core melt, molten core 
relocation and vessel failure.  The equipment is used from T0 through T2, and 
the instruments are used in T0 and T1.  Water injection to primary system is 
initiated after diagnosing the conditions of core.  SIS are excluded from the study 
because the SIS valves are normally open.  This countermeasure is not directly 
related to containment function; therefore these equipments and measurement 
instruments are considered less important and screened out from this study. 
 

• Water injection to reactor cavity:  The purpose of water injection to the reactor 
cavity is to remove decay heat from molten core relocated from the reactor 
vessel.  Sufficient amount of water should be injected before reactor vessel 
failure and water should be continuously provided until decay heat is completely 
removed.  Therefore, the equipment to inject water is used during T0 through T3, 
and the measurement instruments are used in T0 and T1.  Water injection to 
reactor cavity is initiated after diagnosing the conditions of core.  Most of the 
devices of this equipment are located at outside of the containment.  These ex-
containment devices are excluded from this study.  The measurement 
instruments for this operation are needed before core damage and thus excluded 
from the consideration of this study. 
 

• Containment depressurization:  The purpose of containment depressurization is 
to prevent containment from overpressure failure by using containment spray 
system or alternate containment cooling.  The equipments and instruments are 
used from T0 through T3.  Equipments and instruments located outside of the 
containment are excluded from the study.  RWSP water level is monitored in 
order to confirm whether CSS is in operation as a backup of other CSS 
monitoring methods.  Containment fan cooler unit, which is the main device for 
the alternate containment cooling, is a static component and is considered 
robust.  Monitoring of containment pressure is critical through the entire accident 
progression. 
 

• Preparation for alternate containment cooling by containment fan cooler system:  
It is necessary to prepare for the alternate containment cooling in the early stage 
of the accident because it requires certain duration to pressurize CCW surge 
tank with nitrogen gas.  Pressurization of the tank prevents from boiling the CCW 
which is utilized as coolant in the containment fan cooler units.  The systems and 
instruments are located at outside of the containment and are excluded from the 
assessment. 
 
Firewater injection to spray header:  The purpose of firewater injection to spray 
header is to depressurize containment atmosphere in order to prevent from 
overpressurized containment failure.  This operation is put into practice when 
both CSS and alternate containment cooling fail.  This countermeasure has no 
ability to remove heat from the containment, and therefore, it requires recovery of 
some other systems for termination of the accident.  Most of the fire protection 
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water supply system and instruments to measure the cumulative flow amount are 
located at outside of the containment, and hence they are excluded from the 
assessment.  Monitoring of containment pressure is critical through the entire 
accident progression. 
 

• Containment function:  This is not an operator action but one of the functions 
required during severe accident.  Containment body itself is considered robust 
against severe environment and screened out from the study.  Containment 
temperature is considered less important than containment pressure.  
Temperature can be estimated from pressure and the capacity of the 
containment body depends more on pressure than on temperature in the 
practical range of the accident.  Therefore, containment temperature is screened 
out from this study.  The containment penetration and containment pressure 
instrument are included in the assessment. 
 

• Containment isolation:  The purpose of containment isolation is to prevent 
radiological fission product release after core damage in terms of severe accident 
management.  Containment isolation is initiated either automatically or manually 
after onset of accident and is required to be completed by the time when core 
damages.  The equipment and instrument are required in T0 and T1, thus they 
are excluded from this survivability assessment. 
 

• Reduction of radiation at containment atmosphere:  The purpose of reduction of 
radiation at containment atmosphere is to reduce the amount of radiological 
fission products released to environment after containment failure.  This is 
achieved by operating the CSS or fire protection water supply system.  The 
equipments and instruments are required from T0 through T3.  Most of the CSS 
and fire protection water supply system are located at outside of the containment.  
Containment radiation level is one of the indicators for the amount of airborne 
fission product which is estimated by whether sprays are in operation or not. The 
instrument for containment radiation level is therefore screened out from this 
survivability assessment. 
 

• Secondary system water supply:  The purpose of secondary system water supply 
is to keep the SG tubes intact.  The equipments are used from T0 through T2.  
On the other hand, the measurement instruments are used in T0 and T1.  After 
diagnosing the condition of the core, this operation is initiated.  Most of EFW and 
MFW systems are located at outside of the containment.  Thus, they are 
excluded from the survivability assessment.  The instrument for SG water level is 
required in T0 and T1 and excluded from the study. 
 

• Primary system depressurization:  The purpose of primary system 
depressurization is to prevent high-pressure melt ejection and associated 
phenomena.  The equipments are used from T0 through T2.  On the other hand, 
the instruments are used in T0 and T1.  After diagnosing the condition of the 
core, this operation is initiated.  Two types of depressurization valves are 
provided for the US-APWR, one is expected to use after core damage to mitigate 
the consequences of a severe accident, and the other is used for the feed and 
bleed operation.  The latter type of the depressurization valve is provided to 
prevent core damage, thus that valve is regarded as a backup in terms of the 



 

19-248 

 

severe accident mitigation.  Therefore, it is screened out from this survivability 
assessment.  Valves installed in the secondary side, which are not affected from 
severe environment in the containment, are excluded from this study.  The 
instrument for RCS pressure is needed in T0 and T1, and hence excluded from 
the study. 
 

• Combustible gas control:  The purpose of combustible gas control is to prevent 
containment failure originated from global burn or detonation.  Combustible gas 
control is initiated either automatically or manually after onset of accident.  The 
associated equipment and instruments are used from T0 through T3.  The 
hydrogen monitor locates at outside of the containment and excluded from the 
assessment.  Hydrogen igniters are critical for the entire accident progression 
and included in the study. 

 
The applicant screened the list of equipment and instruments for each combination of functions 
and countermeasures based on the criteria listed above.  The selected systems and 
components include:  1) containment penetrations, 2) hydrogen igniters, 3) depressurization 
valves used after core damage (for severe accident mitigation), and 4) containment pressure 
sensor.  The staff reviewed the applicant’s approach in identifying the equipment and 
instruments needed in the severe accidents management, and found it acceptable.  The staff 
found that the applicant methodically reviewed the list of equipment necessary for mitigation in 
various time frames after a severe accident.  The method clearly identifies the equipment and 
their locations and expected functions.  The staff concluded that the list is comprehensive and 
the approach is acceptable. 
 
Tables 15-23, “Equipments and Instruments Used in Severe Accident Management (Sheet 1 of 
2),” and 15-24, “Equipments and Instruments Used in Severe Accident Management (Sheet 2 of 
2,” of PRA Revision 3 also contain other very relevant information regarding necessary devices, 
systems, physical properties, and where each would be located.  The staff’s position is that 
these tables, and descriptions of them, are important enough to be included in Chapter 
19.2.3.3.7, “Equipment Survivability,” of the DCD.  To assure that these are included, the staff 
prepared RAI 707-5556, Question 19-499, requesting the applicant to do so.  In its response to 
RAI 707-5556, Question 19-499, dated March 29, 2011, the applicant revised the DCD 
description of equipment survivability and provided the requested information in Tables 15-23 
and 15-24 as Table 19-2-10 to be added in the next revision of the DCD.  The staff considers 
this RAI question resolved.  Verification of this change in the next revision of the DCD is being 
tracked as Confirmatory Item 19.2-SE-1.   
 
Severe Accident Environmental Conditions 
 
Severe accident environments were evaluated by the applicant using MAAP and GOTHIC.  The 
hydrogen release rate from the RCS to containment atmosphere is calculated by MAAP and 
modified so that the amount of hydrogen generation would be equivalent to that from 100 
percent active fuel length cladding-coolant reaction.  The modified hydrogen flow rate from RCS 
was applied as a boundary condition for the GOTHIC analysis that evaluated consequences of 
hydrogen combustion in the containment atmosphere.  
 
Analyses for the equipment survivability evaluations were selected in terms of the hydrogen 
combustion by igniters, which were considered as the most realistic threats to the equipment 
and instruments.  Two sequences were selected, a LBLOCA (sequence AD), and a loss of feed 
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water with successful RCS depressurization.  CSS operation was assumed in both sequences 
because hydrogen combustion by igniters is likely to occur when steam concentration is 
relatively low. 
 
If the CSS fails to operate and the containment is pressurized, hydrogen combustion would 
unlikely to occur due to steam inerting of the containment atmosphere.  The environmental 
conditions for an inert atmosphere are identified by a characteristic pressure, i.e., the design 
pressure in T0 through T2 and the ultimate pressure in T3.  For these conditions, analyses for 
survivability assessment were not performed. 
 
The results show that temperature in the containment rises and comes down rapidly when 
hydrogen combustion occurs.  Though the peak temperature in some compartments rises to 
about 1200 °F (649 oC), the time-averaged temperature is around 200 °F (93 oC).  The 
compartments where the duration of high temperature continues for several minutes are limited, 
to the upper dome compartment for both of the accident sequences and the SG compartment 
for the LOCA sequence (AD).  The peak pressure is determined to be less than the containment 
design pressure of 68 psig (570 kPa).  
 
Temperature rises in other compartments appear to be instantaneous events.  In DCD Revision 
3, the applicant provides additional information on the environmental conditions of the four 
selected components.  In its response to RAI 803-5891 Revision 3, Question 06.02.05-45, dated 
September 9, 2011, the applicant proposes COL Information Item 19.3(7) that makes COL 
applicant responsible for verifying equipment survivability.  Therefore, the applicant only 
provides the environmental conditions at which the required equipment must survive to perform 
its intended function in a severe accident. 
 
Referring to the analysis results, survivability of key equipment and instruments are discussed 
below. 
 

• Containment Penetration (T2, T3) 
 

There are two types of penetrations: mechanical and electrical.  Mechanical 
containment penetrations are robust in nature, are made of heavy gauge metal, 
firmly connected to the containment liner, and can withstand excessive pressure 
and temperature.  Electrical penetrations are also robust in terms of containment 
integrity but susceptible to cable degradation at high temperature, and loss of in-
line process function, i.e., loss of electrical current.  The electrical penetrations to 
the igniters and the depressurization valves are therefore required to survive the 
environmental conditions after the hydrogen burn.   
 
The environmental conditions that the electrical penetration must survive while 
maintaining containment integrity are the design pressure of 68 psig (570 kPa) 
and the design temperature of 300 °F (149 °C) with an instantaneous 
temperature of 400 °F (204 °C).  Analyses results show the peak temperature at 
the location of these penetrations to be about 400 °F (204 °C), with a steady-
state temperature of about 200°F (93 °C), and a maximum pressure of 50 psig 
(446 kPa). 
 

• Hydrogen Igniters (T2, T3) 
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The hydrogen igniters can perform their functions during and after exposure to 
environmental conditions created by hydrogen burn.  The analyses results show 
a peak temperature of containment atmosphere of about 1200 °F (649 °C), rise 
from 400 °F (204°C) and declines to 400 °F (204°C) due a hydrogen burn that 
takes about 10 minutes.  The temperature after the burn fluctuates and becomes 
steady at about 200 °F (93 °C). 
 
Therefore, hydrogen ignition system must keep its function at least 10 minutes at 
a containment atmosphere that is higher than 400 °F (204 °C) and could peak to 
as high as 1200 °F (649 °C).  

 
• Depressurization Valve Used After Core Damage (T2) 

 
DVs need to operate in conditions that result in high RCS pressure when the 
core melt occurs.  Hydrogen release via opening of these valves and the follow-
up hydrogen burn could have an effect on functionality of these valves.  Because 
these valves are only opened under severe accident conditions where the core 
has already been severely damaged, the capability to close the valves are not 
required.  Other hydrogen burns from releases in the pressurizer relief tank area, 
or the RCS break would not adversely affect the functionality of these valves, 
because they occur at a different compartment than that of these valves, or RCS 
pressure is already low and these valves are not required to function.   
 
For the reasons discussed above, the survivability of the depressurization valves 
is reasonably assured. 

 
• Containment Pressure Sensor (wide range) (T2, T3) 

 
The containment pressure sensor is located in the lower part of the containment 
dome compartment where the peak temperature is calculated to be about 800 °F 
(427 °C).  The temperature rises from 400 °F (204 °C) and decline to 400 °F (204 
°C) due a hydrogen burn that takes about two minutes, with a long-term 
temperature of about 200 °F (93 °C) .  The highest pressure is calculated to be 
about 50 psig (446 kPa), which is less than the design pressure of 68 psig (570 
kPa).   
 
Therefore, the environmental conditions under which the containment pressure 
sensor must maintain its function includes at least two minutes in 400 °F (204 °C) 
atmosphere, and could experience an instantaneous peak temperature of 800 °F 
(427 °C). 

 
Basis for Acceptability 
 
The environmental conditions inside the RCS and the containment in a severe accident event 
can be harsher than those during a DBA.  The instruments and equipment identified in the 
survivability assessment are relied upon to mitigate the consequences of a severe accident.  
The environmental conditions are used to specify the conditions in which the equipment is 
required to operate.  
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During accident conditions, key systems and components will be maintained with the most 
appropriate set of mitigation measures.  The key systems and components were selected from 
the viewpoint of time frame within the severe accident, location of equipments and instruments, 
and significance of evaluations.  Those systems and components include containment 
penetrations, igniters, depressurization valve used for severe accident, and containment 
pressure sensor. 
 
Hydrogen burning due to operating the igniters has been evaluated using the GOTHIC code.  
The peak temperature is ranged approximately between 800 °F (427°C) and 1200 °F (649°C) in 
some compartments and in a specific timing such as core melt, RCS depressurization, and 
reactor vessel failure.  The results revealed that the duration of temperature rise is very short 
and the temperature in many compartments keeps around 200 °F (93°C), therefore, the 
systems and components in the US-APWR design are evaluated not to lose their respective 
functions under the postulated severe accident environmental conditions created by hydrogen 
combustion. 
 
Based on the above, the applicant carried out a systematic evaluation to evaluate the 
environmental conditions of the equipment necessary to survive in a severe accident 
environment in the US-APWR.  In doing so, the applicant considered physical location, timing of 
the required equipment function, nature of the required equipment function, and duration of the 
severe accident condition.  The severe accident environment was established by evaluating 
credible representative severe accident scenarios, as well as a non-mechanistic 100 percent 
fuel-clad metal-water reaction.  The evaluation identified the equipment, instrumentations, and 
environmental conditions for qualifications to achieve a controlled, stable plant condition over 
the required time span.  
 
The COL applicant under COL Information Item 19.3(7) is responsible to ensure equipment 
survivability for the specified environmental conditions.  This COL item states: 
 

The COL applicant will provide a milestone for completing the equipment 
survivability assessment of the as-built equipment required to mitigate severe 
accidents (electrical penetrations, hydrogen igniters and containment pressure 
(wide range)) to provide reasonable assurance that they will operate in the 
environmental conditions resulting from hydrogen burns associated with severe 
accidents for which they are intended, and over the time span for which they are 
needed. 

 
The applicant added that the ability of the as-built equipment to perform during severe accident 
hydrogen burns will be assessed using the environment enveloping method or the test based 
thermal analysis method discussed in EPRI NP-4354 [“Westinghouse Electric Corporation, 
Large Scale Hydrogen Burn Equipment Experiments,” December 1985].  Verification of the 
inclusion of this COL Item in the next revision of the DCD is being tracked as Confirmatory 
Item 19.2-SE-2. 
 
The staff will review this COL item under a separate review of COL applications that reference 
the US-APWR certified design.    
 
19.2.4.2.3.8 Long-term Containment Overpressure  
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The US-APWR design does not include a dedicated severe accident containment venting 
system.  The containment over-pressure protection is provided through its large, high-strength 
containment along with the active containment cooling using CSS during a postulated severe 
accident, and alternative containment cooling using containment fan coolers and/or fire water 
system to promote steam condensation, the primary sources of containment pressurization.  
Accident progression analyses as part of the Level 2 PRA indicate that even if the containment 
heat removal system is not available, the containment vessel can withstand pressurization for 
more than 24 hours following the onset of core damage.   
 
The performance of alternative containment cooling by containment fan cooler system has been 
analyzed by MAAP Version 4.0.6.  The heat removal characteristics of the system are modeled 
as a function of containment atmosphere temperature based on the experimental results 
performed using a real containment fan cooler unit on heat removal efficiency under natural 
circulation conditions.  The environmental conditions applied to this system performance 
analysis are separately calculated utilizing MAAP code.  For the system performance analysis, it 
is assumed that the alternative containment cooling system is activated when multiple failures of 
CSS occur and the containment pressure rises over the design pressure of 83 psia (572 kPa).  
It has been confirmed through the MAAP analysis results that the containment peak pressure is 
approximately 117 psia (807 kPa), which is much lower than the ultimate pressure 216 psia (1.5 
MPa), and hence, containment integrity is maintained. 
 
19.2.4.2.3.9 Other Severe Accident Mitigation Features  
 
Mitigation features for specific severe accident phenomena addressed for the US-APWR design 
have been discussed above.  In addition, there are several requirements to mitigate accidental 
conditions in general, stated in 10 CFR 50.34(f). 
 
10 CFR 50.34(f)(2)(vi) requires the design to “Provide the capability of high point venting of 
noncondensible gases from the RCS, and other systems that may be required to maintain 
adequate core cooling.  Systems to achieve this capability shall be capable of being operated 
from the control room and their operation shall not lead to an unacceptable increase in the 
probability of LOCA or an unacceptable challenge to containment integrity.”  In order to satisfy 
this requirement, the US-APWR provides RV head vent valves.  Detailed design description of 
this valve is DCD Section 5.4.12 (“Reactor Coolant System High Point Vents”). 
 
10 CFR 50.34(f)(3)(iv) requires to “Provide one or more dedicated containment penetrations, 
equivalent in size to a single 3-foot diameter opening, in order not to preclude future installation 
of systems to prevent containment failure, such as a filtered vented containment system.”  In 
order to satisfy this requirement, a dedicated containment penetration with the size as specified 
above requirement is provided.  This penetration can be shared with the containment high 
volume purge system and does not preclude the future usage of systems such as a filtered vent. 
 
19.2.4.2.4 Containment Performance Capability 
 
TO BE PROVIDED LATER 
 
19.2.4.2.5 Accident Management 
 
Severe accident management begins with several design elements specifically addressing the 
stated objectives of maintaining fuel, RPV, and containment integrity while minimizing 
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radiological releases.  These design elements have been described in Subsections 19.2.4.2.2 
and 19.2.4.2.3 of this report.  Severe accident management encompasses those actions taken 
during the course of an accident by the plant operating and technical staff to: 
 

• Prevent core damage, 
• Terminate the progress of core damage if it begins, and retain the core within the 

reactor vessel,  
• Maintain containment integrity as long as possible, and 
• Minimize offsite releases. 

 
Accident management extends the defense-in-depth principle to plant operating staff by 
extending the operating procedures well beyond the plant design-basis into severe fuel 
damage regimes, and by making use of existing plant equipment and operator skills and creativity 
to terminate severe accidents and limit offsite releases.  The US-APWR design incorporates 
accident management approaches in the severe accident regime and is articulated in the 
present subsection. 
 
As discussed in Subsections 19.2.4.1 and 19.2.4.2, while the US-APWR has enhanced 
features for the prevention and mitigation of severe accidents, essential features of accident 
prevention and mitigation in the US-APWR design are basically the same as in operating 
reactors and have greater diversity of countermeasures.  Accident management is 
used to relieve the operators of the need for rapid decisions based on operator skills and 
creativity, and permit greater reliance on support from outside sources, within a proceduralized 
framework.  
 
The COL applicant referencing the US-APWR certified design will review final plant-specific EOPs 
and SAMGs to confirm that the assumptions used in the severe accident analyses remain valid.  
This is COL Information Item 19.3 (6). 
 
The applicant provided a list of mitigation measures, countermeasures, and operating actions 
that are addressed in the US-APWR severe accident management framework in accordance 
the guidance provided in RG 1.206.  This framework includes the anticipated structure for the 
decision-making process, the goals to be accomplished in accident management, a summary of 
possible strategies for the US-APWR accident management, and potential adverse impacts of 
accident management strategies.  
 
The severe accident management guidance includes: 
 

• An approach for evaluating plant conditions and challenges to plant safety 
functions; 

 
• Operational and phenomenological conditions that may influence the decision to 

implement a strategy, and which will need to be assessed in the context of the 
actual event; and  

 
• A basis for prioritizing and selecting appropriate strategies, and approaches for 

evaluating the effectiveness of the selected actions. 
 
• The various countermeasures and operating actions to prevent core damage, 

terminate core damage progression or prevent vessel breach, maintain 
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containment integrity, and minimize off-site releases are described briefly in 
Section 19.2.5, “Accident Management,” of Tier 2 of the US-APWR DCD, 
Revision 3.  Actions to be taken either during operations at power or during 
LPSD operations are included.  

 
The following briefly summarizes the accident management framework for actions taken during 
the course of an accident. 
 
During operations at power, the key function of accident management is to avert core damage 
by keeping the core covered by coolant water.  This includes core cooling, secondary cooling, 
containment cooling, isolation of any containment bypass paths, ensuring a power supply, and 
component cooling.  To terminate core damage progression and retain the core within the 
vessel, the emphasis is on restoring failed or previously-unavailable SISs.  To maintain 
containment integrity, emphasis is on isolating the containment vessel and flooding the core 
debris in the cavity by using the CSS and/or the fire protection water supply system, and 
removing the decay heat with either the CSS or by the fan cooler system.  The applicant also 
would attempt to prevent containment bypass from temperature-induced SGTR by 
depressurizing the RCS, and early containment failure from hydrogen detonation by using the 
hydrogen igniters.  Early failure from DCH would be averted by depressurizing the RCS.  The 
CSS and fire protection water supply system would also be used to reduce the amount of 
airborne fission products in the containment atmosphere, thus minimizing off-site releases. 
 
During LPSD operations, water injection from the spent fuel pool, activation of SISs, recovery of 
RCS water by using charging pumps, heat removal through the secondary system using reflux 
cooling, and RHR isolation, are all actions that may be used to prevent core damage.  To 
terminate core damage progression, the same accident management functions described for 
operations at power would be used.  To maintain containment integrity, the highest priorities are 
to re-establish containment isolation and secondary-side heat removal.  Isolating the 
containment would also result in minimizing offsite releases because deposition could now take 
place inside containment. 
 
The staff will review the accident management plan at the COL stage to assure that the 
evaluation process and commitments proposed by the COL applicant provide an acceptable 
means of systematically assessing, enhancing, and maintaining accident management 
capabilities, consistent with the staff’s expectations.  Under the COL Information Item 19.3(6), 
the COL applicant is responsible to “develop an accident management program which includes 
emergency operating procedures.  Risk-significant operator actions in DCD Table 19.1-119 are 
to be addressed in the development and implementation of procedures for operation, accident 
management training and other human reliability related severe accident guidance programs.”  
The COL applicant will develop this plan on the basis of the final, as-built plant, the accident 
management-related information developed by the plant designer, and the accident 
management program guidance developed for the current generation of operating reactors.  
The staff finds this acceptable. 
 
19.2.4.2.6 Consideration of Potential Design Improvements under 10 CFR 50.34(f) 
 
19.2.4.2.6.1 Introduction and Regulatory Criteria 
 
In 10 CFR 52.47(b)(2), the NRC requires an applicant for a standard DC to develop an ER 
required by 10 CFR 51.55.  10 CFR 51.55(a) requires the design certification applicant to, “ … 
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address the cost and benefit of severe accident mitigation design alternatives, and the bases for 
not incorporating severe accident mitigation design alternatives in the design to be certified.” 
  
In 10 CFR50.34(f)(1)(i), the NRC requires an applicant to “perform a plant/site-specific PRA, the 
aim of which is to seek such improvements in the reliability of core and containment heat 
removal systems as are significant and practical and do not impact excessively on the plant.”  
The applicant provided an evaluation of potential design improvements (i.e., SAMDAs) for the 
US-APWR in Section 19.2.6, “Consideration of Potential Design Improvements Under 10 CFR 
50.34(f),” of the DCD, and detailed in the Standard DC ER, “US-APWR Applicant’s 
Environmental Report - Standard Design Certification,” MUAP-DC021, Revision 0, December 
2007, and Revision 2, October 2009.  Based on this evaluation, the applicant concluded that 
because of the small risk associated with the US-APWR design, a majority of the design 
improvements beyond those that already exist as part of the design were either of a procedural 
and administrative nature, or were not considered to be cost beneficial.  The review of this 
evaluation is presented below. 
 
19.2.4.2.6.2 Estimate of Risk for the US-APWR 
 
As stated earlier in Subsection 19.1.4.4.3, the applicant did not perform a Level-3 PRA as part 
of DC process.  Instead, the applicant used CDF and LRF as surrogate risk measures for 
meeting the Commission’s goals.  The risk measure results for CDF, LRF, and CCFP are 
discussed in Subsection 19.1.4.7 of this report. 
 
However, the applicant did provide a Level 3 PRA to support the ER.  It details the released 
category source terms and potential consequences using generic site characteristics for the 
eastern United States [“US-APWR Probabilistic Risk Assessment (Level 3),” MUAP-08004-P, 
Revision 1, September 2008].  In determining the effects of generic site parameters, the 
applicant performed a sensitivity analysis on the risk evaluation results and their impacts on 
SAMDA maximum averted costs.  For this sensitivity study, the 50-mile offsite population 
exposure and the offsite property damage are assumed to be 10 times more severe than the 
risks evaluated for each event and condition.  In addition, to determine the uncertainty on 
assumptions considered in the SAMDA analysis, the applicant performed a detailed analysis for 
determining the 50-mile offsite population exposure and the offsite property damage for the 
internal flood and fire events and LPSD conditions. 
  
Review of the Level-3 PRA analysis identified that the releases were limited to 24 hours and the 
effects of releases beyond 24 hours were not considered.  The staff issued RAI 92-1237, 
Question 19-177, requesting the applicant to provide technical basis for not considering 
radioactive releases after 24 hours, given that the release durations have broken down into four 
plumes and the final plume release time exceeds 24 hours.  In its response to RAI 92-1237, 
Question 19-177, dated December 5, 2008, the applicant provided new estimates for the 50-
mile offsite population exposure and offsite property damage using a source term estimated up 
to 72 hours.  These results indicated about 40 percent increase in the aforementioned 
consequences, and about 4 percent increase on the SAMDA baseline averted costs.  The staff 
considers these changes would be within the range of estimated averted costs as provided 
below.  Therefore, RAI 92-1237, Question 19-177 is considered resolved.   
 
Another issue identified during the review was that the actual consequences from accidents 
during LPSD events were not considered in DC ER.  Specifically, none of the release categories 
represents severe accidents that may occur during shutdown, when the containment is likely to 
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be open.  The reactor coolant system would also be open during mid-loop operations.  Since the 
source terms are expected to be large when containment is open, release categories used for 
the SAMDA evaluation should properly account for LPSD events.  
 
Regarding severe accident scenarios that could occur during mid-loop operations (POS 4 and 
POS 8), the possibility exists for enhanced Ruthenium release during the Zircaloy oxidation 
process, in the presence of air.  This could also enhance the Cesium and Iodine releases. 
 
Accordingly, in RAI 627-4926, Question 19-452, the applicant was asked to provide an analysis 
to add release categories, along with their frequencies and source terms, and to modify the 
SAMDA analyses in the ER.  In addition, the applicant was asked to document the results in a 
revised ER, and identify any SAMDAs that would consequently become cost-beneficial.  Since 
no model for Ruthenium release during oxidation in the presence of air exists in MAAP Version 
4.0.6, the applicant was asked to report results for scenarios during mid-loop operations in the 
form of a sensitivity study. 
 
The applicant’s response in a letter dated November 1, 2010, showed only small increases in 
the Maximum Averted Cost Benefit, even when the Ruthenium release rate was increased by 
two orders of magnitude.  The staff performed a confirmatory analysis using the applicant’s 
projected offsite doses for the increased ruthenium releases, and confirmed the cited results.  
Therefore, the staff agreed with the applicant’s conclusion that none of the SAMDA items 
become cost-beneficial; hence, RAI 627-4926, Question 19-452 is resolved. 
 
19.2.4.2.6.3 Identification of Potential Design Improvements 
 
The applicant identified 156 candidate design alternatives based on a review of design 
alternatives for other plant designs, including the License Renewal ERs, as provided in the 
“Severe Accident Mitigation Alternatives (SAMA) Analysis, Guidance Document,” NEI 05-01 
[Nuclear Energy Institute, Revision A, November 2005].  The SAMDA candidates were 
characterized as both hardware (i.e., modifications to plant components, systems and 
structures), and non-hardware (i.e., modification to operation and maintenance procedures and 
programs) changes.  The non-hardware modifications were categorically considered as not 
required for design certification.  The applicant eliminated certain design improvements from 
further consideration on the basis that they are either not applicable to the US-APWR design, 
have very low benefits, have excessive implementation costs, or already incorporated into the 
design.  Examples of design enhancement features already included in the design are the 
following: 
 

• Primary system SDVs. 
• In-containment RWSP. 
• Containment ultimate strength and maximum design pressure. 
• DI&C. 

 
On the basis of the applicant’s screening process:  20 potential alternatives were eliminated as 
being not applicable; 22 design alternatives were considered to be similar to those already 
included in US-APWR design; 29 items were marked as not design alternatives (procedural or 
administrative as opposed to design features; whose benefits considered to be beyond the 
scope for the DC application); 72 items were ruled-out on the basis of their high cost relative to 
potential benefits (either very low benefit or excessive costs); and three items were considered 
either as subset of, or combined with, other items during the review.  From this list, 10 items 
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were considered for further review.  The applicant then deleted these items from consideration 
based on excessive implementation costs.  The 10 design alternatives considered are: 
 

• Provide additional DC battery,  
• Provide additional GTG, 
• Install an additional buried offsite power source, 
• Provide an additional high- pressure injection pump with independent design, 
• Add a service water pump, 
• Install an independent reactor coolant pump seal injection system with dedicated 

diesel, 
• Install an additional component cooling water pump, Add a motor-driven 

feedwater pump, 
• Install a filtered containment vent to remove decay heat, and  
• Install a redundant containment spray system. 

 
19.2.4.2.6.4 Risk Reduction Potential of Design Improvements 
 
For the baseline analysis, the applicant assumed that each design alternative would work 
perfectly and completely eliminate all severe accident risk from evaluated internal events.  This 
assumption is conservative, as it maximizes the benefit of each design alternative. 
 
The applicant used the cost-benefit methodology of NUREG/BR-0184, “Regulatory Analysis 
Technical Evaluation Handbook,” issued January 1997, to calculate the maximum attainable 
benefit associated with completely eliminating all risks.  This methodology uses the best 
estimate parameters and includes consideration of averted on-site and replacement power 
costs.  The applicant estimated the present worth of eliminating all severe accident risk to be 
about $289K [APWR Applicant’s Environmental Report - Standard Design Certification,” MUAP-
DC021 Revision 0, Mitsubishi Heavy Industries, Ltd., December 2007].  Additional sensitivity 
and uncertainty analyses as performed in Level-3 PRA put the estimated averted costs as 
$556K and $349K, respectively [“US-APWR Probabilistic Risk Assessment (Level 3),” MUAP-
08004-P (R1), Mitsubishi Heavy Industries, Ltd., September 2008]. 
 
The applicant’s risk reduction estimates are based on mean estimate values, without 
consideration of uncertainties in CDF, offsite consequences, or parameters in NUREG/BR-
0184.  Even though this approach is consistent with that used in previous design alternative 
evaluations, further consideration of uncertainty factors could lead to significantly higher risk 
reduction values, given the small CDF and risk estimates in the baseline PRA.  In assessing the 
risk reduction potential of design improvements for the US-APWR, the staff has based its 
evaluation on the applicant’s risk reduction estimates for the various design alternatives, in 
conjunction with an assessment of the potential impact of uncertainties on the results.  This 
assessment is discussed further in Subsections 19.2.4.2.6.6 and 19.2.4.2.6.7 of this report. 
 
19.2.4.2.6.5 Cost Impacts of Candidate Design Improvements 
 
The applicant did not explicitly assess the capital cost associated with the various design 
alternatives evaluated.  Instead, the applicant used the estimated costs of back fitting of similar 
SAMDA as provided by the industry in the license renewal applications for their plants.  This 
approach has a potential to overestimate the actual costs, since the cost of implementing a 
modification after the design has already been built is always greater than that for a design that 
is still evolving.  Nevertheless, based on the applicant’s analyses and assertion, the staff views 
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the applicant’s potential costs for the US-APWR SAMDA items acceptable, given the wide 
disparity between the costs of design implementation, and the associated maximum estimated 
benefits. 
 
19.2.4.2.6.6 Cost-Benefit Comparison 
 
The methodology used by the applicant was based primarily on the staff's guidance for 
performing cost benefit analysis, “Regulatory Analysis Technical Evaluation Handbook,” 
NUREG/BR-0184.  The guidance involves determining the net value for each SAMDA according 
to the following formula: 
 
Net Value = (APE + AOC + AOE + AOSC) – COE, where: 
 
APE = present value of averted public exposure ($). 
AOC = present value of averted offsite property damage costs ($). 
AOE = present value of averted occupational exposure costs ($). 
AOSC = present value of averted onsite costs, ($), including cleanup and 

decontamination, and long-term replacement power costs. 
COE = cost of enhancement ($). 
 
If the net value of a SAMDA is negative, the cost of implementing the SAMDA is larger than the 
benefit associated with the SAMDA and it is not considered cost-beneficial.  The applicant’s 
estimates of each of the associated cost elements are summarized in Table 19.2-3, “Summary 
of Estimated Averted Costs.”  The provided results are based on the approach, parameters, and 
data listed in NUREG/BR-0184.  
 
The applicant provided present value estimates using a seven percent discount rate.  The NRC 
recently revised NUREG/BR-0058, “Regulatory Analysis Guidelines of the U.S. Nuclear 
Regulatory Commission,” issued September 2004, to reflect the agency's policy on discount 
rates.  NUREG/BR-0058, Revision 4 states that two sets of estimates should be developed - 
one at seven percent and one at three percent for sensitivity analysis.  Use of a three percent 
discount rate would result in an almost doubling of the estimated benefits.  The applicant 
presented the estimates using the three percent discount rate as a sensitivity analysis for the 10 
design alternatives considered as part of SAMDA.  The monetary present values for this 
discount rate are presented as the upper bound value in Table 19.2-3.  The applicant’s analyses 
are based on the Revision 2 PRA with a total CDF value of 4.6E-6 per reactor-year.  The staff’s 
analyses are based on the Revision 3 PRA with a total CDF value of 3.04E-6 per reactor-year. 
 

Table 19.2-3 - Summary of Estimated Averted Costs 

Quantitative Attributes 

Present Value Estimate ($1000) 

MHI Estimatea NRC Estimateb 

Baseline Sensitivitya Upper 
Boundb Maximumc 

Health 
Public (APE) 29.1 87.5 156.9 1,569d 

Occupational (AOE) 2.3 2.3 3.5 6.8 

Property Offsite (AOC) 0.5e 1.7e 3.3e 33.3d 
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Onsite NAf NAf NAf NAf 

Cleanup and 
Decontamination Onsite (AOSC-1) 69.8 69.8 109.7 109.7 

Replacement Power (AOSC-2) 187.6 187.5 348.5 348.5 

Total  289.3 348.9 621.9 2,067.3 
a Best estimate is based on mean core damage frequency (Revision 2 PRA), 7 percent discount rate, and best 

estimate parameter values from NUREG/BR–0184.  The baseline values are presented in the in Standard 
Design Certification Environmental Report.  The sensitivity values are presented in SAMDA analysis results of 
Level 3 PRA, and in the response RAI Question 19-452.  The baseline values are based on offsite dose and 
property damage risks using the at power internal event consequences.  The sensitivity analysis values are 
based on projected offsite dose and property damage risks using the core damage frequencies and 
corresponding consequences for at power internal event, fire, and floods, and the low-power and shutdown 
conditions.  These only affect the public dose and offsite property values. 

b NRC estimate is based on mean core damage frequency (Revision 3 PRA), 3 percent discount rate, and best 
estimate parameter values from NUREG/BR–0184 used by the applicant.  The upper bound values represent 
the applicant’s sensitivity case, which is more representative of the use of projected consequences.  Note that 
Revision 3 PRA has a lower total core damage frequency than that in Revision 2, (3.04E-6 vs. 4.60E-6 per 
reactor-year).  

c Maximum values are based on mean core damage frequency, 3 percent discount rate, and high estimate 
parameter values from NUREG/BR-0184. 

d Estimate is based on a factor 10 increase in estimated dose risk, or public property risk, to account for potential 
uncertainties.  This is consistent with a similar assumption made by the applicant in the SAMDA analysis results 
in Level 3 PRA. 

e The applicant used offsite property costs based on generic site with values in 1980s dollar.  No adjustment to 
1970 dollar value is made here.  

f Not analyzed by the applicant. 
 
It is important to note that the monetary present value estimate for each risk attribute does not 
represent the expected reduction in risk resulting from a single accident.  Rather, it is the 
present value of a stream of potential losses extending over the projected lifetime (in this case, 
60 years) of the facility.  Therefore, it reflects the expected annual loss resulting from a single 
accident, the possibility that such an accident could occur at any time over the licensed life, and 
the effect of discounting these potential future losses to present value. 
 
As indicated in Table 19.2-3 and Subsection 19.2.4.2.6.4 above, the applicant estimated the 
total present dollar value equivalent associated with complete elimination of severe accidents at 
a single US-APWR unit site to range between $289K and $556K.  The latter value was 
calculated based on the sensitivity analysis results presented in the applicant’s Level-3 PRA 
report.  The values in Table 19.2-3 indicate that the estimated cost of replacement power has 
the largest effect on the averted cost.   
 
For the cost benefit analysis of items identified as potential SAMDA, the applicant used a 
scaling factor representing the contribution of the design item to decreases CDF or LRF to 
estimate the benefit from implementing the item.  In order for any SAMDA to be cost-beneficial, 
the enhancement cost must be less than $289K.  The applicant using this value concluded that 
none of the SAMDA candidates is cost beneficial. 
 
19.2.4.2.6.7 Review Findings 
 
In 10 CFR 52.47(a)(27) and 10 CFR 50.34(f)(1)(i), the NRC requires an applicant to perform a 
plant-/site-specific PRA.  The aim of this PRA is to seek such improvements in the reliability of 
core and containment heat removal systems that are significant and practical and do not impact 
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excessively on the plant.  The staff’s review concludes that the US-APWR PRA and the 
applicant’s use of the insights of this study to improve the design of the US-APWR meet this 
requirement. 
 
The set of potential design improvements considered for the US-APWR includes those from 
generic PWR SAMA reports.  Several design enhancements relative to severe accident 
mitigations have already been incorporated into the design.  These design improvements have 
resulted in a CDF that is about one to two orders of magnitude less than the CDF for the current 
operating PWR plant designs. 
 
The applicant review of the potential SAMDA and their impacts on the US-APWR design is 
considered acceptable.  The staff’s review did not reveal any additional design alternatives that 
should have been given consideration by the applicant. 
 
The applicant’s estimates of risk in the SAMDA do not account for uncertainties either in the 
CDF or in the offsite radiation exposures resulting from a core damage event.  The uncertainties 
in both of these key elements are fairly large, because key safety features of the US-APWR 
design are unique.  In addition, the estimates of CDF and offsite exposures do not account for 
the added risk from earthquakes.  In addition, the applicant did not explain the basis for the 
scaling factor in the SAMDA benefit sensitivity analysis.  The staff issued RAI 92-1237, 
Question 19-178, requesting the applicant to provide the following:  
 

(a) Provide the assumptions and bases for screening the candidate SAMDA,  
 

(b) Identify the screened out list that needs to be considered by the COL holder, and 
explain why SAMDA items related to improving uninterruptable power supplies 
and enhancing control of combustible and ignition sources are screened out as a 
“not a design alternative,”  
 

(c) Elaborate why the analysis did not consider potential uncertainties in the cost 
parameters in NUREG/BR-0184 which are dated (1992 circa), and 
 

(d) Explain where the scaling factors are provided.  
 
The applicant provided its response in a letter dated December 5, 2008.  In response to part a, 
the applicant provided additional satisfactory clarifications.  In response to part b, the applicant 
stated that the evaluation of achievability and effectiveness of risk reduction of SAMDA items 
related to improving uninterruptible power supplies and enhancing control of combustible and 
ignition sources are site-specific.  Therefore, it is practically impossible to evaluate effectiveness 
of these items during DC stage.  The staff expects that these items to be considered by the COL 
applicant as part of severe accident mitigation alternative analysis; therefore, the applicant’s 
response is satisfactory.  With respect to power supplies for control of combustible and ignition 
sources, the applicant revises the design by providing uninterruptible power supplies to select 
strategically located hydrogen igniters in the response to RAI 871-6121, Question 19-560.  This 
design change is evaluated earlier in this report under Subsection 19.1.4.4.2.1.3. 
 
In response to part c, the applicant stated that the SAMDA analysis considered the guidance in 
NEI 05-01 report, “Severe Accident Mitigation Alternatives (SAMA) Analysis Guidance 
Document,” Revision A, November 2005, and included a sensitivity analysis by using three and 
five percent discount rates in addition to the baseline discount rate of seven percent.  The 
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analysis also considered a value of $3000 per person-rem (a 50 percent higher value than the 
value in NUREG/BR-0184).  The analysis concluded that the estimated averted costs would still 
be less than the minimum costs of implementing one of the design alternatives.  The staff 
reviewed the sensitivity analysis and noted that the revised estimate of the averted costs would 
be within the range of values provided in Table 19.2-3.  Therefore, this part of the RAI is 
considered resolved.  
 
In response to part d, the applicant stated that the scaling factor information is not provided as 
part of the application, and added that selected design alternatives were examined to determine 
their effectiveness in risk reduction for dominant sequences in the PRA.  The applicant provided 
the scaling factor data identifying the contribution of the design alternatives to the CDF and 
large release frequency for internal events; internal fire and flood; and LPSD conditions.  The 
lowest-cost SAMDA item is the design alternative to install a redundant containment spray 
system.  The applicant identifies the effectiveness of this system to eliminate all core melt to be 
about five percent.  The staff’s use of the scaling factor data confirmed the applicant’s results, 
and therefore, this part of the RAI is resolved.  Hence, RAI 92-1237, Question 19-178 is 
resolved.  
 
The staff’s analyses of the total present value using the Revision 3 PRA mean CDF and a 3-
percent discount rate indicate a maximum value of about $2,067K.  As indicated earlier, the 
estimated cost of replacement power has a large effect on the averted cost.  This cost is 
currently driven based on an estimate of potential replacement power costs in 1993-dollars.  If 
one were to adjust annual replacement power cost, for future energy cost increase, the total 
present dollar value would be even higher.  Using the staff’s maximum estimated benefits, the 
applicant’s provided costs for each design alternative, the corresponding design item 
effectiveness in reducing risk, and the uncertainties in offsite doses and property damage risks, 
none of the design items could become cost beneficial.  Therefore, the analysis is considered 
satisfactory.  
 
19.2.4.3 Open and Confirmatory Items 
 
Open Item 19.2-SE-569 (Clarify operability of hydrogen igniters and other severe accident 
design features during shutdown) 
 
The staff will evaluate the response to RAI 924-6352, Question 19-569, that requests the 
applicant to clarify in Chapter 19 of the DCD whether operability of the hydrogen igniters and 
other severe accident design features are necessary for the containment to remain intact and 
provide an effective barrier against the postulated release of fission products for a severe 
accident during shutdown conditions.   
 
Confirmatory Item 19.2-SE-1 (add to DCD the data in Tables 15-23 and 15-24 of the PRA 
report)  
 
In its response to RAI 707-5556, Question 19-499 dated March 29, 2011, the applicant will 
revise the description of equipment survivability in the DCD to include the information in Tables 
15-23, “Equipments and Instruments Used in Severe Accident Management (Sheet 1 of 2”) and 
15-24, “Equipments and Instruments Used in Severe Accident Management (Sheet 2 of 2”) of 
the PRA report.  These tables contain important information on necessary devices, systems, 
physical properties, and their location that are used in severe accident management.   
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Confirmatory Item 19.2-SE-2 (COL Action Item 19.3(7))  
 
In its response to RAI 803-5891, Question 06.02.05-45 dated September 9, 2011, the applicant 
will add COL Information Item 19.3(7) to the DCD where the COL applicant is responsible to 
ensure equipment survivability for the specified environmental conditions.  This COL item 
states: 
 

“The COL applicant will provide a milestone for completing the equipment 
survivability assessment of the as-built equipment required to mitigate severe 
accidents (electrical penetrations, hydrogen igniters and containment pressure 
(wide range)) to provide reasonable assurance that they will operate in the 
environmental conditions resulting from hydrogen burns associated with severe 
accidents for which they are intended, and over the time span for which they are 
needed.” 

 
19.2.5 COL Information Items 
 
COL information numbers and descriptions from DCD, Revision 3, Tier 2, Table 1.8-2, and from 
DCD Tier 2, Section 19.3.3, “Combined License Information”:  
 

Table 19.2-1 
US-APWR Combined License Information Items for DCD Chapter 19 

Item No. Description Section 
COL 

19.3(1) 
The COL Applicant who intends to implement risk-managed 
technical specifications continues to update Probabilistic Risk 
Assessment and Severe Accident Evaluation to provide PRA input 
for risk-managed technical specifications.  Peer reviews for the 
updated PRA will be performed prior to the use of PRA to risk-
informed applications. 

19.3.3 

COL 
19.3(4) 

The Probabilistic Risk Assessment and Severe Accident Evaluation 
is updated as necessary to assess specific site information and 
associated site-specific external events (high winds and tornadoes, 
external floods, transportation, and nearby facility accidents). 

19.3.3 

COL 
19.3(6) 

The COL Applicant develops an accident management program 
which includes severe accident management procedures that 
capture important operator actions.  Training requirements are also 
included as part of the accident management program. 

19.3.3 

COL 
19.3(7)* 

*New 

The COL applicant will provide a milestone for completing the 
equipment survivability assessment of the as-built equipment 
required to mitigate severe accidents (electrical penetrations, 
hydrogen igniters and containment pressure (wide range)) to provide 
reasonable assurance that they will operate in the environmental 
conditions resulting from hydrogen burns associated with severe 
accidents for which they are intended, and over the time span for 
which they are needed 

 

 
19.2.6 Conclusions 
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The staff evaluated the US-APWR design-specific severe accident analysis.  As discussed in 
previous sections, the staff found the applicant has provided adequate information that follows 
the guidelines of SECY-90-016 and SECY-93-087 to meet the severe accident requirements of 
10 CFR 52.47(a)(23).  However, as a result of open and confirmatory items listed in Subsection 
19.2.4.3, the staff was unable to finalize the conclusions relating to the severe accident analysis 
in accordance with the NRC requirements. 
 
 
19.2.7 COL Action Items for Section 19.2 of DCD 
 
This section is reserved for the final list of COL action items from Chapter 19 (PRA and Severe 
Accident Evaluation).  Currently, there are only three COL action items for Chapter 19, which 
are listed in Section 19.3 of the US-APWR DCD (Revision 3).  The staff’s review of these COL 
action items is provided in Sections 19.1.5.3 and 19.2.5.3.  The staff review identified many 
open items, listed in Sections 19.1.5.1 and 19.2.5.1 of this report, which are related to the need 
for additional or revised COL action items.  Some of these PRA and Severe Accident items may 
need to be integrated.  The final and complete list of COL actions items for Chapter 19 resulting 
from the resolution of related open items will be included in the FSER. 
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