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NRC Request 
 
[PRA-1]  
 
RAI PRA-1 has several distinct questions and has been broken down so that responses can 
provided in a focused manner to each separate question. 
 
[PRA-1a]How are the similarities and differences between the PBMR PRA and those that are 
conventional for LWRs accounted for in establishing the acceptability of the PBMR PRA?  
 
PBMR Response to PRA-1a
 
The PRA white paper includes an in-depth discussion of the similarities and differences 
between the PBMR PRA and LWR PRA in Sections 3.4, 3.5, and 3.6.  The major factors that 
influence how the existing LWR PRA standards and Regulatory Guides such as RG 1.200 can 
be applied to establish the acceptability of the PBMR PRA are listed in Section 3.12 of the white 
paper.  A large fraction of the requirements in the LWR PRA guides and standards are viewed 
to be applicable to the PBMR.  The major points of departure include a full scope all modes and 
hazards PRA that develops event sequences in sufficient detail to support the definition of 
mechanistic source terms and offsite radiological doses and the inapplicability of LWR risk 
metrics such as CDF.   
 
PBMR plans to use the existing LWR PRA standards and guides, to the extent applicable, until 
such time as technology-neutral or PBMR-specific guides and standards for PRA become 
available.  PBMR is supporting the effort by the ASME Committee on Nuclear Risk Management 
(CNRM) to develop a technology-neutral set of requirements for the performance of PRAs on 
non-LWRs including PRAs that are performed to support design certification.  Two members of 
the Non-LWR Working Group of the CNRM including the chair have their participation 
sponsored by PBMR.  
 
 
[PRA-1b] What is the process for assessing the applicability of LWR data to the PBMR? How 
will needed data be obtained if either no LWR data is available or existing LWR data is not 
applicable? Provide some examples of LWR data that is considered applicable to the PBMR, 
and some examples of LWR data that is not considered applicable to the PBMR. 
 
PBMR Response to PRA-1b 
 
The approach to establishing an acceptable database for the PBMR PRA is discussed in 
Section 3.9 of the PRA white paper.  The process for assessing the applicability of LWR data to 
the PBMR is based on an understanding of the similarities and differences between the PBMR 
and LWRs relevant to the data parameter in question and an analysis of the six categories of 
data parameters that are discussed in Section 3.9.  This section of the white paper provides 
examples of data parameters from LWR PRAs that are viewed as fully applicable to the PBMR 
such as failure rates for pumps and valves in water systems and diesel-generators and other 
electrical equipment, those that are applicable subject to consideration of differences in 
operational characteristics such as piping used on the PBMR Helium Pressure Boundary (HPB), 
and PBMR data parameters for which there is little or no applicable LWR experience such as 
the gas cycle bypass valves.  As explained in the white paper, the approaches used to 
supplement LWR derived data include use of data from gas-cooled reactors, test data, and 
engineering judgment including that developed in expert elicitations, and supplemented by 
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conservative assumptions.  The relative strength or lack of relevant service data to support the 
data parameter estimates will be reflected in the uncertainty distributions assigned to the 
parameters, with relatively larger uncertainties assigned where the underlying statistical data is 
weak.   
 
In developing a PRA database for the PBMR it is useful to review how this problem is 
addressed for PRAs on LWRs so that the state-of-the-art in this area is kept in view.  When the 
first PRA was performed for LWRs, the Reactor Safety Study (RSS), WASH-1400 published in 
the mid 1970s, there was no LWR service data available to provide a basis for the assumed 
PRA data.  Frequencies for Loss of Coolant Accidents (LOCAs) were developed from gas 
pipeline data and from studies of piping experience in fossil fueled plants. Nonetheless, the 
results and insights gained from the RSS remain valid even today.  Until as recently as the mid-
1990’s all the NRC and industry sponsored LWR PRAs used a PRA treatment of LOCA initiating 
event frequencies and generic data for many PRA data parameters that was substantially the 
same as that developed in WASH-1400.  More recent work on PRA data such as the estimation 
of PRA initiating event frequencies and component failure rates have shown that the data 
treatment in WASH-1400 was either realistic or conservative depending on the data parameter.  
Yet the PRA technology of that era was successful in resolving the unresolved safety issues 
associated with severe accidents. 
 
For the PRA used to support PBMR design certification, the technical basis for data parameter 
values and their uncertainty distributions will be provided.  The PBMR PRA database is 
expected to benefit from the extensive work that has been done in recent years to analyze 
applicable LWR service experience.  For data parameters that are not supported by relevant 
LWR service experience, engineering judgments and conservative assumptions will be made to 
provide a basis for the data base parameter uncertainty distributions.  The uncertainty 
distributions that are developed to support these estimates will reflect the amount of evidence 
available consistent with Bayes’ data analysis treatment. 
 
[PRA-1c]1. Additionally, referring to p. 52, Table 6, what is the technical basis for applying LWR 
piping experience and pipe reliability models to the PBMR? Will this basis be justified based on 
a fundamental metallurgical and mechanical understanding of PBMR HPB degradation 
mechanisms and degradation rates, etc.?  Provide Reference 29 for review. 
 
PBMR Response to PRA-1c 
 
The technical basis for applying LWR piping experience and pipe reliability models to the 
prediction of PBMR HPB failure rates and rupture frequencies is based on a detailed 
engineering evaluation of the materials, codes and standards, service conditions, expected 
loading conditions and deterministic evaluations to develop a fundamental metallurgical and 
mechanical understanding of potential PBMR damage mechanisms.  A blend of deterministic 
and probabilistic approaches have been and will continue to be applied to ensure that HPB 
SSCs meet strict reliability targets that have been derived from the Top Level Reliability Criteria.  
These approaches include: 
 

• Detailed failure modes and effects analysis (FMEAs) and HAZOPS of HPB SSCs 
• Use of appropriate materials and ASME design codes for SSCs.  The PBMR HPB piping 

uses materials and design codes and standards that are the same as those used in 
BWR Class 1 and PWR Class 2 main steam piping and has operating temperatures and 
pressures that are comparable to those in the BWR Class 1 piping.  Some of the 
damage mechanisms associated with the selected LWR piping is applicable to the 
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PBMR and other damage mechanisms are not applicable due to the use of high purity 
helium coolant.  Damage mechanisms unique to helium are addressed deterministically 
as outlined below. 

• Deterministic evaluations and design strategies to identify and eliminate or reduce the 
susceptibility of HPB SSCs to a comprehensive set of damage mechanisms including 
those identified for LWR piping systems that are applicable to the PBMR as well as 
mechanisms specific or unique to PBMR service conditions (e.g., graphite dust erosion, 
corrosion from helium impurities, potential embrittlement from the cooling effect from 
helium escaping through cracks, and carburization) These deterministic evaluations 
provide part of the basis for applying applicable LWR service data.  

• Application of leak-before-break principles to minimize the frequency of large 
catastrophic failure modes.  These principles cover selection of appropriate materials, 
fracture mechanics evaluation, leak detection capabilities, elimination of damage 
mechanisms that may challenge leak before break, and consideration of indirect causes 
of failure, and are consistent with NRC guides and standards for leak-before-break 
applications. 

• Design approaches to maintain physical separation between the relatively high helium 
core outlet temperatures and SSCs that comprise the HPB.  This is accomplished by 
maintaining the HPB SSCs at temperatures at or below that for LWR reactor coolant 
system PB SSCs during normal plant operating modes and expected transients.   

• Application of relevant LWR piping service experience and pipe failure modes when 
justified by matching the design factors, codes and standards, materials, and service 
conditions for SSCs to predict HPB SSC reliability 

• The design, construction, operation, leak testing, and volumetric NDE inspections for 
HPB SSCs will be subjected to a Reliability and Integrity Management (RIM) Program 
that is being developed with the cooperation of the ASME.  PBMR has completed a RIM 
pilot study that is being used to guide the develop of new requirements under ASME 
Section XI which will cover the elements of an in-service inspection program as well as 
additional elements that influence the reliability performance of passive SSCs. 

 
So, in summary, the technical basis for applying LWR service data to predicting PBMR HPB 
SSC reliability has both deterministic and probabilistic elements.  The requested Reference [29] 
is only a small part of the story and needs to be reviewed in conjunction with a number of 
interfacing references.  In view of the scope and breadth of the technical issues involved and 
the important role that modeling the failure modes of the HPB in the PRA, PBMR plans to 
submit a separate white paper that describes the PBMR approach to establishing and ensuring 
HPB SSC reliability.   
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[PRA-2] Define the terms “regulatory design criteria,” “design acceptance criteria,” and 
“deterministic safety criteria,” and provide a few specific examples of each term. For example, 
do “design acceptance criteria” include items such as safety limits, limiting conditions for 
operation, or limiting safety system settings (i.e., items that would be included in technical 
specifications) or SSC design limits (i.e., items that would be included in a design document)? 
How are “regulatory design criteria,” “design acceptance criteria,” and “deterministic safety 
criteria” determined (e.g., through consideration of regulations, regulatory guidance, codes and 
standards, and/or good engineering practices)? Are these criteria determined exogenously or 
are they estimated as requirements on the basis of the PRA? What are the interrelations among 
these terms? 
 
PBMR Response to PRA-2
 
The PRA white paper uses the term “regulatory design criteria” to mean the PBMR design-
specific criteria that are needed during LBEs to meet the Top Level Regulatory Criteria, for 
example, during DBEs to meet 10 CFR §50.34 (which, for design certification applicants, has 
been changed to 10 CFR 52.47(a)(2)).  The regulatory design criteria are similar in nature and 
purpose to the LWR General Design Criteria (GDC) in 10 CFR Part 50, Appendix A, and include 
PBMR-specific safety functions not addressed in the LWR GDC.  Regulatory design criteria are 
discussed and examples provided in the safety classification white paper, Section 3.5.5.   
 
The term “design acceptance criteria” does not appear in the PRA white paper or in any of the 
other three, related white papers (LBE, safety classification, and defense-in-depth) to the best of 
our knowledge.  The term is used, however, in conjunction with the level-of-detail and 
completeness of information required to support NRC’s review of a design certification 
application.  Design acceptance criteria are described in SECY-92-053: 
 

‘The DAC are a set of prescribed limits, parameters, procedures, and attributes upon 
which the NRC relies, in a limited number of technical areas, in making a final safety 
determination to support a design certification. The DAC are to be objective 
(measurable, testable, or subject to analysis using pre—approved methods), and must 
be verified as a part of the ITAAC performed to demonstrate that the as-built facility 
conforms to the certified design. That is, the acceptance criteria for DAC become the 
acceptance criteria for ITAAC, which are part of the design certification. The extent to 
which the NRC accepts the use of DAC will vary between technical areas and between 
the various vendors’ applications.’ 

 
PBMR will describe its approach to use of DAC in the white paper on the regulatory framework 
for the PBMR design certification application. 
 
The term “deterministic safety criteria” does not appear in the PRA white paper or in the LBE 
and safety classification white papers.  It does appear once in the Defense-in-Depth white paper 
in Section 2.1.3 as a direct quote from Chapter 19 of the SRP.  PBMR does not plan to use this 
term to denote any special meaning in the PBMR design certification application. 
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NRC Request 
 
[PRA-3] It is stated (p.10) that “The PRA itself incorporates key inputs and analyses from 
deterministic codes and analytical methods covered by other papers.” Will the PRA 
consequences use the deterministic codes and analysis methods results directly, or are they 
indirectly derived from the deterministic codes and analysis methods results? 
 
PBMR Response to PRA-3
 
The role that deterministic methods play in support of the PBMR PRA is discussed in Section 
3.12 of the PRA white paper.  In general the PRA uses the same deterministic computer codes 
and analysis methods as used for the deterministic safety analyses in Chapter 15 of the DCA 
except that realistic, best estimate assumptions and data are applied rather than conservative 
assumptions and data.  The deterministic methods are used to establish safe stable operating 
states and end states, success criteria, plant response to events and transients, structural and 
mechanical response to events, time windows for operator actions, and mechanistic source 
terms for scenarios involving a release of radioactive material.  In some cases where the 
computer codes and analysis methods do not include a realistic mechanistic treatment of certain 
phenomenal, they are supplemented with additional realistic best estimate codes and methods.  
This deterministic step can be thought of as generally using the deterministic codes directly. 
 
The PRA then utilizes a simplified parametric consequence model to provide the probabilistic 
treatment of uncertainties in the deterministic methods used to predict the consequences of 
event sequences, i.e. the magnitude of radiological doses at the site boundary and offsite health 
impacts.  The simplified consequence model is benchmarked against the best estimate results 
from the deterministic computer codes but in a form that permits an evaluation of uncertainties 
in the input data and modeling assumptions used in the deterministic computer programs.  
Uncertainty distributions for each of the key independent input parameters are specified and 
input with the simplified consequence model to commercially available software for Monte Carlo 
uncertainty propagation.  The commercially available software performs the simplified 
calculations tens of thousands of times with random selections of the key input parameters to 
statistically determine the probability distribution of the output variable of interest.  This 
approach is similar to that employed in NUREG-1150 in the treatment of consequence 
uncertainties except that the parametric models in that case were benchmarked against 
deterministic models of LWR accident phenomena. This probabilistic step can be thought of as 
utilizing the deterministic codes indirectly.  
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NRC Request 
 
[PRA-4] It is stated (p.14) that “The PRA that is performed to derive the LBEs for the PBMR 
DCA will be updated as necessary to reflect changes in the plant design, construction and 
operational stages to the extent needed to ensure that conclusions derived from the PRA in 
support of the licensing basis and design certification remain valid.” Discuss how licensing 
stability can be achieved given that PRA updates may impact the selection of LBEs and the 
classification of SSCs. Specifically describe when and how possible new information from 
technology research and development, such as potential changes to the mechanistic source 
term calculation arising from research into fuel performance and fission product transport test 
results, will be incorporated into the PRA. 
 
PBMR Response to PRA-4 
 
The approach to using the results of the PRA to select LBEs is discussed in the LBE white 
paper and that to perform the SSC safety classification in the SSC Safety Classification white 
paper.  The proposed licensing approach is motivated by an objective to achieve licensing 
stability more quickly and effectively on an advanced reactor design than would be the case if 
the selection of LBEs, safety classification of SSCs, and the development of requirements for 
special treatment did not benefit from the results and insights from a PRA.   
 
A set of Top Level Regulatory Requirements have been derived from NRC regulations and 
policy statements that, once agreed upon with the staff, will be clear criteria to use as part of the 
acceptance criteria for the design certification.  Having a set of established numerical criteria for 
the frequency and dose consequences of the LBEs is viewed as strengthening license stability.  
Without such criteria, it may be more difficult to obtain agreement as to which events should be 
selected as LBEs. 
 
The commitment to perform a PRA prior to the establishment of LBEs rather than after-the-fact 
is also viewed as improving design stability and therefore licensing stability.  The PRA provides 
a systematic way to identify the events and event sequences that can challenge the safety case.  
Use of event probabilities and frequencies with a rigorous examination of and quantification of 
events and event sequences will provide licensing stability.  As explained more fully in the LBE 
white paper, uncertainties in the estimation of accident frequencies and consequences are 
taken into account in the selection of LBEs.  Also, as discussed in the SSC safety classification 
white paper, the special treatment requirements for safety classified SSCs are linked to the 
reliability and capability that is assumed in the PRA for the prevention and mitigation of the 
LBEs.  This process is viewed to strengthen design and licensing stability.   
 
New information, such as potential changes to the mechanistic source term calculation arising 
from research into fuel performance and fission product transport test results, will be handled by 
the same processes as for existing plants.  The selection and evaluation of the LBEs and SSC 
safety classification will be reviewed to see if the licensing bases are still valid.  If the selection 
of LBEs and SSC safety classification is not valid in light of the new information, the applicable 
reporting requirements will be implemented, and corrective action will be taken to restore 
compliance with the licensing basis.  For example, such corrective action could include 
improvements in reliability and availability of components to restore conformance to the 
assumptions in the PRA, the addition of design features to restore conformance to the PRA, or 
other compensatory actions.  In the alternative, the corrective action could consist of changes to 
the licensing basis, including as necessary requests for NRC approval of the changes.  
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In summary, new information from technology research and development will be treated in the 
same manner as for existing plants.  The systematic and structured risk-informed process will 
aid the review of whether there is an impact on the LBEs or the safety classification of the 
SSCs. 
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NRC Request 
 
[PRA-5] It is stated (p.20) that “PBMR-specific risk metrics that are described in Chapter 3 of 
this paper will be used in lieu of the LWR-specific metrics CDF and LERF…” What are the 
PBMR risk metrics that reflect the PBMR safety design approach and how are they defined? 
Explain how the PBMR-specific risk metrics can be used to assess the risk importance of 
operational events, planned design changes, and proposed license amendments. 
 
PBMR Response to PRA-5 
 
In order to explain how the PBMR approach to defining risk metrics can be used to establish risk 
importance of operational events, planned design changes, and proposed licensing 
amendments, it is first necessary to review the definition of the LWR risk metrics to provide 
context to the PBMR risk metric definitions. 
 
The LWR-specific risk metrics CDF and LERF can be defined as LWR-specific accident families 
grouped by a common characteristic.  CDF is the total frequency of all the event sequences in 
an LWR PRA that meet the criteria for core damage, which is defined in the ASME PRA 
standard as : 
 

“uncovery and heatup of the reactor core to the point at which prolonged oxidation and 
severe fuel damage involving a large fraction of the core is anticipated”.   

 
The risk metric LERF is simply the total frequency of all the event sequences in an LWR PRA 
that meet the criteria for a large early release, which is defined in the ASME PRA standard as”  
 

“the rapid, unmitigated release of airborne fission products from the containment to the 
environment occurring before the effective implementation of off-site emergency 
response and protective actions such that there is a potential for early health effects.” 

 
In the above, early health effects refers to cases of fatal and non-fatal radiation syndrome which 
require relatively high radiation exposures.   
 
In the case of the PBMR, risk metrics are also defined in terms of accident families grouped by 
common characteristics but in this case the characteristics are specific to the PBMR.  Since the 
event sequences in the PBMR PRA are developed to a point that is necessary and sufficient to 
define mechanistic source terms and to calculate offsite radiological consequences, the natural 
characteristics upon which to group the event sequence are based on the parameters that 
determine the characteristic of the source term, such as the timing, major components of the 
source term, and magnitude of the release. The PRA term for these categories is “release 
categories”. This is the same term used to describe the results of an LWR PRA.  A set of typical 
release categories for the PBMR is listed in Table 4 of the PRA white paper. As noted, the final 
set of release categories may be somewhat different and refined in relation to those presented 
in this table.  The frequencies of these release categories are the PBMR PRA risk metrics. 
 
Just as the LWR risk importance metrics such as Fussel-Vesely, Risk Achievement Worth, etc. 
are derived from CDF and LERF, PBMR risk importance metrics are derived from the PBMR 
release category frequencies.  The only difference is that for the PBMR more than two sets of 
importance measures will be required.  A preliminary set of release categories is presented in 
Table 4 of the PRA white paper.  This includes one category for the end state with no release of 
radioactive material and nine categories with a different set of release characteristics.  Risk 
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importance measures for each of the associated release categories can be developed.  The 
PBMR PRA submitted for design certification will include Fussell-Vesely and Risk Achievement 
worth results for those release categories that are found to make significant contributions to risk. 
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NRC Request 
 
[PRA-6] It is stated (p.23) that sensitivity analyses will be performed “…to address other 
sources of uncertainty that are more difficult to quantify.” Provide illustrative examples of PBMR-
specific uncertainties that will be difficult to quantify wherein sensitivity analyses will be used. 
 
PBMR Response to PRA-6 
 
Some examples where sensitivity analyses may be performed to address difficult to quantify 
areas would include: 
 

• The reliability of the reactor protection system function to insert control rods is based on 
a specific success criterion for how many rods must be inserted to trip the reactor 
yielding an uncertainty in how many rods fail to insert for the failure path.  A sensitivity 
study to examine the impact of alternate success criteria including the case where all the 
rods fail to insert will be performed to understand the importance of and to bound the 
effects of this uncertainty. 

• The environmental effects of an HPB depressurization event on equipment located 
inside the reactor or PCU citadel due to the increased temperature and pressure is 
subject to uncertainties in the location of the break and capabilities of the equipment to 
survive the harsh environments from the HPB breach.  A sensitivity study to examine the 
impact of assumed failure and/or successful response of the equipment will be 
performed to bracket this uncertainty. 

• Given the relative lack of design details and detailed emergency operation procedures 
the role of human operator actions in the prevention and mitigation of accidents may not 
be as precisely defined as in a PRA for an operating plant.  Sensitivity analyses that 
examine the effect of alternative human action responses including errors of omission 
and commission will be performed to understand the importance of such uncertainties. 
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NRC Request 
 
[PRA-7] How will incompleteness due to lack of knowledge associated with the PBMR PRA be 
addressed for LBE selection? 
 
PBMR Response to PRA-7 
 
To provide a context for responding to this question it is first useful to review the approach that 
will be followed to ensure completeness in the definition and quantification of event sequences 
in the PRA.  This starts with a systematic and exhaustive enumeration of initiating events as 
discussed more fully in our response to RAI PRA-10.  The technical basis for identifying, 
screening, and grouping the initiating events for the development of the PRA will be 
documented, subjected to independent peer review, and available for review by the NRC staff in 
support of the DCA review.  The technical approach to the definition of event sequences is 
described in Section 3.6 of the PRA white paper with illustrative examples in Section 3.7.  All the 
PBMR SSCs that perform a required or supportive safety function in response to a modeled 
initiating event as well as additional events that are needed to define the mechanistic source 
terms for the event sequence end states and release categories will be included in the definition 
of event sequences.  The peer review of the PRA will assess the adequacy and completeness 
of the selection of initiating events and event sequences.  
 
When the event sequences are processed for the selection of the LBEs they will be grouped in 
accident families defined by common initiating event types, common nature of how the safety 
functions are challenged, common response of the SSCs responsible for performance of safety 
functions, and common end state with distinct mechanistic source term.  There are a limited and 
well defined set of safety functions and there are only so many unique ways that an initiating 
event can challenge a set of safety functions. Hence at the functional level of event sequence 
development, a complete enumeration of sequences can be demonstrated.   In addition, the 
process will be able to demonstrate an adequate level of completeness of the event sequences 
defined at the system level and that the most likely systemic sequences within each functional 
family will be identified.   
 
Another factor in assessing the completeness of the selected LBEs is the uncertainty 
quantification of event sequence frequencies and consequences and resulting margins for 
comparison against the Top Level Regulatory Criteria (TLRC).  The PBMR PRA approach to 
quantifying event sequence frequencies and consequences includes the quantification of 
uncertainties that address any limitations in plant, system or component service experience.  
The final step in dealing with possible incompleteness is the proper and timely treatment of new 
knowledge as it becomes available as summarized in our response to PRA-4. This continuous 
learning environment is at the foundation of a sound safety culture as proven in over 50 years of 
safe and increasingly safer reactor operation 
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NRC Request 
 
[PRA-8] With reference to Table 1 (p.28): Summarize the methodology used in the PRA to 
calculate accident consequences. Specifically, discuss the overall computational approach to 
determine the mechanistic source terms and accident consequences, and identify the computer 
codes used. With respect to the lower right entry in Table 1, explain what is meant by a 
"conservative bounding treatment." 
 
PBMR Response to PRA-8 
 
PBMR will summarize the mechanistic source term methodology used in the deterministic and 
probabilistic analyses to calculate accident consequences in the design certification application. 
The application will include the mechanistic source terms from the fuel during normal operation, 
transients, and accidents and the integrated approach to mechanistic source term treatment 
covering all significant radionuclide transport phenomena and associated uncertainties.  These 
phenomena include the core reactivity and thermal response of the core to all PRA modeled 
event sequences, including thermal fluid response of the Main Power System and reactor 
building, mechanistic treatment of core oxidation phenomena with temperature feedback to the 
core thermal and reactivity response, fuel performance, radionuclide transport from failed and 
intact fuel particles, from the fuel spheres, from the reactor core, transport into and out of the 
MPS HPB, plateout and liftoff of radionuclides, resuspension of radionuclide-bearing dust 
particles, and transport into and out of the reactor building.   
 
The reference to “conservative bounding treatment” in Table 1 refers to the fact that detailed 
realistic modeling of offsite consequences and emergency planning response may not be 
needed to demonstrate compliance with PAG limits or other regulatory benchmarks due to the 
low magnitude of the source terms.  The Top Level Regulatory Criteria are expressed in terms 
of site boundary doses calculated downwind of the point of release using conservative 
meteorological assumptions.  A simplified conservative estimate of offsite latent cancer fatalities 
may be sufficient to adequately demonstrate conformance to the QHOs using these doses.  
Hence the type of rigorous offsite consequence modeling that is typically performed in an LWR 
Level 3 PRA is not required. 
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NRC Request 
 
[PRA-9] Please give examples of PBMR success criteria and discuss how they were 
developed. In particular, discuss the analyses method(s) used to develop the success criteria. 
 
PBMR Response to PRA-9 
 
The following examples are provided to show the types of success criteria that are needed to 
support the PBMR PRA. 
 
Example #1 – Mission time for the Core Conditioning System (CCS) in response to an 
event that leads to loss of the normal forced cooling via the PCU.    In the event of a loss of 
the PCU which normally provides forced circulation cooling of the reactor core, the CCS is 
designed to provide continued forced circulation cooling of the core.  The success criterion for 
the CCS in the event tree logic is based on the function of preventing a delayed release from 
the fuel.  Delayed releases from the fuel will not occur if the core temperatures do not 
experience temperatures significantly higher than that observed during normal plant operation.  
There are two aspects of the success criterion for the CCS to consider.  The first is how much 
time to permit for delays in starting up the CCS to be regarded as a successful start.  This time 
window for startup is established by performing sensitivity studies on a set of different assumed 
startup times to determine at which time delay that significant delayed fuel releases begin to 
occur as well as at which point thermal damage to CCS components may occur.  This is 
determined by running the plant-level suite of codes that are used to determine the thermal 
response of the reactor and the associated mechanistic source terms from the fuel including the 
core thermal transient response and the releases from initially intact and non-intact fuel 
particles.   
 
A second success criterion example is the CCS mission time which is defined as the length of 
time that the CCS needs to operate such that if it fails at some time after a successful start, a 
significant delayed fuel release will not occur.  As the CCS operates for significant periods of 
time, the core temperatures will be reduced and the decay heat will also be reduced.  When the 
CCS fails to continue operating or stops, a loss of forced cooling transient will occur resulting in 
a heat up of the core over many hours and days until the heat removed via passive heat 
removal to the RCCS exceeds the decay heat at which time the core temperatures will peak and 
begin to recede.  At some point the temperatures at all parts of the core at the time of peak 
temperatures will be less than the temperatures required to produce a significant delayed fuel 
release.   This time is determined by performing a sensitivity study in which the CCS stop time is 
varied and the mechanistic source term codes are used to determine whether a significant 
delayed fuel release has occurred.  The models used to perform these calculations will be 
described as part of the DCA mechanistic source term discussion. 
 
Example #2 Time Available to Insert Small Absorber Spheres given failure to insert 
control rods.  In the event of a challenge to the reactivity control systems, there are event 
sequences in which the Reactivity Control System (RCS) control rods are postulated to fail to 
insert during a loss of forced cooling scenario in which case the Reserve Shutdown System 
(RSS) is used to shut down the reactor by releasing the Small Absorber Spheres (SAS) into the 
central reflector.  The success criterion for how much delay can be tolerated in inserting the 
SAS is based on a calculation of how much time it takes for the reactor to go recritical after it 
shuts down initially due to the negative temperature coefficient on loss of core heat removal.  
This establishes the time window for recriticality.  This criterion is regarded as conservative 
because even if recriticality were to occur, the negative temperature coefficient of reactivity 
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would control the reactor power to match the amount of heat removal.  However, this criterion 
provides a valid, albeit conservative basis for terminating the event sequence development and 
assignment of an end state.  Core thermal response and reactor physics codes are used to 
establish this time window. 
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NRC Request 
 
[PRA-10] What approach/criteria (e.g., failure modes and effects analysis) have been 
enveloped for concluding that a failure does not impact a safety function of another SSC or 
cause an initiating event? What documentation will be developed that describes the screening 
process and its results, including the list of retained SSCs and screened-out SSCs along with 
the technical basis for screening? For SSCs within the HPB, provide examples of SSCs that 
were screened out and the basis for these decisions. How will the screening process and its 
results be peer reviewed, especially for PBMR-unique SSCs? 
 
PBMR Response to PRA-10 
 
The PBMR approach to identifying, selecting, screening, and grouping initiating events is 
described on page 32 of the PRA white paper and in the Master Logic Diagram described in 
Figure 2.  As described in this figure, the process starts by identifying the sources of radioactive 
material, the barriers that prevent release from these sources, and the safety functions that 
need to be fulfilled to maintain the integrity of each barrier.  The systematic search for initiating 
events then follows two parallel tracks, one focused on passive structures such as the barriers 
themselves and passive SSCs that support them, and the other focused on the systems and 
components that perform safety functions that are required for barrier integrity.  Failure modes 
and effects analyses are performed on each SSC identified by this process supported by 
HAZOPs evaluations.  These FMEAs and HAZOPs are performed in support of the design and 
are documented as part of the initiating event selection process.  This process picks up the 
internal events that must be considered and is supplemented by the analysis of internal plant 
hazards (e.g. fires and floods) and external events that examine events and hazards external to 
the equipment.  Lists of events considered in other GCR and LWR PRAs are used to check the 
completeness of the events.  This entire process will be documented as part of the PRA 
documentation, and the bases used to screen and group the events for PRA modeling and 
quantification will be available for NRC review.  This process will also be available for review by 
the PRA peer review which will be performed prior to the DCA submittal. The requested 
examples will be made available at that time.  Criteria for screening and grouping events for this 
process will be consistent with the requirements in the ASME PRA standard.  
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NRC Request 
 
[PRA-11] It is stated (p.34) that “The PBMR safety design philosophy utilizes inherent safety 
features and passive SSC to perform the required safety functions.” For AOOs, it appears that 
active SSCs perform the safety functions. Explain why these safety functions are or are not 
considered to be “required safety functions”? For example, is the reactor protection system, 
which contains active SSCs, considered a required safety function? 
 
PBMR Response to PRA-11 
 
In AOOs, active SSCs perform multiple operational, safety and investment protection functions.  
For example, for many transients, the Operational Control System (OCS) initiates a response of 
the control rods to match reactor power with changes in the heat removal via the PCU during 
such transients.  The event sequences in which the PCU and control rod actions successfully 
control the reactor power would likely be AOOs.  Neither the PCU nor the associated control rod 
actions are regarded as required safety functions.  If the OCS fails to respond or if the control 
rods fail to respond to the transient, the passive negative temperature coefficient of reactivity 
would perform the required safety function of shutting down the reactor initially and the reactor 
protection system would trip the control rods whose actuation would ensure the long term 
negative reactivity response of the core.   
 
The SSCs that are regarded as performing their safety functions using inherent or passive vs. 
active means are listed in Table 3 of the PRA white paper.  For the RPS, PBMR is designing the 
system to safety system standards since it provides substantial investment protection value and 
is important to assuring adequate defense-in-depth for safety.  Based on our current design 
development, it is not required to assure adequate safety of the public for AOOs. 
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NRC Request
 
[PRA-12] Please provide a table (similar to p.45, Table 5) for Cs-137 for the 60th year of 
operation of a PBMR, particularly with regard to dust-borne radioactivity plated out on HPB 
surfaces. 
 
PBMR Response to PRA-12
 
Table 5 as noted contains order-of-magnitude I-131 inventories to demonstrate the PRA 
process.  Order of magnitude results for other key nuclides such as Cs-137 will be provided in 
the mechanistic source term discussion in the DCA. 
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NRC Request 
 
[PRA-13] It is stated (p.47) that “Event sequences with frequencies less than 1x10-8

 per plant-
year are not developed in terms of a quantitative consequence analysis…” Is the 1x10-8

 per 
plant-year truncation limit considered on a mean value basis? How is event sequence 
uncertainty considered when comparing to the truncation limit? Explain how the truncation limit 
of 1x10-8

 per plant-year is consistent with the ASME PRA Standard (ASME RA-Sb-2005) 
Supporting Requirements QU-B2 and QU-B3. 
 
PBMR Response to PRA-13 
 
PBMR intends to be consistent with the requirements of the ASME PRA standard, including QU-
B2 and QU-B3.  As such, the truncation is made based on mean point estimate values subject 
to meeting these and other relevant requirements regarding truncation and the quantification 
process will satisfy the requirements of QU-B2 and QU-B3 to ensure that no significant event 
sequences are omitted.  In the ASME PRA standard, truncation criteria are also based on mean 
point estimates.  If it is necessary to reduce the truncation threshold to meet QU-B2 or QU-B3 
that will be done but is not expected to be necessary.  Using standard LWR PRA practice, a 
formal quantitative treatment of uncertainties to develop uncertainty distributions on event 
sequence, LBE, and release category frequencies are performed after the truncation criteria 
have been applied.  The 5% per decade truncation criterion referred to in QU-B3 will be applied 
to each LBE and release category frequency for the PBMR. The definition of significance that is 
used in the ASME PRA standard, which is based on the calculation of core damage frequency 
and large early release frequency, will have to be modified for the PBMR so that significance is 
defined in terms of risk metrics that are meaningful for the PBMR such as LBE frequency and 
release category frequency.  For a multi-module PBMR plant, the PBMR truncation process will 
actually be more conservative or inclusive than that derived from the ASME PRA standard in the 
sense that the PBMR criterion is based on the frequency per plant year.  If a plant had 10 
modules, for example, the equivalent truncation frequency per reactor year for scenarios 
involving a single reactor independently would be 10-9 per reactor year.   
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NRC Request 
 
[PRA-14] In Figure 7 (p.48), the assessment of event sequences with frequencies less than 
1x10-8

 per plant-year appears to be made in the column corresponding to event sequences for 
only one reactor rather than for an eight- reactor module plant.   
 
PBMR Response to PRA-14 
 
The event tree for the single reactor module example is presented in Figure 7 and that for the 8-
module reactor plant is in Figure 8.  The screening criteria of 10-8 per year is intended to be 
applied on a per plant year basis.  This RAI points to a discrepancy in Figure 8 in which events 
like Sequences No 5 and 12, whose point estimate frequency is less than 10-8 per reactor year, 
would become more frequent than 10-8 per 8-module plant year and hence should be listed as a 
BDBE rather than shown as screened out. The intent of PBMR’s approach is to use 10-8 per 
plant year as the basis for screening out events based on negligible frequency, and the example 
as shown in the revised Figure 8 (attached) shows that.  With this correction, sequence 
numbers 5 and 12 in Figure 8 are reclassified from being screened out for a one reactor plant to 
being selected as BDBEs for an 8-module plant. 
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Figure 8: Event Tree for MPS Heat Exchanger Break for Eight-module Plant (Revised per RAI PRA-14)



NRC Request 
 
[PRA-15] In the event tree for MPS (p.49, Figure 8) heat exchanger break for single module, no 
branch is provided for the safety function for “control chemical attack”.  Why do the PBMR event 
trees (especially those that involve a loss of HPB integrity) not include a branch for the SSC(s) 
that provide this function and its assumed functional reliability? What are the relevant success 
criteria for control chemical attack for air and water ingress events? 
 
PBMR Response to PRA-15 
 
As a matter of methodology, PBMR does not include a branch in the event tree logic as the 
method of treating the challenge to the safety function “control chemical attack”.  The challenge 
to this safety function is considered, however, in  the identification and grouping of the initiating 
events for the purpose of constructing different event trees for different types of safety function 
challenges, and in defining the event sequence end states and release categories.  The 
example provided in the white paper was chosen to illustrate some of the basic concepts used 
in constructing an event tree for the PBMR.  The reason why there is no visibility of this safety 
function is that heat exchanger breaks in the pre-cooler and intercooler have break sizes and 
break locations within the HPB that are insufficient to lead to significant quantities of water 
ingress and therefore do not present a significant challenge to the function of controlling 
chemical attack.  In the example provided there was no information given on the physical plant 
transient response to the initiating event along each of the event sequences, as there would be 
in full PRA.  In the PRA that is performed to support the DCA, information will be provided to 
confirm the satisfaction of safety functions on each of the event sequences to be analyzed. 
 
Additionally, in order to produce a significant challenge to the chemical attack safety function 
there needs to be HPB failures of a significant size and appropriate location for single breaks or 
multiple breaks above and below the core to produce an air ingress event following HPB 
depressurization.  The selection of initiating events for the completed PRA will include a wide 
spectrum of HPB initiating events and event sequences that will be sufficient to define the 
“envelope of concern” for control of chemical attack.  The treatment of air ingress, oxidation 
phenomena that may result from air ingress, and associated feedback to core thermal response, 
fuel particle performance, and radionuclide releases from the fuel are an integral part of the 
mechanistic source term treatment for all sequences involving HPB failures.  The treatment of 
these phenomena will be covered as part of the completed PRA prepared in support of the 
design certification application. 
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NRC Request 
 
[PRA-16] It is stated (p.50) that “Given the reduced reliance on active SSCs to perform safety 
functions, it is reasonable to expect that safety function failures will be dominated by events and 
conditions that exceed the design basis envelope for passive SSC.”  Discuss the implications of 
this statement for BDBEs. Provide a few examples of safety function failures for BDBEs that 
identify which passive SSCs have failed. Provide similar information for events having a lower 
frequency than BDBEs. 
 
PBMR Response to PRA-16 
 
The referenced statement from Page 50 was made in the context of a discussion about the 
approach to treatment of inherent and passive SSCs in the PBMR PRA.  This discussion points 
out that the treatment of passive and inherent reactor characteristics in PRA are not new, that 
inherent and passive design features have been addressed in LWR PRAs, and that the role of 
active SSCs in the prevention and mitigation of accidents is less in the PBMR than is the case 
for currently licensed LWRs.  The statement explains why it is important to include a full scope 
treatment of external hazards in the PBMR PRA because internally caused failures are 
expected to be much less likely than externally caused failures for passive structures and 
components.  The implications on the LBEs is that in order to locate the event sequences in 
which the passive SSCs may be challenged and fail it will be necessary to examine a range of 
hazards both within and outside the design basis envelope.  Hence, the PBMR PRA plans to 
include a full scope treatment of internal and external hazards such as seismic events, aircraft 
crashes, internal fires, and floods.  Simplified approaches to treatment of these hazards 
approved by the NRC for ALWRS in design certification PRAs (e.g. seismic margins and EPRI 
FIVE approaches approved in SECY 98-083) are therefore not deemed appropriate for the 
PBMR. In view of the increased reliance on inherent and passive SSCs and in view of the role 
that PRA will be serving to support the selection of LBEs, a uniform treatment of all internal and 
external events and hazards will be performed.  Examples of BDBEs and events of lower 
frequency than BDBEs that would need to be considered include seismic events more severe 
than the design basis earthquake that could damage reactor building structures and thereby 
challenge the safety functions of control of chemical attack and core geometry, other external 
events and challenges more severe than those that are used to establish the design basis, 
failures of the reactor pressure vessel and its supports, and beyond design basis breaks in the 
Helium Pressure Boundary that may challenge control of chemical attack and reactor building 
structural integrity.  In order to make risk-informed judgments to establish the design bases for 
the plant, the PRA will cover the accident spectrum of frequency and consequence both within 
and outside the design envelope.  
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NRC Request 
 
[PRA-17] The largest pipe in a PBMR is much smaller than the largest LWR RCS pipe. Are 
HPB cross sectional area openings larger than the area associated with the largest HPB pipe 
considered for LBEs? Explain. How will uncertainty in the LWR data be addressed in developing 
break size vs. frequency for the PBMR. What is the sensitivity of the accident source term to the 
HPB break size and/or location? 
 
PBMR Response to PRA-17 
 
Pipes on the PBMR Helium Pressure Boundary (HPB) range from small 10mm instrument lines 
up to a maximum size of 2.3m (inside diameter of the pipe from the turbine outlet to the 
recuperator HP inlet).  Hence the largest pipes are significantly larger than those found in LWR 
reactor coolant pressure boundary piping which are typically less than 1meter inside diameter.  
 
As discussed more fully in response to RAI PRA-1c and in Figure 9 of the PRA white paper, a 
blend of deterministic and probabilistic approaches has been applied to guide the application of 
LWR piping system service data to derive estimates of piping component failure rates as a 
function of break size.  This includes a systematic engineering evaluation of damage 
mechanisms for the PBMR HPB SSCs which was used as guidance for selecting and applying 
relevant LWR piping system service experience.  A Bayes’ method has been applied in the 
quantification of uncertainties in the failure rate estimates.  These methods are substantially 
similar to the methods that were developed for the characterization of pipe rupture frequency 
uncertainties in the EPRI approach to Risk Informed In-Service Inspection (Reference [1]).  
These methods were reviewed for the NRC in Reference [2] and approved for use in RI-ISI 
applications by the NRC in the Safety Evaluation Report for the EPRI RI-ISI Topical Report of 
Reference [1].  Uncertainty in the conditional probability of different break sizes was based on 
information provided in NUREG-1829 derived from an expert elicitation.  Two of the experts who 
participated in the NUREG-1829 elicitations are participating in the review and application of this 
data to the PBMR materials, design codes, and service conditions.  As seen in Figure 9, our 
approach has yielded very large uncertainties in the characterization of pipe rupture failure 
rates.  More details on this approach and the results are the topics of a separate white paper 
that is planned to address HPB reliability. 
 
As explained in the response to RAI PRA-15, the final PRA will include a spectrum of break 
sizes and locations that will identify the sensitivity of the source term to break size and location.  
For each pipe on the HPB, a range of break sizes will be considered from small leaks up to and 
including a maximum break size which is taken to be that with an equivalent break size of a 
double ended guillotine break.  For the purpose of dividing up the continuum of break sizes into 
a finite set of discrete break sizes, the following break size categories have been defined for the 
largest pipe size.  For smaller pipe sizes the maximum break sizes are adjusted accordingly. 
 

Break Size 
Category 

Minimum Break Size 
[mm] 

Maximum Break Size 
[mm] 

L3 1000 3250* 

L2 500 1000 

L1 230 500 

M3 100 230 
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M2 50 100 

M1 10 50 

S leak 10 

* For most pipes on the HPB the maximum break size is defined by 
the size of an assumed double ended guillotine break (DEGB), i.e. a 
break whose flow area is twice the flow area of the pipe.  The 
effective diameter of such breaks is 2 =1.41 times the inside 
diameter of the pipe.  The largest pipe on the PBMR HPB is 
DN2300mm (turbine outlet to recuperator HP inlet pipe) 

 
HPB break initiating event categories also need to consider the location of the break from three 
perspectives: The elevation of the break relative to the reactor core, the pipe layout where the 
break occurs and the nature of its connection to the RPV, and the location of the break inside 
the reactor building.   
 
There are three radionuclide transport phenomena that influence the sensitivity of the source 
term to break size and location: Pressure driving force for the mass transport of the radionuclide 
release from the HPB, lift-off of plate-out and resuspension of dust within the HPB, and graphite 
oxidation from air ingress.  Each of these has a break-size sensitivity and a break-location 
sensitivity.   
 
One of the most important sensitivities of break size on the source term is the pressure driving 
force, if any, that may exist to transport radionuclides out of the HPB break during the late 
phases of a scenario involving a delayed fuel release.  This is only significant for the smaller 
break size categories and is strongest for Category S. For larger break sizes, the 
depressurization phase of the scenario is over before the delayed fuel release.  Delayed 
releases from the fuel are only a concern for scenarios involving loss of forced circulation and a 
breach of the HPB.   
 
The next most important sensitivity of source term to break size is the amount of lift-off of plate-
out and resuspension of dust that is initially located inside the HPB at the time of the break.  Lift-
off is the result of shear forces during a depressurization event.  Larger break sizes have larger 
shear forces and hence a greater lift-off component of the source term.  Break location is 
important, especially if the location is near the point where the largest concentrations of graphite 
dust are located, which is expected to be in or near the recuperator, which is down stream of the 
turbine. 
 
The amount of air ingress and graphite oxidation that may occur is also a function of break size 
and location.  The piping system on the Main Power System (MPS) part of the HPB includes 
piping located above the core, below the core, and within the active core region elevation.  
Break elevation has an influence on the potential for air ingress following the depressurization 
phase of the HPB break scenario due to the buoyancy of helium relative to air.  The temperature 
feedback from the exothermic graphite oxidation reaction can influence fuel temperatures and 
thereby potentially increase the magnitude of the mechanistic source term.  Oxidation effects 
are considered in the development of the mechanistic source terms.  Some pipes are connected 
to a flow path that leads directly to the reactor core, other pipes communicate with the annulus 
between the core barrel and the RPV, some pipe breaks create a flow path that includes the 
annular cooling path between the hot gas inner pipes and the outer HPB pipes, and still other 
pipe break locations communicate with cavities into the core reflector inside the RPV.  As each 
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of these types of locations has a different potential flow path for air ingress and radionuclide 
egress, the potential for air ingress and graphite oxidization phenomena is highly dependent on 
break location as well as break size. 
 
To cover the spectrum of sensitivities of source term to break size and location, the PRA will 
include a comprehensive set of HPB leak and break categories.  The sensitivities of the source 
term to break size and location will be a significant focus of the PBMR PRA. 
 
References 
 
[1] Fleming, K., et al., “Revised Risk-Informed Inservice Inspection Evaluation Procedure,” 

EPRI Report TR-112657 by ERIN Engineering and Research, Inc., April, 1999. 
[2] Martz, H., “Final (Revised) Review of the EPRI-Proposed Markov Models for Use in Risk-

Informed In-service Inspection of Piping in Commercial Nuclear Power Plants,” TSA-1/99-
164, prepared by Los Alamos National Laboratory for the U.S. Nuclear Regulatory 
Commission, June 1999. 
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NRC Request 
 
[PRA-18] Do the initiating event frequencies include the failure of passive SSCs internal to the 
HPB? Operational experience (e.g., Fermi 1, AVR, Monju, THTR) indicates that failures of 
passive SSCs internal to the HPB are potentially risk-significant for non-LWR designs. 
 
PBMR Response to PRA-18 
 
The PBMR approach to the selection of initiating events for the PRA is intended to include 
failure modes internal to the HPB.  To the extent that they are not screened out with appropriate 
justification, they will be assigned an initiating event frequency.  Comparisons with events 
experienced at other plants will be performed to provide a check on the completeness of the 
selected initiating events.  Any additional events that may be postulated from a deterministic 
point of view are also considered for evaluation of completeness.   
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NRC Request 
 
[PRA-19] How will uncertainty in the pipe rupture size for a given frequency be addressed in the 
PRA, specifically when an LBE transitions from one event frequency category (e.g., DBEs) to 
the next lower event frequency category (e.g., BDBEs). 
 
PBMR Response to PRA-19 
 
As discussed in our responses to RAI PRA-1c and PRA-17, uncertainties in the frequencies vs. 
break size are addressed in a manner that yields a set of curves for each different type of 
component (Figure 9 in the PRA white paper provides one example).  Different component 
failure rate curves are developed for pipe to vessel nozzle welds, circumferential pipe to pipe 
and pipe to component welds, and longitudinal welds.  In addition different sets of curves like 
those in Figure 9 are developed for different pipe size ranges including small instrument pipes, 
medium pipes with nominal diameters 50mm to 500mm, and large pipes with diameters 500mm 
and greater as shown in the following table.   
 
Pipe Size Categories Pipe Materials Weld Types ASME Design Codes 

Pipe To Nozzle NB or NC 

Longitudinal NB or NC 

Large 
500mm to 2300mm 

Carbon Steel 

Circumferential NB or NC 

NB or NC Carbon Steel 
B31.1 
NB or NC 

Medium 
50mm to 500mm 

Stainless Steel 
B31.1 
NB or NC Small  

10mm to 15mm 
Stainless Steel 

All types 

B31.1 
 
A comprehensive set of initiating events involving HPB breaks is developed that accounts for 
the different break sizes, pipe sizes, weld types, and break locations.  The HPB initiating event 
frequencies are developed from a design specific application that considers PBMR specific 
counts of welds, pipe sizes, and other HPB components.  The sources of uncertainty considered 
in the quantification of pipe break frequencies include statistical uncertainty due to scarcity of 
data, uncertainty in the characterization of pipe weld counts, sizes, and lengths in the LWR 
service data, uncertainties in calculating the conditional probabilities of pipe break sizes given, 
epistemic uncertainties in the interpretation of data applicability for the PBMR, uncertainties due 
to potential aging effects, uncertainties in how reliability and integrity management strategies 
may influence pipe break frequencies, and uncertainties due to binning the continuous range of 
possible break sizes into discrete ranges.  The approaches that have been applied to quantify 
these uncertainties include Bayes’ data analysis methods, engineering judgment, and results of 
expert elicitations such as those performed for NUREG-1829. 
 
More details on the treatment of pipe break frequency uncertainties will be provided in a 
separate white paper on the topic of HPB reliability and integrity management. 
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NRC Request
 
[PRA-20] It appears that extensive use is made of iterative processes during design of the 
PBMR. For example, it is stated on Page 59 that  “The safety design philosophy itself is rooted 
in deterministic safety assessment principles. Key design parameters…are based on the 
principle of preventing core damage and large releases from the fuel using deterministic 
methods and means.”  On Page 60, it is stated that “…once the LBEs are selected based on 
input from the PRA, the safety classification of SSC is performed using a deterministic method. 
This safety classification is then subjected to a rigorous and conservative deterministic safety 
analysis to demonstrate that the safety classified SSC and associated special treatments are 
sufficient to ensure that the dose criteria for the DBA are met with sufficient margin.” What rules 
are applicable to this iterative process, including the closure rules for declaring an end to 
iteration? For example, it appears that the chosen LBEs should dominate the risk associated 
with the initial PRA. How is this assured? 
 
PBMR Response to PRA-20
 
The overall design process is iterative.  An initial deterministic design concept is formulated 
which is judged to meet power generation and safety requirements.  In conceptual design and 
subsequent design phases, a spectrum of power generation and safety top level requirements 
are formulated.   Plant level analyses together with trade studies are performed to arrive at a 
design that meets the spectrum of top level requirements.  Requirements are allocated to 
structures, systems, and components (SSCs) and additional lower level analyses are performed 
to assure compliance at the SSC level.  Generally, iterations are required at the conceptual 
design phase among SSCs and their allocated requirements to achieve the top level 
requirements as confirmed by the plant level assessments.  At the preliminary design phase, the 
design of the SSCs is firmed up and at the final design phase the SSC design is frozen. 
 
The safety design process is part of the overall design process.  The selection of LBEs and their 
evaluation are key plant level analyses.  The safety classification is an allocation at the SSC 
level.   During conceptual design there may be tuning in both the LBEs and SSC classification 
as part of the plant and system functional analysis.  In subsequent design phases, the focus is 
more on the special treatment and defense-in-depth aspects of each individual SSC design to 
meet the assigned functional requirements. 
 
There are no a priori rules as to the number of iterations either at the plant level, between the 
plant level and the SSC level, or at the SSC level.  Different top level requirements and designs 
require different numbers of iterations.  Generally, more margins for design evolution are 
employed in the initial design phases.   At the completion of each major design phase, there is a 
design package review that confirms the design and the plant analyses showing compliance 
with the top level requirements and the SSC requirement allocations.  The functional design 
iteration process is closed when all of the top level requirements are met, and the results of the 
analysis of the deterministic DBAs (i.e., conservative mechanistic analyses that rely only on 
safety-related SSCs) comply with applicable regulatory requirements in 10 CFR 52.47(a)(2).  
 
The selected LBEs will tend to dominate the risk for several reasons. First, the LBEs themselves 
represent a grouping of similar event sequences. Hence each LBE “family” represents all the 
event sequences assigned to that family, which is defined in terms of a similar initiating event, 
similar set of challenges to the safety functions, and similarity of response of the SSCs that 
support the safety functions, and end state.  Second, the LBEs selected, especially those in the 
design basis event region, will include those that are sufficient to perform the SSC safety 
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classification.  The SSC safety classification requires that all the DBEs be analyzed to 
determine a set of safety classified SSCs that are sufficient to meet the DBE dose requirements.  
Since all the LBEs in the DBE region must be identified and addressed, this will ensure that the 
highest risk LBEs are also identified.  The requirement for completeness in the AOO and BDBE 
region is to ensure that the LBEs are sufficient to meet the TLRC.  Thus, all the highest risk 
LBEs in all three regions will be included in the set of LBEs derived from the PRA.  Finally, the 
fact that LBEs are selected after the PRA defines all event families provides additional 
assurance that no risk significant LBE will be overlooked. 
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NRC Request 
 
[PRA-21] What process was used to identify the sources of uncertainty (parametric, model, and 
completeness) in the PRA? Characterize the sources of uncertainty in terms of their impact on 
the PRA results and uses. 
 
PBMR Response to PRA-21 
 
The PBMR approach to identifying and analyzing sources of uncertainties starts by delineating 
the three principal aspects of PRA that relate to the three fundamental safety questions: What 
can go wrong?  How often does it happen?  And what are the consequences? 
 
Uncertainty related to the first question gives rise to sources of uncertainty associated with the 
definition of event sequences for the development of a PRA model.  Uncertainty in this area 
includes that due to incomplete identification of initial operating and shutdown modes and 
states, incomplete identification of initiating events, and uncertainty introduced by grouping and 
binning specific events into initiating event categories for PRA modeling. Given the 
characterization of initiating event uncertainties, the next sources of uncertainty are associated 
with the definition of specific event sequences.  When defining the event sequences at the 
safety function level, i.e. the identification of the unique combinations of safety functions 
success and failures, the sources of uncertainty are primarily those associated with the 
definition of safety function success criteria as well as for the definition of event sequence end 
states.  All the events that have an uncertain outcome and whose outcome influences the 
mechanistic source term must be identified to properly develop the event sequence logic.  
Hence, uncertainties in the mechanistic source term are important to properly defined event 
sequences.  A major source of uncertainty in the definition of event sequence is the proper 
characterization of dependencies which may influence accident progression as well as the 
frequency of the event sequences.  Functional, physical, and human caused dependencies 
must be considered. 
 
Once the event sequences are defined there are sources of uncertainty that impact the 
quantification of event sequence frequencies, mechanistic source terms, and offsite radiological 
consequences.  The PBMR PRA will include the identification of specific sources of uncertainty, 
quantification of the impact of these on sequence frequency and consequences, and 
performance of sensitivity studies to examine the impact of sources of uncertainty that may be 
difficult or beyond the state of the art to quantify.  The impact of these quantified uncertainties 
as well as those due to sources that cannot be quantified are addressed via deterministic 
means in the use of PRA to support such decisions as the selection of LBEs, safety 
classification of SSCs, formulation of special treatment requirements and regulatory design 
criteria, and finally by our approach to defense-in-depth.  The term deterministic is used in this 
context to mean the use of conservative assumptions, the setting of appropriate margins, and 
application of engineering judgments to augment the numerical results of the PRA.  These 
concepts are discussed in some detail in the Defense-in-Depth white paper.  
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NRC Request 
 
[PRA-22] It is stated (p.61) that “By design, PBMR has no damage states analogous to LWR 
core damage state in which a large fraction of the fission product inventory is released from the 
fuel as is postulated to occur in more severe core damage events that are modeled in typical 
LWR PRAs.” Are there damage states for the PBMR that are analogous to the LWR core-
damage state with frequencies less than 1x10-8

 per plant-year? Explain why or why not. 
 
PBMR Response to PRA-22 
 
The method by which the PBMR has, by design, eliminated damage states analogous to the 
core damage state in which a large fraction of the radionuclides is released from the fuel is a 
deterministic and not a probabilistic process.  The approach that was taken in the design was 
not to drive down the frequencies of the core damage state, but rather to preclude the physical 
conditions necessary for such fuel releases by selection of inherent reactor characteristics for 
the coolant, moderator, and fuel, limiting the power level, power density, and shape of the 
reactor core, and other elements of the safety design approach.  Furthermore, PBMR fuel failure 
characteristics are inherently different than LWR fuel. PBMR has not identified any common 
mode mechanism similar to those in LWRs where essentially all fuel can be failed at essentially 
the same time with a concurrent release of major portions of the available source term. (See the 
PBMR Fuel Design and Qualification White Paper for more information on fuel performance 
characteristics.) The PBMR PRA is expected to confirm that no event challenges to the safety 
case yield damage states that can be compared to the LWR core damage state.  PBMR is not 
aware of any sequences, even those at very low frequencies that would yield such large 
releases from the fuel.  Having said that, PBMR believe it is necessary to characterize or 
analyze any event sequences whose frequencies are less than 1x10-8

 per plant-year as this is 
not necessary to meet the TLRC.  Furthermore, the state of the art of PRA technology does not 
support the identification and analysis of event sequences at such low frequencies as 
completeness could never be assured.  Hence, an attempt to extend the PRA to such low 
frequency levels is largely speculative in value.   
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NRC Request 
 
[PRA-23] The paper indicates that PBMR PRA will be equivalent primarily to what is defined in 
the ASME PRA Standard (ASME RA-Sb-2005) as Capability Category II. For each Supporting 
Requirement, identify the planned or expected Capability Category and justify, giving due 
consideration to the planned uses of the PRA, the use of less than Capability Category III. 
 
PBMR Response to PRA-23 
 
PBMR agrees that, for some specific PRA requirements, Capability Category III may be 
required.  However, the current PRA capability requirements defined in the ASME PRA 
Standard were developed for operating reactors.  No explicit consideration was given in the 
development of this standard as to how many of the requirements and the associated capability 
categories could be applied to PRAs performed in support of a design certification.  Those 
application issues are currently being addressed by the ASME Committee on Nuclear Risk 
Management (CNRM) and it is likely that new or revised requirements will be needed to address 
PRAs performed for plants in the design stage. Many of the requirements, especially those for 
Category II and III cannot be met without knowledge of as-built and as-operated design and 
operational details.  Some requirements cannot be met without significant amounts of reactor 
design specific operating experience.  PBMR is supporting the efforts by ASME to develop 
standards for PRAs that are performed to support design certifications as well as those for non-
LWR designs such as the PBMR.  It is expected that those new standards will devise a different 
approach to PRA capabilities that address the special needs for the PRA that is performed to 
support PBMR design certification. 
 
As part of the PRA performed to support the design certification, the specifics on how the ASME 
PRA standards are applied, including which supporting requirements are addressed and how 
any requirements that could not be met are addressed, will be documented. 
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NRC Request 
 
[PRA-24] Describe the process used to adapt the ASME PRA Standard (ASME RA-Sb-2005) to 
the PBMR PRA. Specifically, identify which requirements are applicable as-is, which 
requirements need modification or augmentation, and proposed new requirements. Explain the 
rationale behind the process, e.g., how the unique aspects of the PBMR design were 
considered, how passive systems are modeled in a PRA, how the requirements can be 
meaningfully applied to a PRA of a nuclear power plant that is in the design phase (as opposed 
to the operational phase), and how the standard will be revised to ensure that the PRA has a 
higher degree of technical acceptability to support its use in establishing a probabilistic 
approach to the licensing basis. 
 
PBMR Response to PRA-24 
 
Please refer to our response to RAI PRA-23.  The information requested in this RAI will be 
addressed in the PRA that is being completed to support the design certification.  PBMR is 
participating on the ASME Committee on Nuclear Risk Management (CNRM) and the 
associated working groups that are developing an industry consensus on the answers to these 
questions. 
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NRC Request
 
[LBE-1] The PBMR approach refers to top level regulatory criteria (TLRC), particularly 10 CFR 
Part 20 and 10 CFR Part 50.34, to establish a frequency-consequence (fC) limit, at least in the 
region for frequencies >10-4/plant-yr. However, the TLRC do not themselves associate 
particular dose limits with particular event frequencies, leaving the selection of fC curve anchor 
points subject to interpretation. Please clarify how the proposed curve provides enhanced safety 
and sufficient margin.  
 
PBMR Response to LBE-1 
 
The objective of the PBMR TLRC is to reach agreement on the applicable frequency ranges for 
10 CFR Part 20 and 10 CFR §50.34.  The consequences limits in these regulations are explicit; 
the frequencies are more implicit.  The intent is to establish a technology-neutral frequency-
consequence (F-C) curve that is consistent with NRC policy for advanced reactors and with the 
quantitative NRC Safety Goal.  Enhanced safety and sufficient margins will be demonstrated by 
comparing the results and the certainty in the results to the technology-neutral F-C risk curves 
on an event-by-event basis for the LBEs and cumulatively for the spectrum of events to the 
Safety Goal QHOs.  When the cumulative risk calculations are performed to demonstrate 
conformance with the QHOs, the large margins that are expected will be demonstrated.  Finally, 
the margins inherent in the process will also include the margins between the actual frequencies 
and doses for each LBE and their location on the F-C plot relative to the TLRC. 
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NRC Request 
 
[LBE-2] For frequencies below 10-4/plant-yr, it is not clear what basis was used to limit 
consequence, in other words, for a consequence bound on the fC curve. The first paragraph on 
page 33, referring to Figure 8, states, “There is not a corresponding dose limit shown on the 
figure for BDBEs….” Is the design capability of the PBMR such that BDBE doses will also meet 
accident public dose requirements? Please identify an appropriate limit on the consequence of 
BDBEs and the basis for selecting it. 
 
 PBMR Response to LBE-2 
 
The design capability of the PBMR is such that BDBE doses will also meet dose requirements 
derived from the QHOs. 
 
The partial quote from page 33 is best understood in context with the rest of the paragraph. The 
first sentence states that “…the BDBEs do form an important element of the licensing basis to 
assure that the overall risk to the public is acceptably low and that adequate emergency 
planning is in place.” 
 
NRC regulations do not specify an acceptable dose consequence for BDBEs.  However, the 
NRC safety goals do provide individual acute and latent Quantitative Health Objectives at 
prescribed distances from the site boundary.  Figure 8 conservatively plots the more limiting of 
the QHOs at the site boundary to indicate the measure of acceptance.  As stated in the last 
sentence of the page 33 paragraph, “If each BDBE meets this limit, the cumulative risk of all 
LBEs will meet the NRC Safety Goals with large safety margins as discussed in the next 
section.”  Thus, PBMR is proposing to establish an accident public dose requirement for BDBEs 
down to a frequency of 5x10-7 per plant year based on the dose required as a function of 
frequency to meet the QHOs as shown in the figure.  PBMR does not propose to use a dose 
limit for frequencies below 5x10-7 per plant year, since meeting the QHOs is assured for such 
low frequencies.   
 
It should be noted that the TLRC are intended to be applied on a technology-neutral basis.  It is 
not appropriate to define dose limits for beyond design basis events for the PBMR because this 
is not required for other reactors.  The risks associated with beyond design basis events for 
LWRs are managed by risk criteria, such as those expressed in the QHOs, and by frequency 
criteria such as limits on core damage frequencies, and large early release frequencies which 
are selected to ensure that the QHO risk criteria are met.  There are no dose requirements for 
core damage accidents, or for large early releases in LWRs apart that which can be inferred 
from a risk limit and an assumed frequency.  To achieve a “level playing field” the PBMR does 
not include dose limits at frequencies below which the satisfaction of the QHOs can be made 
independent of dose. 
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NRC Request 
 
[LBE-3] The prediction of performance of advanced reactor concepts, such as PBMR, involve 
greater uncertainties than the performance of existing LWRs. Categorizing events only on the 
basis of a computed mean value could lead to an inadequate treatment of the uncertainties 
inherent to the risk calculations and therefore an inadequate margin for uncertainty. Please 
clarify how uncertainties in event categorization will be addressed.  
 
PBMR Response to LBE-3 
 
PBMR acknowledges there may be additional sources of uncertainty for advanced reactor 
concepts like the PBMR, which do not have comparable operating experience and do not 
benefit from as much safety research having been completed in comparison with existing 
LWRs.  PBMR also expects that uncertainties in the analysis of accident phenomena will be, in 
some respects, less uncertain than is the case with the treatment of accident phenomena in 
LWR PRA as there are fewer accident phenomena to consider and the phenomena in question 
for the PBMR do not exhibit the same degree of uncertainty as is the case for some LWR 
severe accident phenomena.  The lower uncertainties are in part due to the use of SSCs that in 
many cases that have been selected based on their successful use in LWRs, the substantial 
advances in technology and knowledge accumulated on LWR research projects, but also 
applicable to non-LWRs alike, and to the design principles adopted for the PBMR to utilize 
inherent characteristics and passive features to protect the public in lieu of the complex, active 
systems utilized on LWRs to assure public safety.   
 
We acknowledge that the uncertainties that will be presented in the PRA results in support of 
the PBMR design certification, especially those in the estimation of event sequence frequencies 
may be larger than is currently included in PRAs for existing LWRs in those cases where 
uncertainties were in fact quantified.  However, the comparison of uncertainties in the 
mechanistic source term may be more mixed (i.e. some aspects may involve less uncertainty) 
due to the fact that the range of physical and chemical phenomena that are involved in PBMR 
accidents are much less complex, and more amenable to validation by experimentation than 
would be the case for some LWR severe accident phenomena.  For example, the absence of 
fuel melting and migration of molten core debris, the capability to maintain core geometry, and 
use of a single phase and chemically inert coolant are expected to support the feasibility of 
characterizing uncertainties when predicting mechanistic source terms during transients and 
accidents. 
 
There is no intent to categorize events solely on the basis of the mean frequency for the 
purpose of selecting LBEs and safety classification of SSCs.  Please see the second paragraph 
on page 26 of the LBE white paper for a discussion of how the upper and lower uncertainties 
are utilized in the categorization of LBEs. 
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NRC Request 
 
[LBE-4] In establishing the “transition break size” between the DBA and BDBA event regions, 
the mean frequency of pipe breaks is used to categorize HPB failure event sequences. A 
conservative upper bound of the pipe break frequency would be more consistent with current 
regulatory approaches. Please contrast this with the approach taken to risk-informing the break 
size for 50.46(a) and explain how it provides similar assurance of adequate protection. 
 
PBMR Response to LBE-4 
 
As noted previously, there is no intent to categorize events solely on the basis of the mean 
frequency for the purpose of selecting LBEs and safety classification of SSCs.  Please see the 
second paragraph on page 26 of the LBE white paper for a discussion of how the upper and 
lower uncertainties are utilized in the categorization of LBEs.  The upper 95%tile frequency will 
be considered in the classification of LBEs into the AOO, DBE, and BDBE regions.   
 
As will be explained more fully in a separate white paper that is planned to address HPB 
reliability issues, the methods and data used to establish the initiating event frequencies for 
HPB leaks and breaks parallel to a large extent the approaches used to establish LWR LOCA 
initiating event frequencies.  Information from NUREG-1829, which was performed to support 10 
CFR §50.46a rulemaking, was used as one of the inputs to this assessment.  However an 
important distinction that should made in this regard is that the PBMR approach to classifying 
events as LBEs is based on the event sequence frequencies, and not just the initiating event 
frequencies.   
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NRC Request 
 
[LBE-5] In the PBMR approach, no explicit deterministic criteria are imposed on the LBEs in 
any of the frequency regions. The calculation of DBAs in the DBE region (which show that the 
fC limit is not challenged by the DBEs they comprise even when only safety significant SSCs 
are credited) are not deterministic in the sense of the term as it has been used in LWR 
licensing. Deterministic LBEs could demonstrate defense-in-depth (e.g., provision of a low 
leakage barrier) and support siting considerations. Please identify appropriate deterministic 
criteria (e.g., redundant shutdown means, barrier retention) to compensate for completeness 
uncertainty.  
 
PBMR Response to LBE-5 
 
It is not true that no deterministic criteria are imposed on LBEs.  For example, events selected 
as design basis events in the DBE region, there are deterministically selected design basis 
accidents, referred to as deterministic DBAs, derived for the performance of deterministic safety 
analysis in Chapter 15.  A deterministic rule set is applied for these events including a limitation 
on SSCs that are considered for mitigation of deterministic DBA consequences to those that are 
selected as Safety Related and the requirement that consequences be determined using 
conservative assumptions.  The approach to selecting the safety classified SSCs is also 
regarded as deterministic.  In a similar manner, LBEs in the AOO and BDBE regions follow 
deterministic rule sets for the calculation of plant performance, fission product transport and 
dose consequences.  Probabilistic methods are used to better understand the event sequence 
frequencies and the uncertainties around the mean performance.   
 
Deterministic safety criteria at the SSC level will be developed for the AOOs and DBEs as part 
of the step of determining the special treatment requirements for SSCs.  These follow and are 
derived from agreement on what must be met, the TLRC; and when the TLRC must be met, the 
LBEs and deterministic DBAs.  Then the how question can be effectively addressed with the 
licensing elements of safety functions, safety classification, regulatory design criteria, and 
defense-in-depth.  Examples of these are provided in the Safety Classification and Defense-in-
Depth white papers.  
 
In addition, PBMR will be using applicable portions of the GDC in Appendix A to Part 50 as 
guidance for deterministic requirements for the PBMR.  PBMR will develop regulatory design 
criteria that will serve a similar purpose to the GDC.    
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NRC Request  
 
[LBE-6] Cumulative limits on initiating events, monitored during plant operation, could help to 
confirm that assumptions in the PRA on initiating event frequencies are valid. Please identify 
appropriate limits on cumulative initiating event frequencies. 
 
PBMR Response to LBE-6 
 
PBMR is not aware that there are any cumulative limits on initiating event frequencies for either 
existing reactors or for ALWRs. PBMR has not developed any cumulative limits on initiating 
event frequencies and has none to propose at this time.  PBMR agrees that results developed in 
a PRA, including event sequence frequencies, initiating event frequencies, system failure 
probabilities, etc. can provide a useful basis to provide performance metrics for operating plants 
such has been the case for implementation of the Maintenance Rule.  When formulating special 
treatment requirements for safety classified SSCs for example, the need to maintain the LBEs 
within their assigned category of AOO, DBE, and BDBE can be used to derive SSC reliability 
requirements that can be related to certain initiating event frequencies and system failure 
probabilities.   
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NRC Request 
 
[LBE-7] With regard to the LBE categories, paragraph no. 4 on page 9 of the white paper lists 
the acceptable consequence limits. (Note that the 10 CFR 20 TEDE limit is an annual limit of 
100 mrem, while the 10 CFR 50.34 limit is 25 rem per event.) The paragraph refers to 
“realistically calculated” Total Effective Dose Equivalent (TEDE) for AOOs and “conservatively 
calculated” TEDE for DBEs. Please elaborate on differences between realistic and conservative 
calculation methods (other than crediting non-safety-related SSCs) and provide examples. 
 
PBMR Response to LBE-7 
 
The response to RAI PRA-3 addresses the different calculation methods for the conservative 
and the realistic safety analyses.   
 
Realistic safety analyses address all the mechanisms in a given event sequence that effect the 
consequence calculation.  The objective of realistic safety analyses is to get the best 
understanding of what is likely to happen as well as an appreciation of the uncertainties in the 
prediction.  The PBMR approach employs realistic calculations for the AOOs, DBEs and the 
BDBEs with an explicit treatment of uncertainty so that the margins of any point on the 
consequence distribution to the requirement can be identified.  The mean consequences 
determined from this approach also reflect an impact of the uncertainty treatment in contrast 
with an approach in which point estimates of consequences are determined by a combination of 
point estimates of inputs based on realistic assumptions.  Hence, even the realistic calculations 
are influenced by uncertainties. 
 
Conservative safety analyses are of two types: 1) an upper bound (e.g., 95%) consequence 
calculation for the given event sequence derived from the uncertainty distribution of the realistic 
calculation; and 2) a bounding consequence calculation for a sequence with assumptions 
intended to be conservative regarding which SSCs and which mechanisms are modeled.   The 
advantage of the former type is that the margins to what the best understanding of what is likely 
to happen are quantified.   The advantage of the second type is to place concentrated focus on 
the SSCs which are relied on to respond.  The PBMR approach employs the first type for the 
DBEs analyzed in Chapter 19 and the second type for the deterministic DBAs analyzed in 
Chapter 15. 
 
Figure 8 in the LBE white paper provides PBMR examples of the consequence means and 
uncertainty distributions for the three categories of LBEs.  Specifics of the data distributions 
input to the PBMR computer codes and analyses methods and of their consequence output will 
be provided in the DCA. 
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NRC Request 
 
[LBE-8] In SECY-03-0047, the staff recommended that for deterministic safety analysis of DBA 
and AOO event sequences, “deterministic engineering judgment to bound uncertainties” 
associated with PRA would be applied (for meeting SSC top level design criteria). (The 
Commission approved that recommendation in a subsequent staff requirements memorandum 
[ML072190282].) As described in the white paper, deterministic safety analysis does not directly 
address the issue of supplementing the PRA with deterministic engineering judgment to select 
events. Please describe how this is to be accomplished. 
 
 PBMR Response to LBE-8 
 
As shown in Figure 2 of the PRA white paper, the approach to selecting initiating events is 
intended to be systematic and exhaustive.  Events that may be postulated through a 
“deterministic process” are included in the events to be considered.  For example, in 
consideration of pipe breaks that could occur along the HPB, a comprehensive range of break 
locations and sizes up to and including double-ended breaks are considered.  Once considered, 
the final set that is selected must be justified and the basis for screening out events be clearly 
documented.  The guiding principle used to justify the screening out of any event is generally 
based on the concept that the risk of the event that is screened out is shown to have a risk (i.e., 
frequency, consequence, or both) that is bounded by unscreened events.  
 
There are several levels of deterministic engineering judgment in the selection and evaluation of 
the LBEs.  The initiating events and event sequences are reviewed by independent, internal 
reviewers; and there is an external independent peer review that is performed to meet the 
ASME PRA Standard requirements for peer review.  Each of these groups asks the basic 
questions of PRA including 1) “what can go wrong,” 2) “what is its likelihood,” and 3) what are its 
consequences,” A related question is: “what are the uncertainties associated with answering the 
first three questions.  These reviews utilize the experience and engineering judgment of experts 
in the field to assure completeness and adequate margin and certainty to requirements. 
 
As discussed in response to RAI LBE-5, deterministic engineering judgment is applied in the 
selection and safety analysis of the deterministic Design Basis Accidents.  This step is intended 
to address uncertainties associated with the PRA results. 
 
Importantly, as explained in the Defense-in-Depth white paper, the PBMR approach to defense-
in-depth is focused on the management of uncertainties that are not necessarily reflected in the 
PRA results.  The Plant Capability Defense-in-depth includes qualitative criteria for maintaining 
independence of barriers and for having a diverse combination of inherent, passive and active 
SSCs to support each required safety function.  Programmatic Defense-in-depth is included in 
our approach to address uncertainties and to provide additional assurance that the plant 
capabilities for defense-in-depth are maintained throughout the plant lifetime.  Finally, as shown 
in Figure 5 of the Defense-in-Depth white paper, consideration of uncertainties is the primary 
motivator for deciding the adequacy and sufficiency of defense-in-depth. 
 
It is important to note that when PBMR discusses uncertainties in the context of interpreting the 
PRA results and making risk informed decisions from these results, the uncertainties are not 
introduced by the PRA, but rather are exposed by the PRA questions identified above.  The 
PRA process that is implemented to answer the basic safety questions defined earlier leads us 
to identify the sources of uncertainty and their safety significance in a structured way. The 
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uncertainty is a property of our state of knowledge.  The performance of a PRA at an early stage 
of the licensing process helps to identify and prioritize the uncertainties that are encountered 
and provides a means to systematically take action on those events with uncertainties that 
challenge limits or show minimal margins. 
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NRC Request 
 
[LBE-9] It appears that the basic margins for safety rely on relatively few calculations. Please 
provide examples of such calculations for each kind of event (AOO, DBE, DBA, and BDBE) 
describing the assumptions, inputs, methods, tools, and acceptance criteria employed in 
evaluating the results. Show which deterministic safety analysis rules (i.e., best estimate, 
conservative) would be applied for BDBEs with a 95%-tile that extends into the DBE region. It is 
expected that this will clarify the meaning of “mechanistically conservative” DBA calculation and 
the distinction between “realistically calculated” Total Effective Dose Equivalent (TEDE) for 
AOOs and “conservatively calculated” TEDE for DBEs.” 
 
PBMR Response to LBE-9 
 
An objective of the PBMR safety design approach is a more transparent safety case that relies 
on passive safety features with inherent characteristics to provide the capability for a 
mechanistic evaluation of the LBEs.   
 
BDBEs that straddle the DBE region’s lower frequency are evaluated in both the BDBE and 
DBE regions according to each LBE region’s analysis rules.  In the BDBE region, events are 
realistically calculated (best estimate with uncertainties) as described in the response to RAI 
LBE-7.  In the DBE region, events are also calculated according to the first type of conservative 
safety analysis (95% upper bound) described in the response to RAI LBE-7.   
 
Deterministic DBAs are DBEs that are non-mechanistically assumed to rely only on safety 
related SSCs and that are conservatively calculated as described in the second type of 
conservative safety analysis in RAI LBE-7. 
 
The details of the safety analysis calculations will be provided in the DCA.   
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NRC Request 
 
[LBE-10] The staff must ensure that the LBE selection process yields a robust set of LBEs (a 
set that encompasses a wide range of accident phenomenology, not just on the basis of 
probability). Please discuss how the proposed LBE selection methodology achieves this goal. 
 
PBMR Response to LBE-10 
 
The PBMR approach to selecting LBEs is robust with respect to capturing an acceptably  
complete set of accident phenomenology and is not solely based on probability.  (See also, the 
response to LBE-8) The event sequence definition process as described in the PRA white paper 
is functionally equivalent to the event sequence approach in a Level 2 PRA for LWRs, i.e., the 
event sequences capture all the phenomena that are required to capture all the event 
sequences that have distinct mechanistic source terms.  This in turn requires that all the 
initiating events and event sequences that could potentially result in a release of radioactive 
material be identified, and the nature and magnitude of the mechanistic source terms for each 
such sequence be quantified.   
 
The LBEs will encompass a wide range of accident phenomena, and will include such LBEs as: 
 

• Loss of PCU w/core conduction cooling to RCCS;  
• Control rod withdrawal w/CCS forced cooling;  
• Small, auto isolated HPB break w/MPS forced cooling;  
• Small, manually isolated HPB break w/CCS cooling;  
• Small, unisolated HPB break w/pumpdown w/RCCS cooling;  
• Small, unisolated HPB break w/o pumpdown w/RCCS cooling;  
• HX tube break, manually isolated w/RCCS cooling;  
• HX tube break unisolated w/pumpdown w/RCCS cooling w/filtered release;  
• HX tube break unisolated w/pumpdown w/RCCS cooling w/unfiltered release;  
• HX tube break unisolated w/o pumpdown w/RCCS cooling w/filtered release;  
• HX tube break unisolated w/o pumpdown w/RCCS cooling w/unfiltered release;  
• Medium, auto isolated HPB break w/SBS cooling;  
• Medium, isolated HPB break w/CCS cooling;  
• Safe shutdown earthquake w/MPS cooling; and  
• Safe shutdown earthquake w/CCS cooling.   

 
The staff will be able to review the event sequence development, its basis, and the results of 
deterministic analyses that define the mechanistic source term for each sequence with a 
release.  Hence the process will lend itself to the staff being able to independently make this 
determination. 
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NRC Request 
 
[LBE-11] Because of the relatively large uncertainties involved in estimating doses (or other 
accident consequences), their use as the only acceptance criterion seems insufficient for 
regulatory purposes. For example, PBMR-specific fuel-related licensing criteria for LBEs (i.e., 
AOOs, DBAs) such as a TRISO particle fuel failure fraction limit would be analogous to fuel 
damage. Please identify engineering acceptance criteria (expressed in terms of physical 
parameters such as temperature, pressure, fuel oxidation, etc.) to provide reasonable 
assurance of adequate protection. 
 
PBMR Response to LBE-11 
 
PBMR-specific regulatory design criteria for SSCs will be developed to provide added 
assurance that the dose limits will be met.  Such design criteria may include limits on fuel time-
at-temperature, fuel burn-up limits, operating fuel failure fractions, and other parameters that 
may defined in the formulation of mechanistic source terms.  These will be presented in the 
DCA.  In addition, a technical basis for establishing design limits on fuel performance is 
described in the white paper on fuel performance envelope. 
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NRC Request 
 
[LBE-12] LWR accidents that result in substantial meltdown of the core have been used as 
DBAs for purposes of ensuring that the design of the reactor radiological containment system is 
sufficient to meet 25 rem at the EAB. Regulations state (10 CFR 50.34(a)(1)(ii)) that (among 
other things) the Commission will take into consideration: 
(D) … an applicant shall assume a fission product release6

 from the core into the 
containment assuming that the facility is operated at the ultimate power level contemplated. The 
associated footnote 6 states: 
 

“The fission product release assumed for this evaluation should be based upon a major 
accident, hypothesized for purposes of site analysis or postulated from considerations of 
possible accidental events. Such accidents have generally been assumed to result in 
substantial meltdown of the core with subsequent release into the containment of 
appreciable quantities of fission products.” 

 
Please discuss how such a “major accident” will be established for the PBMR. 
 
PBMR Response to LBE-12 
 
PBMR will address the spectrum of LBEs in a mechanistic manner including those within and 
outside the design basis. In the risk-informed, performance-based approach described, the 
LBEs will be examined to identify the challenges to all three barriers to release of radionuclides. 
Those LBEs, most likely in the BDBE region, that expose the greatest potential threat to the 
public will be chosen as the “major accident” as required.    
 
PBMR will use mechanistic assumptions in the accident progression and analyses as a primary 
basis for formulating deterministic requirements for Design Basis Events or for the deterministic 
Design Basis Accidents.  A substantial meltdown of the reactor is precluded by the selection of 
the fuel, coolant, and moderator and the inherent and passive safety characteristics of the 
PBMR.  In addition, the requirement cited in this RAI was developed for light water reactors 
which utilize a leak tight containment structure and associated engineered safety systems as 
the “containment” system.  In the case of the PBMR, the safety function of retention of 
radionuclides is fulfilled by the combination of design features that function together to retain the 
radionuclides within the coated fuel particles within the fuel spheres, the Helium Pressure 
Boundary and the reactor building.   
 
In the PBMR the safety functions are fulfilled by a diverse combination of inherent reactor 
characteristics, and passive, as well as active, SSCs. The respective roles of each of these 
barriers and SSCs and the extent to which they are challenged are different for each LBE.  For 
example, the PBMR reactor building primary safety function is to maintain the core geometry 
which is needed to protect the safety functions of controlling core heat removal and core heat 
generation as well as to prevent chemical attack.  Fulfilling this safety function protects the 
capability to retain radionuclides within the fuel which is the fuel’s primary “containment” 
function.  In addition, the reactor building provides the supportive safety function of radionuclide 
retention by filtering and retaining radionuclides released from the fuel and helium pressure 
boundary.  
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NRC Request 
 
[LBE-13] How will the uncertainty distributions for the event frequencies be used with the 
criteria for screening out events with a probability of less than about 10-8

 per year. Please 
provide a range of examples of events that are just below 10-8/plant-yr from the PBMR PRA that 
were screened out as candidate BDBEs along with the mean, 95%-tile, and 5%-tile for 
frequency of these events (e.g., as a table similar to Tables 1 and 2 for the BDBEs in Figure 8). 
 
PBMR Response to LBE-13 
 
The 10-8/plant-yr screening criterion is applied to initiating events that will be screened out as 
part of the initiating event selection and screening process as explained in the PRA white paper 
and illustrated in Figure 2 of that paper and the accompanying text.  In this initial step in 
characterizing event sequences, the criterion will be applied based on qualitative arguments and 
not necessarily based on a rigorous quantitative uncertainty analysis.  This is consistent with 
currently accepted PRA practice and will be performed to meet the associated screening 
requirements in the ASME PRA standard.  It is very unusual for a quantitative uncertainty 
analysis to be performed for initiating events judged to be less than 10-8/plant-yr. 
 
Next in the quantification of event sequences truncation limits are applied in the quantification of 
event tree minimal cutsets that are sufficiently small to be able to demonstrate that all event 
sequences with mean frequencies above 10-8/plant-yr have been identified.  In the performance 
of sensitivity studies to address specific sources of uncertainty, we will develop results in which 
the probabilities of certain events becomes artificially elevated.  This treatment will selectively 
identify some event sequences which would otherwise be truncated.  Consistent with current 
PRA practice and the ASME PRA standard, we do not plan to perform rigorous uncertainty 
analysis for event sequences whose mean frequencies are less than 10-8/plant-yr. 
 
When the deterministic DBAs are selected for deterministic safety analysis in Chapter 15, these 
events will often correspond to PRA event sequences with frequencies less than 10-8/plant-yr.   
 
Finally, as explained in our Defense-in-Depth white paper, uncertainties in the PRA results, 
including the possibility that there may be additional event sequences not modeled in the PRA 
will be considered in the formulation of deterministic safety requirements. 
  

- 47 -  



NRC Request 
 
[LBE-14] Are the design criteria for SSCs associated with AOOs developed and assessed on a 
mean-value basis or a conservative basis? 
 
PBMR Response to LBE-14 
 
Design criteria for SSCs for AOOs will be shown to be met with mean value analyses.  
However, for both analyses at the top and lower level, the uncertainty distributions around the 
mean value will be provided so that the safety margins in the results and the certainty of the 
results are shown. 
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NRC Request 
 
[LBE-15] Describe the general magnitude of the added margins provided by the non-safety-
related SSCs in meeting the dose acceptance criteria. To support this, please provide a 
comparison of DBA vs. DBE dose consequences (e.g., as a table or graph) for several of the 
limiting DBEs shown in Figure 5. 
 
 PBMR Response to LBE-15 
 
The dose consequences shown in the white paper are provided as illustrations to demonstrate 
the LBE selection process.  Dose consequence information will be based on the design and 
PRA to be reported in the DCA.  
 
However, for purposes of understanding the process, examples provided in the LBE white paper 
provide insights on the general magnitude of added mitigation and prevention margins provided 
by the non-safety-related SSCs.   
 
Figure 6 shows the relationship of Deterministic DBA 6 to DBEs 5 and 6 which all involve the 
initiating event of a tube break in the precooler/intercooler HXs within the MPS.  The table below 
recasts the information in Figure 6 and provides an additional column with the dose information 
from Figure 5 to show the mitigation provided by the no-safety related SSCs.  The columns 
shown in red indicate in shorthand form the functions and SSCs that are safety-related and 
therefore that are relied on during deterministic DBA 6. All cases meet the 25 rem of 10 CFR 
§50.34 for this region with margin.  As shown in the table by comparison to Deterministic DBA 6 
shown at the bottom in bold, the non-safety-related SSCs involving the operator isolation of the 
break in DBE 5b provides the greatest consequence mitigation (factor of ~6000) followed by the 
HVAC filtration in DBEs 6a/6c.  There is little or no dose reduction in DBE 6b/6d.  The message 
from this example is that the degree of accident mitigation of the non-safety-related SSCs varies 
depending on the DBE. 
 

Initiating 
Event Response to Initiating Event 

 
 
 
 
DBE / 
Deterministic 
DBA 

 
MPS HX 
Tube 
Break 

Operator 
isolates     
break via 
maintenance 
valve 

Reactor 
trip via 
RCS/RSS 

Core 
heat 
removal 
via CCS 

Core heat 
removal 
via 
passive 
mode 
RCCS 

Operator 
pumps 
down MPS 
to reduce 
He 
pressure 

Release 
filtration 
via 
HVAC 

 
 
 
95% 
Dose 
(TEDE) 

DBE 5b Yes Yes No Yes -            - ~1.5E-04 

DBE 6a No Yes - Yes Yes Yes ~9E-03 

DBE 6b No Yes - Yes Yes No  ~9E-01 

DBE 6c No Yes - Yes No Yes ~9E-03 

DBE 6d No Yes - Yes No No ~9E-01 

Deterministic 
DBA 6 

 
 

 

 

Yes 

No Yes - Yes No No ~9E-01 
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The non-safety-related SSCs also provide accident prevention.  In this case the acceptance 
criterion is the upper bound frequency of the DBE region, that is, DBEs with consequences 
greater than the AOO region’s 10 CFR Part 20 dose limit of 100 mrem are required to have 
frequencies that are lower than 10-2 per plant year.  The table below recasts the information in 
Figure 6 and provides an additional column with the frequency information from Figure 5 to 
show the prevention provided by the non-safety related SSCs.  By comparison of the 
frequencies of the DBEs, one can see that of the non-safety-related SSCs, the HVAC filtration 
provides the greatest accident prevention (factor of 10) followed by operator isolation and pump-
down.  Thus, as discussed in the safety classification white paper, HVAC filtration is a candidate 
to be classified as Non-Safety Related with Special Treatment (NSRST) to assure that DBEs 
6b/6d remain in the DBE region rather than in the AOO region where their doses would exceed 
the 100mrem limit.   
 

Initiating 
Event 

 
Response to Initiating Event 

 

 
 
 
 
DBE / 
Deterministic 
DBA 

 
MPS HX 
Tube 
Break 

Operator 
isolates break 
via 
maintenance  
valve 

Reactor 
trip via 
RCS/RSS 

Core 
heat 
removal 
via CCS 

Core heat 
removal 
via 
passive 
mode 
RCCS 

Operator 
pumps 
down MPS 
to reduce 
He 
pressure 

Release 
filtration 
via 
HVAC 

 
 

Frequency 
(per plant 

year) 

DBE 5b  Yes Yes No Yes - - ~1E-04 

DBE 6a  No Yes - Yes Yes Yes ~3E-03 

DBE 6b  No Yes - Yes Yes No ~1E-04 

DBE 6c  No Yes - Yes No Yes ~1E-03 

DBE 6d  No Yes - Yes No No ~1E-04 

Deterministic 
DBA 6 

 
No Yes - Yes No No ~1E-04 
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NRC Request 
 
[LBE-16] Large breaks in the HPB are not identified as DBEs/DBAs. Why does the uncertainty 
associated with the frequency of large break probabilities not result in one or more large breaks 
in the HPB being a DBE/DBAs? 
 
 PBMR Response to LBE-16 
 
The PRA results provided in the white paper are provided to demonstrate the LBE selection 
process.   
 
A subsequent white paper on HPB reliability and integrity management will be submitted to 
provide a better understanding on the PBMR approach to prevention and mitigation of HPB 
breaks.  Representative quantitative reliability results will be provided to demonstrate its 
importance in the LBE selection process as well as its importance to the subjects of the PRA, 
Safety Classification, and Defense-in-Depth white papers. 
 
By definition, HPB breaks as defined by both break size and location of the break that are within 
the design basis are referred to as “medium”, and those beyond the design basis as “large”.  
Although the association of these qualitative terms with the different parts of the spectrum of 
break sizes and locations is somewhat arbitrary, that is the precedent that has been set in the 
course of developing the PBMR design.  The consequences of a HPB break depend on both the 
break size and location.  Location is defined by the location of the break within the systems that 
comprise the HPB (Main Power System, Fuel Handling and Storage System, and Helium 
Inventory and Control System), the elevation of the break relative to that of the reactor core, the 
internal reactor vessel cavity that the associated pipe communicates with (core cavity, core 
barrel to reactor vessel annulus, or graphite reflector channels) and the location of the break 
within the reactor building.  The specifics will be covered in the white paper on HPB reliability 
and integrity management. 
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NRC Request 
 
[LBE-17] The PBMR approach evaluates the AOOs, DBEs, and BDBEs in a cumulative manner 
to compare individual risk against the NRC Reactor Safety Goals. However, the method 
described on page 35 of the white paper for evaluating the QHOs (“adjust dose from EAB to 
midway in annular region”) is not consistent with traditional probabilistic consequence models 
accepted by the NRC (e.g., MACCS). Please clarify the basis for concluding that this model 
permits assessment of the individual risk discussed in the QHOs. 
 
PBMR Response to LBE-17 
 
The DCA will include a calculation for the cumulative risk to compare against the QHOs using 
traditional methods accepted by the NRC (i.e. will be performed using MACCS).  As part of this, 
PBMR will demonstrate that meeting the TLRC using site boundary doses will within the QHOs 
by a significant margin. The method on page 35 is presented to illustrate the concept that QHOs 
are based on a cumulative calculation and how this is related to the frequencies and doses of 
individual LBEs.  However the MACCS code will be used in accordance with NRC guidance for 
performance of QHO calculations.   
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NRC Request 
 
[SSC-1] Referring to Item 2 (p.8), clarify the relationship between SSC classification and the 
role that SSCs provide in satisfying defense-in-depth needs. It seems reasonable that SCCs 
that are "significant" in providing defense-in-depth should be classified as safety-related and 
receive special treatment. 
 
PBMR Response to SSC-1  
 
The process of defining the three safety classification categories on Page 8 of the SSC white 
paper is an intermediate step in the process of formulating deterministic requirements including 
regulatory design criteria that will ensure that the SSCs have the appropriate set of capabilities 
and reliabilities to prevent and mitigate accidents.  In following the sequence of the white 
papers, the SSC white paper was presented following the PRA white paper and the LBE white 
paper, and was followed by the Defense-in-Depth white paper.  As described in detail in the 
Defense-in-Depth white paper, after the step of safety classification, a risk-informed evaluation 
of defense-in-depth is performed which has the opportunity to define additional deterministic 
requirements to address the Plant Capabilities to prevent and to mitigate accidents, and 
programmatic requirements to provide additional assurance in light of the uncertainties in the 
previous steps of the process.  Using the process described in Figure 5 of the Defense-in-Depth 
white paper, SSCs that provide a significant defense-in-depth role will be identified and if 
necessary changes to the plant design, selection of LBEs, and safety classification of SSCs can 
be made.  
 
The PBMR approach does not classify SSCs as safety-related a priori based on a criterion of 
whether it provides a significant defense-in-depth role.  This is no different than LWR or ALWR 
practice.  Independent of the risk-informed and performance-based process laid out in all four of 
our white papers, it would be difficult to define criteria for deciding whether a given SSC played 
a significant defense-in-depth role. Following agreement on the LBEs, the approach to 
classifying SSCs as safety-related that PBMR proposes is based in large part on precedents set 
for existing LWRs.  PBMR is aware of many SSCs that are not classified as safety related for an 
existing LWR that nevertheless serve a defense-in-depth role and provide additional assurance 
of safety.  Our approach to defense-in-depth will ensure that special treatment requirements are 
developed as appropriate during the risk-informed evaluation of defense-in-depth which is the 
last major step in the process.  This approach also reflects our understanding of the NRC 
approach to Regulatory Treatment of Non-Safety Systems that has been utilized in ALWR 
Design Certification.  PBMR currently expects that our initial safety classification selections will 
be sufficiently robust so as to demonstrate an adequate classification to meet the principles of 
defense-in-depth as defined in our Defense-in-Depth white paper. 
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NRC Request 
 
[SSC-2] Referring to Item 2 (p.8), explain why there is not a third category of safety-related 
SSCs under the heading “Safety Related” that are relied upon to perform required safety 
functions to mitigate Beyond Design Basis Events (BDBEs) with potential consequences greater 
than the 10 CFR 50.34 dose limits in order to prevent 10 CFR 50.34 dose limits from being 
exceeded. 
 
PBMR Response to SSC-2 
 
The PBMR approach does not have such a category for two reasons.  First, it is not appropriate 
to apply 10 CFR §50.34 dose limits to BDBEs, as these dose limits were derived for design 
basis accident analysis.  Additionally, based on accepted practice for currently licensed LWRs, 
PBMR does not impose a safety classification to mitigate doses from BDBEs.  The dose limits 
for BDBEs are derived from risk considerations for such events consistent with the situation for 
LWRs.  Imposing safety classes to mitigate BDBEs goes beyond what is required for current 
reactors. (See also LBE-2 response) 
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NRC Request 
 
[SSC-3] Referring to Item 3 (p.8), it is stated that “The special treatment for the safety-related 
(SR) category of classification is commensurate with that needed for the SSCs to perform their 
capability and reliability requirements during DBEs and high consequence BDBEs to meet the 
10 CFR '50.34 dose limits.” For BDBEs, why are such SSCs not identified as safety-related 
under Item 2? 
 
PBMR Response to SSC-3 
 
Please refer to our response to RAI SSC-2.  Statement 3 on Page 8 needs to be broken down 
somewhat to answer this question.  In stating that the reliability and capability requirements are 
commensurate with what is needed for DBEs and BDBEs, it is meant that the safety classified 
SSCs must be able to mitigate the consequences of DBEs for sequences in which they 
successfully operate.  Additionally, they must be able to prevent high consequence BDBEs 
along sequences in which they are postulated to fail.  The reliability requirements are derived 
from a need to prevent high consequence BDBEs, i.e. to ensure that the frequencies stay in the 
BDBE region, whereas the capability to mitigate type of requirements is derived from capability 
to mitigate the DBEs.  Hence safety classified SSCs are selected to prevent, not mitigate, a high 
consequence BDBE. 
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NRC Request 
 
[SSC-4] Discuss how deterministic engineering judgment elements are used to supplement the 
probabilistic elements for the SSC safety classification scheme to avoid having a safety 
classification approach that is probability-based to the exclusion of other considerations.  
 
PBMR Response to SSC-4 
 
As explained more fully in our response to RAI LBE-8, initiating events that are identified via 
deterministic considerations are included in the enumeration of initiating events to be 
considered in the development of the PRA. 
 
The safety classification process is largely deterministic, particularly with regard to the 
classification of SSCs as safety-related ( refer to Sections 3.3.2 and 3.3.3 of the SSC Safety  
Classification white paper).  The designer has many options from which to choose, but the 
overarching requirement is to select a package of safety classified SSCs that addresses each of 
the required safety functions for all the DBEs. 
 
As explained in the response to RAI SSC-1 our approach to defense-in-depth includes the 
application of deterministic considerations to ensure that the SSC safety classification, as well 
as the resulting special treatment requirements, have adequately addressed uncertainties in the 
probabilistic basis for the SSC classification. 
 

- 56 -  



 
NRC Request 
 
[SSC-5] It is stated (p.18) that “Safety analyses have been performed to determine which are 
the safety functions for the reactor sources.…”  What is the basis for the mechanistic source 
term used in these “safety analyses” (e.g. circulating activity, plate-out activity, and fission 
products adsorbed in fuel matrix dust)? 
 
 PBMR Response to SSC-5 
 
The fundamental principles of the PBMR safety design approach set the requirements for the 
fuel quality and performance to focus the safety case on the shaded functions in Figure 2.  
Safety analyses have shown that the PBMR can achieve these requirements.  An additional  
white paper on the fuel and its performance is under development . 
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NRC Request 
 
[SSC-6] In general, is Figure 2 (p.18) representative of current PBMR understanding of fission 
product transport mechanisms that must be modeled in dose calculations? For example, what is 
the basis for concluding that control of transport from HPB and the reactor building are not 
needed to keep the DBEs within the offsite dose limits of 10 CFR 50.34? Does this conclusion 
imply that the HPB and the reactor building have small risk reduction factors, as defined in the 
DID white paper? 
 
 PBMR Response to SSC-6 
 
Figure 2 provides the functional objectives of the safety design approach.  In the safety 
analyses of the LBEs, all radionuclide transport mechanisms are modeled, including those in the 
HPB and the reactor building.  It is a design objective that those that are shaded in Figure 2 are 
those that will be relied on for radionuclide retention during DBEs to meet the 10 CFR §50.34 
offsite dose limits.  That is not to imply that in certain LBEs that the HPB and the reactor building 
do not provide additional consequence mitigation nor that, as further analysis are done, other 
features will not be required to assure public safety.  Complete SSC classification, sufficient for 
certification purposes, will be included in the DCA.  
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NRC Request 
 
[SSC-7] Referring to Figure 2 (p.18) the staff understands that the shaded safety functions 
shown on the figure to identify those that are needed to keep the DBEs within the offsite dose 
limits of 10 CFR 50.34. It is stated that “The functions shown without shading are not 
required…” What are the required safety functions for AOOs (which are related to 10 CFR Part 
20) and BDBEs (which are related to the latent QHO)? Will Figure 2 and the list of safety 
functions for AOOs, DBEs, and BDBEs be revisited after the source term calculation basis is 
finalized?  
 
PBMR Response to SSC-7 
 
The figure is illustrative of the PBMR approach and was not meant to show all of the requested 
information.  The intent was to show all the functions needed for any of the TLRC and then to 
focus on those that lead to functions for which SSCs need to be classified as safety-related.    
 
Since AOOs occur relatively frequently and impact plant operation, a realistic response of the 
entire plant over the spectrum of safety functions is needed to take the necessary precautionary 
operational steps.  BDBEs are used for understanding the design for rare events and for 
emergency planning and to show that taken together with the other LBEs that the plant meets 
the QHOs.  BDBEs are not designed for, but rather must demonstrate low risk to meet the 
QHOs.  As such the realistic response of the entire plant is modeled with all the plant safety 
functions.  Figure 2 and the full list of all safety functions for all event categories will be finalized 
and provided in the DCA along with the mechanistic source term used in the event calculations. 
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NRC Request 
 
[SSC-8] It is stated on (p,22) that “If there is more than one alternative set of SSC that is 
determined to be available and sufficient, the set that is selected as the safety-related set is the 
one that reflects the highest level of confidence that it will perform its required safety function.”  
Provide additional details about the process used to decide among alternative sets of SSCs. 
Specifically, discuss the roles of quantitative PRA results, deterministic considerations, and 
engineering judgment in the decision making process. 
 
 PBMR Response to SSC-8 
 
There is a range of considerations in the designer choice of which set of SSCs to rely on for a 
given required safety function.  At the highest level it is influenced by the number of different 
events that rely on the same components and a cost-benefit trade off, where the benefit is the 
additional confidence in the SSCs reliability and capability to perform the function during the 
spectrum of DBEs and the cost is due to the incremental special treatment to achieve that 
confidence.  Confidence is measured in terms of margin and certainty.  Passive systems are 
generally more reliable.  Hence, our approach to SSC classification includes the use of 
deterministic approaches to address uncertainties and to the provision for a diverse combination 
of inherent characteristics, and passive and active SSCs to support each required safety 
function.  In the cost-benefit evaluation, engineering judgment is a key element in the process of 
choosing the set of SSCs that will be relied on during the deterministic DBAs derived from the 
DBEs selected with the PRA insights.  The SSCs’ capability is a deterministic evaluation; the 
reliability, a probabilistic one. 
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NRC Request 
 
[SSC-9] Please provide tables similar to Tables 3 and 4 for all of the safety functions defined for 
the PBMR and also similar tables for NSRST SSCs for all event categories.  
 
PBMR Response to SSC-9 
 
The tables presented are to demonstrate the process.  As the design and the PRA progress, the 
additional tables will be submitted as part of the DCA for review.  
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NRC Request 
 
[SSC-10] Table 5 (p.25) indicates that the only safety-related SSC needed to control chemical 
attack is the reactor vessel. In contrast, Table 3 (p.38) of the PRA white paper indicates that 
other SSCs are also needed to control chemical attack (e.g., HPB piping, interfacing systems at 
lower pressure than the MPS, etc.). Explain this apparent discrepancy. 
 
PBMR Response to SSC-10 
 
Table 5 was presented as a preliminary list of safety classified SSCs that is sufficient to illustrate 
the approach that PBMR proposes to use to assign SSCs to safety classification categories.  
The DCA will include a complete list of SSCs assigned to each safety classification category 
together with the technical basis for each assignment.   
 
It is expected that large pipes (i.e. pipes whose complete failure would exceed the design basis 
break size and location) on the HPB may be classified as safety-related not only to control 
chemical attack but also to maintain core geometry by maintaining the structural integrity of the 
reactor citadel that could be challenged by the blowdown loads on the structures following large 
pipe breaks.  It is also expected that small pipes and heat exchangers on the HPB may be 
classified in lesser safety classes on the basis that failures of such SSCs would not produce 
significant damage to the fuel or other safety classified SSCs.  The interfacing systems that 
supply water cooling to various HPB heat exchangers, such as the pre-cooler, inter-cooler, and 
CBCS and CCS heat exchangers, operate at lower pressure than the Main Power System, have 
limited water side capacities, and contain design provisions to limit the quantity of water ingress 
following MPS depressurization through such breaks. These design features protect against 
chemical attack from water ingress so that SSC operability to control this form of chemical 
attack is not required.  The technical basis for all the SSC safety classification assignments will 
be provided with the DCA. 
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NRC Request 
 
[SSC-11] Referring to Table 5 (p.25) explain why the reactor building and citadel are only 
needed to maintain core geometry, and how they do so. Are these SSCs also needed to support 
the safety function “maintain reactor building structural integrity,” which is listed on Page 18?  
 
PBMR Response to SSC-11 
 
The reactor building and citadel will be designed to maintain core geometry for the spectrum of 
DBEs including internal and external events, e.g., the design basis HPB breaks, floods, fires, 
tornados, transportation accidents, and earthquakes.  The success criteria for maintaining core 
geometry are based on maintaining the capability for passive core heat removal and passive 
core reactivity control.  Core geometry changes that would interrupt the passive core heat 
removal flow path or lead to core reactivity addition or inhibit the insertion of control rods or 
small absorber spheres could challenge these success criteria.  The last bullet on page 18, 
“maintain reactor building structural integrity,” may be confusing as there have not been any 
additional SSCs to “maintain reactor building structural integrity” identified.   
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NRC Request 
 
[SSC-12] Referring to Section 3.3.6 (p.27) identify all SSCs that support the AOO safety 
functions whose failure leads to consequences in excess of the 10 CFR 50.34 criteria. How 
does the proposed classification scheme ensure these SSCs are classified as safety-related 
and receive appropriate special treatments?  
 
PBMR Response to SSC-12 
 
As the design and safety analyses progress, SSCs that support the AOO safety functions 
whose failure leads to consequences in excess of the 10 CFR §52.47(a)(2) criteria will be 
identified as candidates for the category of Non-Safety-Related with Special Treatment 
(NSRST).  For mitigation purposes AOOs may be mitigated by SSCs in all three safety 
classification categories.  The technical basis for all the SSC safety classification assignments 
will be provided in the DCA.  (See also SSC-1 response) 
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NRC Request 
 
[SSC-13] Referring to Section 3.3.7 (p.27), for SSCs that support DBE and BDBE safety 
functions, how is the selection made regarding SSC classification for safety-related versus 
NSRST? Could any of these SSCs actually be classified as NSRST? How does the process 
ensure that these SSCs are appropriately classified considering associated uncertainties in the 
supporting PRA? 
 
PBMR Response to SSC-13 
 
Sections 3.3.2 and 3.3.3 discuss the process for selecting SSCs as safety-related for mitigation 
of DBEs and prevention of high consequence BDBEs, respectively.   
 
The topic of Section 3.3.7 is the process for selecting SSCs as Non-Safety-Related with Special 
Treatment (NSRST) for prevention of high consequence DBEs that would be unacceptable in 
the AOO region.  Examples are given for candidates that may be classified as NSRST as the 
design and analyses progress.  The process considers uncertainties in both the frequencies and 
the consequences and classification of SSCs as NSRST accordingly to address the 
uncertainties.   
 
Some additional explanation on the relationship between safety function and the three 
categories of LBEs might be of benefit.  Safety functions are defined in general, so there are not 
unique AOO safety functions, DBE safety functions, and BDBE safety functions.  By definition 
the required safety functions are the subset that must be fulfilled for all the DBEs and thus lead 
to the safety-related SSC classification.  However, for AOOs to meet their more stringent 
consequence limits defined in the TLRC, the required safety functions must be met with greater 
margins and/or additional safety functions may also need to be fulfilled with either safety related 
SSCs or NSRST SSCs.  Similarly, in order for BDBEs to meet their higher consequence limits, it 
is possible that the required safety functions may be met with reduced margins and in some 
cases, one or more of the required safety functions may not be met.     
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NRC Request 
 
[SSC-14] Referring to Figure 5 (p.31) discuss the significance of a hypothetical “Challenge D” 
located just to the right of the BDBE TLRC and with a frequency just above 5x10-7

 per plant-year 
with respect to safety classification and special treatment of SSCs. Discuss the safety 
classification and special treatment of SSCs that prevent potentially very high consequence 
LBEs from increasing in frequency into the BDBE or DBE range. How are these SSCs identified 
and treated if there is a cutoff of 1x10-8

 per plant-year for evaluation as proposed in the paper? 
Does the cutoff become valid only after the evaluation and special treatments are established?  
 
PBMR Response to SSC-14 
 
A hypothetical “Challenge D” located as stated (with the understanding that the actual TLRC for 
BDBEs is measured at 10 miles and not at the EAB) would be unacceptable.  As with 
Challenges A and C, the consequences would need to be mitigated, the frequency prevented, 
or both, to bring the event to within compliance with the NRC Safety Goal QHOs.  The most 
likely design approach would be to examine the event scenario’s related DBEs, to identify SSCs 
that are relied upon for both the DBEs and Challenge D, and to provide greater margins in the 
capabilities and reliabilities of those SSCs such that Challenge D is brought within the bounds of 
the frequency-consequence curve.  
 
No PRA for an HTGR dating back to the initial 1975 AIPA study on the large HTGR (3000MWt) 
has identified such a hypothetical “Challenge D” event that exceeded the acute fatality QHO or 
even produced doses sufficient to produce any acute fatalities off-site.  However, that study did 
clearly indicate that the high risk events were depressurized core heatups with delayed fuel 
failures at temperatures in excess of 3000°C; an insight that led to the safety design approach 
employed by the PBMR class of modular HTGRs.  Thus, the designers went back to 
fundamentals to prevent such a challenge not only at the edge of the PRA but across the full 
spectrum making use of inherent and passive design approaches rather than active SSCs 
whose failure probability would be exposed by the PRA. 
 
Finally, if the technical basis for screening out an event sequence with potentially high 
consequences exceeding the TLRC, were based all or in part on credit for special treatment, 
those special treatments would be documented and included in the regulatory design 
requirements.  It is not expected that this criterion would lead to any changes to special 
treatment than would be achieved by considering all the LBEs represented by Challenges A, B, 
and C. 
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NRC Request 
 
[SSC-15] Referring to Table 7 (p.33) what is the basis or rationale (regulation, regulatory guide, 
code or standard, etc.) for each of the special treatments of safety related and NSRST 
categories? How do the special treatments for NSRST relate to the staff’s philosophy for 
considering the regulatory treatment of non-safety systems (RTNSS), e.g., SECY-95-132 
(ADAMS Accession No. ML003708005) and Section C.IV.9 of Regulatory Guide 1.206? 
 
 PBMR Response 
 
The list of special treatments included in Table 7 is illustrative of those for which regulatory 
oversight may be needed to meet NRC requirements and safety goal guidelines.  In our 
response to RAI DID-6, it is noted that “intermediate risk metrics will be used to establish the 
special treatment requirements.  Examples of such metrics would include component and 
system level reliability and availability targets that are derived from the results of the PRA in 
comparison with the TLRC.”  This evaluation of reliability and availability of safety classified 
SSCs is described in Regulatory Guide 1.206 in which it is stated “the applicant should establish 
graded safety classifications and graded requirements based on the importance to safety of 
their functional [Reliability/Availability] missions.” 
 
Many of the special treatment elements listed in Table 7 are described in Section C.IV.9 of 
Regulatory Guide 1.206 and are derived by examination of the PRA.  The end result is a set of 
SSCs that have similar regulatory treatment and interests as described in Staff and 
Commissions statements on RTNSS.  The specific elements and levels of special treatment 
required for safety-related SSCs and NSRST classified SSCs will be established during review 
of the PBMR DCA.  
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NRC Request 
 
[SSC-16] Referring to Table 7 (p.33) what is the basis for the difference in level of treatment for 
safety-related SSCs versus NSRST SSCs for those situations where the needed capability and 
reliability for those labeled safety-related and NSRST are commensurate?  
 
PBMR Response 
 
The requisite level of special treatment will be applied to achieve the needed capability and 
reliability for both the safety-related and NSRST classifications.  Generally, for safety related 
SSCs, additional assurance of achieving design capability or reliability objectives might be 
obtained through special treatment in the design and manufacturing phases of the SSCs in 
addition to construction and operational phase special treatments.  For NSRST SSCs with the 
same capability and reliability goals, special treatments may be restricted to construction and 
operational phases only or some different combination of design, manufacturing, construction 
and operation than the safety related SSC.  This is consistent with the different degrees of 
reliance on performance of the two SSC’s.  The entries in Table 7 were made to show the 
general trend to be expected in which safety-related SSCs will need to have a greater degree of 
special treatment than NSRST SSCs to achieve the necessary degree of capability and 
reliability.  However, the specifics on the special treatments will be developed on a case-by-
case basis and there may be overlap on the extent of special treatments required for SR and 
NSRST categories. 
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NRC Request 
 
[DID-1] It is stated (p.12) that “Programmatic Defense-in-Depth is also germane to the selection 
of design codes and standards for the PBMR…” However, Page 33 indicates that the selection 
of codes and standards is part of the plant capability defense-in-depth. Please explain the 
different characterizations of codes and standards treatment. 
 
PBMR Response to DID-1 
 
Codes and standards such as those developed by ASME include those associated with design, 
fabrication, construction, pre-service and in-service tests and inspections, as well as component 
repair and replacement.  The spectrum of codes and standards that will be used to support 
defense-in-depth for the PBMR include specific ones that would be mostly design related and 
would directly contribute to the plant capability defense-in-depth.  For example the design code 
for certain components on the HPB might be ASME Section III NB; other components might be 
designed to ASME Section VIII B31.1.  These design code specify requirements for allowable 
stress, safety margins, etc. that would directly contribute to the plant capability defense-in-
depth.  There are other codes and standards that would be selected to provide a basis for in-
service leak monitoring, NDE, and repair that would be regarded as programmatic defense-in-
depth on the basis that they lead to programs to provide added assurance that the design 
capability defense-in-depth is reflected in the as-built and as-operated plant and is maintained 
throughout the plant lifetime.  Hence there are codes and standards that could be classified in 
either or both types of defense-in-depth: plant capability or programmatic. 
 

- 69 -  



NRC Request 
 
[DID-2] It is stated (p.26) that “…off-site emergency planning is a licensing consideration that is 
outside the scope of a design certification.” Explain how the defense-in-depth framework and 
the PRA will be used to examine plant siting and emergency planning during applications for 
early site permits and combined licenses, given that the PRA only expresses accident 
consequences in terms of dose at the site boundary (PRA White Paper, Page 27). 
 
PBMR Response to DID-2 
 
As shown in Table 2, site selection and emergency planning parameters such as the time 
available to implement off-site protective actions are considered primary elements of plant 
capability defense-in-depth.   
 
As discussed in our response to RAI LBE-17, supplementary analyses will address the off-site 
consequences beyond the point of calculating site boundary doses in order to demonstrate 
compliance with the QHOs. However, such analyses are site-specific and not included in the 
DCA, but rather in subsequent COL applications.   
 
Siting and emergency planning are the responsibility of the applicant for an early site permit 
(ESP) or combined license (COL).  Since ESP and COL applicant considerations for PBMR 
have not yet been included, we do not know how such applicants will use siting and emergency 
planning to support defense-in-depth.  Furthermore, it is not necessary to know such information 
in order to determine that the PBMR standard design includes appropriate defense-in-depth 
measures and is acceptable for certification.   
 
Nevertheless, there are several considerations related to emergency planning and siting that will 
contribute to defense-in-depth. 
 
First, similar to other design certification applications, the application for design certification of 
the PBMR will identify postulated site parameters used in the standard design.  These site 
parameters will envelope a majority of sites, and it is expected that most sites will have site 
characteristics that are less stringent than the site parameters used in design certification.  As a 
result, ESP and COL applicants will be able to use the margin between the site parameters and 
the site characteristics as a defense-in-depth measure. 
 
Second, ESP and COL applicants will be required to comply with NRC regulations related to 
siting and emergency planning.  Thus, for example, the ESP and COL applicants will be 
required to determine the size of the emergency planning zones (EPZs) in accordance with 10 
CFR §50.47(c)(2).  Additionally, it may be expected that, in conformance with Position 4 in 
Regulatory Guide 4.7, applicants will select sites with low population densities.  These 
approaches will provide additional defense-in-depth above and beyond that provided by the 
PBMR standard design.  Although an ESP or COL applicant could utilize the PRA as one 
consideration in making these determinations, it need not do so and could select the size of the 
EPZs and site independently of the PRA. 
 
Finally, as explained in Section 3.8 of the white paper on Licensing Basis Event Selection, 
PBMR expects that the doses to be calculated at the EAB would not be sufficient to cause any 
early fatalities.  Additionally, PBMR will calculate the risk of health effects to an average person 
within a radius of 10 miles of the plant and compare that against the NRC’s quantitative health 
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objective (QHO).  PBMR expects that the result will be a risk that is orders of magnitude less 
than the QHO individual latent cancer risk limit of 2 x 10-6 per person-year.   
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NRC Request 
 
[DID-3] It is stated (p.28) that “Defense-in-depth is an established philosophy in which multiple 
lines of defense and safety margins are applied to the design, operation, and regulation of 
nuclear plants to assure that the public health and safety are adequately protected.” This 
definition is vague and not particularly helpful in understanding the PBMR approach to defense-
in-depth because it does not provide a basis for deciding the necessity and sufficiency of 
defense-in-depth (e.g., How many multiple lines of defense are needed? What safety margin is 
adequate?). Please clarify your approach by revising your definition of defense-in-depth to 
include a basis for determining necessity and sufficiency. For reference purposes, the 
Commission-approved definition for defense-in-depth, as presented in the NRC’s Strategic Plan 
is as follows: 
 

“Defense-in-Depth: an element of the NRC’s Safety Philosophy that employs successive 
compensatory measures to prevent accidents or lessen the effects of damage if a 
malfunction or accident occurs at a nuclear facility. The NRC’s Safety Philosophy 
ensures that the public is adequately protected and that emergency plans surrounding a 
nuclear facility are well conceived and will work. Moreover, the philosophy ensures that 
safety will not be wholly dependent on any single element of the design, construction, 
maintenance, or operation of a nuclear facility.” 

 
PBMR Response to DID-3 
 
In the development of our approach to defense-in-depth (documented in Section 2 of the white 
paper), many variations of definitions of defense-in-depth were reviewed. There is limited 
consistency in these definitions and of the available definitions, including the one quoted in this 
RAI, we could not identify one that provides a means of judging the necessity and sufficiency of 
defense-in-depth for evaluating a new reactor design.  One of the additional challenges facing 
the PBMR in its search for an appropriate definition of defense-in-depth is that many of the 
existing definitions are phrased in terms of LWR risk metrics such as those that address the 
need to balance the prevention and mitigation of core melt accidents.  Thus, PBMR has stepped 
back and evaluated the principles of defense in depth as defined in the alternative sources and 
applied them in the context of our risk-informed and performance-based framework.  Our 
assessment is that the PBMR safety does not depend on a single element of design, 
construction, maintenance or operation of the facility and that by utilizing inherent and passive 
features in the basic design has considerable safety margin included in the design.  The 
traditional three barriers to fission product release are maintained as well. 
 
The sentence quoted from our definition of defense-in-depth on page 28 of the white paper is 
simply the first sentence in a lengthy discussion of how we define defense-in-depth which is 
documented in the entirety of Section 3 of the white paper.  This first sentence was just the 
beginning of the PBMR definition of defense-in-depth, which also includes a breakdown into 
plant capability defense-in-depth, programmatic defense-in-depth, and a risk-informed 
evaluation of defense-in-depth.  PBMR’s approach to defense-in-depth also includes a process 
for judging the necessity and sufficiency of defense-in-depth that uses the logic of Figure 5 and 
a set of defense-in-depth principles derived from the NRC Standard Review Plan Chapter 19 as 
documented in Table 10.   
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NRC Request 
 
[DID-4] The PBMR proposed approach for DID apparently credits practically all engineering 
good practices and plant attributes (see Tables 2, 3, 6, and 9). How does the PBMR approach 
separate the additional plant features provided for defense-in-depth from the plant features 
needed to assure that the TLRC, RDC, and other acceptance criteria are met? 
 
PBMR Response to DID-4 
 
PBMR approach does not attempt to separate good practices that are needed for defense-in-
depth and those that are needed to assure that the TLRC and RDC are met. The approach 
recognizes that it is important to sufficiently understand the safety role of all SSCs, all special 
treatment and the role of all engineering, manufacturing, construction, testing, operations and 
maintenance activities to assure adequate protection of the public. The approach also depends 
on having a robust framework derived from PRA techniques to be able to systematically 
evaluate changes to any of the features of the PBMR.  This process provides more objective 
and holistic means to assure there are significant margins between the TLRC and the levels of 
accident frequency and consequences that would be needed to present a significant risk to 
public health and safety.  This was a factor in selecting the TLRC and the regulations from 
which they were derived.  Solely meeting the TLRC, however, would be insufficient to fully 
demonstrate the PBMR defense-in-depth capabilities. It is expected that the frequencies and 
consequences of the LBEs that will be compared against the TLRC, including the effects of 
uncertainties, will exhibit significant margins relative to the associated frequency and dose limits 
of the TLRC.  PBMR expects that the RDC limits that will be established will have significant 
safety margins to address uncertainties in SSC performance and hence will also contribute to 
defense-in-depth. 
 
The PBMR approach for separating plant features needed to assure that the TLRC are met from 
defense-in-depth features is provided in Table 3 of the white paper on SSC classification.  As 
shown in that example, there are numerous PBMR design features for removing core heat, but 
only one feature needs to be classified as safety-related.  The other features, frequently 
identified as NSR or NSRST, are considered as defense-in-depth features.  As illustrated in  
RAI LBE-15, there are real margin increases and additional defense in depth that can be 
quantified through this methodology.   
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NRC Request 
 
[DID-5] It is stated (p.30) that the “Risk-Informed Evaluation of Defense-in-Depth is the 
structured use of information provided by the PRA to identify the roles of SSCs in the prevention 
and mitigation of accidents, to identify and evaluate uncertainties in the PRA results, to devise 
deterministic approaches to address these uncertainties, and to guide and provide risk insights 
to support deterministic judgments on the adequacy and sufficiency of defense-in-depth.” 
However, the discussion on Pages 39–45 is limited to evaluating accident prevention and 
mitigation. Explain how deterministic judgment is used in the establishment of DID to 
compensate for uncertainties (in particular, completeness uncertainties) in the PRA. 
 
PBMR Response 
 
The PBMR approach does not focus on the “establishment of DID”.  Rather it focuses on the 
systematic evaluation of DID and provides a means to take meaningful actions where margins, 
uncertainties or vulnerabilities are identified.  The PBMR approach for linking the deterministic 
judgments to compensate for PRA uncertainties is illustrated in Figure 5 of the Defense-in-
Depth white paper.  As sources of uncertainty are identified in the PRA results, deterministic 
decisions are made to either modify the design capabilities for defense-in-depth, or add 
programmatic requirements, or both, until agreement is reached that the uncertainties have 
been adequately addressed.  The fact that the PRA is done at the design stage provides an 
opportunity for risk insights including insights about uncertainty to be reflected in deterministic 
design decisions.  Also, the driver for programmatic defense-in-depth which adds in programs 
and deterministic requirements provides for the management of uncertainty.  This is consistent 
with the NRC’s work on Technology Neutral Framework treatment of defense-in-depth as a 
strategy to manage uncertainties. 
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NRC Request 
 
[DID-6] The white paper indicates an aspiration (p.30) for a risk-informed and performance-
based approach to defense-in-depth. The Commission’s definition of a performance-based 
approach (NRC’s Strategic Plan, NUREG-1614, Vol.3) has a key provision that states (in part): 
“…a framework exists or can be developed in which the failure to meet a performance criterion, 
while undesirable, will not in and of itself constitute or result in an immediate safety concern”. 
What performance criteria other than dose at the site boundary exist to support defense-in-
depth? Significant radiological dose at the site boundary implies that an immediate safety 
concern could occur if this criterion is the only measure used. 
 
PBMR Response to DID-6 
 
The availability of a PRA early in the design process allows more detailed examination of single 
point or common mode vulnerabilities along with the consequences of their occurrence.  This 
provides additional assurance that there are no single features of design, construction, 
operation or maintenance whose failure would threaten public safety. As discussed in the SSC 
white paper, the PBMR approach to special treatment is based on establishing the required 
degree of capability and reliability for SSCs in the prevention and mitigation of event sequences.  
It is expected that intermediate design performance or reliability metrics will be used to establish 
the special treatment requirements.  Examples of such metrics would include component and 
system level reliability and availability targets that are derived from the results of the PRA in 
comparison with the TLRC.  The approach being developed by the ASME Special Working 
Group on HTGRs under Section XI is developing requirements for in-service inspection of HPB 
SSCs that are based in part on component level reliability targets.  The general principles that 
have been applied to address the NRC Maintenance Rule to develop plant and component level 
reliability and availability targets would serve as good examples of how such individual 
performance metrics can be developed.   
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NRC Request 
 
[DID-7] Discuss the “multiple barrier” approach defined by LWRs vs. HTGRs and their 
implications to defense in depth against fission product releases. Figures 7 and 8 indicate that 
the MHTGR (i.e., surrogate for the PBMR) barriers are multiple orders of magnitude different in 
their capabilities. All do not appear to be fully capable to meet dose acceptance criteria but are 
required multiple barriers that are all needed to meet acceptance criteria. 
 
PBMR Response to DID-7 
 
The MHTGR examples shown in Figure 7 and 8 and corresponding examples presented for a 
PWR in Figures 12 and 13 were provided to illustrate how the PBMR approach for risk-informed 
evaluation can be used to examine the roles of SSCs in the prevention and mitigation of 
accidents.  This approach includes a more general definition of the terms “prevention” and 
“mitigation” that are not tied to reactor-specific risk metrics such as core damage frequency and 
can be used for any reactor.  These examples were shown to illustrate that there is no single 
balance between prevention and mitigation for either reactor type; that such ‘balance’ is different 
for different event sequences, and more importantly, that an objective process can be followed 
to examine the roles that SSCs play to both prevent and mitigate accidents.  While the specifics 
in analyzing the MHTGR and PWR examples are tied to the differences in safety design 
approach between these two reactors, the fact that different barriers have different roles on 
different accident sequences is true for each reactor.  These examples also show that no single 
barrier is sufficient to mitigate the full spectrum of event sequences for either reactor type.  Note 
that these figures are not used to establish that acceptance criteria are met, but rather to 
evaluate the adequacy of prevention and mitigation measures and to demonstrate that there is 
no undue reliance on either of these defense-in-depth strategies. 
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NRC Request 
 
[DID-8] The PBMR approach (p.40) relies heavily on the defense-in-depth principles from SRP 
Chapter 19. These are principles that are to be maintained given a licensing change (e.g., 
design change) to the plant. These principles assumed that there is already adequate DID, and 
as such, does not define what is meant by DID. For a new design, an explicit definition of DID is 
needed, and therefore, the criteria for determining when there is enough DID (i.e., the basis for 
defining the minimal needed DID). Please provide such a definition and basis. 
 
PBMR Response to DID-8 
 
The PBMR approach to defense-in-depth is not just the material on Page 40 but the entirety of 
Section 3 of the white paper.  Please refer to our response to RAI DID-1 and DID-3.  The 
defense-in-depth principles taken from SRP Chapter 19 were modified and generalized to be 
applicable to a new reactor.  These principles are used in our approach as a checklist in the risk 
informed evaluation of defense-in-depth.  These principles also appear to capture all the 
definitions of defense-in-depth that are reviewed in Section 2 of the white paper as well as the 
new definition quoted by the staff in RAI DID-3.  The PBMR risk informed and performance 
based process for evaluating the adequacy of DID is both new and capable of using quantified 
PRA methods and deterministic judgments to determine whether multiple levels of defense exist 
for any initiating event and whether the failure of any particular feature or combination of 
features is sufficiently likely or the consequences sufficiently severe to warrant additional 
protective actions. 
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NRC Request 
 
[DID-9] It is stated (p.40) that “Prevention strategies as defined as those strategies that are 
employed to reduce the frequency of accidents by improving the reliability of SSCs whose 
failure would cause initiating events and/or adversely affect the ability to mitigate an event 
sequence. Mitigation strategies are those that are employed to improve the capability of SSCs 
that serve to mitigate the consequences of events and event sequences that may challenge 
them.” Figure 7 (p.53) makes these definitions explicit by indicating that, in the PBMR, 
“prevention” refers to reducing the accident sequence frequency and “mitigation” refers to 
reducing the accident sequence consequences. Explain why these definitions are chosen over 
the ones traditionally used for LWRs, e.g., “accident prevention” refers to preventing core 
damage and can be assessing by examining the core damage frequency (CDF), and “accident 
mitigation” refers to preventing offsite releases, and can be assessed by examining the large 
early release frequency (LERF). Would it be helpful to define “prevention” in terms of frequency 
of significant releases from the fuel, and “mitigation” in terms of frequency of significant releases 
to the environment? 
 
PBMR Response to DID-9 
 
The PBMR approach to defining prevention and mitigation was made to address two limitations 
of the NRC definitions quoted in the RAI.  The first is that the NRC definition uses risk metrics 
that are specific to LWRs and not applicable to the PBMR.  The second is that the NRC 
definition used for LWRs is limited to the consideration of beyond design basis accidents 
involving severe core damage.  By contrast, the PBMR is designed (sized and configured with 
compatible, high temperature fuel, moderator, and coolant) to preclude severe core damage.  
This is different than LWRs where under certain conditions, significant rapid failure of fuel can 
occur, creating very large source terms.  For the PBMR, some event sequences may involve 
very small, slow releases from the fuel but others may only involve releases of plateout and dust 
with no releases from the fuel but still would result in an offsite dose.  Therefore the approach 
suggested in this RAI is not appropriate for the PBMR as some potentially significant LBEs may 
be missed if sequences not involving a release from the fuel were ignored.  
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NRC Request 
 
[DID-10] Referring to Table 5 (p.43), how is the table used in practice? Will the design 
certification application include documentation that identifies the plant features that provide 
defense-in-depth, classifies them as either plant capability or programmatic, provides their risk 
reduction factors, demonstrates that they meet the defense-in-depth principles listed in Table 5, 
etc.? For example, how will it be demonstrated that there is not over-reliance on programmatic 
approaches to compensate for design weaknesses (i.e., the principle in Table 5). How does 
engineering judgment factor into this demonstration? 
 
PBMR Response to DID-10 
 
A high level example of how this table would be applied in practice is illustrated in Table 10 of 
the white paper.  In the DCA application, information described in this table will be provided in 
sufficient detail to enable the NRC to judge the adequacy and sufficiency of defense-in-depth. 
The DCA will include documentation that identifies how SSCs and programs together combine 
to provide the required elements of plant capability and programmatic defense-in-depth as well 
as the information described in Table 10 which includes the results of the risk informed 
evaluation of defense-in-depth.  The approach described in Table 10 will be used to evaluate 
the adequacy of the PBMR design in the prevention and mitigation of accidents for a 
representative set of initiating events and event sequences including the limiting DBAs 
described in Chapter 15 of the DCA.  The set of events and sequences selected for this purpose 
shall be sufficient to demonstrate that the principles in Table 5 have been adequately 
addressed.  These evaluations will be provided in Chapter 19 of the DCA.  
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NRC Request 
 
[DID-11] Discuss how the PBMR defense-in-depth approach addresses aspects of the plant 
design that have unknowingly been omitted from the risk analysis (i.e., the “unknown 
unknowns”). 
 
PBMR Response to DID-11 
 
There is no method devised for any reactor design to assure there are no “unknown unknowns”.  
The PBMR approach embraces the engineering and regulatory practices that have evolved over 
the last 50 years of reactor design and licensing.  It combines deterministic and probabilistic 
methods into a robust fabric designed to expose simple as well as complex relationships in 
design and operation.  It also provides for special treatment in design, manufacturing, 
construction, testing, operations and maintenance to provide reasonable assurance that there is 
a very low likelihood of unknown unknowns. Included, as part of the DID strategy, all reactor 
suppliers and operators also have processes that assures that deviations from required 
performance initially or during the operating lifetime are exposed and addressed.  This is part of 
lifetime programmatic DID.  In the design certification application, PBMR will demonstrate that 
the PRA has an adequate degree of design completeness.  The PBMR design will include a 
multiple barrier design approach like all other reactors although by design different levels of 
public safety assurance will be derived from each barrier.  The PBMR design will also evaluate 
the use of emergency planning as a DID capability and identify the extent and value of that 
program.  The PBMR PRA will include a rigorous process of identifying sources of uncertainty, 
quantifying their impacts on the PRA results for accident frequency and consequence, 
investigating modeling uncertainties via sensitivity studies, and implementing our risk-informed 
and performance-based approach to defense-in-depth described in Section 3 of the Defense-in-
Depth white paper.   
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NRC Request 
 
[DID-12] The staff finds that Figure 5 (p.44) is not consistent with parts of the discussion in the 
paper. Please revise or clarify Figure 5 to make it consistent with the discussion in the white 
paper. 
 
PBMR Response to DID-12 
 
PBMR is not aware of inconsistencies between Figure 5 and the discussion in the text.  There 
may be some confusion introduced by the fact that Figure 5 refers to the set of DID principles in 
Table 5, which in turn derives these principles from Table 4 taken from SRP Chapter 19. So the 
same principles are listed in both tables.  PBMR proposes to use Table 5 as the final list of 
principles to utilize as part of the risk-informed and performance based evaluation of defense-in-
depth.   
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NRC Request 
 
[DID-13] What is the role of the single failure criterion in the PBMR’s defense-in-depth 
framework? Is it the intent of the white paper to propose a risk-informed alternative to the single 
failure criterion? If so, please articulate and justify that alternative. As context for developing the 
responses, it may be useful to consider the alternatives the staff has identified in SECY-05-
0138, “Risk-Informed and Performance-Based Alternatives to the Single-Failure Criterion.” 
 
PBMR Response to DID-13  
 
PBMR does not intend to use a single failure criterion (SFC) as part of the risk-informed 
approach  described in these first four white papers.  The current single failure criterion is 
historically applied in the context of a deterministic approach to selection of LBEs in which 
quantitative estimates of event frequencies are not addressed and in which common cause 
failures that could violate the single failure criterion are not considered.   
 
The practical application of the single failure criterion is the provision for redundancy in active 
systems that perform required safety functions in currently licensed reactors.  PBMR will 
address the need for redundancy on a case-by-case basis as needed to achieve the necessary 
and sufficient degree of reliability to perform the required safety functions.  Some systems 
classified as safety-related will in fact satisfy the single failure criterion.  For example, PBMR will 
have redundant reactor shutdown systems and will have redundant active and passive core 
cooling systems.  However, the decisions to implement redundancy will be made and justified 
on a case-by-case basis.   
 
As a matter of standard reactor design practice and as provided in Appendix A of 10 CFR §50, 
redundancy is not required for passive SSCs that perform safety functions. Defense-in-depth in 
passive SSCs is addressed by other means such as design margins and conservative analyses 
to demonstrate performance. 
 
PBMR has reviewed the alternatives to the SFC considered by the staff in SECY-05-0138.  It is 
difficult to make comparisons between the PBMR risk informed and performance based 
licensing approach and the alternatives to the SFC considered in this paper.  First the starting 
point for this paper is the historical background of an LWR safety design approach that is based 
on the use of active safety functions to mitigate a deterministically derived set of design basis 
accidents to which the SFC has already been applied.  Risk informed alternatives to the SFC 
are then evaluated in the context of managing the beyond design basis risk metrics of CDF and 
LERF.  This paper explicitly acknowledges the difficulties and inconsistencies in applying the 
SFC to passive systems which are emphasized in the PBMR safety design approach.  The 
paper also acknowledges that meeting the SFC may not be sufficient to meet certain reliability 
based targets and there may be advantages to extending the SFC to safety significant, non-
safety related systems.  Among the alternatives considered in this paper, the PBMR approach 
probably is most comparable to Alternative No. 3, “Replace SFC with Risk and Safety Function 
Reliability Requirements”.  In the PBMR approach to SSC classification and special treatment, 
SSC reliability requirements are derived based on the need to maintain each category of LBE 
within their prescribed LBE frequency and dose limits, and in this sense Alternative No. 3 in the 
SECY paper may be compared.  However, in the case of the PBMR the need to maintain 
reliability and capability requirements is not an option to the SFC but rather a fundamental 
requirement.  The application of redundancy in which case a SFC would be met by default is 
simply one of a wide set of design approaches that would be available to meet the reliability 

- 82 -  



targets.  In addition, the consideration of incorporation of redundancy or diversity is not 
necessarily limited to safety classified SSCs as operational reliability and investment protection.    
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NRC Request 
 
[DID-14] For each LBE in each event category, do the SSCs that provide defense in depth have 
sufficient capability to meet the TLRC when the credited SSCs (e.g., the safety-related SSCs for 
DBAs) are assumed to fail? For LBEs in general, discuss the level of performance capability 
that will be required by the SSCs performing a defense-in-depth role to ensure that the TLRC 
and other criteria are met. 
 
PBMR Response to DID-4 
 
SSCs in each category provide a role in defense-in-depth, either prevention, mitigation, or both.  
This characteristic is not unique to the PBMR but is true for all reactors.  When the frequencies 
and consequences of LBEs are plotted for comparison to the TLRC the evaluation does not 
apply credit or withdraw credit to any SSC but rather identifies whether the SSC helps to 
prevent the LBE (by lowering its frequency) or whether it provides a mitigative role by limiting 
the event consequence.  According to the approach that we describe in the four white papers, 
event sequence frequencies and consequences are compared against the TLRC without 
artificially removing or adding credit for any SSC.  All the SSCs that can prevent or mitigate an 
accident are represented in the PRA and depending on the event sequence, some SSCs are 
assumed to fail and others assumed to function and the probability of success vs. failure is 
reflected in the event sequence frequencies.  The only time an SSC is “credited” or “not 
credited” is when the deterministic DBAs for Chapter 15 are defined and analyzed and in that 
case the criteria are dose based and the frequency of the event is not considered.  In many 
cases the deterministic DBAs correspond to event sequences in the PRA with frequencies in the 
BDBE region and in some cases the frequencies are so low as to be below what is the general 
level of regulatory concern.   
 
 
 
 
 

- 84 -  


