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Summary

The U.S. Department of Defense (DoD) Strategic Capabilities Office (SCO) has initiated a
project, referred to as Project Pele, to construct and demonstrate a prototype transportable
microreactor or Transportable Nuclear Power Plant (TNPP). Under Project Pele, a prototype
transportable microreactor and associated reactor fuel will be fabricated at existing commercial
facilities while startup and operation of the microreactor will be demonstrated at the
US.Department of Energyo6s (aDQ@ Eté. &dditiohatlfathe Nat i onal L
demonstration may be performed at a DoD site and, in that case, transportation of the irradiated
TNPP would occur on public roads and highways. Moreover, DoD 6 s p ouseeafit i al
transportable microreactors on military installations and potentially in field operations may be
based to some extent on the experience gained from this demonstration project. This military
use will necessitate shipments of microreactors, potentially containing irradiated nuclear fuel
using transportation systems that are also used by the public (e.g., the interstate highway
system). Accordingly, such shipments would therefore likely be regulated by the U.S. Nuclear
Regulatory Commission (NRC) and U.S. Department of Transportation (DOT). The
transportation of TNPPs has never been licensed by the NRC and could be a challenge,
especially if the TNPP contains irradiated fuel.

The SCO has tasked Pacific Northwest National Laboratory (PNNL) to address the regulatory

challenges associated with confirming the safe transport of TNPPs containing irradiated nuclear

fuel. A previous reportd Proposed Risk-Informed Regulatory Framework for Approval of

Microreactor Transportation Packages (PNNL-31867)0 determined that the expected

radioactive inventory in the irradiated fuel of a TNPP would likely require shipment in an NRC-
approved Type B package (or spent nucl ear fuel «ce&
meet the entire suite of NRC requirements set forth in Part 71 of Title 10 of the Code of Federal

Regulations (CFR) for a Type B package. It was therefore concluded that shipment of this initial

TNPP transportation package, as well as possibly others, under existing regulations would likely
require NRC approval using the 10 CFR 7sbn 12 (fASpe
risk-informed decisionmaking supported by quantitative risk assessment.

However, the NRC transportation regulations in 10 CFR Part 71 do not currently include a
risk-informed framework or definitive process for approving the transportation of radioactive
materials. Rather, current regulations specify that packages used to transport radioactive
materials must meet deterministic performance standards. The performance standards define
normal conditions of transport (NCT) and hypothetical accident conditions a package must be
capable of withstanding without exceeding specified acceptance criteria. For a Type B package
or a cask being used to ship irradiated nuclear fuel, these acceptance criteria are defined to

(2) limit releases of radioactive material and radiation levels outside the package, and (2) assure
that the spent nuclear fuel will remain subcritical (that is, it will not undergo a self-sustaining
nuclear reaction). Because of this gap and the fact that risk associated with not fully meeting the
deterministic performance requirements in the current regulations may be acceptable, a risk-
informed regulatory framework was proposed in PNNL-31867 for demonstrating that a TNPP
transportation package and associated shipment process and controls provide safety equivalent
to that of a Type B package.

After publication of the framework report, at the request of the SCO, PNNL developed a plan for
the development and application of a risk assessment approach to support a risk-informed
pathway for acquiring NRC and DOT approval of an over the road shipment of a single
microreactor transportation package at a transport frequency to not exceed one shipment per
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year. This pland the Plan for Development and Application of Risk Assessment Approach for
Transportation Package Approval of an MNPP for Domestic Highway Shipment (PNNL-
33524)0 identifies the proposed content of a risk-informed exemption request to the NRC for
the transport of a TNPP transportation package.

As a follow-on effort related to PNNL-33524, this current report demonstrates how the plan for a
hypothetical one-time shipment of the Project Pele microreactor with irradiated fuel might be
implemented. This demonstration of how to implement the plan is intended to be used as a
guide or template for the development of a hypothetical risk-informed exemption request to the
NRC by the Project Pele microreactor vendor for a ground surface shipment of a single unit by
truck at a maximum frequency of once per year. Though this report only addresses the
application of risk information for the TNPP transportation package safety analysis focusing on
10 CFR Part 71 compliance, this same accident and risk information could also be used to
support the environmental assessment or environmental impact statement, required by 10 CFR
Part 51 (AENnvironment alDorRestio ticersihgiam Relded Regulatory i ons f ¢
Functionso) for exemptions.

Demonstration of the plan implementation includes the development of a TNPP transportation
probabilistic risk assessment (PRA) methodology, proposed risk evaluation guidelines, technical
information, data, and example analyses that provide a potential template for a microreactor
vendor to follow when requesting an exemption from the NRC for transportation of a TNPP.

It also addresses important supporting PRA-related analyses such as the treatment of key
assumptions and sources of modeling uncertainty and the concept of defense-in-depth and
safety margin. Key advantages of using this approach are that it (1) increases the likelihood of
successfully obtaining regulatory approval of transportation packages, (2) informs the design
relative to the risk significance of TNPP containment and shielding functions, and (3) informs the
need for compensatory transportation measures as well as the identification of appropriate
measures. Note that although the TNPP transportation PRA methodology, technical information,
data, and example analyses are being provided with the expectation that they could be used to
support a request for a 10 CFR 71.12 exemption that will be submitted for approval of the
Project Pele transportation package, the ultimate responsibility for the submittal of the
transportation safety analysis report and the request for exemption to the NRC is that of the
applicant (i.e., the Project Pele microreactor vendor).

The TNPP PRA model discussed in this report is envisioned to be an in-process model

that is updated as the Project Pele microreactor design matures and as refined information
(e.g., compact and tri-structural isotropic fuel robustness, mechanical properties, and associated
release fractions) becomes available.

The first step in the development of the risk-informed approach was to develop proposed risk
evaluation guidelines. The benefit of having risk evaluation guidelines is that if the risk
assessment results derived from evaluating a TNPP transportation package can be found to be
acceptable by comparing them to the risk evaluation guidelines, then a key criterion for making
a risk-informed decision has been satisfied. In addition, if the risk results are found to be
unacceptable, then insights derived from the evaluation can potentially be used to identify
design features, operational improvements, or compensatory measures that reduce the risk to
an acceptable level. For this report, PNNL reviewed risk evaluation guidelines that have been
developed or endorsed by the NRC for various types of applications for use in determining the
acceptability of the estimated risk or risk significance of potential accident sequences that could
occur during operation of licensed nuclear facilities. PNNL also reviewed risk evaluation
guidelines that are used by the DOE when assessing and managing the risk of operation of its
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nuclear facilities. Based on the results of these reviews, PNNL developed proposed risk
evaluation guidelines for use in evaluating the acceptability of the risk from the shipment of a
microreactor package containing irradiated fuel. Consistent with existing NRC and DOE
guidelines, the proposed transportation guidelines were developed for two receptors that would
potentially be exposed to radioactive materials released during a severe transportation accident:
(1) aworker involved in the transportation of the TNPP transportation package and (2) a
member of the public located close to or involved in the accident, defined to be the maximally
exposed member of the public. The proposed guidelines are a composite of the reviewed NRC,
DOE, and to some extent International Atomic Energy Agency (IAEA) guidelines, and therefore,
are similar to and consistent with existing risk evaluation guidelines developed for purposes
other than for transportation of radioactive materials.

The proposed risk evaluation guidelines were also developed to align with NRC nuclear safety
goals and corresponding proposed quantitative health objectives and guidelines proposed by
the NRC for activities like transportation but have not yet been endorsed. The figure-of-merit in
the proposed guidelines is total effective dose equivalent. As a final consideration, given that the
TNPP transportation package is assumed to meet the 10 CFR 71.71 deterministic requirements
for NCT, development of risk evaluation guidelines was performed in a way that avoids defining
pairs of likelihood-dose threshold limits as unacceptable when the limit is comparable to the risk
to workers from NCT.

To facilitate application of the risk evaluation guidelines, guide the TNPP transportation PRA,
and promote a common understanding, the use of thet e r m fi a is explidtlg detined for
this report. It is defined consistent with the safety functions that must be preserved by the TNPP
transportation package during transport to be (1) a release of radiological material to the
environment, (2) direct radiation exposure from unreleased radiological material (e.g., due to
degraded transport or integrated internal shielding), or (3) a criticality that potentially involves
both direct radiation and release of radiological material.

The second step in the development of the risk-informed approach was to develop a TNPP
transportation package PRA. The TNPP transportation package PRA is based on information
available from vendor (i.e., BWX Technologies, Inc.) design material generated for Phase | of
Project Pele, which is the design stage. Phase Il is the fabrication stage but includes detailed
analyses for impact, shock/vibration, criticality, and fire as well as performance testing for
analysis verification. The approach, data, and information presented in this report demonstrate
the PRA development process and provide usable information that serves to illustrate how a
TNPP transportation PRA could be performed to make the case that NRC safety goals are met
(e.g., by showing that the potential risk from hypothetical transportation accidents falls within the
proposed risk evaluation guidelines). Further detailed design and safety analysis information
from Phase Il of Project Pele will better inform the TNPP transportation PRA. However, to the
extent that the information was available during Phase | it is reflected in the TNPP transportation
PRA presented in this report.

The PRA development process used standard methods acceptable to both DOE and NRC for
assessing the safety of nuclear facilities. The process is summarized as follows:
1. Collect the most current information available about the TNPP transportation package.

For transportation purposes, the TNPP is separated into several modules, each of which is
transported with its own truck/trailer. For the purposes of this demonstration of the
implementation of the risk-informed approach, only the module containing the reactor
system (including spent nuclear fuel) and a portion of the primary cooling system, referred to
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as the Reactor Module, was evaluated. This module is estimated to contain over 99 percent
of the radiological inventory of a TNPP. Information collected about this module included
system design and configuration information, the estimated radionuclide inventory at various
time periods following shutdown of the microreactor, and information about the process of
preparing the module for shipment. For this demonstration of plan implementation, it is
assumed the Reactor Module is shipped 90 days after shutdown of the microreactor that
has operated for 3 years. The Reactor Module and its transportation configuration are
referred to as the TNPP transportation package.

2. ldentify the TNPP transportation package safety functions.

These functions are (1) provide containment of radiological materials, (2) provide radiation
shielding, and (3) maintain a criticality-safe configuration.

3. ldentify and develop transportation accident scenarios.
A standard hazard analysis process was used, which included the following steps:
1 Identify possible hazardous conditions that could occur during transportation

1 Postulate accident conditions and assign degree of likelihood and consequence categories
to each accident

1 Screen the accident conditions determined to have an extremely low likelihood of
occurrence or low consequences (e.g., graphite fire, aircraft impact)

1 Identify and assess a comprehensive set of accident scenarios that are representative of
the unscreened accident conditions

1 Group the accident scenarios by accident phenomena

1 Identify and develop accident scenarios for each group for which detailed likelihood of
occurrence and consequence analysis is performed.

A total of 32 events were identified, including crash and non-crash scenarios and some
events determined not to be accidents. These scenarios were grouped into 13 accident
scenarios, referred to as bounding representative accidents (or BRAS), for detailed analysis.

4. Develop estimates of the likelihood of occurrence of each bounding representative accident.

For postulated transportation accident scenarios involving a crash, data sources used to
develop an estimate of the likelihood of their occurrence included state-level accident data
for large trucks and geographic information system information for the assumed
transportation route; route-specific Google Street View information was used to supplement
the estimation of the likelihood of certain accident scenarios. National accident data for large
trucks were also used to supplement the estimation of the likelihood of certain accident
scenarios when state-level data were not available. The assumed origin and destination of
the shipment route was made only for the purposes of analysis and to establish a credible
process and pathway for development of the transportation PRA. These assumptions can
be revised as necessary to reflect future program decisions, objectives, and refinements.
For postulated transportation accident scenarios that do not involve a crash (e.g., fire-only
events and breach of the reactor boundary due to human errors or failure of a containment
boundary isolation device), component failure data and simplified Human Reliability Analysis
were used to estimate potential failures that could result in a release of radioactive material
during shipment of the TNPP transportation package.
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5. Develop estimates of the consequence of each bounding representative accident.

The consequence analysis was performed for both the worker and maximally exposed
member of the public. Radiation dose pathways selected for inclusion in the analysis are
those used by the IAEA in Specific Safety Guide (SSG)-26 Revision 1 for determining
allowable quantity limits (A1 and Az values) for certified transportation packages for
radioactive materials, which are also used by the NRC in 10 CFR Part 71. Specifically,
these pathways are direct external gamma and beta radiation doses, inhalation dose, and
skin contamination dose from radioactive material released during an accident (doses from
the submersion and ingestion pathways are not evaluated because they are negligible
contributors to the total dose). Furthermore, the methodologies used by the IAEA to
determine the allowable quantity limits for certified transportation packages were nominally
used in the consequence assessment in this report for each pathway, with some refinement
to estimate the consequences to a maximally exposed member of the public. The IAEA
guidance for dose calculations locates an individual 1 m from the release point or source
term who is interpreted in this report to be the worker. The exception to this is for the
inhalation dose pathway in which the IAEA assumes the receptor is located 10 m from the
release point into an outdoor environment. The IAEA guidance does not distinguish between
a worker and the public in its dose calculations. Therefore, for this report, a maximally
exposed member of the public was assumed to be located 25 m from the release point,
which is based on DOT Emergency Response Guidebook isolation and protective action
distance guidance for emergency response to transportation accidents involving high-level
radioactive material. However, for airborne releases, rather than using the IAEA guidance
for estimating the source term, the traditional five-factor formula commonly used in DOE and
NRC safety analyses was used for both the worker and the public to determine the
radiological source term released as a result of the transportation accident. In this case, the
factors used were based on NRC and/or DOE data for release of powder, which is
conservative for the form of the radiological material contained in the TNPP transportation
package and based on expert judgment. Where expert judgment was used, values were
selected with an objective for them to be bounding.

The results of the PRA for each of the bounding representative accidents are shown in

Figure ES.1 for the worker and in Figure ES.2 for the public. These figures also depict the
proposed risk evaluation guidelines for comparison. As shown, the risks of bounding
representative accidents except for BRA 3 are greater than those defined in the risk evaluation
guidelines. For BRA 3, which is a severe collision event with a heavy vehicle or an unyielding
object, the risk evaluation guidelines for both the worker and public are exceeded. The risk of
BRA 4M, which is a medium-impact accident defined as a severe collision with a light vehicle, is
just below the risk defined in the risk evaluation guidelines due to external dose caused by
shielding being degraded by the impact energy of the collision. Uncertainty in the allocation of
events considered to be light-impact accidents (BRA 4L) versus medium-impact accidents
(BRA 4M) could affect the conclusions about risk for BRA 4M. However, controls, future design
refinements of the shielding or enhanced consequence calculations could potentially be used to
make or show that the risk to the worker from BRA 3 is acceptable and the acceptable risk
estimated for BRA 4M to be more certain. Sensitivity studies were performed to assess the risk
reduction that may be achieved by implementing certain controls, additional analysis, and
compensatory measures.

Three additional bounding representative accidents not shown are criticality events. One of
these criticalities (BRA 9A) is an event in which the reactor is submerged in water as result
of the accident, thereby creating a flooded criticality. The second of these criticality events
(BRA 9B), is inundation of the core with fire suppression water or other hydrogenous material
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that enters the core in sufficient quantities to cause criticality after a crash that results in fire
and TNPP damage. In these two cases, the consequences were not determined because the
estimated likelihood of these events occurring was calculated to be less than 5E-07 per year,
which, as shown in Figure ES.1, is acceptable risk regardless of the consequence. Therefore,
BRA 9A and BRA 9B were not shown as points in the graphic but would fall within the
acceptable region. The third criticality event (i.e., BRA 10) is due to a reactivity insertion event
(e.g., control rod withdrawal) caused by the impact energy of the accident. This report assumes
the design goal will be met, precluding a reactivity insertion event in a TNPP transportation
accident, so the risk is addressed.

Accident Frequency (per year)

1.0E+01
1.0E+00
Proposed Risk Evaluation Guideline
1.0€-01 /
1.0E-02
Unacceptable Risk Region
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Figure ES.1. PRA Results for the Worker Compared to the Proposed Risk Evaluation
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Figure ES.2. PRA Results for the Public Compared to the Proposed Risk Evaluation Guideline

This report includes the results of sensitivity studies that address the impact of modeling key
assumptions and sources of uncertainty and the technical adequacy of the TNPP transportation
PRA approach. In addition to better characterizing the uncertainty in the TNPP PRA risk results,
the sensitivity studies, as mentioned above, support identification of controls and compensatory
measures to reduce the risk associated with TNPP transportation to support the 10 CFR 71.12
exemption process. The results of one of the sensitivity studies suggest that for the one
bounding representative accident (i.e., BRA 3) for which the risk to public is unacceptable,
increasing the isolation distance for the public from 25 m to 100 m (and assuming that 100 m
distance in the consequence analysis) yields acceptable risk results for the public, though the
risk to the worker for BRA 3 would still be unacceptable. Another sensitivity study shows that
decreasing the distance of the public from the accident to be the same distance as that of the
worker from the accident does not change the conclusions about whether the risk of any
bounding representative accident meets the risk evaluation guidelines with two exceptions

(i.e., for BRA 4L and BRA 4M) where the risk to the public would slightly exceed the dose limit
for the applicable accident frequencies.

An important sensitivity study result is that the risks of all bounding representative accidents
evaluated in this report are below the risk defined in the proposed risk evaluation guidelines if
the TNPP reactor core is allowed to decay up to a year (or even somewhat less than a year)
after it has been in operation for 3 years before being shipped.

Another important sensitivity study result is that increasing the exposure duration for the worker
and public from 30 to 60 minutes to a damaged TNPP has no impact on the conclusion about
TNPP transportation risk. Bounding representative accidents that were acceptable in the
baseline case based on frequency are still acceptable, accidents that are unacceptable in the
baseline are still unacceptable, and the risk of the remaining accidents would remain
acceptable.
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A final important sensitivity result is that risk conclusions about TNPP transportation are

insensitive to the impact of uncertainty on estimating the source term factors given a specific

definition of sensitivity discussed below. Best judgment was needed to apply source term

factors developed for nonreactor nuclear facilities and specifically for fuel cycle facilities. For

this sensitivity study, the radiation dosec onsequences are considered fAnoi
source term estimates if an increase of more than a factor of 1,000 is needed to exceed the

risk evaluation guidelines, and theyarec onsi der ed fAnot ver ynorsthamsi t i veo
100 is needed to exceed the risk evaluation guidelines. The risk of several other bounding

representative accidents is either already unacceptable in the baseline case or acceptable

based on accident frequency according to the baseline results. Therefore, the impact of this

uncertainty is not important to the TNPP PRA risk conclusions.

It is noteworthy that the evaluation described in Section 9.1 related to identifying and defining
candidate sensitivity studies was performed by explicitly examining all the PRA modeling
assumptions that were made at the various stages of the TNPP PRA for those that could affect
the PRA results. This assessment provides confidence that even though a full parametric data
uncertainty analysis was not performed the impact of PRA modeling uncertainty was addressed.

The uncertainty analyses performed for the TNPP transportation PRA consisted of (1) the
gualitative evaluation of sources of modeling uncertainty from PRA modeling assumptions and

i nput s, and identification and qka&mytoi tsotuircesewdl u
uncertainty; and (2) quantitative evaluation of the impact of the variability in the very large truck
crash data about the conclusions regarding the risk of TNPP transportation accidents. In many
cases, the results of the evaluation of key sources of uncertainty, performed using sensitivity
studies, demonstrated that the conclusions about risk from the bounding representative
accidents were not affected by the sensitivity study results. In other cases, the results can be
used to inform compensatory measures for regulatory approval. The results of the uncertainty
analysis of the impact of the variability in the very large truck crash data demonstrate that with
one exception there is no change in the conclusions about risk (i.e., the risks of bounding
representative accidents that were acceptable in the baseline study are still acceptable and the
risks of bounding representative accidents that were unacceptable in the baseline study are still
equally unacceptable). The exception to this is that accident frequency for the BRA 4M
uncertainty analysis case results in an increase that puts it into the next frequency interval of the
risk defined in the risk evaluation guidelines for which there is a decrease in the risk dose limit.
Consequently, BRA 4M results in risk to a worker that is slightly above that described in the risk
evaluation guidelines.

Assessment of defense-in-depth and safety margin philosophies conclude that they can
generally be applied consistent with NRC guidance and expectations in support of TNPP
transportation PRA and to its application to regulatory approval of the TNPP transportation
package. However, given that this is a first attempt to apply these philosophies to this kind of
application, further development of the concept of defense-in-depth related to this kind of
application is expected, because traditional approaches that worked well in support of risk-
informing applications for the current fleet of nuclear power plants may not apply in the same
way.

With regards to assuring the technical adequacy of a transportation PRA, it is suggested that a
PRA standard on TNPP transportation PRA (or PRA for transportation of any package that does
not meet the deterministic requirement of 10 CFR Part 71) that is endorsed by the NRC would
greatly aid the NRC approval process for applications that use PRA. If a process were patterned
after the one followed for risk-informed application for nuclear power plants, then adherence to
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the PRA standard as confirmed by an independent peer review would help ensure the technical
adequacy of the transportation risk assessment, promote uniformity, and could significantly
expedite the regulatory approval process. It would free up NRC staff to focus on the difficult
technical issues, such as underlying design and modeling assumptions, rather than the form
and structure of the PRA and corresponding methods.

This report provides a review history of the report by the NRC staff and the NRC Advisory
Committee on Reactor Safeguards. This history involves review of the initial draft of the report
by the NRC, a request for additional information by the NRC, a response by PNNL to the
request for additional information, and an update of the report by PNNL associated with the
information request.

In conclusion, the work summarized in this report demonstrates that a risk-formed approach
using PRA to support a 10 CFR 71.12 exemption request for TNPP transport with irradiated fuel
appears to be feasible and the PRA methods needed to support the request seem to be
achievable. The demonstration PRA results appear to indicate that the risk from transportation
of a TNPP with irradiated fuel can be shown to be acceptably low. However, this result is
contingent on the development of tri-structural isotropic fuel performance testing data under
impact conditions to support or validate release fraction assumptions and on structural
analyses. This includes structural analysis of the custom-developed International Organization
for Standardization container, which resembles a standard container express box forming the
exterior of the Reactor Module and the shielding (integrated internal or that applied for transport)
integrity under impact conditions to support or validate package performance assumptions.

For the few cases in which the risk acceptance guidelines are not quite met, the risk can be
reduced with controls or design improvements and by using compensatory measures. The
sensitivity studies and uncertainty analysis performed in support of this demonstration indicate
that the sensitivity of the conclusions about risk from accidents to the uncertainty in PRA
assumptions and inputs is small (in this case) and can also be reduced by implementing
controls or design improvements and by using compensatory measures. Finally, the
assessment of defense-in-depth and safety margin philosophies in support of the risk-informed
exemption demonstrates that the application of these philosophies is feasible. Given these
observations and the fact that this is a first-of-its-kind endeavor, it is recommended, however,
that a PRA standard for TNPP transportation (or PRA for transportation of any package that
does not meet the deterministic requirement of 10 CFR Part 71) would greatly aid the NRC
approval process.
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10 I ntroducti on

The U.S. Department of Defense (DoD) Strategic Capabilities Office (SCO) has tasked Pacific
Northwest National Laboratory (PNNL) to address the regulatory challenges associated with
safe transport of Transportable Nuclear Power Plants (TNPPs) containing irradiated nuclear
fuel. Regulatory approval of such a transportation package based on risk information would be
the first of its kind and could help pave the way for use of TNPPs. This report is being written as
proectwor k on SCO6s Pele TNPP is transi tiobRigectg t hr ol
Pele encompasses the preliminary and final design stages. Phase Il is the fabrication phase but
includes detailed analyses for impact, shock/vibration, criticality, and fire as well as performance
testing for analysis verification. The risk modeling that supports this demonstration of a risk-
informed approach is primarily based on information provided from Phase | of Project Pele. Note
that the TNPP transportation probabilistic risk assessment (PRA) model discussed in this report
is envisioned to be an in-process model that will be updated as the Project Pele microreactor
design matures through the phases and refined information becomes available for inclusion in
this risk-informed regulatory approach.

11 Background

The SCO has initiated Project Pele to construct and demonstrate a prototype transportable
microreactor. The final environmental impact statement (EIS) for this project was released by
the SCO in February 2022 (DoD 2022), and the associated Record of Decision was issued in
April 2022.1 In the Record of Decision, the SCO decided to implement the Proposed Action
described in the final EIS to fabricate a prototype transportable microreactor and reactor fuel at
existing offsite commercial facilities and to demonstrate the microreactor at the U.S. Department
of Energyés (DOEG6s) | dah o Addiiand fatorademdnsirdétions mayor y (I N
be performed at a DoD site, and in that case, transportation of the irradiated TNPP would occur
on public roads and highways. The joint effort between the SCO and DOE, established by
interagency agreement, would make use of DOE expertise, material, laboratories, and authority
to demonstrate a viable risk-informed regulatory approach to transportation of this microreactor.

The U.S. Nuclear Regulatory Commission (NRC), consistent with its role as an independent
safety and security regulator, is participating in this project to provide the SCO with accurate,
current information aboutt he NRCO6s regul ations and |licensing ptl
fabrication and demonstration of a TNPP. However, consistent with the noncommercial nature
of the project, the prototype TNPP is proceeding under authorization by the U.S. Secretary of
Energy and does not require an NRC license for operation. The DoD has future plans, which are
dependent on the experience gained from this demonstration project, to use TNPPs on military
installations and potentially in field operations. If implemented. these plans will necessitate
making shipments of TNPPs, potentially containing irradiated nuclear fuel, using transportation
infrastructure that is also used by the public (e.g., the interstate highway system). These
shipments would therefore likely be regulated by the NRC and U.S. Department of
Transportation (DOT).

In a predecessor report, Proposed Risk-Informed Regulatory Framework for Approval of
Microreactor Transportation Packages (PNNL-31867; Coles et al. 2021), PNNL developed a
risk-informed regulatory framework (hereafter referred to as the framework report) for the

1 See https://www.cto.mil/pele_eis/.
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licensing of the TNPPs as transportation packages in which irradiated nuclear fuel is an integral
component of the TNPP transportation package. This framework report lays out viable
regulatory pathways, including decision points for regulatory options and the supporting
technical evaluations for those options in phases from near term to long term.

The preferred option for regulatory approval of TNPP transportation packages is to explicitly
meet the deterministic requirements of 10 Code of Federal Regulations (CFR) Part 71
(APackaging and Transportation of Radioactive Mat
Compliance by the NRC, because then further review and approval of shipments by the NRC
would not be necessary. However, a TNPP and its contents will likely not be able to comply
with all the NRC regulatory requirements for a Type B or fissile material transportation package
under Part 71 (e.g., the test requirements for hypothetical accident conditions [HAC] in 10 CFR
71.73). The framework developed in PNNL-31867 lays out alternative risk-informed licensing
options that are safe and feasible. Risk assessment methods, such as PRA, can be used to
show safety comparable to that provided by a Type B or fissile material package for over the
road transport. The framework report includes guidance on applicable regulations and
discusses historical precedence in using risk information for licensing of a prototype TNPP
shipment of a single unit that uses risk information to show safety comparable to that provided
by a Type B or fissile material package.

The framework report (PNNL-31867) concludedthat I0CFR7 1. 12 (A Speci fic exemg
the most feasible regulatory option for transportation of the prototype TNPP but that it should
be supported by a quantitative risk assessment. Though evaluation of the 10 CFR Part 71
requirements that require an exemption could theoretically be qualitative or semi-quantitative,
significant challenges are associated with using qualitative evaluation to demonstrate that
transport of a microreactor can be performed at an acceptable level of risk. Concerns include
the fact that transport of a microreactor will occur with irradiated fuel in the reactor (a first-of-a-
kind endeavor), design and modeling uncertainties, and the potential risk to the public if a
transportation accident occurs. Accordingly, a PRA approach was determined to be needed to
support the request for regulatory exemption because it provides a rigorous, systematic,
quantitative evaluation of risk.

After publication of the framework report, at the request of the SCO, PNNL developed a plan for
the development and application of a risk assessment approach to support a risk-informed
pathway for NRC and DOT approval of an over the road shipment of a single microreactor
transportation package. This plan, Plan for Development and Application of Risk Assessment
Approach for Transportation Package Approval of an MNPP? for Domestic Highway Shipment
(PNNL-33524; Maheras et al. 2021), identifies the proposed content of a request for a risk-
informed exemption to the NRC for the transport of a TNPP transportation package, specifically,
the Project Pele microreactor containing its irradiated fuel and configured for transport.

12 Report Purpose and Objectives

The purpose of this report is to demonstrate the implementation of the plan (PNNL-33524) for a
hypothetical shipment of the Project Pele microreactor. This document is intended to be used as
a guide or template for the development of a hypothetical risk-informed exemption request to

2 Mobile Nuclear Power Plant (MNPP) and Transportable Nuclear Power Plant (TNPP) are used
interchangeably initially to capture adoption of terminology used by the Pele Program and the later
intention of expressing that the subject nuclear power plant that is the focus of the report is not operable
under transport conditions.
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the NRC by the Project Pele microreactor vendor for a ground surface shipment of a single unit

by truck. This report only addresses the application of risk information in the TNPP

transportation package safety analysis, but this same risk information could also potentially be

used in the environmental assessment (EA) or EIS, as applicable, required by 10 CFR Part 51
(AEnvironment al Protection Regulations for Domest
Funct i oexamptjons.fHence, incident-free transport, is not addressed in this report.

Demonstration of the implementation of the plan (PNNL-33524) includes the development of a
risk assessment methodology, risk evaluation guidelines, technical information, data, and
example analyses that provide a potential template for a vendor to follow when requesting an
exemption from the NRC. It also addresses important PRA-supporting analyses such as the
treatment of key assumptions and sources of modeling uncertainty and the concept of
defense-in-depth and safety margin. Key advantages of using the approach are that it

(1) increases the likelihood of successfully obtaining regulatory transportation package
approval, (2) informs the design about the relative risk significance of TNPP containment
boundary and shielding, and (3) informs the need for transportation compensatory measures
as well as identification of appropriate measures. Although the TNPP transportation PRA,
methodology, technical information, data, and example analyses are being provided with the
expectation that they could be used to support a request for a 10 CFR 71.12 exemption that will
be submitted for approval of the Project Pele transportation package, the ultimate responsibility
for the submittal of the transportation safety analysis report (SAR) and the request for
exemption to the NRC is that of the applicant (i.e., the Project Pele microreactor vendor).

The TNPP PRA model discussed in this report is envisioned to be an in-process model that is
updated as the Project Pele microreactor design matures and refined information becomes
available.

13 Report Content and Organization
The remainder of this report is organized into the sections described below.

Section 2.0 describes the division of the TNPP into modules for transport and defines the
transportation package modeled in the risk assessment.

Section 3.0 discusses the regulatory approach for licensing the prototype TNPP transportation
package (or TNPP Package) and why the 10 CFR Part 71 exemption process was identified to
be the most feasible licensing transportation of the prototype TNPP. Section 3 also provides an
overview of a risk assessment approach performed to support the selected risk-informed
regulatory approach.

Section 4.0 discusses the development of proposed risk evaluation guidelines based on

examination of risk thresholds and risk evaluation guidelines used for other nuclear applications

and justifies how the proposed risk evaluation guidelines are consistent withthe NRCés s af ety
goals, current NRC guidance, and historical practice.

Section 5.0 describes the front-end of the proposed TNPP transportation PRA methodology d
the evaluation of hazardous conditions that may exist during transport from which accident
scenarios are formulated. It consists of three elements: (1) characterization of the primary
hazard (i.e., the TNPP Package radiological material inventory), (2) identification of TNPP
Package safety functions designed to prevent or mitigate accident scenarios associated with the
radiological material inventory, and (3) processes for identifying and characterizing hazardous

Introduction 3



PNNL-36380 Revision 1

conditions from which TNPP transportation package accident scenarios are defined based on
the transport and safety design of the TNPP Package.

Section 6.0 discusses determination of the likelihood of occurrence of the TNPP transportation
accident scenarios, as derived from different data and information sources. It discusses sources
of applicable transportation accident rate data for large trucks. It discusses the collection and
analysis of route-specific data on potential transportation hazards such as proximity to bodies of
water. This section explains how accident data and hazard data were used to estimate accident
frequencies for an assumed route. This section also discusses the development of accident
frequencies for accidents that are not highwayi related (e.g., leaks).

Section 7.0 discusses the determination of radiological dose consequences from TNPP
transportation accidents due to exposure to the release of radiological material, or direct
radiation exposure to accidents due to degraded transport or integrated internal shielding.?
Consequence analysis is based on characterizing the radiological inventory, the phenomena
involved in the transportation accident, the source term for the release, the mobility of that
source term (i.e., particle size and behavior), and determining the corresponding radiation dose
to a human receptor.

Section 8.0 presents the TNPP transportation PRA baseline results, which are a combination of
the radiation dose consequences and the accident frequency for each specified accident (i.e., in
this case each bounding accident scenario). It also evaluates the results by comparing them to
proposed risk evaluation guidelines.

Section 9.0 defines a set of sensitivity studies that were identified by examining key inputs and
assumptions made in the TNPP transportation PRA that could potentially affect the conclusions
about risk. For each sensitivity study, radiation dose consequences and accident frequencies
were updated for applicable bounding representative accidents and compared to the proposed
risk evaluation guidelines.

Section 10.0 provides discussion of the role of uncertainty analysis in PRA and in risk-informed
decisionmaking and presents the results of the uncertainty analysis that was performed. The
NRC has certain expectations about the role of parametric uncertainty analysis for PRAs
supporting risk-informed applications.

Section 11.0 describes how the defense-in-depth and safety margin philosophies are
incorporated into a risk-informed approach for TNPP Package transportation. This includes
discussion of potential compensatory measures that are explicitly credited in the TNPP
transportation PRA or implicitly credited as a defense-in-depth measures. It also includes
description of how the philosophy of safety margin was considered in the TNPP transportation
PRA.

Section 12.0 discusses the need to assure technical adequacy of the transportation risk
assessment, including the need for independent peer review of the process and results, and
proposes development of applicable national standards. The regulatory authorities need to have
confidence that the information developed from a risk assessment is sound and reliable.

3 Integrated internal shielding is shielding that is incorporated into the design of the TNPP. Transport
shielding is additional external shielding added to lower radiation dose rates and facilitate shipping of the
TNPP.
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Section 13.0 provides the overall insights and conclusions derived from demonstrating the
implementation of a risk-informed regulatory approach for TNPP transportation based on the
TNPP transportation PRA results, sensitivity studies, uncertainty analysis, defense-in-depth,
and safety margin assessment.

Section 14.0 provides a review history of the report by NRC staff and the NRC Advisory
Committee on Reactor Safeguards (ACRS). This history involved a review of the initial draft of
the report by NRC, a request for additional information by NRC, a response by PNNL to the
request for additional information, and an update of the report by PNNL associated with the
information request.

Section 15.0 lists the references that are cited in the report.

Four appendices provide supplemental information.

1 Appendix AT TNPP Inventory and Development

1 Appendix B 1 Evaluation of TNPP Package Transportation Hazardous Conditions
1 Appendix C i Review by NRC Staff

1 Appendix D T Review by the Advisory Committee on Reactor Safeguards.
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20 Breakdown of TNPP dndnbPebDrhatior
Packavpeleth n t he RiIi sk Assessment

The section discusses the breakdown of the TNPP into modules and defines the transportation
package modeled in the risk assessment.

21 Breakdown of TNPP i nto Modul es

According to the final EIS (DoD 2022), the Project Pele prototype transportable nuclear
microreactor would generate 1 to 5 megawatts of electric power for a minimum of three years of
full-power operation. It is a tri-structural isotropic (TRISO) fueled high-temperature gas reactor
that uses high-assay low-enriched uranium (HALEU) oxycarbide fuel. The design consists of
multiple modules including (1) a microreactor module (i.e., Reactor Module), (2) an intermediate
heat exchange (IHX) module (i.e., IHX Module), (3) a control module (i.e., Control Module), and
(4) a power conversion system module (i.e., Power Conversion Module). The Reactor Module
consists of the transportable microreactor with constituent elements such as the reactivity
control system, portions of the Reactor Gas System (i.e., primary cooling system) loop, and
portions of the cooling water shielding system. The IHX Module contains the heat exchanger,
the secondary cooling loop, and the inlet piping from the primary cooling system loop. The
Control Module provides command and control of the TNPP system and contains the safety
protection system, process control system, and electrical interconnects. The Power Conversion
Module consists of a turbine generator, which converts the transportable microreactor thermal
energy to electrical power that would be supplied to an electrical grid when deployed. Other
containers may be used to transport interface or interconnecting piping (e.g., for the primary
cooling system loop) and cabling between modules separately from the other four modules.

For surface transportation purposes, each of the modules would be contained in and integral to
separate International Organization for Standardization (ISO)-compliant container express
(CONEX) box-like containers having dimensions of about 8 ft wide by 8 ft high by 20 ft long. A
standard 20 ft general purpose ISO container is shown in Figure 2.1.

Figure 2.1.  Standard 20 ft General Purpose ISO Container

Breakdown of TNPP and Definition of Transportation Package Modeled in the Risk Assessment 6
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A standard 20 ft ISO container loaded on an Army M872A4 semi-trailer with an Army M915A5
tractor truck in shown in Figure 2.2.

Figure 2.2.  An Army M915A5 Tractor with a M872A4 Semi-Trailer Carrying a 20 ft ISO
Container*

In preparation for transport, interconnected piping and cabling between modules are
di sassembled and each module is prepared as a
preparation activities are summarized as follows (BWXT 2022):
1. Power Conversion Module
1 Disconnect the Power Conversion Module from its secondary pipes, coolant lines, and
wiring
1 Install blank-off covers (i.e., cover pipe ends to keep any internal dust in place); coil and
stow wiring
1 Load the module on rollback truck or trailer or use Rough Terrain Cargo Handler to lift
onto transport.
2. IHX Module and Control Module

1 Disconnect the IHX Module from secondary and primary pipes (cover pipe ends to keep
any internal dust in place)

9 Load the module on a rollback truck or trailer

1 Remove secondary pipes to the packaging area (Laydown Yard) for loading onto a
separate container

1 Initiate Reactor Module wireless parameter monitoring, then disconnect and collect
Control Module cables, and load the module on a rollback truck or trailer

4 See http://www.military-today.com/trucks/m915a5.htm.
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3. Reactor Module

1 Disconnect primary pipes and supports, install blank-off covers, close Grayloc®
connectors, and cover pipe ends to keep any internal dust in place

1 Move primary and secondary pipes to the laydown area (for loading onto a separate
container)

1 Apply transport shielding
1 Assemble the Reactor Module trailer package

This defines the TNPP Package® (TNPP Reactor Module prepared for over the road transport).

Other transportation-related system requirements for the TNPP Package pertain to maximum
weight limits, dose rate limits, and regulatory approval. The maximum weight limits are as
follows:

1 Reactor Module (consisting of the TNPP reactor, integrated internal shielding, reactor
pressure vessel [RPV], connected piping and other associated components comprising the
reactor containment boundary inside a custom-developed ISO container resembling a
common CONEX box in appearance) i 42 tons

9 Maximum weight of any other individual containers 1 26.5 tons
I Maximum total weight of all containers 1 70 tons

1 Maximum weight for Reactor Module and addition of transport shielding (TNPP Package) 1
50 tons

1 Approximate weight of semi-trailer i 12 tons.

The shipping package for the prototype TNPP Reactor Module (TNPP Package) will be

designed in accordance with NRC requirements in 10 CFR Part 71. It is assumed that the suite

of TNPP containers will meet the NRC and DOT regulatory dose rate limits for normal

conditions of transport (NCT) during shipment. However, it is also assumed that the TNPP

Package will not meet all environmental and test conditions in 10 CFR 71.41(a) and subsequent

|l eak rate and shielding requiremmnentséorTypeB10 CFR 71
packageso) or 10 CFR 71.55 (AGeneral requirements
subjection to the postulated hypothetical accident conditions specified in 10 CFR 71.73 (HAC).

The design information used in this report to develop the TNPP transportation PRA approach is
based on information from vendor design material that was generated during Phase 106 the
design phased of Project Pele. Further detailed design and safety analysis information that
becomes available during later phasesd such as disassembly (and possible reassembly) of the
TNPP, and packaging and loading of the various TNPP modules for transportd will better inform
the TNPP transportation PRA.

5 For the purpose of this report, the TNPP Package is defined as the Project Pele TNPP Reactor Module
consisting of the TNPP reactor containing its irradiated fuel content, integrated internal shielding, RPV,
containment boundary SSCs and associated piping and circulation components housed inside a custom-
developed ISO container resembling a common CONEX box in appearance fitted with additional external
transport shielding, all prepared for over the road transport.
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22 Definition of Transportation Packag:¢
Assessment

Of the four TNPP modules, the Reactor Module and the IHX Module contain radioactive
materials; a separate container may be used to transport interconnecting piping (e.g., for the
primary cooling system loop) and cabling. Almost the entirety of the radionuclide inventory
generated during reactor operations (over 99 percent) is expected to be contained within the
Reactor Module, which includes the reactor core and associated used fuel. For the purposes of
this report, it is assumed that only the Reactor Module will require a risk assessment to support
NRC approval of the transportation package using the regulatory pathway described in

Section 3.0; therefore, only the Reactor Module configured as the TNPP Package is specifically
evaluated. The IHX Module and other containers are expected to contain sufficiently low levels
of radioactivity as to not require shipment in a Type B package; instead, they can be shipped as
a 10 CFR Part 71 Type A packagei GeneraaRequiremérils CFR Pe¢
for Shipments and Packagingsd ) 1 n d u st r-tiglt)lpacKageras applicalden(8WXT
2022%). However, if any of these packages contains sufficiently high levels of radioactivity as to
require shipment in a Type B package, the risk assessment methodologies and processes
delineated in this report would also be applicable to the evaluation of these modules for NRC
packaging review and approval.

6 BWXT Final Design Report, Table 7.4-1.
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3.0 Th&i slknf or med RAppIrataoch

This section discusses the regulatory pathway that was identified to be the most feasible for the
transportation package approval of the prototype TNPP Reactor Module and why a
risk-informed approach is needed to support this option. It summarizes applicable background
and federal regulations, as needed, to support later discussion of the proposed risk evaluation
guidelines and TNPP transportation risk assessment approach. It also provides an overview of
the risk assessment performed to support demonstration of the implementation of this risk-
informed regulatory approach. The demonstration serves to clarify the approach and provides
useful data and assessment information that can be used in a PRA application.

31 Selected Regulatory Approach for Li
Transport

The 10 CFR Part 71 (APackaging and Transportation
process was identified in an evaluation of potential regulatory approval options performed by

PNNL to be the most feasible approach for TNPP transportation package licensing in the near

term (e.g., prior to possible future revisions to 10 CFR Part 71 to provide a non-exemption-

based process for approval of a TNPP transportation package of future TNPP Package

definition to meet codified regulatory requirements). Identification of possible regulatory options,

evaluation of those options for both the demonstration and production stages of Project Pele,

and selection of the most feasible option for each stage is discussed by Coles et al. (2021;

Proposed Risk-Informed Regulatory Framework for Approval of Microreactor Transportation

Packages [PNNL-31867]). Though evaluation of which 10 CFR Part 71 requirements require an

exemption could potentially be qualitative or semi-quantitative, there are significant challenges

associated with demonstrating that transport of a TNPP can be performed at an acceptable

level of risk. Challenges include the fact that transport of a TNPP will occur with irradiated fuel in

the microreactor (a first-of-a-kind endeavor), associated design and modeling uncertainties, and

the potential risk to the public if a transportation accident occurs. Accordingly, for the near-term
transportation of a TNPP, the 10 CFR 71.12 (fASpec
supported by a quantitative PRA approach because it provides a rigorous, systematic,

guantitative evaluation of risk.

According to 10 CFR Part 71, four regulatory options are available for the approval of a TNPP
transportation package in the United States. These options are briefly described below:

1. Demonstration of compliance with environmental test conditions

2. Demonstration of compliance with alternate environmental test conditions
3. Request for special package authorization

4. Request for specific exemptions.

These current regulatory pathways or options for obtaining NRC package approval for

shipments involving Type B quantities of radioactive materials are discussed by Coles et al.

(2021; PNNL-31867). The preferred regulatory pathway was determined to be through the

exemption process (10 CFR 71.12) because exemption(s) (1) can be applicable to multiple

shipments (unlike the special package authorization approach under 10 CFR 71.41(d)

[ ADemonstcroanipiloina nocfe 6] ) , (2) provitngfromthe gr eater f
deterministic requirements of 10 CFR Part 71 (compared to the alternative environmental and

test conditions approach under 10 CFR 71.411), and (3) have a historical precedent (see

PNNL-31867).

The Risk-Informed Regulatory Approach 10
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Compliance with all environmental and test conditions in 10 CFR 71.41(a) and all leak rate and
shielding requirements in 10 CFR 71.51 (AAddition
I0OCFR 71.55 (fAGeneral requirement beind sobjectddiossi | e ma-
postulated HAC will likely prove challenging for TNPP transportation packages. As stated

above, irradiated fuel will be shipped as an integrated component of the package (e.g., loaded

in the TNPP). Accordingly, it seems infeasible and cost-prohibitive to acquire a Certificate of

Compliance for a TNPP Package in the near term. A risk-informed approach is proposed to

address the fact that a TNPP transportation package will likely not be able to comply with

elements of the deterministic NRC requirements or address the uncertainty of meeting the

requirement(s).

If a design is unable to meet all the deterministic requirements of 10 CFR Part 71, the preferred
option for requesting approval of the TNPP transport is to request exemptions from the specific
requirements that are not practical to meet. Based on insights from approval of past
transportation package applications, use of an exemption will need to include the following,
among the other standard contents of a transportation package approval request:

fJdustification that meeting the requirements is 0
physical constraints on the shipment

1 Preparation of an EA
1 Acquisition of concurrent exemptions from applicable NRC and DOT regulations

1 Identification of compensatory measures such as administrative controls that protect the
bases for the exemption by preventing or significantly reducing the likelihood of accident
conditions that are outside of the analyzed configurations/conditions

9 Demonstration that the risk to the public from the shipments is low and comparable to that of
other activities regulated by the NRC.

As noted above, the requested exemption from NRC and DOT regulations will require an EA
and will need to:

1. Justify that meeting the federal regulations is not practical (e.g., would impose infeasible
restrictions on the design of an engineered containment feature that makes it impractical to
transport a TNPP

2. Identify administrative controls that protect the bases and assumptions of the risk-informed
assessment

3. Demonstrate that the risk to the public is acceptably low.

In addition to transportation package approval from the NRC, a special permit from the DOT will
also be required prior to shipping a TNPP.

32 OverviewRiodk Assessmmaoh App

This section provides an overview of the approach used to determine the level of risk associated
with transportation of the prototype TNPP Package (i.e., which is essentially the Reactor Module
prepared for over the road transport as described in Section 1.0 and 2.0) to determine whether
that risk is acceptable for licensing. The development of a TNPP transportation risk assessment
is a novel endeavor; until now there has not been a need to develop a risk-informed licensing
bases for a transportable microreactor, so a technical basis has not been thoroughly
investigated. The licensing of a TNPP Package for transport does not fit cleanly into the existing

The Risk-Informed Regulatory Approach 11



PNNL-36380 Revision 1

licensing categories for transportation of nuclear material in approved containers, casks, or
packages or for operation of a stationary nuclear power plant. However, the risk assessments
performed for the transportation of radiological material in approved containers is commonly
performed and provides some insight. Likewise, the use of PRA for risk-informed applications
associated with amending the operating license of light water reactors (LWRS) in the

United States has become common and the development and review of the PRA models that
support such applications are now very mature.

As explained above, the TNPP Package will be designed in accordance with NRC requirements
in 10 CFR Part 71 and is expected to meet NRC regulatory dose rate limits during shipment for
NCT but not for HAC. Because of design challenges, it is assumed the TNPP Package will not
meet( i Addi ti onal requirements for(iGereBabpbac&aqgies®
for fissil e maftereeirgaubjectedta dtl engirersnental and test conditions in
10 CFR 71.41(a) associated with HAC (10 CFR 71.73). Thus, the focus of the PRA is to quantify
risk associated with accidents that can defeat the safety function of the TNPP transportation
package during accidents, that are less likely and more consequential than conditions that might
be assumed to be normally encountered during transport. However, it should be noted that not
all events that clearly must be considered accidents necessarily result in dose consequences
that are significant. For example, as determined by the PRA, fire-only events during transport of
TNPP lead to no or minimal radiation dose consequences. An explicit definition of the term
faccidentois provided in Section 4.3 along with the proposed risk evaluation guidelines.

When it is known which 10 CFR 71.73 deterministic tests can be met and which cannot, it is
possible that certain accidents could be excluded from consideration in the TNPP transportation
PRA. However, in practice, it would likely be difficult to align the crash conditions with conditions
created by the 10 CFR 71.73 tests. The fact that the hypothetical accident condition tests are
performed sequentially, as specified in 10 CFR 71.73, to determine their cumulative effect on
the package make this comparison even more difficult.

Accordingly, the reasons for performing a TNPP Package risk assessment are significant and
include the following:

1. Demonstrate that the risk associated with transportation activity is acceptably low and can
be used to support a 10 CFR Part 71 (APackaging
Mat eri al 0) e x e popakindumdertaking. t hi s f i r st

2. ldentify the design features and administrative controls that should be instituted to show
there is an acceptable level of risk and identify compensatory measures that should be used
during the transport.

3. ldentify the possible trade-off between the design and risk (e.g., the trade-off between
reducing the weight and size associated with containment boundary features and the risk
associated with potentially breaching the containment boundary in a vehicle accident).

The NRC paper SECY-99-100, Framework for Risk-Informed Regulation in the Office of Nuclear
Material and Safety and Safeguards (NRC 1999), describes the results of an effort to scope the
development of a framework for applying risk assessment methods to the regulation of nuclear
material uses and waste disposal, and makes recommendations to the NRC Commission for
how to proceed. The paper and the proposed guidance in the risk-informed decisionmaking
(RIDM) report (NRC 2008) indicate that for transportation of nuclear material the most
appropriate risk assessment method is either a PRA or an Integrated Safety Analysis (ISA). As
the RIDM report explains, ISAs are normally qualitative or semi-quantitative assessments, and
therefore, are not as effective in producing the quantitatively derived benefits discussed above,
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such as demonstrating that the risk of transport meets accepted safety goals and quantitative
risk evaluation guidelines. In Proposed Risk-Informed Regulatory Framework for Approval of
Microreactor Transportation Packages, Coles et al. (2021; PNNL-31678) describe historical
examples of using risk information and insights to develop the technical basis for regulatory
approval of transportation packages. However, none of these past cases was as technically
challenging as transport of a TNPP. In fact, past risk-informed approvals primarily consisted of
showing that transportation accidents leading to radiological consequence of any significance
were incredible, especially when considering proposed compensatory measures. Accordingly,
the quantitative risk assessment approach presented in this report is a PRA performed to be
consistent with the units of measurement used in risk evaluation guidelines presented in
Section 4.0.

The term fArisko is defined by Kapl,especialpasitGar ri ck
pertains to high-risk highly engineered systems such as nuclear power plants, as a risk triplet

that defines the set, <si, fi, xi>, in which Si, represents the it" scenario (sequence or progression),

fiis the associated frequency, and xi is the resulting consequence. In simple language, risk is

the determination of:

1. What can go wrong?
2. How likely is it?
3. What are the consequences?

PRA modeling of accident scenarios typically involves two types of logic analyses: (1) fault
analysis and (2) event-tree analysis. Fault-tree analysis is a deductive process used for
determining combinations of system failures and human errors that could result in the
occurrence of defined undesired events. Event-tree analysis, by comparison, uses inductive
logic to define possible accident sequences starting with specific initiating events and then
mapping possible subsequent events that lead to different outcomes. For the most part,
complex system analysis (e.g., failure of the control rods to deploy or Emergency Diesel
Generators to start) using fault trees is not required or beneficial for the TNPP transportation
PRA. The failures that are considered in the TNPP transportation accident scenarios are
primarily the result of the initiating event itself as opposed to subsequent random failures.
Also, even though event-tree models have been used in past transportation risk assessments,
the benefit of their use for this application and phase of project development is seen as limited.
Accordingly, the focus of this PRA is on identification of accident scenarios, development of
estimates of the likelihood of those scenarios occurring, and development of estimates of the
consequences of those scenarios. The non-use of transportation fault trees and event trees is
discussed in more detail in Section 5.3.1.

That said, preparatory steps are needed to support the process of developing accident
scenarios and estimates of their likelihood of occurrence, and their associated consequences.
The primary hazard of concern in all TNPP transportation accidents revolves around the
radionuclide inventory of a TNPP Package, which needs to be characterized in detail to support
accident scenario development and even more importantly to perform the consequence
analysis. Another key preparatory step is the identification of the safety functions that must be
maintained during transport of a TNPP. This information is key to supporting the postulation of
undesired events and outcomes if events occur that could defeat or degrade one of these safety
functions.

Concerning modeling assumptions in general, the TNPP transportation PRA presented in this
report is primarily based on information available from the reactor vendor at the end of Phase I.
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To develop the TNPP transportation PRA, assumptions had to be made, which are identified in
applicable discussions of the primary elements of PRA. For example, selection of the INL site as
the origination site and White Sands Missile Range (WSMR) in New Mexico as the destination
site for the TNPP transport is an assumption that is identified in Section 6.0. Though
assumptions are used at this phase of the project, the PRA presented in this report can be
updated and revised based on selection of alternate destinations sites or on refined Phase II
Project Pele prototype TNPP design information. The results of sensitivity studies presented in
this report can be used to show the impact of important assumptions on the risk estimates that
may need to be addressed during Phase II.

The following are the primary elements of the TNPP transportation PRA development:

9 Characterization of the TNPP Package radiological material inventory (discussed in
Section 5.0)

1 Identification of the TNPP Package safety functions (discussed in Section 5.0)

1 Identification and development of the TNPP transportation accident scenarios (discussed in
Section 5.0)

1 Determination of the likelihood of the occurrence of TNPP transportation accident scenarios
(discussed in Section 6.0)

9 Determination of the consequences of TNPP transportation accident scenarios (discussed in
Section 7.0).

The outcome of a PRA is a list of wundesired event
response to the range of initiating events that can be expected. Because the likelihood and

consequence of each accident sequence is estimated, a measure of the overall risk from the

activity can be determined and compared to the risk acceptance guidelines, such as those

proposed in Section 4.0 of this report. The PRA model can also be used to perform sensitivity

studies of the impact of key sources of modeling uncertainty on the calculated risk. The primary

results of the TNPP transportation PRA and the sections in which they are discussed, are as

follows:

1 Presentation of the TNPP transportation baseline PRA results and comparison to risk
evaluation guidelines (Section 8.0)

1 Definition of TNPP transportation PRA sensitivity studies and presentation of results
(Section 9.0)

1 Presentation of the uncertainty analysis and results (Section 10.0)
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40 Safety Goals and Ri sk Evaluati on

Regulatory risk evaluation guidelines do not exist for transportation of nuclear material as they
do for nuclear power plants. The benefit of having risk acceptance guidelines is that if the risk
assessment results derived from evaluating an activity such as transportation of a TNPP
Package can be found to be acceptable by comparing them to the risk evaluation guidelines,
then a key criterion for making a risk-informed decision has been satisfied. In addition, if the risk
results are found to be unacceptable, then insights from the evaluation can potentially be used
to identify design features changes, operational improvements, or compensatory measures that
reduce the risk to an acceptable level. This section discusses approaches to development of
potential risk evaluation guidelines and presents proposed risk evaluation guidelines for a TNPP
transportation package risk that are consistent withthe NR C 6 s s a fpleldsophy,gguoidarice,
and historical practice. Section 4.1 discusses NRC-suggested risk evaluation guidelines.
Section 4.2 discusses the development of risk evaluation guidelines surrogates for safety goals.
Section 4.3 presents proposed surrogate risk evaluation guidelines established using safety
goal quantitative health guidelines.

41 NRCSugegt ed RV &lku atuiieddni ne s

In general, impacts to the public from transport of nuclear material can occur in two different

waysd routine radiation exposure during normal transport operations or from an accident. For

routine and chronic exposures, 10 CFR Part 20 (fAS
provides regulatory limits and constraints that must be considered in decisionmaking. However,

the focus of this section is on accident risk because the risk acceptance guidance for accidents

that occur during the transport of radiological materials is not well-covered in the regulations.

For the accident risk impacts of this type of activity, the NRC proposes guidance in a report
titled Risk-Informed Decisionmaking for Nuclear Material and Waste Applications (NRC 2008;
hereafter referred to in this report as the RIDM report) for accepting the risk associated with
transportation of nuclear material based on a risk assessment approach such as a PRA. The
approach involves the use of quantitative health guidelines (QHGS) that are based on the same
safety goals as those of the risk evaluation guidance for nuclear power plants. However, the risk
evaluation guidance presented in the RIDM report for the transportation of nuclear material has
not yet been endorsed by the NRC because challenges remain related to approving and
applying the approach. The RIDM report itself cautions that development of risk evaluation
guidelines based on QHGs needs discussion and is ultimately a policy decision. Nonetheless,
as a starting point to developing risk evaluation guidance for the transportation of a TNPP
transportation package, the proposed QHG approach is summarized here.

The proposed quantitative health objectives (QHOS) are based on the 1986 NRC Safety Goal

Policy statement published in the Federal Register (51 FR 30028-30033, August 21, 1986) for

nuclear power plants. The NRC expressed this goal qualitatively as € fisuch a level of safety

that individuals living or working near nuclear power plants should be able to go about their daily

l ives without speci al concern byAccoidingttothe RIDM t hei r
report, this goal could be applied to the transportation of radioactive materials, as a level of

saf et y séuindividual imambersiof the public who live or work or find themselves in

proximity to transported radioactive material should experience negligible additional risk by

virtue of their proximity to that activity.o
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The quantitative definition of the QHOs from the 1986 NRC Safety Goal Policy is as follows:

1 Arhe risk to an average individual in the vicinity of a nuclear power plant of prompt fatalities
that might result from reactor accidents should not exceed one-tenth of 1 percent
(0.1 percent) of the sum of prompt fatality risks resulting from other accidents to which
members of the United States population are generally exposed.o

fAiThe risk to the population in the area near a
might result from nuclear power plant operation should not exceed one-tenth of 1 percent
(0.1 percent) of the sum of cancer fatality risks resulting from all other causes. 0

Based on these QHOs, the RIDM report proposes the following QHGs to define the threshold
for negligible accident risk for use as risk evaluation guidelines for the risk associated with
transportation of nuclear material:

1 Public individual risk of acute fatality (QHG 1) is negligible if it is less than or equal to 5E-07
fatality per year.

1 Public individual risk of a latent cancer fatality (LCF) (QHG 2) is negligible if it is less than or
equal to 2E-06 fatality per year or 4 mrem per year.

9 Public individual risk of serious injury (QHG 3) is negligible if it is less than or equal to 1E-06
fatality per year.

1 Worker individual risk of acute fatality (QHG 4) is negligible if it is less than or equal to 1E-06
fatality per year.

9 Worker individual risk of LCF (QHG 5) is negligible if it is less than or equal to 1E-05 fatality
per year or 25 mrem per year.

1 Worker individual risk of serious injury (QHG 6) is negligible if it is less than or equal to 5E-06
fatality per year.

These guidelines are expressed in terms of the risk to an individual member of the public or

an individual worker. In essence, these threshold values are the allowed risk to the average
individual within those two populations (i.e., public and worker). There are no specific guidelines
in the NRC Safety Goal Policy statement for workers. However, based on considerations
discussed in the RIDM report, the proposed criterion for workers was that the additional risk of
prompt fatality from accidents involving acute exposure should be small in comparison to the
same risk faced by United States workers in general but not as small as members of the public
who are not formally trained in radiation protection. Accordingly, the RIDM report proposes that
the term fAsmall 0 be @earcentofthe bmdkgrours fatality disk facedlyyd as 2
workers across all industries or equivalently 1 percent of the fatality risk in the higher-risk
industries as shown in the quantitative criterion presented above for QHG 4. Similar rationale
was used for LCF and serious injury (cancer iliness) for quantitative criteria presented above for
QHG 5 and QHG 6. For further explanation, see the RIDM report (NRC 2008) or the Summary
in Proposed Risk-Informed Regulatory Framework for Approval of Microreactor Transportation
Packages by Coles et al. (2021; PNNL-31867).
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Using terminology from the PRAs developed for nuclear power plants, a full-scope Level llI
PRA? is needed to determine the risk of transporting the TNPP Package in terms consistent with
the QHGs (i.e., expected health impacts). This involves the following elements:

1 Identifying possible accident scenarios that could potentially lead to release of radiological
material from the microreactor package or lead to direct exposure to the contents

1 Determining the physical consequences for possible accident sequences in terms of the
extent to which the package is breached or the internal integrated or external shielding is lost

9 Calculating the likelihood of those accident sequences

1 Calculating radiological consequences for possible accident sequences in terms of the
guantity of radionuclides that is released to the environment

1 Calculating the consequences of the accident sequences in terms of public and worker health
impacts.

The risk from those accident sequences to the average individual within the populations of
interest needs to be calculated in terms of the health effects measured by the QHGs. The QHGs
are present ed a sthalaedetenintecby multiplying @ash@ossible outcome
by its likelihood of occurrence and then summing those values. Therefore, the total risk is
determined by multiplying the likelihood of occurrence and that consequences for each accident
scenario and summing the risk across scenarios. To understand the acceptability of the
accident risk, the total risk results are compared to the QHGs for the two populations discussed
above (i.e., the public and worker).

42 Devemept of Risk Evalwuation Gui del
Goal s

Three observations about the approach outlined in Section 4.1 suggest there are advantages to
adjusting the proposed RIDM approach using surrogate metrics:

1 It may not be necessary and would reduce calculational burden to express the release from
the accident sequences in terms of rems to workers or the public without determination of
health effects. Determination of health effects introduces complexities such as consideration
of the varying population along a given transport route. Also, use of surrogates could be
particularly helpful in this phase of TNPP design development given the number of sensitivity
studies needed to address important modeling uncertainties.

1 If the RIDM QHGs are expressed as pairs of acceptable likelihood and consequence values
for which the consequence is expressed as radiation dose without combining the values, then
comparisons can made of these radiation dose threshold limits to the radiation dose limits in
relevant federal and international regulations and guidance. This comparison can be used to
validate dose threshold limits derived from the QHGs. This substitute risk measure of pairs of
likelihood and consequence values can be thought of as a surrogate to the proposed QHGs.

" A Level | PRA determines the core damage frequency and large early release fraction and other release
categories, a Level Il PRA determines the quantity and activity of the radioactive material released from
the plant, and a Level Il PRA determines the health consequences to the public.
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1 If the accident sequence results of a PRA are determined as pairs of likelihood and
consequence values, then the PRA results provide a greater level of information that can be

useful for decisionmaking or development of applicable design changes or compensatory
measures.

This substitute risk measure of pairs of likelihood and consequence values can be thought of

as a surrogate to the proposed QHGs. Note that even nuclear power plant PRAs, for which the

PRA technology is mature and well-accepted by the NRC, are not typically taken to Level Il to

determine public health impacts. Rather, PRAs used to support risk-informed licensing

decisions for stationary LWRSs produce results in terms of core damage frequency (CDF) and

large early release fraction (LERF) because the risk evaluation guidelines established using

these metrics are more feasible and practical to use than QHGs. Accordingly, CDF and LERF

are used as surrogate measures to the QHGs. The NRC has issued guidance in Regulatory

Guide (RG) 1.174, Revision 3 (An Approach for Using Probabilistic Risk Assessment in Risk-

Informed Decisions on Plant-Specific Changes to the Licensing Basis [NRC 2018]) that

stipulates CDF and LERF |l evels at which a change
allowed using a risk-informed approach. RG 1.174 states that it uses the NRC Safety Goal

Policy statement and QHOs to define an acceptable
objectiveso derived fr omRGLlréreferatd GDF gndIlgERRrsks and QHC
evaluation criteria (e.g., 1E-04 per year for total CDF and 1E-05 per year for the total LERF) as
Asurrogatesd based on the NRC Saflnestppgort@these Pol i cy
surrogates for the current fleet of light water nuclear power plants, the NRC has demonstrated

that these are acceptable metrics for the latent and early QHOs using calculations presented in

an NRC memo entitled Transmittal of Technical Work to Support Possible Rulemaking on a

Risk-Informed Alternative to 10 CFR 50.46/GDC 35, Appendi x C, AQuantitatiwv
the Framework for Risk-Informing 10 C F R P a (Thadahi@@?2).

The development of proposed surrogate measures to the QHGs proposed in the RIDM report
(NRC 2008) is addressed in Sections 4.2.1 through 4.2.4 of this report. First the selection of
dose threshold limits is explored by examining comparable dose limits stipulated or referenced
by federal and international regulations and associated guidance. Then the proposed dose
threshold limits are paired with applicable likelihood limits based on this examination and
selected in a way that demonstrates they are equivalent or more conservative than the QHGs
proposed in the RIDM report. As a final consideration, given that the TNPP transportation
package is assumed to meet the 10 CFR 71.71 deterministic requirements for NCT,
development of risk evaluation guidelines was performed in a way that avoids defining pairs
of likelihood-dose threshold limits as unacceptable when the limit is comparable to the risk to
workers from NCT.

Section 4.2.1 discusses the risk evaluation guideline concepts used by the DOE for safety
analysis of nuclear facilities; Section 4.2.2 discusses performance criteria for ISA of nuclear fuel
cycle facilities; Section 4.2.3 discusses the referenced dose limit used by the International
Atomic Energy Agency (IAEA) in the so-called Q system for radiological material package
requirements; Section 4.2.4 discusses the NRC risk evaluation guidelines used to identify
Licensing Basis Events (LBES) in licensing advanced non-LWRs; and Section 4.2.5 discusses
the selection of pairs of likelihood-dose threshold limits and the comparison of those limits to the
QHGs proposed in the RIDM report.
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42.1 Risk Evaluation Guidelines Used by DOE for Nuclear Safety

The DOE uses the concept of risk evaluation threshold values to support the nuclear safety

basis for non-reactor nuclear facilities, but they are not based on QHOs. Rather than requiring

the calculation of the risk of health effects on the public in terms of latent cancers and fatalities,

the maximum radiological (or toxic) dose to the nearest member of the public as well as the

onsite worker are calculated and then evaluated according to accepted risk evaluation

guidelines. The risk assessment approach used to support the allocation of nuclear safety basis
controls at a DOE nuclear facility is typically not a PRA but rather a qualitative or semi-

quantitative risk-informed hazard analysis supported by accident analysis, and if needed, by

event and fault trees modeling (like the event and fault trees modeling used in PRA). The DOE
guidance on the development of a nuclear safety basis essentially stipulates estimating the
likelihood and consequence of identified accident scenarios. DOE refers to its processas i r i s k
ranki ng eSTD-8009R2@4E(DOE Standard i Preparation of Nonreactor Nuclear Facility
Documented Safety Analysis [DOE 2014]). Thei r concept of Arisk ranki ng
characterizing the risk of an activity or facility in terms of the consequence and likelihood of

possible accident sequences. This guidance is used for cited nuclear facilities rather than

transport of radiological material but is examined in this report because it is a widely used and
accepted approach across the DOE complex.

DOE-STD-3009-2014pr ovi des gui dance on usthaslecfionaofsk r ankin
Design Basis Accidents (DBAs) and to identify and evaluate the effectiveness of needed risk

controls for a facility. The standard states that if the unmitigated offsite release consequence of

an accidentexceedsthei Ev al uat i on Gu25 e total effectife BaSe (TED) per

year, then controls shall be applied to prevent the accident or mitigate its consequences to

below the EG. If unmitigated offsite doses between 5 and 25 rem per year were calculated

(i.e., challenging the EG), then controls should be considered. The DOE-STD-3009-2014

standard states that fa prompt fatality would not
in a few hours is less than 100 rads, therefore, the selection of 25 rem value from a 50-year

dose commitment provides protectionfromacut e r a d i dhe standard l$so sthtes that in

the United States, the radiation dose from natural background averages about 0.36 rem per

year and about 25 rem over a lifetime. However, the stipulation in DOE-STD-3009-2014

standard is that 25 rem is not expected or exceeded. It is noted that this dose limit is cited in

other regulations. The NRC siting gui del i nReesacftroom SIid eCFKR iR ar

Secton100. 11 (fADetermination of exclusion area, | ow
di stanceo), establish an exclusion zone around a
radiation dose to the whole body greater than 25 rem and the associated acute health risk.

Also, 10CFR50.34( iCont ents of appl i cat iliegandisgengibeerednni cal i n

safety features for stationary nuclear power reactors requires the applicant for a construction
permit to perform a safety assessment that shows that the postulated fission product release
from a major accident would not result in a radiation dose in excess of 25 rem total effective
dose equivalent (TEDE?®) to an individual located on the boundary of the exclusion zone for a
period of 2 hours following the onset of the release, or on the outer boundary of the low
population zone for the entire duration of the passage of the plume resulting from the release.

8 For the purposes of this report, the NRC and DOE terminologies for expressing the sum of internal and
external exposures to an individual as the total effective dose equivalent, or TEDE, and total effective
dose, or TED, respectively, are equivalent.
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DOE-STD-3009-2014 standard provides guidance on defining consequence and likelihood
categories that can be used for risk ranking. DOE-STD-3009-2014 consequence-level
categories are defined in terms of radiological (and chemical) dose to an individual receptor.
Accident event likelihood intervals are defined for categories ranging from fi Aticipatedoto
fBeyond Extremely Unlikely.0The DOE-STD-3009-2014 standard establishes these measures
for a member of the public, referred to as the MOI (maximally exposed offsite individual) and for
a CW (co-located worker). The MOl is an adult located at the point of maximum exposure on the
DOE facility site boundary (or located at some farther distance where an elevated or buoyant
radioactive plume is expected to cause the highest exposure). However, because there is no
Asite boundaryd assoc i BNPRMBackage tthe MOl foetheputposesoe nt of &
this assessment is the maximally exposed member of the public. The CW is a worker not
necessarily involved in the activity where the release occurs and is assumed to be located

100 m from the facility perimeter or release point. Consideration of the CW may have an
analogous application for an accident involving TNPP transport package given that there are
workers, such as truck drivers, involved in transport operations. Hence, for the purposes of this
assessment, the CW is co-located with the TNPP transportation package during its shipment.

DOE-STD-3009-2014 establishes a TED of 25 rem as the nuclear safety limit for the MOI and a
TED of 100 rem as the nuclear safety limit for the CW and defines the following consequence
and likelihood categories for risk ranking:

1 High consequences for the MOI to be a TED >25 rem

fModerate consequences for the MOI to be a TED <2
1 Low consequences for the MOI to be a TED <5 rem

1 High consequences for the CW to be a TED >100 rem

fTModerate consequences for the CW to be a TED <10

1 Low consequences for the CW to be a TED <25 rem.

DOE-STD-3009-2014 classifies likelihood categories to be Beyond Extremely Unlikely,
Extremely Unlikely, Unlikely, and Anticipated and defines the following consequence and
likelihood categories for risk ranking:

9 Beyond Extremely Unlikely accidents have a likelihood of <1E-06 per year
1 Extremely Unlikely accidents have a likelihood of between 1E-04 and 1E-06 per year
1 Unlikely accidents have a likelihood of between 1E-02 and 1E-04 per year

1 Anticipated accidents have a likelihood of greater than 1E-02 per year.

Risk evaluation guidance using surrogates for the QHGs for evaluating the TNPP transport risk
could be informed using these consequence-level and likelihood category definitions along with
the guidance in DOE-STD-3009-2014. A hypothetical risk evaluation scheme using a graded
risk approach that is consistent with the guidance from the DOE-STD-3009-2014 standard is
presented in Table 4.1. Given that the TNPP transportation package is designed to be robust,
the most important part of this risk evaluation scheme is the lower likelihood, higher
consequence criteria, but higher-likelihood, lower-consequence criteria are also included.
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Table 4.1. Hypothetical Radiation Dose Evaluation Guidelines Based on DOE-STD-3009-2014

Annual Accident Radiation Dose Radiation Dose
Frequency (per Consequence to the Consequence to the

year)®@ MOI®) Ccw®) Risk Acceptability
CLE-06 >25 rem TED >100 rem TED Acceptable
>1E-06 >25 rem TED >100 rem TED Unacceptable

(1E-04 and >1E-06 <25 rem TED <100 rem TED Acceptable
>1E-04 >5rem TED >25 rem TED Unacceptable

(1LE-02 and >1E-04 &6 rem TED <25 rem TED Acceptable

CW = collocated worker; MOI = maximally exposed offsite individual; rem = roentgen equivalent man; TED = total

effective dose.

(a) The radiation dose consequences are presented as a TED, which is based on the integrated committed dose
to all receptor organs, thereby accounting for external exposures as well as a 50-year committed effective
dose.

(b) If the accident frequency is <1E-06 per year, the risk of the accident scenario is generally acceptable even if
the radiation dose consequence is >25 rem. However, further analysis may be warranted if the consequences
are expected to be exceptionally high (e.g., much greater than 25 rem TED to the MOI).

Table 4.1 reflects this by not including proposed risk evaluation criteria for Anticipated

accidents. It is assumed that these accidents are mitigated by the TNPP transportation package

design that meets DOE annual exposure limits of 0.1 rem to the public from normal operations

per DOE Order 458.1 (Radiation Protection of the Public and the Environment [DOE 2011]) and

5 rem to the worker (CW) from normal operatonsper 1 0 CFR Part 835 (fAOccupat
Radiation Protection.o )

This investigation of potential risk evaluation guidelines concepts based on DOE guidance for
nuclear facilities suggests the following:

1 The risk associated with a radiation dose of greater than 25 rem to the public and 100 rem to
workers is acceptable if the likelihood of the accident that produces this consequence is
1E-06 per year or less and is unacceptable if the likelihood of the accident is more than 1E-06
per year.

1 The risk associated with a radiation dose of less than or equal to 25 rem to the public and less
than or equal to 100 rem to workers is acceptable if the likelihood of the accident that
produces this consequence is less than 1E-04 and greater than 1E-06 per year and is
unacceptable if the radiation dose is greater than 5 rem to the public or greater than 100 rem
to workers if the likelihood of the accident is more than 1E-04 per year.

1 The risk associated with a radiation dose of less than or equal to 5 rem to the public and less
than or equal to 25 rem to the worker is acceptable if the likelihood of the accident that
produces this consequence is greater than 1E-04 per year and less than or equal to
1E-02 per year.

These regions of acceptable and unacceptable risk for the MOI and the CW are shown
graphically in Figure 4.1 and Figure 4.2, respectively.
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Figure 4.1. Frequency-Consequence Chart for MOI Based on DOE-STD-3009-2014
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Figure 4.2. Frequency-Consequence Chart for CW Based on DOE-SD-3009-2014
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4.2.2 NRC Performance Criteria for the Integrated Safety Analysis of Nuclear
Fuel Cycle Facilities

NRC requirements for applications for licenses to possess and use more than a critical mass

of special nuclear material, which includes certain nuclear fuel cycle facilities, is provided in

I0CFR Part 70 (ADomestic LicensSubpgtHOfflOCFRec i al Nuc
Part 70 identifies risk-informed performance requirements and requires applicants and existing

licensees to conduct an ISA. An ISA is defined in 10 CFR Part 70, as follows:

A systematic analysis to identify facility and external hazards and their potential for
initiating accident sequences, the potential accident sequences, their likelihood and
consequences, and the items relied on for safety. As used here, integrated means joint
consideration of, and protection from, all relevant hazards, including radiological, nuclear
criticality, fire, and chemical. However, with respect to compliance with the regulations of
this part, the NRC requirement is limited to consideration of the effects of all relevant
hazards on radiological safety, prevention of nuclear criticality accidents, or chemical
hazards directly associated with NRC licensed radioactive material. An ISA can be
performed process by process, but all processes must be integrated, and process
interactions considered.

This guidance is used for nuclear nonreactor facilities (e.g., nuclear fuel cycle facilities) licensed
by the NRC rather than the transport of radiological material, but ISA is examined in this report
because it is an NRC-accepted approach.

In essence, an ISA is a systematic examination of a facility's processes, equipment, structures,
and personnel activities to make sure that all relevant plant and external hazards that could
result in unacceptable consequences have been adequately evaluated and appropriate
protective measures have been identified. Like a PRA, an ISA includes a comprehensive
identification of potential accident sequences or events that would result in unacceptable
consequences. However, unlike a PRA, an ISA is not typically performed using extensive fault
and event trees analysis. Rather, an ISA is generally qualitative or semi-quantitative as opposed
to fully quantitative as in a PRA (e.g., likelihood and consequences are estimated). This
methodology, adapted from the chemical processing industry, provides for flexibility in the scope
and detail of the analysis, depending on the magnitude of the hazards and the nature of the
system. Guidance on use of an ISA for NRC fuel cycle applications is provided in NUREG-1513
(Integrated Safety Analysis Guidance Document [NRC 2001]). The NRC has used this method
to address the safety in fuel fabrication facilities and in spent fuel storage facilities. The ISA
methodology is very similar to the DOE-STD-3009-2014 method for developing the safety basis
for nonreactor nuclear facilities discussed in the previous section.

Section 61 of 10 CFR Part 70 (APerformance requir
requirements that must be shown to be met via an ISA. The relevant performance requirements

for this assessment define limits in terms of TEDE to the public and to the worker. The risk of
high-consequence events is to be limited using nuclear safety controls. High- and intermediate-

consequence events are defined as follows:

1 High-consequence events that result in an acute worker dose of 100 rem or greater TEDE

1 Intermediate-consequence events that result in an acute worker dose of 25 rem or greater
TEDE and that are not high-consequence events
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1 High-consequence events that result in an acute dose of 25 rem or greater TEDE to any
individual located outside the controlled area

1 Intermediate-consequence events that result in an acute dose of 5 rem or greater TEDE to
any individual located outside the controlled area and that are not high-consequence events.

The regulation in 10 CFR 70.61 also specifies the permissible likelihood of occurrence of

accident sequences of different consequences. Specifically, high-consequence accident

sequences must be Ahi ghl-consaguehce &cadent sequenced mustnt er me d i
be Aunlikely. o While fAhighly wunlikelyo and dAunl ik
NUREG-1520, Revision 2, (Standard Review Plan for Fuel Cycle Facilities License Applications

[NRC 2015]) provides guidance on defining these likelihood categories. This report specifies

that applicants to the NRC may choose to provide quantitative definitions of these terms, and

then provides one example of quantitative guidelines that are acceptable for showing

compliance with 10 CFR 70.61. These guidelines are as follows:

1 Unlikely events, as applied to individual accident sequences identified in the ISA, have a
likelihood of less than 1E-04 per event, per year.®

1 Highly Unlikely events, as applied to individual accident sequences identified in the ISA, have
a likelihood of less than 1E-05 per event, per year.

These quantitative guidelines are used to define the largest likelihood values that would be
acceptable limits. Definitions based on lower limits are also acceptable. Risk evaluation
guidance using surrogates for the QHGs for evaluating the TNPP transport risk could be
informed using these consequence-level and likelihood category definitions along with the
guidance in NUREG-1520. A hypothetical risk evaluation scheme using a graded risk approach
that is consistent with the guidance in NUREG-1520 is presented in Table 4.2.

Table 4.2. Hypothetical Radiation Dose Evaluation Guidelines Based on 10 CFR Part 70 and

NUREG-1520
Annual Accident Radiation Dose Radiation Dose
Frequency (per event, Consequence to the Consequence to the
per year) Offsite Public® Worker(® Risk Acceptability
<1E-05 025 rem TE O 1 orém TEDE Acceptable
0185 025 rem TE 0100 rem T Unacceptable
<lE-0 4 andos O] OB5and <25 rem TEDE 02 &nd <100 rem TEDE Acceptable
0184 05 rem TEO 025 rem TE| Unacceptable
0184 <5 rem TEDE <25 rem TEDE Acceptable
TEDE = total effective dose equivalent.
(a) The radiation dose consequences are presented as a TEDE, which is based on the integrated committed
dose to all receptor organs, thereby accounting for external exposures as well as a 50-year committed effective
dose equivalent.

This investigation of potential risk evaluation guidelines concepts based on NRC requirements
and guidance for nuclear facilities licensed to possess and use more than a critical mass of
special nuclear material suggests the following:

9 Per guidance in NUREG-1520, accidents with a probability greater than 1E-04 events per year are
subject to additional constraints that would be expected to reduce the dose, especially for those accidents
with a high likelihood of occurring (i.e., events greater than 1E-02 evets per year).
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1 The risk associated with a radiation dose of 25 rem or greater to the public and 100 rem or
greater to workers is acceptable if the likelihood of the accident that produces this
consequence is less than 1E-05 per year per event, and it is unacceptable if the likelihood of
the accident is 1E-05 per year or greater.

1 The risk associated with a radiation dose of 5 rem or greater but less than 25 rem to the
public and 25 rem or greater and less than 100 rem to workers is acceptable if the likelihood
of the accident that produces this consequence is less than 1E-04 and greater than or equal
to 1E-05 per year per event, and it is unacceptable if the radiation dose is 5 rem or greater to
the public or 25 rem or greater to workers if the likelihood of the accident is 1E-04 per year or
greater.

1 The risk associated with a radiation dose of less than 5 rem to the public and less than
25 rem to workers is acceptable although the likelihood of the accident that produces this
consequence is greater than 1E-04 per year.

These regions of acceptable and unacceptable risk for offsite public and the worker are shown
graphically in Figure 4.3 and Figure 4.4, respectively.
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Figure 4.3. Frequency-Consequence Chart for Offsite Public Based on 10 CFR Part 70 and
NUREG-1520
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Figure 4.4. Frequency-Consequence Chart for Worker Based on 10 CFR Part 70 and
NUREG-1520

4.2.3 Risk References in the IAEA Q System

The Q system was developed by United Kingdom researchers (MacDonald and Goldfinch 1983)
for the IAEA to support regulation of transport of radioactive materials. The Q system defines
the fiquantityo dJcallenA:tasd A2 values witheunisaf cuoe (Ci)oo
terabecquerel (BTq) for radionuclides that are allowed in a Type A package (IAEA 2022, 2018).
These limits are also used for several other purposes in the transport regulations (Regulations
for the Safe Transport of Radioactive Material, IAEA Specific Safety Requirements No. SSR-6
[IAEA 2018]), such as in specifying package activity leakage limits for other packages (e.qg.,
Type B(U), Type B(M), or Type C packages). The content limits are set to make sure that the
radiological consequences of severe damage to a Type A package are acceptable and that
design approval by the competent authority is not required, except for packages containing
fissile material. The more robust Type B(U) or Type B(M) packages require testing /@ intended
to demonstrate that some material property (e.g., impact energy) has been shown by previous
experience or by full scale prototype tests to give satisfactory p e r f o r nmaacideatslikely to
occur in transportation. The use of likelihood and consequence pairs in the Q system as risk
acceptance criteria is not obvious, but this guidance was, nonetheless, examined because it
pertains directly to transport of radiological material.

Under the Q system, a series of exposure pathways is considered, each of which might lead

to persons in the vicinity of a Type A package involved in a severe transport accident receiving

external or internal radiation exposure. The effective dose to a person exposed in the vicinity

of a transport package following an accident was set to not exceed 50 mSv (and not exceed

specified organ and lens of the eye limits). This value of 50 mSv or 5 rem was essentially the

annual dose limit for radiation workers and is also the occupational dose limit per year for

general employees in the United Statesper I0CFR8 35. 202 (AOccupation dose
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generale mpl oyees o) of HobOcalcllgtiRg raliation doss, 3AEA Specific Safety

Guide (SSG) No. SSG-26 (Advisory Material for the IAEA Regulations for the Safe Transport of

Radioactive Material [IAEA 2022]) states that a human receptor is assumed to be 1 m from the

damaged package and to remain at this location for 30 minutes. This is stated as being a

Acautious judgmento of the incidental exposure of
accident. This assumption does not affect the allowed reference dose of 5 rem that was

selected but does imply that the IAEA regulators thought that the receptor could be in very close

proximity to the damaged package.

The table of A1 and Az values provided in Appendix Aof I0CFR Part71*°( A Packagi ng and
Transportation of Radioactive Materiald) pr esent s t he tardbecquereldr act i vity
curies) and specific activity (i.e., BTq or Ci) per gram for each radionuclide, which correlates

to the quantity limit of each radionuclide allowed before more robust packaging is required.

As such, if the A1 or Az value for a radionuclide is exceeded, then more robust packaging is

required. In practice, there will be multiple radionuclides present; therefore, 10 CFR Part 71,

Appendix A, presents a sum-of-fractions approach to determining whether the A: or Az values

are exceeded.

The analysis of accidents that could damage a package uses the reference dose of 5 rem to
judge when a Type A package is insufficient to limit the transportation risk of the package. Using
the more robust Type B package over a Type A package provides a high level of confidence
that the 5-rem limit is not exceeded if the package is damaged. This implied consequence limit
of 5 rem and the fact that release from a damaged Type B package is highly unlikely, suggests
that a radiation dose of 5 rem is acceptable, if the likelihood of the accident that produces this
consequence is highly unlikely or less; and it is unacceptable if the likelihood of the accident is
more than highly unlikely.

424 NRC-Endorsed Risk-Informed Methodology to Support the Licensing of
Advanced Reactor Designs

The nuclear industry has produced guidance for a risk-informed performance-based and
technology-inclusive process for informing the licensing of advanced non-LWR designs. The
process involves a risk-informed approach for selection of LBEs, safety classification of SSCs
and associated risk-informed special treatments, and determination of defense-in-depth
adequacy as described in Nuclear Energy Institute (NEI) 18-04, Revision 1 (Risk-Informed
Performance-Based Technology Inclusive Guidance for Non-Light Water Reactor Licensing
Basis Development [NEI 2019]). The approach uses a set of frequency-consequence criteria
like the likelihood-dose criteria being proposed and discussed in the preceding section.

The approach presented in NEI 18-04 was developed because CDF and LERF measures may
not be applicable to non-LWRs. The phenomena associated with core damage and substantial
release of radiological material can be significantly different for advanced non-LWRs: therefore,
the concepts of CDF and LERF are not necessarily comparable.

10 A1 values are for special form (non-dispersible) radioactive material (i.e., sealed sources) and consider
only the external photon dose and external beta dose pathways. Special form radioactive material must
satisfy the requirements contained in 10 CFR 71.4. A2 values are for non-special form (dispersible)
radioactive material. Non-special form radioactive material is referred to as normal form radioactive
material in U.S. regulations.

Safety Goals and Risk Evaluation Guidelines 27



PNNL-36380 Revision 1

The NRC endorsed the methods described in NEI 18-04 for informing the licensing basis and
content of applications for permits, licenses, certifications, and approvals for non-LWRs in

RG 1.233, Revision 0 (Guidance for a Technology-Inclusive, Risk-Informed, and Performance-
Based Methodology to Inform the Licensing Basis and Content of Applications for Licenses,
Certifications, and Approvals for Non-Light Water Reactors [NRC 2020]). Nonetheless, the

frequency-consequence evaluation plot shown in Figure 3-1 of NEI 18-04 presents a scheme in

which accidents whose likelihood and consequence fall above the blue line are considered to
represent unacceptable risk (presented here as Figure 4.5). Accordingly, this risk must be

addressed in the safety basis to make sure that it is controlled below the blue line. The y-axis is

the event frequency per year and the x-axis is the 30-day TEDE (rem) at the Exclusion Area

Boundary (EAB).
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Figure 4.5. Frequency-Consequence Targets from NEI 18-04, Revision 1 (NEI 2019)

NEI 18-04 emphasizes that the frequency-consequence target line shown in Figure 4.5 is not to
be considered as a demarcation of acceptable and unacceptable results. Rat her ,

it

general reference to assess events, SSCs, and programmatic controls in terms of sensitivities

and

av ai | a bThiepoimis fugher emphasized by the NRC staff in RG 1.233:

The staff emphasizes the cautions in NEI 18-04 that the F-C [frequency-consequence]
target figure does not depict acceptance criteria or actual regulatory limits. The anchor
points used for the F-C target figure are expressed in different units, timescales, and
distances than those used in NRC regulations to provide common measures for the
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evaluations included in the methodology.** The F-C target provides a reasonable
approach for use within a broader, integrated approach to determine risk significance,
support SSC classification, and confirm the adequacy of defense-in-depth.

The methodology proposed in this report includes this broader integrated approach by
considering safety margins, defense-in-depth, and the results of sensitivity studies.

The events of interest are the Anticipated Operational Occurrences (AOOs), Design Basis
Events (DBEs), Beyond Design Basis Events (BDBESs), and DBAs, which as a collection are
referred to LBEs. AOOs are anticipated events expected to occur one or more times during the
life of a nuclear power plant. Event sequences with mean frequencies of 1E-02 per year and
greater are classified as AOOs. DBEs are infrequent event sequences that are not expected to
occur in the life of a nuclear power plant but are less likely than AOOs. Event sequences with
mean frequencies of 1E-04 per year to 1E-02 per year are classified as DBEs. BDBEs are rare
event sequences that are not expected to occur during the life of a nuclear power plant, which
may include one or more reactor modules, but are less likely than a DBE. Event sequences with
mean frequencies of 5E-07 per year to 1E-04 per year are classified as BDBEs.*?> DBAs are
postulated event sequences used to set design criteria and performance objectives for the
design of safety-related SSCs. DBAs are derived from the DBESs by prescriptively assuming that
only safety related SSCs are available to mitigate postulated event sequence consequences to
within the 10 CFR 50.34 dose limits (i.e., dose at the EAB would not exceed 25 rem TEDE).

For low-frequency AOOs (i.e., events with frequencies between 1E-01 and 1E-02 per year),

Figure 4.5 shows that the radiation dose consequence should not exceed 1.0 rem, which

corresponds to the U.S. Environmental Protection Agency Protective Action Guide limit to avoid

the need for offsite emergency response for any AOO. For high-frequency AOOs (i.e., events

having a frequency greater than 1E-01 per year), Figure 4.5 shows that the radiation dose

consequences are based on the iso-risk profile (i.e., having the same risk) defined by the annual
exposure |limits of 10 CFR Part 20 ([hs&Su@®mtmr ds f or

per year)).

For DBEs (i.e., events frequencies between 1E-02 and 1E-04 per year), Figure 4.5 shows that
the allowed radiation dose consequences range from 1 rem at 1E-02 per year to 25 rem at
1E-04 per year. The guidance states that this aligns with the dose calculated at the EAB for the
30-day period following the onset of the release and aligns the lowest frequency DBEs to the
limits in 10 CFR 50.34 (dose at the EAB would not exceed of 25 rem TEDE).

11 An example provided in RG 1.233 is the anchor point at an event sequence frequency of 5E-07 per
plant year and the TEDE at the EAB of 750 rem for the 30-day period following the onset of a potential
release. This anchor point is used to define a sliding F-C target in the region of potential low-frequency,
high-consequence scenarios for use in assessing the importance of SSCs and other measures to provide
defense-in-depth. A traditional measure used to assess risk in the low-frequency, high-consequence
domain is the NRKbvever,gsha &nehbrypoingis reot irkended to directly represent the
QHOs for either early or latent health effects. The methodology described in NEI 18-04 includes a
separate assessment of a design relative to the QHOs for the integrated risks over all the LBEs.

12 Event sequences with upper 95t percentile frequencies less than 5E-07 per year are retained in the
PRA results and used to confirm there are no cliff-edge effects. They also may be considered in the risk-
informed, performance-based defense-in-depth evaluation.
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For BDBEsS (i.e., event frequencies between 1E-04 and 5E-07 per year), Figure 4.5 shows that
the allowed radiation dose consequences range from 25 rem to 750 rem. The guidance states
that these criteria make sure that the QHO for early health effects is not exceeded for individual
BDBEs.

A hypothetical risk evaluation scheme using a risk matrix approach based on a conservative
interpretation of the guidance in NEI 18-04 is presented in Table 4.3 as an illustration of a
surrogate approach to the QHGs. It is considered conservative because it uses a stair-step risk
acceptance line that if it were plotted in Figure 4.5 would meet the diagonal lines shown in the
plot at the top of the step but fall below the diagonal line at the bottom of the step. The dose
limits shown in Figure 4.5 were not applied to workers because that level of differentiation was
not made in the NEI 18-04 guidance. After controls are applied LBEs are not expected to
release any radioactive material.

Table 4.3. Hypothetical Radiation Dose Evaluation Guidelines Based on NEI 18-04

Annual Accident Radiation Dose Radiation Dose
Frequency (per Consequence to the Consequence to the

year)®@ Offsite Public®) Worker(© Risk Acceptability
CBE-07® >750 rem TEDE@ NA Acceptable
>5E-07 >750 rem TEDE NA Unacceptable

O 184 and >5E-07 5 rem TEDE NA Acceptable
>1E-04 >25 rem TEDE NA Unacceptable

QLE-02 and >1E-04 QL rem TEDE NA Acceptable
>1E-02 >1 rem TEDE NA Unacceptable
>1E-02 0.1 rem TEDE NA Acceptable

NA = not available; NEI = Nuclear Energy Institute; TEDE = total effective dose equivalent.

(a) Determination of the accident frequency should account for multiple shipments per year, if applicable.

(b) The radiation dose consequences are presented asa TEDE, which is based on the integrated committed dose
to all organs, thereby accounting for direct exposure as well the 50-year committed effective dose equivalent.

(c) Worker dose limits are notaddressed in NEI18-0 4. Mar ked here as fANA.DO

(d) If the accident frequency is C5E-07 per year, the risk of the accident scenario is generally acceptable even if
the radiation dose consequence is >750 rem. Event sequences with frequencies less than 5E-07 per year are
retained in the PRA results and used to confirm there are no cliff edge effects. They may also be accounted
for in the risk-informed, performance-based evaluation of defense-in-depth.

This investigation of potential risk evaluation guidelines concepts based on NRC guidance for
licensing non-LWRs suggests the following:

9 The risk associated with a radiation dose of greater than 750 rem to the public is acceptable if
the likelihood of the accident that produces this consequence is 5E-07 per year or less, and it
is unacceptable if the likelihood of the accident is more than 5E-07 per year.

1 The risk associated with a radiation dose of less than or equal to 25 rem to the public is
acceptable if the likelihood of the accident that produces this consequence is 1E-04 per year
or less and greater than 5E-07 per year, and a radiation dose of greater than 25 rem is
unacceptable if the likelihood of the accident is more than 1E-04 per year.

1 The risk associated with a radiation dose of less than or equal to 1 rem to the public is
acceptable if the likelihood of the accident that produces this consequence is greater than
1E-04 per year but less than or equal to 1E-02 per year, and a radiation dose of greater than
1 rem is unacceptable if the likelihood of the accident is more than 1E-02 per year.
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1 The risk associated with a radiation dose of 0.1 (100 mrem) to the public is acceptable though
the likelihood of the accident that produces this consequence is greater than 1E-02 per year.

These regions of acceptable and unacceptable risk are shown graphically in Figure 4.6.
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Figure 4.6. Frequency-Consequence Chart for the Offsite Public Based on NEI 18-04

425  Selection of Dose and Likelihood Limits as Surrogates to the Safety Goal
QHOs

This section discusses the selection of pairs of likelihood-consequence (i.e., radiation dose)
threshold limits that are bounded by the QHGs proposed in the RIDM report (NRC 2008) and
addresses how the risk associated with NCT is considered. Section 4.2.5.1 summarizes risk
limits from the sources discussed above. Section 4.2.5.2 describes the conversion of accident
frequency and dose to health effects to facilitate showing how selected likelihood-dose pairs
that define the proposed risk evaluation guidelines compare to the RIDM QHGs. Section 4.2.5.3
discusses how the risk associated with NCT is considered in the proposed risk evaluation
guidelines. Section 4.2.5.4 explains how the likelihood-dose pair limits were selected to meet
the goals of the risk evaluation guidelines.

4.25.1 Summary of the Risk Limits that Were Explored

Table 4.4 summarizes risk limits derived from the four sources discussed previously, namely
DOE-STD-3009-2 014 Ari sk rankingo criteria process for
criteria for nuclear fuel facilities, the Q system, and the risk-informed licensing of advanced non-

LWRs. These pairs of likelihood and consequence criteria are used to help develop risk

evaluation guidelines as surrogate measures to the NRC Safety Goal Policy QHOs. These

likelihood-dose pairs based on the four sources are consistent and complementary. Table cells

containing an entry indicate the dose limits listed in the same row of the first column were

derived from the source identified in the column
label is meant to indicate that the dose limit was not derived from the source identified in the

column header of the cell.
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Table 4.4. Summary of Relevant Risk Limits from Other Applications
Performance Criteria
DOE Risk Ranking of for ISA of Nuclear Fuel | Q System NRC Risk-Informed
Dose Accident Risk Facilities Reference Licensing of Non-LWRs
Limit (DOE-STD-3009-2014) (NUREG-1520) Dose (NEI-18-04)
If the accident frequency is
less than 5E-07 per year,
750 : . Not then the risk of the accident
rem Not Applicable Not Applicable Applicable |scenario is acceptable even
if the radiation dose is
greater than 750 rem.
A radiation dose of up to [ A radiation dose of up to A radiation dose of up to
25 rem to the public and 25 rem to the public and 25 rem is acceptable if the
up to 100 rem to workers |up to 100 rem to workers likelihood of the accident is
is acceptable if the is acceptable if the less than 1E-04 per year. (If
likelihood of the accident is | likelihood of the accident the likelihood is less than
25 rem less than 1E-04 per year. |is less than 1E-04 per Not 5E-07 per year, then the
(If the likelihood is less year. (If the likelihood is | Applicable [dose can be greater than
than 1E-06 per year, then [less than 1E-05 per 25 rem.)
the dose can be greater year, then the dose can
than 25 rem to the public [be greater than 25 rem
or 100 rem to the worker.) |to the public or 100 rem
to the worker.)
A radiation dose of up to [ A radiation dose of up to | A radiation
5 rem to the public and up |5 rem to the public and |dose of
to 25 rem to workers is up to 25 rem to workers |5 rem is
acceptable if the likelihood | is acceptable if the acceptable
of the accident is less than| likelihood of the accident | if the .
5 rem 1E-02 per year. (If the is greater than 1E-04 per | likelihood Not Applicable
likelihood is less than 1E- |year. of the
04 per year, then the dose accident is
can be greater than highly
5 rem.) unlikely.
A radiation dose of up to
1 rem to the public is
acceptable if the likelihood
: : Not of the accident is less than
1rem Not Applicable Not Applicable Applicable |1E-02 per year. (f the
likelihood is less than 1E-04
per year, then the dose can
be greater than 1 rem.)
A radiation dose of up to
100 Not 100 mrem to the public is
Not Applicable Not Applicable : acceptable if the likelihood
mrem Applicable ; )
of the accident is greater
than 1E-02 per year.
ISA = integrated safety analysis; LWR = light water reactor; mrem = millirem; rem = roentgen equivalent man.
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4.25.2 Conversion of Accident Frequency and Dose-to-Health Effects

Development of surrogate risk evaluation guidance from schemes like those presented above
requires selecting likelihood-dose threshold limit pairs that can be encompassed by the RIDM
QHGs. If these limits cannot be shown to be encompassed by the QHGs or that there is
reasonable comparison, then they might not serve as justifiable surrogates for QHGs. To this
end, a simplified approach for converting radiation dose-to-health effects is described below and
then used to confirm whether the selected radiation dose and likelihood limits appear to be
encompassed by the QHGs.

A DOE memorandum from the Office of Environmental Policy and Guidance dated August 9,
2002, (Lawrence 2002) provides guidance on calculating radiation risk estimates from dose
using a technical report attached to the memorandum by the Interagency Steering Committee
on Radiation Standards (ISCORS?®®), A Method for Estimating Radiation Risk from TEDE
(ISCORS Technical Report No. 1), dated July 2002. The memorandum states that exposure-to-
risk estimates are from a tabulation in a September 1999 report, Cancer Risk Coefficients for
Environmental Exposure to Radionuclides T Federal Guidance Report No. 13 (EPA 1999).

The ISCORS report attached to the memorandum is stated to supersede the 1992 Committee
on Interagency Radiation Research and Policy Coordination guidance and recommends that
agencies use a conversion factor of 6E-04 fatal cancers per TEDE (rem) for mortality and 8E-04
cancers per rem for morbidity when making qualitative or semi-quantitative estimates of risk
from radiation exposure to members of the public. The TEDE-to-risk factor provided by ISCORS
in Technical Report No. 1 is based on a static population that has characteristics consistent with
the United States population. The memorandum states that there are no separate ISCORS
recommendations for workers. However, it recommends that for workers (adults), a risk of fatal
cancer of 5E-04 per rem and a morbidity risk of 7E-04 per rem may be used. A more precise
conversion could be made if the exact radionuclide inventory of material generating the dose
were known.

The RIDM QHGs discussed in Section 4.1 and presented in Table 4.5 are organized by
receptors and levels of health risk. It shows the acceptance criteria for the public and the worker
for three levels of health concern: (1) acute fatality, (2) LCF, and (3) serious injury, which in the
context of radiological risk, is interpreted to mean illness from cancer. Table 4.5 shows that the
risk acceptance threshold (in terms of expected value) is lower for acute fatality compared to
LCF or cancer illness, indicating less tolerance for this type of risk. The proposed pairs of
likelihood-dose threshold limits discussed below as candidate surrogates to the QHGs do not
address levels of health concern. However, levels of health concern are addressed in the
assessment performed below to see how these selected likelihood-dose limits compare to the
QHGs and whether they are encompassed by the QHGs (i.e., conservative compared to the
QHGSs).

13 The Interagency Steering Committee on Radiation Standards comprises eight Federal agencies, three
Federal observer agencies, and two state observer agencies to facilitate consensus on acceptable levels
of radiation risk to the public and workers and promote consistent risk approaches in setting and
implementing standards for protection from ionizing radiation. Available at https://www.iscors.org.
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Table 4.5. NRC-Proposed QHGs from Interpretation of Safety Policy Statement (NRC 2008)
Serious Injury
Receptor Acute Fatality Latent Cancer Fatality (Cancer lllness)
QHG-1 i Public QHG-2 i Public individual QHG-3 i Public individual
individual risk of acute risk of a LCF is negligibleif it | risk of serious injury is
Public fatality is negligible if itis | is less than or equal to negligible if it is less than or
less than or equal to 2E-06 fatality per year or equal to 1E-06 injury per
5E-07 fatality per year. 4 mrem per year year.
QHG-4 i Worker QHG-5 i Worker individual QHG-6 i Worker individual
individual risk of acute risk of LCF is negligible if it | risk of serious injury is
Worker fatality is negligible if itis | is less than or equal to negligible if it i§ [ess than or
less than or equal to 1E-05 fatality per year or equal to 5E-06 injury per
1E-06 fatality per year. 25 mrem per year. year.
LCF = latent cancer fatality; mrem = millirem; QHG = quantitative health guideline.

4.2.5.3

How NCT Is Considered in the Proposed Risk Evaluation Guidelines

The regulations in 10 CFR 71.71 (fiNormal Conditions of Transportd require that evaluation of
each package design under NCT include a determination of the effect of specified conditions
and tests (e.g., a temperature of 38°C and -40°C, water spray, a free drop test, compression
test, and a penetration test). The regulations in 10 CFR 71.51 require that fthere would be no
loss or dispersal of radioactive contentsd as demonstrated to a sensitivity of 1E-06 Az per hour,
no significant increase in external surface radiation levels, and no substantial reduction in the

effectiveness of the packagingo

as

a result of

t he

speci fied

Appendix 1.64 through 1.70 of IAEA SSG-26 explain that the acceptable NCT leak rate of 1E-06
Az per hour is derived from limiting the effective dose to 2 rem for a worker spending time in a
transport vehicle with the package with a specified air space volume, air exchange rate, and
breathing rate for 1 year. This condition differs from a release caused by an accident, which is
not expected to be continuous and will be over in far less than a year (e.g., in minutes).
Moreover, this limitation does not consider possible impacts on the public just a worker that
remains in a room with the package. Though the conditions involving extended exposure are
different from a typical accident condition, limiting the effective radiation dose to 2 rem/year for
NCT suggests this dose limit may also be appropriate for a worker involved with accidents with
frequencies on the most likely side of the likelihood-dose matrix.

Regulations in 10 CFR 20.1301 (fDose limits for individual members of the publicQ stipulates a
0.1 rem annual exposure limit for the public from a licensed operation. This 0.1 rem/year limit is
lower than the effective dose allowed for NCT of 2 rem cited above but can be applied to the
public in the risk evaluation guidelines to conservatively bound the dose limit allowed by NCT.
Giventhat the 2 rem effective dose allowed for NCT was specifically calculated for a worker and
is lower than the 5 rem annual exposure limit stipulated by 10 CFR 1201 (fOccupational dose
limits for adultsg, the 2 rem limit could be used in the risk evaluation guidelines for the worker to
bound the dose limit allowed by NCT.

Accordingly, given that it is assumed that the package design meets the requirements for NCT,
development of risk evaluation guidelines was performed in a way that avoids defining pairs of
likelihood-dose threshold limits as unacceptable when the limit is comparable to the risk to

workers from NCT.
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4.25.4  Selection of the Likelihood-Dose Pair Limits for the Surrogate Risk Evaluation
Guidelines

This section discusses selection of the likelihood-dose pair limits as the surrogate risk
evaluation guidelines and demonstration that they encompass the RIDM QHGs. The workable
pairing of likelihood and consequence limits are described based on (1) the array of likelihood-
consequence pairs presented above in Table 4.4, (2) the objective of the surrogate risk
evaluation guidance to be encompassed by the QHGs, and (3) considerations of how NCT
should be addressed.

9 The risk associated with a radiation dose of 750 rem or greater to the public is acceptable
if the likelihood of the accident that produces this consequence is 5E-07 per year or less, and
it is unacceptable if the likelihood of the accident is more than 5E-07 per year. Although not
cited for workers in the applications examined, this limit could also be considered applicable
to workers.

9 The risk associated with a radiation dose of 25 rem or greater to the public and 100 rem
or greater to workers is acceptable if the likelihood of the accident that produces this
consequence is 1E-06 per year or less, and it is unacceptable if the likelihood of the accident
is more than 1E-06 per year.

9 The risk associated with a radiation dose of 5 rem or greater to the public and 25 rem
or greater to workers is acceptable if the likelihood of the accident that produces this
consequence is 1E-05 per year or less, and it is unacceptable if the likelihood of the accident
is more than 1E-05 per year.

1 The risk associated with a radiation dose of 1 rem or greater to the public and 5 rem
or greater to workers is acceptable, if the likelihood of the accident that produces this
consequence is 1E-04 per year or less; and it is unacceptable if the likelihood of the accident
is more than 1E-04 per year.

1 The risk associated with a radiation dose of 0.1 rem or greater to the public and 2 rem
or greater to workers is acceptable if the likelihood of the accident that produces this
consequence is 1E-03 per year or less, and it is unacceptable if the likelihood of the accident
is more than 1E-03 per year.

9 The risk associated with a radiation dose less than 0.1 rem to the public and less than
2 rem or to workers is acceptable although the likelihood of the accident that produces this
consequence is greater than 1E-03 per year.

Table 4.6 below presents an evaluation of the selected likelihood-dose limits based on the
evaluation described above to see how they compare to the RIDM QHGs. It presents the
conversion of each surrogate likelihood-dose limit to health effect using the conversion factors
cited above from the DOE memorandum (Lawrence 2002). As discussed above, two sets of
conversion factors are provided in the memorandum. One set is for radiation dose to the public
and consists of a conversion factor for mortality (i.e., 6E-04 LCFs per rem) and another
conversion factor for morbidity (i.e., 8E-04 injuries per rem). The other set is for radiation dose to
the worker, and also consists of a conversion factor for mortality (i.e., 5E-04 LCFs per rem) and
another conversion factor for morbidity (i.e., 7E-04 injuries per rem). The conversion factors are
used to convert the selected likelihood-dose limits for the public and worker to expected
fatalities and injuries. Then the calculated expected fatalities and injuries are compared to the
applicable RIDM QHGs. Specifically, they are compared to QHG-1 for acute fatality to a
member of the public (QHG-2 for LCF in the public might also be applicable but QHG-1 is used
because it is a lower consequence threshold, and therefore, more conservative); QHG-3 for
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serious injury (cancer iliness) to a member of the public; QHG-4 for acute fatality to workers
(QHG-5 for LCF in workers might also be applicable but QHG-4 is used because of its lower
consequence threshold, and therefore, more conservative); and QHG-6 for serious injury
(cancer iliness) to workers.

Note that the likelihood-dose pairs shown in Table 4.1, Table 4.2, and Table 4.3 are shown as

intervals of radiation dose and accident frequency and the corresponding hypothetical

evaluation plots presents a stéir-stepo

p a fot thee criteria. From the selected likelihood-
consequence pairs discussed in the bullet points above, the highest dose and frequency limit for

a gi v e nntheé sriteeapvére used to calculate the conversion to health effects in Table 4.6.
This assures that the calculations are conservative.

Table 4.6. Comparison of Selected Dose-Consequence Limit Surrogates to the Limiting
QHGs
Risk of Latent
Dose Limit Frequency Fatality QHG for Risk of Injury QHG for
(rem) (per year) (fatalities/year) | Acute Fatality | (injuries/year) | Serious Injury
Conversion QHG-1 Conversion QHG-3
Public 6E-04 5E-07 8E-04 1E-06
fatality/rem® fatality/year injury/rem injury/year
Maximum(®) 5E-07 Maximum OK Maximum OK
750 1E-06 5.0E-07 OK 6.0E-07 OK
25 1E-05 1.5E-07 OK 2.0E-07 OK
5 1E-04 3.0E-07 OK 4.0E-07 OK
1 1E-03 6.0E-07 OK(©) 8.0E-07 OK
0.1 8.3E-03@) 5.0E-07 OK 1.0E-06 OK
Conversion QHG-4 Conversion QHG-6
Worker 5E-04 1E-06 7E-04 5E-06
fatality/rem(@) fatality/year injury/rem injury/year
Maximum(®) 5E-07 Maximum Maximum OK
750 1E-06 5.0E-07 OK 3.0E-07 OK
100 1E-05 5.0E-07 OK 7.0E-08 OK
25 1E-04 1.25E-06 OK© 1.8E-08 OK
5 1E-03 2.5E-06 OK®© 3.5E-06 OK
2 1E-03@) 1.0E-06 OK 3.5E-06 OK

NCT = normal conditions of transport; QHG = quantitative health guideline;rem =roentgen equivalent man; RIDM =

risk-informed decisionmaking.

(a) There is exception in this column for use of this conversion factor. For 750 rem, the conversion factor should be
for acute fatality as opposed to latent cancer fatality because of the radiation dose is so high. Therefore, itis
assumed thatthe conversion factorto health effectsis a 0.5 probability based on guidance provided in Figure 5
of the Office of Environment, Health, Safety and
Dose Ranges Charto (DOE 2017) for when medical i nt

(b) The allowed radiation dose is the maximum that can result from a transportation accident involving the TNPP
Package.

(c) Within the margin of error or reasonably close the RIDM QHG acute fatality limitwhich is a conservative limit for
comparison to latent cancer fatalities.

(d) Doses lowerthan 0.1 rem are proposed to be acceptable at any frequency: (1) the dose limits in 10 CFR
20.1301 for individual members of the public from a licensed operation, and (2) because this prevents an
effective dose limit that is allowed for NCT. For perspective, the highest accident frequency that still meets the
RIDM QHG was calculated and is presented in the Frequency column.
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The selected likelihood-dose limits for the public and workers are shown in the first two columns
of Table 4.6. The dose-to-health effect conversion factors and resulting expected fatalities and
injuries are shown in the third and fifth columns. The fourth and sixth columns indicate whether
the selected likelihood-dose limits are bounded by the RIDM acute fatality QHGs. The first rows
for the public and the worker indicate that if the frequency of an accident is 5E-07 per year (or
less), then the allowed radiation dose is the maximum that can result from a transportation
accident involving the TNPP Package. The calculated health effects for three of the low
consequence but high-likelihood limits slightly exceed the QHGs, but they are reasonably close
to meeting the RIDM QHGs given the level of resolution of calculations and latent fatalities from
radiation doses of 25 rem or less are conservative compared to RIDM acute fatality QHG limits.

43 Proposed Surrogate Risk EEYalbudasihend
Me etthe Safety Goal QHOs

This section proposes risk evaluation guidelines for evaluating the risk associated with the
transportation of a demonstration-phase TNPP transportation package based on concepts
previously discussed. Section 4.1 discusses establishing the risk evaluation guidance on RIDM
QHGs as proposed by the NRC in a report on risk-informed decisionmaking for activities that
include transportation of nuclear material (i.e., the RIDM report [NRC 2008]). Section 4.2
describes the concept of using surrogate risk measures determined to be reasonably bounded
by the RIDM QHGs for acute fatalities that are more practical to use and allow helpful
comparisons to other radiological risk guidance. Sections 4.2.1 through 4.2.4 discuss risk
evaluation guidance concepts that have been established for other nuclear applications using
radiation dose and likelihood limits. Section 4.2.5 assesses how those radiation dose and
likelihood limits and their ties related to federal and international guidance could be combined to
establish risk evaluation guidelines that are consistent with or bounded by the QHGs.

For the risk evaluation guidelines for TNPP transportation accidents to be appropriately applied,
thet er m A a mustibeloearly defined and used in the PRA in a way that is compatible with
criteria used in the risk evaluation guidelines. Given that the safety functions that must be
preserved by the TNPP Package during transport as discussed in Section 5.2 are containment,
shielding, and prevention of criticality, the accidents of interest addressed in the PRA are:

1. Arelease of radiological material to the environment

2. Direct radiation exposure from unreleased radiological material (e.g., due to degraded
integrated internal or external shielding

3. A criticality that potentially involves both direct radiation and release of radiological material.

Table 4.7 presents the proposed risk evaluation guidelines in terms of likelihood and radiation
dose consequences, which are reflective of the development results described in Section 4.2.5
and are compared against the applicable proposed QHGs in Table 4.6. The regions of
acceptable and unacceptable risk from are shown graphically in Figure 4.7 and Figure 4.8 for
the maximally exposed member of the public and the worker, respectively.
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Table 4.7. Proposed Radiological Risk Evaluation Guidelines
Radiation Dose
Annual Accident Consequence to the
Frequency (per Maximally Exposed Member Radiation Dose Risk
year)® of the Public® Consequence to the Worker® | Acceptability
05a7® O B0 rem TEDE®© 750 rem TEDE®© Acceptable
>5E-07 >750 rem TEDE >750 and TEDE Unacceptable
0O 186 and >5E-07 CP5 and <750 rem TEDE 0100 and <750 Acceptable
>1E-06 >25 rem TEDE >100 rem TEDE Unacceptable
0185 and >1E-06 &b and <25 rem TEDE &5 and <100 rem TEDE Acceptable
>1E-05 >5 rem TEDE >25 rem TEDE Unacceptable
O 184 and >1E-05 Al and <5 rem TEDE O 5and <25 rem TEDE Acceptable
>1E-04 >1 rem TEDE >5rem TEDE Unacceptable
O 183 and >1E-04 O0L.and <1 rem TEDE O 2and <5 rem TEDE Acceptable
>1E-03 >0.1 rem TEDE >2 rem TEDE Unacceptable
>1E-03 OO0 .rein TEDE O 2em TEDE Acceptable

equivalent.

rem = roentgen equivalent man; TEDE = total effective dose equivalent.
() Determination of the accident frequency should account for multiple shipments per year, if applicable.
(b) The radiation dose consequences are presented as TEDE, which is based on the integrated committed

dose to all organs, thereby accounting for direct exposure and the 50-year committed effective dose

(c) If the accident frequency is <5E-07 per year, then the risk of the accident scenario is generally
acceptable regardless of its radiation dose consequence. However, accidents with frequencies less than
B5E-07 per year could be evaluated (e.g., using sensitivity studies) to confirm there are no cliff edge

effects.
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Figure 4.7.  Proposed Risk Evaluation Guidelines Chart for the Maximally Exposed Member of

the Public for Transport of a TNPP Package
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Figure 4.8. Proposed Worker Risk Evaluation Guidelines Chart for Transport of a TNPP
Package

Given the challenges, such as lack of accident data for TNPP transport and modeling
uncertainties associated with consequence analysis for these accidents, it is more practical to
perform the PRA using modeling of bounding representative accidents rather than the modeling
of a comprehensive set of accidents as done for nuclear power plants. Hence, the quantified
risk results of bounding representative accidents are sufficiently conservative to be compared
separately to the risk evaluation guidelines (e.g., summation of the risk results from multiple
bounding accidents produces grossly conservative and unrealistic results). However, to be more
conservative, the dose consequences for each bounding accident or accident sequence within
each frequency interval could be added together. The total dose for each frequency interval
would then be compared against the risk evaluation guidelines. However, this seems overly
conservative. It is noted that members of the public that reside or work near an nuclear power
plant can largely be the same population over some meaningful fraction of the operating life of
the facility. In contrast, the public who could be exposed to radiation dose consequences from
an accident involving a TNPP transportation package are spread out along the route and are
individually exposed to additional risk for a relatively short period of time.

To use the risk evaluation guidelines, transportation of a demonstration-phase TNPP Package
is assumed to consist of one shipment in a year. If there are multiple shipments of the same
TNPP in the same year, then application of the risk evaluations guidelines is still applicable
because the risk criteria are provided on a per-year basis.

Future challenges may need to be addressed during the production phase of TNPP deployment.
For example, if the TNPP is transported at different times by different entities, then a
mechanism may need to be developed to track the accumulation of the associated risk over a
year and share it among the entities responsible for the transports. A more difficult challenge
arises if there were to be multiple transports of TNPPs over the same or overlapping routes.
The application of the proposed risk evaluation guidelines will need to be readdressed and the
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challenges associated with shipment of multiple TNPPs considered when that situation
becomes realistic. However, for transportation of a demonstration-phase TNPP Package under
the 10 CFR Part 71 exemption process, application of the proposed risk evaluation guidelines is
straightforward.

The proposed risk evaluation guidelines presented in Section 4.0 in terms of likelihood and
radiation dose consequences achieve three objectives:

1 They provide practical quantitative guidance to use when evaluating the risk acceptance of
transport of the demonstration-phase package under the 10 CFR Part 71 exemption process
supported by quantitative risk evaluation.

1 They provide the foundation for a risk-informed methodology that could be applied to the
production phase TNPP Packages under the 10 CFR Part 71 exemption process or other
licensing options.

9 They provide the foundation for a risk-informed methodology that could potentially be used to
inform NRC decisionmaking or NRC guidance on risk-informing the licensing of TNPP
transport.
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50 Chmracteri zati on of Hazar dous Col
Acci dent Scenari os

This section describes the front-end of the proposed TNPP transportation PRA methodology d
characterization of hazardous conditions to identify accident scenarios using primarily Project
Pele Phase 1 design information. Section 5.1 provides characterization of the TNPP Package
radiological material inventory. The radiological material inventory is the primary hazard, and an
accurate accounting of the inventory is critical because radionuclides exist in different quantities
and have different dose impacts on humans depending on the conditions of a TNPP
transportation accident. Section 5.2 identifies and discusses the TNPP Package safety functions
designed to prevent or mitigate accident scenarios associated with the radiological material
inventory. Section 5.3 describes a process for identifying hazardous conditions associated with
transport of the radiological material inventory. The purpose of this process is to find and
develop TNPP transportation package accident scenarios based on existing hazards and the
safety design of the TNPP transportation package definition.

51 Char ac
t

erization of TNPP Package Ra
| nven r

y

This section presents discussion of the Project Pele prototype TNPP radionuclide inventory
during transportation. This radionuclide inventory is then used in the TNPP transportation
PRA to (1) define the material at risk (MAR) during a transportation event that could become
the source term in an accident that releases radiological material and (2) define the potential
sources of direct radiation exposure during a transportation accident.

t
0

Section 5.1.1 discusses the basis for the estimated radiological inventory possible during
transport. Section 5.1.2 discuses release mechanisms from the TRISO fuel and fuel compact
during reactor operation. This includes discussion of the results of efforts to estimate diffusion
from TRISO fuel into the reactor based on published reports, and the impact of manufacturing
specifications on these radiological inventory estimates. Section 5.1.3 provides the specific
estimated radiological inventory that is used in the TNPP transportation PRA. Section 5.1.4
presents sources of radiation exposure in a transportation accident from different parts of the
reactor given that there is diffusion from the TRISO during normal operation.

5.1.1 Bases for the Estimated Radiological Inventory

The radiological inventory present during the transportation of a previously operated TNPP is a
function of the reactor design (e.g., power level, core configuration, materials of construction,
coolant), its operation (e.g., equivalent full-power days), time between reactor shutdown and its
transport, and the configuration of the TNPP during transportation (e.g., one or multiple modules
or transportation packages). For the purposes of this report, the estimated radiological inventory
possible during transport is that developed for the Project Pele prototype TNPP. The inventory
was developed using the ORIGEN2 computer code system and assumed a reactor operating
period of 3 years, an initial core loading of 0.18 metric tons of uranium, and a uranium
enrichment of 19.5 weight-percent (BWXT 20224). This inventory is only that associated with
burnup of the fuel and does not include the inventory due to the activation of the reactor
materials of construction or the coolant.

14 BWXT Final Design Report, Table 2.3.1.1.3-1.
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5.1.2 Mechanisms of Release from TRISO Fuel and Fuel Compacts

The Project Pele reactor core is contained within the Reactor Module and is housed within the
pressure boundary created by the reactor vessel and primary cooling system. The core
comprises fuel assemblies in coolant channels, moderator blocks, and control rods. The fuel
assemblies consist of cylindrical TRISO fuel compacts stacked inside graphite fuel sleeves that
have graphite end plugs. The fuel sleeves have spacer nubs that center the fuel assembly
within a coolant channel. The fuel compact is composed of uranium oxycarbide (UCO)*® TRISO
particles contained within a graphite matrix. The TRISO fuel is designed to make sure that its
characteristics are bounded by the key parameters of advanced gas-cooled reactor (AGR)
testing of TRISO fuel. The overall design of the core ensures that the operating and passive
cooling scenarios do not allow the fuel to exceed its expected maximum allowable
temperatures, which makes sure the TRISO fuel will maintain its structural integrity necessary
for retention of fission products (BWXT 20221¢). However, the current BWXT fuel compact
design and fabrication is sufficiently different from the AGR fuel compact design that all its
characteristics may not be bounded by the AGR testing. For instance, the larger size of the
BWXT compact may affect the heating times and final heat treatments needed to assure the
proper thermal conductivity of the compact matrix. In addition, higher force/pressure than that
used in the AGR program may be required to achieve an acceptable matrix density. One
significant concern is that compacting at higher pressure could damage more patrticles.
Sensitivity studies of the impact of damaged TRISO particles and compact matrix role in
radionuclide release and retention will be performed to appropriately bound consequence
results. Post-irradiation examination (PIE) of the TNPP fuel compacts is planned for the Project
Pele demonstration unit to confirm the applicability of the AGR fuel compact qualification to the
TNPP fuel compact design. A cross-sectional view of a TRISO fuel particle is shown in

Figure 5.1. An example of AGR fuel compacts, which have a smaller diameter than the Project
Pele TNPP fuel compacts, is shown in Figure 5.2.

The HALEU oxycarbide TRISO fuel particles and fuel compacts release fractions of certain
fission products'’ during normal operations and AOOs of TRISO-fueled reactors. Furthermore,
additional fractions of fission products may be released from the TRISO fuel particles and fuel
compacts due to loads and/or conditions experienced from a transportation accident during
shipment of the TNPP Package. This section provides an overview of the available information
about these potential release mechanisms.

15 The Project Pele microreactor UCO is a blend of HALEU uranium dioxide and uranium dicarbide (UC2).

16 BWXT Final Design Report, Section 2.3.1.1.3.

“"The term #fifission producto is used broadly to include
processes (direct fission products and isotopes that result from the radioactive decay of direct fission

products) and isotopes resulting from neutron activation of fission products.
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Figure 5.1. Cross Section of an Irradiated UCO TRISO Fuel Particle (EPRI 2020)
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Figure 5.2. AGR TRISO Fuel Compacts (Harp et al. 2014)
5.1.2.1 Release from Normal Operations and Anticipated Operational Occurrences

The most prominent releases are isotopes of silver and a few other metal species that are well
known to diffuse through and escape from TRISO particles within the temperature range that
the fuel compacts experience during normal operation, which is up to 1,400°C for the TNPP
(BWXT 20228). This involves the diffusion of fission product species through the specific
pyrolytic carbon (PyC) coating layers (porous PyC buffer, high-density inner and outer PyC
layers) and the silicon carbide (SiC) layer that is sandwiched between the two high-density
PyC layers within each TRISO fuel particle. In addition to these diffusing metal isotope species,
noble gas isotopes and certain more volatile fission product species also diffuse through these
layers at largely varying, but much lower rates.

Various physical mechanisms for the diffusion are involved and are strongly dependent on the
specific microstructure and defects of the UCO fuel kernel and those of the four coating layers.
These complex diffusion mechanisms are most often modeled as simple Fickian diffusion with
strongly temperature-dependent effective diffusion coefficients and the assumption of negligible
counter diffusion effects (which is a reasonable assumption at low release rates into a medium
that is far from being saturated by competing species). The most common model for the

18 BWXT Final Design Report, Table 4.5.1.2-3.
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coefficients varies exponentially with temperature. As a result, different fission product species
diffuse at widely different rates, and most do not readily diffuse within the normal operations and
AOO envelopes by design.

During DBEs and BDBES, significant heat soak circumstances may occur in which fuel compact
temperatures are expected to rise from roughly 1,200°C up to roughly 1,400°C to 1,600°C. At
these elevated temperatures, fission product releases increase because diffusion rates
increase. However, for the demonstration TNPP transportation PRA, it was assumed that the
TNPP being transported has not experienced a DBE or BDBE during operation, which would
have affected diffusion rates during operation.

Releases from the TRISO fuel particles also occurs because of certain observable
manufacturing defects (e.g., a SiC layer is incomplete or missing) and microscopic defects

that result in a few certain well-known microscopic failure mechanisms (e.g., palladium
corrosion attack of the SiC layer, incomplete debonding of a certain PyC layer at higher burnup
that causes subsequent failure of the SiC layer). These microscopic mechanisms occur
stochastically in a small fraction of particles at high temperature and higher burnupsd a fraction
of failures that can only be determined through PIE of individual irradiated TRISO fuel particles
as part of a fuel qualification program.

The observable manufacturing defects and to some degree the microscopic defects can be
significantly reduced by proper materials selection and manufacturing techniques pursuant to
meeting a required fuel specification under a TRISO fuel manufacturing quality assurance
program.'® As a result, releases from the TRISO fuel particles during reactor operation are
largely restricted by these defect mechanisms. Reactors and fuel elements are typically
designed to minimize these gradual releases and to capture the fugitive fission products within
the reactor core graphitic materials and surfaces, within the primary cooling circuit boundary to a
large extent. UCO TRISO fuel is the most accident-tolerant fuel that has been developed to date
that also has a high technology readiness level and manufacturing readiness level. Topical
Report EPRI-AR-1(NP)-A (Uranium Oxycarbide (UCQO) Tristructural Isotropic (TRISO) Coated
Particle Fuel Performance [EPRI 2020]) provides the results of substantive research efforts that
support this conclusion and demonstrates the performance of UCO TRISO fuel particles over a
range of normal reactor operating and off-normal accident conditions. Furthermore, the NRC
final safety evaluation of the EPRI report concludes that the data in the report can be used to
support safety analyses referencing the unique design features of the TRISO fuel particle,
subject to the performance thresholds of the AGR tests discussed in the report and the specified
Limitations and Conditions provided in Section 4.0 of the safety evaluation report (NRC 2021).

As discussed later in this report, the research results presented in the EPRI report bound the
fission product release fractions and fuel failure fractions used in the risk analysis to estimate
releases during reactor operations that could be retained within the TNPP transportation
package during transport and therefore available for release in the event of a severe
transportation accident. However, as previously discussed, the current Project Pele TNPP fuel
compact design is sufficiently different from the AGR fuel compact design that its characteristics
may not be bounded by the AGR testing. PIE of the TNPP fuel compacts is planned to confirm
the applicability of the AGR fuel compact qualification to the TNPP fuel compact.

19 See IAEA-TECDOC-CD-1674, page 129 (IAEA 2012); Topical Report EPRI-AR-1(NP)-A, page 5-7
(EPRI 2020).
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5.1.2.2 Release Mechanisms Caused by Transportation Accidents

In typical fixed site nuclear power plant deployments in the future, a TRISO-fueled nuclear
power plant would meet design requirements for external hazards comparable to other fixed site
nuclear power plants. However, transporting a TNPP introduces a broader range of external
hazards to the reactor, including the following:

1. Possible exposure of the reactor to different or more severe hazards than those seen at
the operating location

2. Tradeoffs in reactor design that are required to meet transportability considerations
(e.g., maximum weight of a shippable unit

3. Possible introduction of human and mechanical faults not normally present in a fixed facility
because of the requirement to be able to assemble and disassemble the TNPP to deploy
and transport the unit.

Hazards associated with disassembly and reassembly of the TNPP are important activities to
evaluate for site-based licensing but are not included within the scope of licensing for
transportation. In this report, the focus is on normal (non-emergency) transportation of the
Reactor Module configured for transport over the road within the conterminous United States,
with NRC approval of the TNPP Package and DOT regulation of its shipment during transit.

A principal difference posed by the user requirement of transportability is the hazards to the
reactor, its irradiated fuel, and contaminated systems and components (e.g., primary cooling
system) resulting from accidents during transport of the TNPP Package. Transportation
accidents could involve kinetic hazards (such as impacts with vehicles or other objects), fire
hazards, random failures, or human errors (e.g., human error in preparing the TNPP Package
for transport), different exposure scenarios to natural hazards (such as earthquakes and
tornadoes while in transport), and potential submersion in water.

Information about the performance of the TNPP transportation package or its contents during its
transport is currently limited. Preliminary analysis of the TNPP transportation package has been
completed for selected NCT and HAC based on the requirements of 10 CFR Part 71.
Specifically, shock, vibration, free-drop, and penetration assessments have been performed
using finite element analysis (BWXT 20222°). However, these preliminary assessments did not
assess the potential for damage to the irradiated TRISO fuel particles/compacts.

With respect to the TRISO fuel and compacts, plus other closely associated core components,
the transfer of impact loads and vibration spectra to those structures is important. Impact load is
critical to understanding the possible reconfiguration of fuel and near-fuel materials in addition to
potential failures of fission product barriers and production of fine particulates that represent a
potential source of releasable material. Because transportation testing has yet been performed
on the TRISO fuel and compacts, engineering judgments are made in this report regarding the
consequences of dynamic loads and vibration on these components during anticipated
transportation and bounding accident conditions.

Reconfiguration of core components from kinetic accidents and/or immersion in water may raise
guestions about the maintenance of subcriticality of the fuel. The current prototype TNPP design
does not provide assurance of subcriticality in flooded conditions. Further design development

0BWXTFi nal Design Report, Appendix I111.44, ABWXT Reactor
Severe Acci dekxecutidenSarhnyay.es , 0
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and testing are planned to be performed to provide assurance of subcriticality in flooded
conditions for production units of the TNPP (BWXT 20222%). Though a brief criticality pulse may
not mechanically destroy the TRISO fuel barriers if the temperature of the UCO fuel kernel
remains below its melting point (IAEA-TECDOC-CD-1674 [Advances in High Temperature Gas
Cooled Reactor Fuel Technology], page 464 [IAEA 2012]), sustained high temperature is a
mechanism for enhanced fission product diffusion and potential release of material. A bounding
assumption of any criticality accident would be to assume broader SiC barrier failures have
occurred as a result of thermal/mechanical shock and potential kernel melt until demonstrated
otherwise. A broad failure of SiC barriers could result in a significant increase in release of
fission products and gases for an inadvertent criticality accident. However, diffusion of this
released material through other near-fuel graphitic structures could limit release depending on
the time at temperature and the potential mechanical damage to fuel and near-fuel structures.

At higher burnup, there is a weakening of fuel material strength and considerable fission gas
pressure behind the SiC barrier. The SiC layer acts as a pressure vessel for gaseous and
volatile fission products in a TRISO particle. This is a complex fuel performance problem
because layer interactions typically initially unload the SiC layer as burnup occurs. At some
point in a mid-burnup range, the SiC barrier begins to load rather than unload until eventually a
barrier failure occurs at very high burnup. The SiC barrier is essentially a pressure vessel that
can fail given sufficient fission gas pressure combined with reductions in material strength. The
AGR gualification studies demonstrate burnup as high as 19 percent fissions per initial metal
atom with no obvious broad failures of SiC layers. At the expected burnups in the current TNPP
demonstration design, which will be 10 percent fissions per initial metal atom or below, gas
pressure should not cause the SiC layers to fail. If insulted by a sudden and potent thermal or
mechanical shock, when in a condition of high burnup, some SiC barriers might fail, indicating
some enhancement of the release of gaseous radioactive material. More likely concerns are
vibration spectra and consequences that are critical to understand both the fatigue tolerance of
the fuel compacts and the near-fuel materials and tribology that could generate fine particulates
that represent a source of released radioactive material.

Similarly, for fire hazards, knowing the irradiated thermal material properties is important to
understanding the maximum temperatures that may occur in the fuel and core materials that
hold up diffused fission product species. Time at high temperature is one of the common
sources of releases of radionuclides from TRISO fuels. In this case, the combination of fire
applying heat to the exterior of the reactor and decay heat from the core would determine the
outcome. Because the TRISO fuel typically performs very well up to 1,400°C, the remaining
decay heat is a significant factor in a consequence analysis. The codified regulatory pool fire
test (see 10 CFR 71.73(c)(4)) is set at 800°C for a fully engulfing fired conservative conditions
for a liquid fossil fuel pool fire during transport. In the absence of sufficient decay heat, the fire
hazard would seem to be related to potential enhancement of barrier failures other than TRISO
fuel and near-fuel core component barriers. For example, failures of seals on the reactor
containment boundary could release plated-out radioactive material in the system that was
released from the TRISO fuel during reactor operations.

Because the temperature of the graphite needed to produce a self-sustaining graphite fire is not

expected to be able to be reached during plausible transportation accidents involving limited air

ingress though a failed seal (considering the contribution from both decay heat and an 800°C

fire for 30 minutes),aso-c al | ed A gr aphi t eforfcanditiens during boonding pl ausi bl
transportation accidents. Rather, a process of very slow surface oxidation might occur and

21 BWXT Final Design Report, Section 7.5.1.
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proceed depending strongly on the temperature of the graphite (strongly implying high available
decay heat or high injected air temperature, both of which seem implausible). Extended time at
temperature, sufficient oxygen, and possibly water vapor adjacent to graphitic materials must be
maintained for over 100 hours at well over 1,000°C simply to oxidize the fuel sleeves and
compact graphite (Moormann 2011). However, a small amount of oxidation (if any occurred)
could produce gaseous reaction products and heat could potentially release aerosols that
contain radioactive material that might have been previously plated in the reactor coolant
boundary (especially near a failed seal where hot moist air might enter), but a self-sustaining
fire, based on the reactordéds graphitic materials
and the TRISO fuel particles themselves resist releases caused by air oxidation up to

1,400°C for well over 100 hours at that temperature. Hence, any increase in releases from a
transportation accident involving a fire would be principally associated with materials that had
previously plated in the reactor coolant boundary.

Moreover, storage of significant Wigner energy in these graphitic structures in this reactor
should not pose a significant risk in transportation because the core graphite operates at a high
temperature and is therefore annealed. Other heat sources would have to raise the temperature
of the graphite above its operating temperature. Thus, any stored energy from irradiation of the
graphite should not significantly contribute to any fire hazard during plausible transportation
accidents (NUREG/CR-4981, A Safety Assessment of the Use of Graphite in Nuclear Reactors
Licensed by the U.S. NRC [Schweitzer et al. 1987]).

5.1.2.3 Information Needs of Transportation Risk Analysis

With respect to transportation risk analysis, the likely inability to meet the entire suite of codified
regulations for a Type B package, for the Project Pele TNPP Package (Reactor Module
containing irradiated fuel and configured for transport), indicates that mechanical data for fresh
and irradiated TRISO fuel and compacts, and other closely associated core components, are
essential if it is determined that conservatism should be reduced. Mechanical performance of
the reactor core during bounding accidents and transit at speed over rough roadways involving
impact loads and vibration spectra transferred to those structures must be evaluated. It is also
important to understand possible reconfiguration of the core that could present a criticality
hazard, in addition to potential failures of TRISO fuel fission product barriers and production of
fine particulates that could be a source of radioactive material released into the primary
pressure boundary.

Making these risk judgments requires knowledge of fresh and irradiated material mechanical
property measurements and improvements in risk modeling parameters. These properties are
generally determined as part of the efforts underlying fuel qualification and reactor design
certification. The TRISO fuel particles and compacts are complex composite materials that are
then irradiated. As such, reliable prediction of involved mechanical behaviors is limited apart
from certain bulk measurements including large ensembles of TRISO particles and compacts as
systems.

The material properties of TRISO fuel, compacts, and close core materials, particularly the
strength of materials, are very relevant to potential release of radioactive material resulting from
a transportation accident. Mechanical impact resulting from an accident is expected to have
more impact on these materials than a fire given the properties of these materials. The
measured ability of TRISO fuel, compacts, and close core structures to tolerate impact loads
and vibration spectra and how that might influence the potential to release radioactive material
during a bounding transportation accident has not been examined in detail in the literature to
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date. This is not surprising because the emphasis has been on larger stationary TRISO-fueled
nuclear power plants, and the fresh and spent fuels from these reactors were and would be
transported in containers that meet the codified regulatory requirements for Type B packages.

The TRISO fuel particles themselves are composite structures composed of layers as shown in
Figure 5.1. The UCO kernel and SiC layer are ceramic materials and the PyC layers are
anisotropic graphite materials, all of which tend to display a range of brittle failure characteristics
and reasonably high failure strengths. Moreover, there is an inner porous PyC layer deposited
on the UCO kernel surface that acts as a buffer to allow some expansion of the UCO kernel
under irradiation, in addition to providing a gas plenum that contains fission gases as they
evolve during burnup.

The mechanical strength of the porous PyC layer is considerably less than that of the UCO

kernel and all the other structural layers that make up the TRISO particle. This reduced strength

of the porous layer allows it to sacrificially
within the particle, retaining the UCO kernel, roughly centered in the TRISO particle. Moreover,

the comparative weakness of the porous PyC layer allows it to delaminate from the inner high-

density PyC layer, which helps protect it from anisotropic mechanical stresses and certain

fission product-related corrosive attacks from the UCO kernel. Such corrosive attacks can harm

the SiC layer that acts as the high-pressure containment vessel of the TRISO particle.

The TRISO particle geometry and degree of bonding between the deposited layers and their
behavior under irradiation results in the overall observed composite properties of an individual
particle and the ensemble of all the particles taken together determines the composite
properties of the compact fuel form in the Project Pele TNPP fuel assemblies (compacts, fuel
sleeve, end plugs). This is the case for nearly all the ensemble properties and is particularly true
for the thermal and mechanical properties. For the mechanical properties that matter most
under transportation accident conditions, evaluation of the compact fuel form by finite element
modeling is rather complex. Such semi-firsti principles modeling efforts have not shown high
predictive fidelity to any given irradiated TRISO or compact measurements on average. High-
fidelity modeling tends to be more useful in understanding specific failure mechanisms identified
through PIE of individual TRISO patrticles, etc.

There are many reasons for this having to do with the statistical nature of the manufacture of the
TRISO particle fuel and manufacture of the compacts as composite structures. As a result,
repetitive measurements on irradiated batches of particle fuel and compacts to determine upper
and lower bounds and averages that are consistent with a set approach to manufacturing
specifications are the standard practice for qualification in a particular specified use of the fuel
form.

Some direct measurements of hardness of the containment layers inside the TRISO particles
have been made. These measurements were made on unirradiated materials, so they represent
the case without radiation damage. Irradiated materials are expected to be somewhat weaker.
However, this is a fuel that operates at very high temperature, so some limited annealing may
affect the impact of radiation damage, especially for the SiC pressure boundary because that
material begins to decompose at about 500°C beyond the fuel operating temperature of up to a
maximum of about 1,400°C. The PyC materials and UCO kernel decompose at far higher
temperatures than SiC.
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It is possible that the greater concern is certain fission product corrosion attacks that appear to
be exacerbated by stress concentration in cracks and defects in the SiC layer. Tiny inclusions of
palladium and uranium are indicated as sources of this corrosion cracking inside a TRISO
particle. Therefore, to understand the strength of the material following irradiation, it must be
actual fuel that is burned up because the corrosion processes and attacks will not exist in an
unirradiated surrogate used to ease performance of measurements.

In any event, some very precise and stringent preparations and measurements of actual
unirradiated TRISO particle materials have been made (e.g., Byun et al. 2008; Hosemann et al.
2013). To perform these measurements, individual particles are abraded to expose a cross
section and then indentation hardness measurements are made. The hardness measurements
demonstrate that the SiC layer has more than 10 times the hardness of the typical high-density
PyC material in the adjacent layers. The high-density PyC layer material has a hardness of

~3 GPa, whereas the SiC material has a hardness of ~40 GPa. From these hardness
measurements, it is clear that the SiC layer is a rather dominant element in the overall TRISO
particle strength. The hardness of the porous PyC buffer layer is not given in those reports
because it does not contribute much strength to the composite structure, but rather makes
space for gases and acts as a geometric spacer for the UCO kernel.

Some of the abraded TRISO particles are further treated to release the SiC hemi-shell by
burning out the graphitic layers using oxygen. The released SiC hemi-shell is then crush tested
in a delicate apparatus with a very small end effector to test a single ~0.5 mm diameter hemi-
shell. To understand the crushing process mechanically and the involved fracture stress and the
local fracture stress (from stress concentration), a detailed finite element model is used to
estimate the stress fields during the static crushing process. The SiC layers tested this way
have, over a broad set of different manufacturing arrangements, produced fracture stress
ranging between ~200 MPa and ~1000 MPa. Local fracture stress is roughly twice the
magnitude. In British units, this corresponds to a range between ~29,000 psi and ~145,000 psi.
These tiny SiC layers inside a TRISO particle are quite strong.

To produce measurements on TRISO particles that account for weakening from various
irradiation processes might involve separation of irradiated particles from the compact host
material, burning away of the remaining graphite using oxygen to produce free irradiated TRISO
particles (the outer layer of PyC could be neglected mechanically). Then crushing of the freed
particles in a similar apparatus as described briefly above (a very delicate piece of equipment).
This sophisticated measurement would have to be done in a hot cell on many liberated
irradiated individual TRISO particles. Fracture of the particle could be detected by sniffing for a
burst of fission gas release. A finite element model could be combined with the measurements
to back out a better understanding of the irradiated mechanical strength.

Moreover, crushing tests of whole irradiated compacts would be very useful to understand the
strength of the fuel form under various impact load circumstances. Such crushing tests might be
driven beyond initial fracture of the compact to determine whether there is evidence that
individual TRISO fuel particles are failing mechanically, until the compact disassembles. If
similar mechanical data are available for other materials in the irradiated core, then reasonably
conservative models could be used to understand (and potentially rule out) certain
consequences of bounding accident scenarios.

For example, if pressures exerted on TRISO particles are reasonably expected to be far below

known static fracture stress, then expectations of release fractions may not include fission
products still contained inside the TRISO particle SiC layers (most of the total inventory). If that
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is proved to be the case, then the SiC layers may partly stand in for containment that would be
typically provided by a Type B certified package. But that would have to be measured to
determine the statistical spread of PIE data to robustly underpin the argument and quantify the
expected limits and determine safe margins.

Similarly, if models, informed by measurement data, show that expected impact loads would not
fracture and further disassemble compacts, then certain adsorbed radioactive material in the
compacts may also be unavailable for release during bounding transportation accidents.
Moreover, if the compacts fail at a much lower load than the TRISO particles (very likely), then
the compacts are analogous to some degree of an impact limiting device because they absorb
some energy prior to communication of the load to the TRISO particles.

Understanding the relative strength of irradiated core structural components (graphitic and
otherwise), TRISO compacts, and TRISO particles in comparison to expected impact loads
under various bounding accidents is essential to judging the degree of conservatism in risk
assessment release models. To reduce conservatism (if necessary), delineating these failure
behaviors via PIE of these components would enable higher fidelity risk modeling. While
mechanical testing of unirradiated Project Pele TNPP core structure components, TRISO
compacts, and TRISO particles are a starting point, PIE at the upper end of the expected
burnup range is essential to understand the envelope of mechanical properties ultimately.

Other issues are the effects of tribology and fatigue. Here, the specific design of the fuel
elements and how relative motions at contacting surfaces or oscillating loading within the fuel
elements and near-fuel structural components might occur are important to understand the
potential for either formation of material cracking or other means of formation of released fines
or larger particulates that may escape into a coolant gas channel and become mobile during
operation (hydraulic chatter) or during mobility and transportation (e.g., vibration and impacts
from rough roads, that may be transferred to the core structures over miles of travel).

Initially, some of the uncertainty of these irradiated mechanical properties might be derived from
testing of previously irradiated materials from the AGR qualification series experiments.
Consideration might be given to devising mechanical tests of these existing irradiated materials
to augment unirradiated and irradiated mechanical data that may already exist from the AGR
program. The compact design of the Project Pele TNPP is sufficiently different from AGR
compact designs such that its behavior may vary somewhat (Project Pele TNPP compact
diameters are considerably larger and may prove weaker than AGR compactsd unirradiated
testing may reveal this one way or the other), but TRISO level behavior should be very
comparable. Arguably, some of the AGR TRISO has considerably higher burnup so it may
prove to be weaker in crush testing and thus prove to be conservative with respect to Project
Pele TNPP TRISO fuel.

In this fuel type, a concern would seem to be diffused fission products that may be held up in

graphitic materials that may be released into the primary pressure boundary as part of

generated fines and larger particulates. It may be that this release pathway is of greater concern
regarding occupational doses associated with mobility operations and less with respect to

reactor operations or during normal transportation conditions. The Project Pele TNPP design

requires opening of the primary pressure boundary to prepare for transportation of TNPP

modules or to unload and assemble them for operation at a site. The circulation and

accumul ation of graphit e-tefmpgkratsre gas-doaed redcwrdHiTGR)o t e d
designs since early in the development of the technology. Van Howe and Raudenbush (1978)

discuss issues during the startup and initial operation of the Fort St. Vrain HTGR.
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However, generation of fines and other particulates increases the radioactive material inventory

that is contained in the primary pressure boundary in the form of deposited and suspended

particulate matter and possibly in the form of plated-out releases of condensable radioactive

material that is fixed to that particulate matter. A portion of this material will be more mobile,

withintheso-c al | ed fAcircwl anidng hiusv entr@r y eadi |l y rel easa
accident as opposed to certain plate-out and fines that are more tightly bound to interior

surfaces within the primary pressure boundary.

Another common issue that may be more challenging to address in this application is the
releasable tritium inventory. The proposed reactor core and reactor gas system design is
different from previous HTGR designs. In addition, the Project Pele TNPP design does not have
a steam generator and steam cycle in its secondary power generation circuit. Water is a
significant tritium sorbing medium in certain HTGR designs. In comparison, the Project Pele
TNPP has an open single-pass hot air Brayton cycle that uses coarse filtered ambient air as a
working fluid. So, humid air, exiting a turbine into the environment, would presumably carry
away tritium that permeates through the intermediate heat exchanger, through other secondary
circuit seals, etc. This would be in addition to tritium that escapes from the primary pressure
boundary into the environment directly and from activation outside of the TNPP in nearby
materials (e.g., temporary shielding that includes a significant amount of water and various
minerals that help hold up tritium).

The Project Pele core also substitutes beryllium for graphite as a moderator to a considerable

extent. Graphite is known to absorb a considerable amount of tritium. The effect of irradiation on

the material properties of beryllium oxide (i.e., mechanical strength and thermal conductivity

specifically through irradiation-induced swelling and cracking) is not as mature as for graphite.

So, the efficacy of the beryllium oxide moderator to sorb tritium may also be reduced. The

tritium release characteristics of the Project Pele TNPP likely do not pose a transportation safety

concern because the unit is quite smalland fulkp ower operation days are |in
nature of the TNPP design may imply that consideration of occupational dose management and

environmental impact issues may indicate that monitoring of tritium level is important to inform

future TNPP variant design and operations.

Large commercial HTGRs that intend to use steam cycle or direct helium Brayton cycle do not
have the broader tritium path to the environment via the single-pass power cycle. Helium
cleanup systems have typically included particle filtration and various molecular sieves and
getters to collect condensable metallic and volatile fission products, including hydrogen getters
that would collect tritium, thereby reducing the inventory available to escape into the
environment (General Atomics 2008). Previous test and demonstration HTGRs have typically
included helium cleanup systems (e.g., Van Howe and Raudenbush 1978; Verfondern et al.
2001).

Because no fractional flow rate particulate and gas cleanup system is currently envisioned in the
Project Pele TNPPO6s reactor gas system design (ot
gas from the coolant makeup generator), understanding the generation of fines and larger

particulate, plate-out, and their carried radionuclide inventories is potentially a more significant

part of the transportation risk assessment modeling because respirable dose tends to be

dominant in certain assessments. To that end, sampling of fines, any larger particulates, and

plate-out on the interior surfaces of primary pressure boundary coolant ducts near their joints

(when disassembled) is advisable to help inform estimates of the amount and the radioactive

inventory contained. Engineered removeable or fixed coupons and/or swipe and scrape

sampling procedures might be used to collect information for this purpose.
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Moreover, consideration should be given to grab sample collection and examination of fines
and gases collected during gas withdrawals from the primary circuit reactor gas system. A
filter and a large gas withdrawal collection bottle is envisioned in the design, but it is unknown
whether samples can be practically taken from the current envisioned withdrawal system and
then evaluated later in a laboratory setting. Evidence of any gas-related oxidation chemistry in
the primary pressure boundary should be evaluated (for example, oxide formation and related
chemistry). It is plausible that these issues are not significant to transportation safety, but it is
advisable to rule them out by collecting and examining samples. Collected information from
filter and grab samples may also lead to learning that advises follow-on TNPP variant designs.

5.1.3 Estimated Radiological Inventory

The estimated radionuclide inventory (BWXT 202222) was developed for multiple cooling time
periods ranging between time zero (at reactor shutdown) and 2 years after reactor shutdown.
Included in the inventory was a 90-day cooling case that is assumed to be the start of
transportation in the analyses performed in this report. The inventory provided contained more
than 1,000 individual radionuclides. For the purposes of this report, these radionuclides were
screened to identify those that were judged to be potentially significant to risks associated with
transportation accidents involving a potential release of radioactive material from the Reactor
Module configured for transportation (TNPP Package).

The screening of radionuclides was conducted in two phases, the first based on total curies

(radionuclides with more than 1 millicurie) and the second based on the Az values provided in

Table A-1 of 10 CFR Part 71 (radionuclides present in greater than 0.1 percent of their Az

value). TheA2val ue, as defined in 10 CFR 71.4 (inDefinit
radioactive material (with some exceptions) permitted in a Type A package. The Az values are

specific to each radionuclide and are normalized based on radiological hazard during transport.

The Az values consider how the human body absorbs each radionuclide. Az values are derived

so there is reasonable assurance that a person exposed within the vicinity of a transportation

accident will not exceed the annual dose limit for radiation workers (Regulatory Impact

Summary 2013-04, WA Content Specification ®&irdnspdrtatoe | di ng E
Packageso [ NhderivatonoBthe)Az values is based on the Q system approach,

which is described in Appendix | to the IAEA) Specific Safety Guide No. SSG-26 (Advisory

Material for the IAEA Regulations for the Safe Transport of Radioactive Material (2018 Edition)

[IAEA 2022]). The Az values represent quantities of radionuclides that are tied to specific

dosimetric consequences:

The dosimetric basis of the Ai1/A2 system originally relied upon somewhat pragmatic

assumptions. In calculating A1 values, the whole body exposure was limited to 30 mSv

at a distance of 3 m over a period of 3 h. Also, an intake of 10 Az, leading to half the

annual limit on intake for a radiation worker, was assumed in the derivation of Az as a

result of a O6mediané accident. The median accid
leads to complete loss of shielding and to a release of 0.1% of the package contents in

such a manner that a bystander subsequently received an intake of 0.1% of this

released material, page 272, (see IAEA 2022 for more details)].

Az values were used as criteria for screening radionuclides for inclusion in the consequence
assessment because they weight the consequence of the radionuclides by the potential dose
consequence through multiple potential exposure pathways. This screening methodology allows

ZBWXT spreads iNeckdeCoficBniratichg(Ci)-Fuel . x| sx0 provided on August
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for a targeted dosimetry approach weighted by consequence. In this screening phase,
radionuclides for which there was not an Az value were included in the screened-in radionuclide
list if its activity was greater than or equal to 0.001 (0.1%) of the appropriate Az value from

10 CFR 71, Appendix A Table A-3. This approach is consistent with 10 CFR 71, Appendix A
(ADet er mi nandtAk0On, owhi A h s p ealueffrone Tablet AR3aftthis aegulation
may be used if an Az value for the radionuclide is not provided in Table A-1 of this regulation.
Furthermore, for a radioactive material composed of a mixture of radionuclides, per 10 CFR
Part 71, the Az value for the material is determined as the sum-of-the-fractions of the
radionuclide-specific Az values.

The screening analysis resulted in the identification of 96 nuclides for a 90-day cooling period
that are included in the consequence analysis. Appendix A provides the radionuclides and
guantities. The consequence analysis only includes the screened-in radionuclides that could be
released in an accident scenario, because including all the radionuclides in the analysis is a
calculational burden and, furthermore, will have a negligible impact on dose results because
almost all of the radionuclide inventory (i.e., more than 99.99999 percent) at 90 days is included
in the consequence analysis.

5.1.4  Sources of Radiation Exposure During a Transportation Accident

The radionuclide inventory identified and described in Section 5.1.3 is a source of radiation dose
to the worker and the public in the event of a transportation accident. This radiation dose is from
the following three sources:

1. Internal exposure to material that is released due to an accident
2. External exposure to material that is released due to an accident and so is likely unshielded

3. External exposure to material that is not released due to an accident, but that may or may
not be fully shielded following the accident.

This section discusses the development of each of these contributors of potential radiation
exposure due to a transportation accident involving the TNPP Package.

Dose sources 1 and 2 of are from the material that is released during/following the accident.
The material released is referred to as the source term. The source term is directly related to the
guantity of radiological material that is available to be released in an accident, which is referred
to as the MAR. The development of the MAR is described in Section 5.1.4.1.

The third source of radiation dose is due to the inventory of material that is not released during
the accident. Depending on the severity of the accident this material may or may not be
shielded. Section 5.1.4.2 discusses the development of this inventory and summarizes the
shielding design for the TNPP Package.

5.1.4.1 Development of Estimates of Material at Risk for Different Accidents

In general, MAR is the quantity of radiological material that is available to be released in an
accident. For the prototype TNPP, the MAR includes fission products and actinides produced
from irradiation of the HALEU fuel and radionuclides produced from neutron activation of SSCs
and other materials present in the Reactor Module configured as a TNPP Package. Depending
on the magnitude and scope of the physical stress imposed on the TNPP Package contents
because of the accident, the MAR may range from the total inventory in the module, as defined
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in Section 5.1.3, to a subset of the inventory in the module. The primary contributors to the MAR
are as follows:

1 Radionuclides contained within the TRISO fuel particles

1 Radionuclides that were released from the TRISO fuel particles during normal reactor
operations due to defects in the SiC coating

1 Radionuclides that were released from the TRISO fuel particles during normal reactor
operations due to in-service failure of the particles

1 Radionuclides that were released from the TRISO fuel particles due to diffusion through the
SiC coating

1 Radionuclides that were produced outside of the TRISO fuel particles due to irradiation of
heavy metal contamination.

Other secondary sources of potential MAR in a transportation accident include the following:

1 Radionuclides produced from neutron activation of the TNPP Package SSCs, such as the
RPV, Shield Tank, graphite moderator, etc.

9 Radionuclides produced from neutron activation of any residual gas coolant

1 Radionuclides produced from neutron activation of any residual water in the Shield Tank and
other components

1 Contamination located on inside surfaces of the TNPP Package, including the exterior
surfaces of the RPV and primary cooling system

1 Contamination located on the exterior surfaces of the TNPP Package.

However, these secondary sources of MAR are expected to be negligible contributors because:

1. Neutron activation products in SSCs are contained within the metal/material-of-construction
matrix and so are not releasable.

2. The gas coolant and water are removed from the Reactor Module prior to preparation for
shipment, leaving minor residual quantities.

3. Contamination levels will be maintained low (in trace amounts) by standard operating
procedures to maintain worker dose as low as reasonably achievable and to meet
NRC/DOT transportation requirements.

The development of the MAR for use in the analysis of a subsequent release due to a
transportation accident is primarily based on TRISO fuel fabrication and core material
radionuclide retention characteristics. The approach used in this report to develop the MAR that
is released from the TRISO during normal reactor operations is based on the approach used in
INL/EXT-11-24034 (Scoping Analysis of Source Term and Functional Containment Attenuation
Factors [INL 2012]). To implement this approach, the radionuclides identified in Appendix A
were first binned into the set of fission product classes identified in INL/EXT-11-24034 to
facilitate the application of radionuclide-specific release fractions. This binning is shown in
Table 5.1.
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Table 5.1. Radionuclide Classification

INL/EXT-11-24034 Radionuclide TNPP Radionuclides Represented
Groupings (see Appendix A)
Noble Gases (Xe-133, Kr-85, Kr-88) |[Kr-85, Xe-131m, Xe-133, Xe-133m, Xe-135
l, Br, Se, Te Br-82, I-130, 1-131, |-132, 1-133, |-135

Se-79, Te-123m, Te-125m, Te-127, Te-127m, Te-129, Te-129m,
Te-131, Te-131m, Te-132

Cs, Rb Cs-132, Cs-134, Cs-135, Cs-136,
Cs-137, Rb-86
Sr, Ba, Eu Ba-136m, Ba-137m, Ba-140, Eu-152, Eu-154, Eu-155, Eu-156,
Eu-157, Ga-72, Gd-153, Gd-159, Sr-89, Sr-90, Sr-91, Tb-160, Tb-161
Ag, Pd Ag-109m, Ag-110, Ag-110m, Ag-111, Ag-112, Ge-77, In-115m,

Pd-109, Pd-112, Sn-117m, Sn-119m, Sn-121, Sn-121m, Sn-123,
Sn-125, Sn-126

Sh As-77, Cd-113m, Cd-115, Cd-115m, Sb-122, Sh-124, Sb-125,
Sb-126, Sb-127, Zn-72

Mo, Ru, Rh, Tc Mo0-99, Nb-95, Nb-95m, Nb-96, Nb-97, Nb-97m, Rh-102, Rh-102m,
Rh-103m, Rh-105, Rh-106, Ru-103, Ru-106, Tc-99, Tc-99m

La, Ce Ce-139, Ce-141, Ce-143, Ce-144, La-140, Nd-147, Pm-147, Pm-148,

Pm-148m, Pm-149, Pm-151, Pr-142, Pr-143, Pr-144, Pr-144m,
Sm-151, Sm-153, Y-89m, Y-90, Y-91, Y-91m, Y-93, Zr-95, Zr-97

Pu, actinides Am-241, Am-242, Am-242m, Am-243, Cm-242, Cm-243, Cm-244,
Np-237, Np-238, Np-239, Pa-233, Pu-236, Pu-238, Pu-239, Pu-240,
Pu-241, Pu-242, Th-234, U-236, U-237

Hydrogen (H-3)@ H-3

(@) Notincluded in INL/EXT-11-24034.

Fission products and gases are created in the kernel of the TRISO particles and are a result of
fission. Actinides are created in the kernel of the TRISO particles and are a result of neutron
irradiation of the HALEU. Most of the fission products, actinides, and gases produced are
retained within the TRISO particles. However, during normal operations a very small percentage
of the fission products, actinides, and gases may transport to the kernel surface, through the
particle coatings, which may or may not be intact, and be released. Once released from the
TRISO boundary they are either captured in the fuel compact matrix or the core structure or
released into the primary cooling system. Once in the primary cooling system, condensable
fission products and actinides plate-out on cooler metallic surfaces or interact with dust in the
system, while noble gases are assumed to remain in circulation.

As previously discussed, for HTGRs, the major sources of fission products and actinides outside
of the TRISO fuel during normal operations result from:

1 Heavy metal contamination in the outer graphite layer of the fuel particles and potentially in
the compact graphite

1 Particles that have SiC coating defects
1 Incremental in-service fuel failures that occur under normal operations

1 Diffusive release through the fuel particle SiC and other coatings.
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The values for the fuel-related release parameters, based on assumed 50 percent and

95 percent confidence levels, are shown in Table 5.2. The in-service failure values in Table 5.2
are for a prismatic HTGR that has a reactor outlet temperature of 900°C. This is conservative for
the prototype TNPP, which has a reactor outlet temperature of 760°C or 1,033 K (BWXT
20222%). These values are about a factor of five higher than allowable 95 percent confidence
levels specified in the fuel performance requirements for historical HTGR designs under normal
operations (EPRI 2020), and thus conservative for the risk analysis.

Table 5.2. TRISO Fuel Fabrication and Failure Parameters i Normal Operations®
Fabrication Operations

Fission Product Fraction Heavy Metal Fraction SiC Coating

Class Contamination Defects In-Service Failures
Confidence Limit 50% 95%® 50% 95% 50% 95%
Noble Gases 1E-05 1E-04 NA NA 1.4E-05 7E-05
l, Br, Se, Te 1E-05 1E-04 NA NA 1.4E-05 7E-05
Cs, Rb 1E-05 1E-04 1E-05 3E-05 2.1E-04 1.05E-03
Sr, Ba, Eu 1E-05 1E-04 1E-05 3E-05 2.1E-04 1.05E-03
Ag, Pd 1E-05 1E-04 1E-05 3E-05 2.1E-04 1.05E-03
Sb 1E-05 1E-04 1E-05 3E-05 2.1E-04 1.05E-03
Mo, Ru, Rh, Tc 1E-05 1E-04 1E-05 3E-05 2.1E-04 1.05E-03
La, Ce 1E-05 1E-04 1E-05 3E-05 2.1E-04 1.05E-03
Pu, actinides 1E-05 1E-04 1E-05 3E-05 2.1E-04 1.05E-03
Hydrogen (H-3)© 1E-05 1E-04 1E-05 3E-05 1.4E-05 7E-05
(a) Exceptas noted, values are from INL/EXT-11-24034 (INL 2012).
(b) Tﬁivzyol\z/lf)tal Contamination 95% values are from INL/MIS-21-62587, Microreactor TRISO Fuel Specification
(c) (Fabricatioﬁ and operations factors for hydrogen (H-3) are assumed to be the same as for noble gases.

The values selected for heavy metal contamination and SiC defects reflect fuel fabrication (fuel
guality) experience in the United States. The heavy metal contamination fractions are the same
as those used historically by United States LWR designers in their design assessments. These
fractions are about a factor of five higher than the allowable 95 percent confidence levels
specified in the fuel performance requirements for historical HTGR designs (EPRI 2020), and
thus conservative for the risk analysis. The SiC coating defect fractions are about four times
lower than the fuel manufacture defect specification for the maximum allowable particle defect
fractions calculated at a 95 percent confidence level for historical HTGR designs (INL 2010,
EPRI 2020). While this assumption is not conservative for the risk analysis, it is reflective of best
estimates based on experimental data about TRISO fuel performance (EPRI 2020).

The fuel failure fractions presented in Table 5.2 were assumed to be normally distributed.

The second key element with respect to radionuclide release is the attenuation of the release.
attenuation factors (AFs) represent the capability of the identified barrier to retain fission
products and actinides released due to the mechanisms discussed above. The AFs used in this
report were estimated by an expert panel based on HTGR fuel testing results and radionuclide
transport predictions developed for previous HTGR designs such as the modular HTGR and

23 BWXT Final Design Report, Table 3.2.2-1.
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Pebble Bed Modular Reactor (INL 2012). Note that in developing the AF values, the experts
accounted for the plant configuration and the design service conditions for the conceptual
HTGR designs developed for the Next Generation Nuclear Plant project. No attempt was made
in this report to update the AF values to account for the TNPP fuel element and reactor design
and plant configuration. This is a source of uncertainty for this report.

The AFs during normal operations, based on assumed 50 percent and 95 percent confidence
levels, are shown in Table 5.3. Again, the AFs in Table 5.3 are conservative from the
perspective that they are for a prismatic HTGR that has a reactor outlet temperature of 900°C.
The AFs are assumed to have a lognormal distribution.

Table 5.3. Normal Operations Attenuation Factors®

Heavy Metal Diffusive Release

Fission Product Class Contamination Kernel Through Coating Graphite
Confidence Limit 50% 95% | 50% | 95% 50% 95% 50% | 95%
Noble Gases 5 15 25 8.33 | 5E+07 | 5E+06 1 1
I, Br, Se, Te 5 15 25 8.33 | 5bE+07 | 5E+06 1 1
Cs, Rb 1 1 1.2 1 1E+07 | 1E+05 2 1
Sr, Ba, Eu 1 1 1 500 100 100 30
Ag, Pd 1 1 1 200 40 1 1
Sb 1 1 1 1 SE+07 | SE+05 5 1
Mo, Ru, Rh, Tc 1 1 250 15 1E+07 | 1E+06 200 60
La, Ce 1 1 250 15 1E+07 | 1E+06 200 60
Pu, actinides 1 1 500 50 1E+07 | 1E+06 |5E+03 | 500
Hydrogen (H-3)® 5 15 25 8.33 | 5E+07 | 5E+06 1 1
(a) Exceptas noted, Attenuation Factors are from INL/EXT-11-24034 (INL 2012).
(b) Fabrication and operations factors for hydrogen (H-3) are assumed to be the same as for noble gases.

The heavy metal contamination AFs reflect attenuation of the products of irradiation of heavy
metal contamination on the outer surface of the TRISO fuel particles into the surrounding
graphite moderator. The kernel AFs reflect attenuation of fission products and actinides in
TRISO fuel particles that have failed coatings (either as a result of fabrication or in-service
failures) through the UCO kernel and into the surrounding graphite moderator. The diffusive
release through coating AFs reflects attenuation of fission products and actinides through the
intact TRISO fuel particle kernel and coatings due to diffusion and into the surrounding graphite
moderator. The graphite AFs reflect the attenuation of fission products and actinides released
from the TRISO fuel particle, due to the previously described mechanisms, through the graphite
moderator into the primary cooling system.

It is noteworthy that some of the AF results presented in Table 5.3 are not, on face value,
intuitive, but are nevertheless reflective of experimental and past operational results. For
example, the AFs are higher for the noble gases and I, Br, Se, and Te classes than for some of
the other classes, such as the Cs, Rb class, because the PyC layer in the TRISO fuel particle is
more effective at retaining noble gases (Kr, Xe), halogens (I, Br), and tellurium than metal
classes such as alkali metals (Cs) and noble metals (Ag). A similar dichotomy is shown for
heavy metal contamination to account for the contribution to releases from each in the
experimental data.
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The TRISO fuel particle fabrication and failure parameters and the AFs are used to develop the
TRISO fuel release fractions from normal reactor operations. For the purposes of the risk
analysis, material released from the TRISO fuel during normal reactor operations is assumed to
be contained within the reactor core structure (i.e., fuel compacts) or in the reactor cooling
system (reactor containment boundary). Released material inventory is then available for
release during transportation accidents. Any fuel inventory not released continues to be retained
within the intact TRISO fuel particles, although additional releases are possible from TRISO fuel
particles that are intact after completion of normal operations due to a severe transportation
accident. The radiation dose consequence due to potential severe transportation accidents are
presented in Sections 8.0.

Thus, for normal operations, for each individual radionuclide, the MAR potentially available for
release in a severe transportation accident is estimated for each of the following sequence of

equations:
1. Inventory of radionuclide i released into the reactor core structure or graphite fuel compacts
(CS):
Qo Opi D b —E A f ]
h h h
where:
Invi = the total inventory of radionuclide i in the reactor fuel (Appendix A, Table A.1)
RPiHMc = release parameter (RP) or fraction of the radionuclide i inventory that is heavy
metal contamination (HMC) (Table 5.2)
RPirp = RP or fraction of the radionuclide i inventory that is in defective TRISO fuel
particles (FD) (Table 5.2)
RPiiss = RP or fraction of the radionuclide i inventory that is in TRISO fuel particles that
failed in-service (ISF) (Table 5.2)
AFinmc = HMC attenuation factor for radionuclide i (Table 5.3)
AFix = fuel kernel (K) attenuation factor for radionuclide i (Table 5.3)
AFipir = diffusive release through TRISO coating (DIF) attenuation factor for

radionuclide i (Table 5.3)
2. MAR for radionuclide i that is released into the primary cooling system:

. YQoa Goi Q
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where:

AFiG = graphite attenuation factor for radionuclide i (Table 5.3)

3. MAR for radionuclide i that is released into the reactor core structure (CS):
DO0Y YQa Qwi @0 ¥

4. MAR for radionuclide i that is retained in intact TRISO fuel particles:
00" CEOVOLOY 00 .

Noble gases and hydrogen released from the TRISO fuel were assumed to remain in the
coolant during reactor operation. Prior to transportation, this system is depressurized. As such,
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these gases do not contribute to public or worker exposure in a subsequent transportation
accident. All other fission products released to the coolant boundary were assumed to plate out
and are included in the MAR available for release.

The process for developing each of the three categories of MAR was to perform a Monte Carlo
analysis of 100,000 trials for one of the radionuclides in each of the fission product classes
defined in Table 5.1. The mean and 95" percentile inventory values were extracted for each of
the three MAR categories for each radionuclide. Mean and 95" percentile release fractions were
then developed for each radionuclide, or release category, for releases into the reactor core
structure and into the primary cooling system pressure boundary by dividing the applicable
Monte Carlo-estimated released inventory by the total original core inventory. The resultant
release fractions are provided in Table 5.4. These releases fractions were multiplied by the total
inventory of the applicable radionuclides in each release category to obtain the inventory of
each radionuclide released to each location.

Table 5.4. Release Fractions from Normal Operations

Fission Product Class | Reactor Core Structure | Reactor Cooling System Pressure Boundary
Confidence Limit Mean 95% Mean 95%
Noble Gases 0 0 8.2E-06 3.2E-05
l, Br, Se, Te 0 0 8.0E-06 3.2E-05
Cs, Rb 1.5E-04 5.1E-04 1.6E-04 5.5E-04
Sr, Ba, Eu 3.4E-03 9.9E-03 1.9E-05 6.7E-05
Ag, Pd 0 0 8.4E-03 2.5E-02
Sb 2.6E-04 8.6E-04 1.0E-04 4.5E-04
Mo, Ru, Rh, Tc 3.3E-05 1.1E-04 2.1E-07 8.7E-07
La, Ce 3.3E-05 1.1E-04 2.1E-07 8.7E-07
Pu, actinides 2.9E-05 1.0E-04 1.5E-08 6.6E-08
Hydrogen (H-3) 0 0 8.0E-06 3.2E-05

5.1.4.2 Unreleased Inventory that Could Be the Source of Direct Radiation Exposure

The primary and secondary sources of MAR discussed in the previous section could also be the
source of direct radiation exposure in a transportation accident. Direct radiation exposure is
addressed as a separate radiation dose pathway for workers and the public. This section
discusses the TNPP radionuclide inventory that could be the source of direct radiation exposure
if (1) the radiological material becomes unshielded (or partly unshielded) in a transportation
accident scenario in which the TNPP Package transportation shielding is damaged, or (2) an
undesired situation develops resulting in longer worker times of exposure to radiation during the
transport than planned. The sources of potential direct exposure overlap with those discussed in
the previous section and consist of the following:

9 Radioactive material contained within irradiated intact TRISO fuel particles

1 Radioactive material released from the TRISO fuel particles and from heavy metal
contamination during normal reactor operations that is held up in the reactor core structures
and primary cooling system
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1 Radioactivity resulting from neutron activation of Reactor Module components during normal
reactor operations such as (BWXT 2022):

T Fuel compacts (graphite) and graphite moderator blocks

T Reactor core support structures

i Control rods and control rod drive mechanisms

i RPV and Shield Tank

I Saddle mount for the cooling water system or Shield Tank

I TNPP Package structural components, including a custom-developed ISO container
(CONEX box-like exterior structure of the Reactor Module?*) and transportation shielding

i Copper wiring for instrumentation and control

i Lead, steel, and tungsten shielding that is integral to the reactor system.
52 Il dentifiTMRPRPaomk @oade Safety Functions

This section discusses the identification of TNPP Package transportation safety functions. The
vendor transportation plan includes identification and discussion of safety functions associated
with the transport of irradiated fuel that will be evaluated in detail during the next phase of the
project. These safety functions consist of containment of radiological material, radiation
shielding, and maintaining criticality safety, which are typical evaluation topics in a SAR. The
vendor transportation plan also discusses the need for passive heat removal while the reactor is
in shutdown mode during transportation activities. These safety functions are discussed in this
section.

Regarding the containment of radiological materials safety function, the vendor discussed in
their final Phase | design documentation the testing and modeling that will be performed during
Phase Il to demonstrate transportation safety during NCT and HAC. Dynamic finite element
analysis will be performed to determine how transportation accident loads may transfer through
the package and reactor core. Data from physical testing will be generated to support these
assessments. The following discusses testing that has been performed for the two types of
conditions cited.

1 Normal Conditions of Transport 1 A shock load evaluation and a vibration load evaluation
were performed using DoD Military Specification MIL-STD-810H (DoD 2019). Very little
damage resulted from these two types of over-the-road vibrations. There was some minor
yielding in the tube sheet that supports the control rod tubes and saddles but no plasticity
in the reactor vessel, shielding, bracing, or CONEX box-like structure.

9 Hypothetical Accident Conditions T Based on 10 CFR 71.73, a puncture evaluation (assuming
a 6 in. diameter steel cylinder) and a free drop evaluation (assuming 30 ft at any angle) were
performed. For the puncture evaluation (which did not include the reactor internals and
internal support structures) at the critical puncture angle, the CONEX box-like structure,
shielding, and pressure vessel were able to prevent perforation or cracking of the pressure
vessel boundary, leaving instead a significant dent in the vessel steel (however, additional
puncture analysis is proposed). The free drop evaluation resulted in considerable damage
and significant acceleration imparted to the reactor internals. Damage to the shielding layers

24 The term CONEX box is used to describe the exterior of the Reactor Module (i.e., custom-developed
ISO container, which is like a CONEX box).

Characterization of Hazardous Conditions to Identify Accident Scenarios 60



PNNL-36380 Revision 1

is expected in all angles of drop, and fracture of these shielding layers may result in increased
measured radiation outside the package. Breach of the containment boundary is possible in
both end-drop conditions as well as oblique corner drops.

During the hazardous condition evaluation, accident conditions were postulated from a broad

range of possible hazards, which includes impacts from highway accidents as well as loss of

safety function caused by other hazards extreme weather events (see results documented

in Appendix B). The hazardous condition evaluation is the primary element of the hazard

analysis, and therefore, the term fAhazard analysi
of the assessment of the whole process. As described later in Section 5.3, identification of

hazards, which is the starting point of the hazardous condition evaluation, was informed

byvendor 6s de s ipysnexperhkhowledgesot additional hazards specific to

transportation. Screening of hazardous conditions qualitatively judged to be of low risk is

also part of the hazard analysis process.

Satisfactory performance of the TNPP transportation package under exposure to the entire suite
of HAC test conditions prescribed in 10 CFR Part 71.73 is likely not feasible; therefore, the
TNPP transportation PRA and associated risk information will be used to support the 10 CFR
71.12 exemption process. Based on the current vendor design information, it is not known what
deterministic requirements may not be met. Therefore, it is necessary to make assumptions in
the TNPP transportation PRA about the fragility of the design relative to accident phenomena.
These assumptions are documented and their impact on the estimated risk associated TNPP
transportation is investigated using sensitivity studies that explore the impact of different levels
of conservatism. Different forms of radiological material containment exist starting with the
TRISO fuel itself, which is considered the first level of the overall containment boundary. The
fuel is encased in ceramic material that is hardened against high temperature as described in
Section 5.1. This barrier must be breached before radioactive material within the TRISO fuel is
released during a transportation accident. The vulnerability of the TRISO fuel to physical
phenomena that could occur during a transportation accident needs to be evaluated. During the
accident development stage of the PRA using hazard analysis, the potential for release of
radiological material from the TRISO fuel is assessed against physical phenomena that could
occur during the TNPP transportation accident, such as mechanical impact.

Another SSC forming the containment boundary for the transportation package is the reactor
vessel, including connected systems such as the control rod drive system and associated piping
such as the primary cooling system for which there will be portions that remain connected to the
reactor vessel for transportation (this is defined as the reactor containment boundary). Again, as
described in Section 5.1 for an irradiated core, there are fission products from the TRISO fuel
that have diffused during reactor operation into the core structure and material that has plated-
out in the reactor coolant boundary. Radioactive material from these locations could be released
into the air if corresponding containment features are breached. To evaluate the containment
function afforded by the reactor containment boundary, it needs to be assessed against the
possible physical phenomena that could be encountered in a TNPP transportation accident
scenario. These features of the reactor vessel system that should be assessed include seals,
lids, welds, cover plates, valves such as relief valves, drains, joints and connections, and
mechanisms such as closure devices used to maintain containment when the primary

cooling system is disconnected. Material properties of all these components are an important
consideration. Tests are used to establish that the normal leak rate meets the requirements of
10 CFR 71.51 for NCT.
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Another SSC forming the containment boundary is the transportation package or module itself
because it includes the CONEX box-like exterior structure and may contain a portion of material
released from the reactor containment boundary. In addition, surface contamination may be
present outside the reactor vessel and primary cooling system. This is likely to be low-level
surface contamination that could become released during a transportation accident.

Regarding the radiation shielding safety function, shielding external to the reactor vessel called

transport shielding is expected to be used during transportation. This feature includes built-in

and supplemental bolt-on lead encapsulated by carbon steel. This shielding is used in place of

the water shielding during transportation because the amount of water shielding used during

operation would be too heavy for transport. To evaluate the shielding function that the shielding

elements afford, they need to be assessed against the possible physical phenomena that could

be encountered in a TNPP transportation accident scenario. These physical phenomena, such

as mechanical impact and fire, are likely to be the same phenomena that can damage the

package and cause release of radiological material. Tests and analyses are used to establish

that the level of radiation from the TNPP Package at the surface of the package meets the
reqguirements of 10 CFR 71.47 (AExternal radiation
173.441 (nAnRadiation |l evel ITimitatiThelPRAiausedtoex cl usi
determine the risk associated with conditions for which the TNPP Package shielding (integrated

internal and transport shielding) function does not meet the requirements for HAC specified in

10 CFR 71.51.

Regarding criticality safety, the vendor design addresses this possibility and has proposed
transportation poison rods to preclude a control rod withdrawal criticality accident. However,
transportation poison rods are not proposed for the current demonstration unit. Concerning an
addition of a moderator scenario that results in criticality, the vendor stated that the prototype
design will not preclude criticality during a water immersion inundation event. Though both types
of criticality scenarios may have very low likelihoods, criticality scenarios are included in the
process of developing accident scenarios by postulating these events in the hazard analysis.
Given that applicable 10 CFR Part 71 requirements are not met, the risk of criticality accidents
need to be evaluated in the PRA. Highway accidents that involve significant impact with moving
or fixed objects could cause a control rod withdrawal event if the mechanisms that keep the
control rods inserted fails. Highway accidents that result in the TNPP transportation package
being submerged in a body of water are included in the PRA.

The PRA is used to determine the risk associated with conditions for which the TNPP Package
does not meet the requirements for HAC specified in 10 CFR 71.51.

The vendor design documents address passive removal of decay during transportation for

reasons other than as a required safety function. For example, it is indicated that passive

cooling will be required during transport to fAens
properly function?,0but is not needed to support a nuclear safety function. Remote parameter

monitoring of these systems is expected to be implemented to provide real-time health

diagnostics to allow timely response to be made for abnormal conditions that may occur during

transport. The proposed parameter monitoring system (i.e., Health Monitoring Instrumentation

System [HMIS]) is expected to monitor parameters such as airborne and direct radiation, reactor

containment boundary pressure and temperature, control rod position, and shock and vibration.

Decay time is expected to have a significant impact on the decay heat that is possible during

25 BWXT Final Design Report, Appendix | i Essential Plans for Deployment, Appendix 1.1 Transportation
Plan, page 28 of 86.
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TNPP transportation with irradiated fuel. Assumptions for the TNPP transportation PRA are
made about the maximum possible residual heat load that could occur during transport based
on the time since shutdown.

However, loss of passive heat transfer of decay heat during transportation of the TNPP
Package does not appear to lead directly to a transportation accident but rather is expected to
potentially cause degradation of the reactor caused by damage to materials due to exceeding
their maximum allowable use threshold. Such an increase in temperature could be detected by
a HMIS, if included. Failure of passive heat transfer of decay heat caused by human error or
other failures may also lead to other effects such as increasing the pressure inside the reactor
vessel, which are addressed in the hazard analysis for their impact on the containment safety
function.

The conclusions based on examination of safety functions required during transportation are
that they are the same as those for traditional transportation packages of high-level radioactive
material (i.e., containment of radiological material, shielding from radiological material, and
maintaining criticality safety). These safety functions were considered during identification and
development of accident scenarios as part of the hazard analysis. Additionally, it is noted that
loss of passive heat transfer of decay heat during transportation of the TNPP Package could
lead to possible degradation of the reactor caused by damage to materials that exceed their
maximum allowable use threshold, though it is not expected to affect the reactor containment
boundary safety function. Even though this degradation is not the source of a transportation
accident it could have a safety-related consequence if the damage went undetected and the
reactor is reassembled after transport and operated.

53 Il dentification and Dewaabkpprriractkiaayie
Accident Scenari os

This section describes the identification and development of TNPP transportation package
accident scenarios. It discusses the approach for identifying and defining accident scenarios
that could lead to a release of radioactive material, loss of shielding, or criticality. As described
in Section 3.2, a PRA is typically founded on a comprehensive identification of what can go
wrong. In principle, a PRA would consider all credible accident scenarios that result in release of
radioactive material to the environment or in direct radiation exposure to workers or the public.
In practice, high-likelihood low-consequence accident scenarios are not expected to be as
important as low-likelihood high-consequence accident scenarios because packages and
containers for transporting radiological material are designed to be very robust, even those that
do not meet Type B packaging requirements. This section provides a discussion of the general
approach to identifying TNPP transportation package accident sequences.

Section 5.3.1 describes the overall approach to the development of TNPP transportation
accidents. Section 5.3.2 describes use of hazard analysis to identify hazardous conditions and
make qualitative estimates of their risk and the assumption used in the analysis. Section 5.3.3
then uses the identified hazardous conditions to develop the detailed TNPP transportation
accident scenarios. Section 5.3.4 describes using the detailed TNPP transportation accident to
create the bounding representative accidents that are evaluated in the TNPP transportation
PRA.
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5.3.1 Approach to Development of Accidents Scenarios

In general, development of accident sequences for a PRA consists of three major elements:
1. lIdentification of the accident sequence initiating events

2. Development of system response models that define how the item of interest responds to
the initiating event, which can include consideration of design features meant to prevent or
mitigate the consequences of an accident and administrative controls

3. Delineation of the sequence of events that leads to undesired outcomes, as described in the
RIDM report (NRC 2008).

An initiating event can be a system upset or failure, a human error, or an external event (e.g., an
event outside the system or activity of interest like a natural phenomenon event). Identification
of initiating events requires a systematic search across the range of events that can affect the
system of interest. There are multiple methods for identifying initiating events for PRA including
inductive and deductive approaches and searching through event data. Inductive approaches
(i.e., bottom-up) include use of a hazard analysis or hazard identification checklist and are
particularly useful when an understanding of the broad range of possibilities is needed (Coles
et al. 2021). Deductive approaches (i.e., top-down) include use of a Master Logic Diagram that
defines a top event (e.g., reactor core damage) and delineates all the ways in which the top
event can occur. For systems and activities for which event data may be incomplete, it is
common to identify possible accident scenarios using a hazard analysis to identify possible
hazardous conditions that can lead to undesired outcomes (NRC 2008).

Previous transportation risk assessments have defined transportation accidents with the aid of
an event tree such as the event trees developed for transportation risk assessment studies
performed by the NRC, like the study presented in NUREG-2125 (Spent Fuel Transportation
Risk Assessment [NRC 2014]). The event trees presented in NUREG-2125 for transportation of
packages such as spent nuclear fuel casks consist mostly of accident sequences associated
with various kinds of high-energy highway vehicle accidents such as collisions with moving
vehicles (e.g., cars, trucks, and trains) or fixed objects (e.g., buildings, trees, bridge abutments,
interstate highway structures, or the ground after a fall to a lower elevation), and non-collision
accidents (e.g., rollover or jackknife). A fire or explosion could happen randomly while the
transport vehicles are stationary or are in motion, or they could happen as a result of a highway
vehicle accident. Accordingly, this kind of event tree is typically constructed using transportation
accident data and perhaps geographic information system (GIS) data.

Event trees like those shown in NUREG-2125 are mostly useful for identifying the different kinds
of highway vehicle accidents that can occur during transport, as opposed to defining the course
of accident scenarios based on the success or failure of different nodes that correspond to
various prevention and mitigation systems functions (e.g., the course of an accident after a large
pipe break at a nuclear powerplant). It is noteworthy that NRC transportation risk assessment
reports describing the use of event trees do not refer to these models as PRA models. For the
TNPP transportation PRA, event trees are not explicitly developed for the TNPP transportation
PRA presented in this report because they are viewed as having limited value in this application.
Rather, the accident scenarios are defined independent of each other and in enough detail so
adequate likelihood and consequence analyses can be defined and performed. Nonetheless,
the results of the accident analysis identification process were compared to the transportation
events trees like the ones shown in NUREG-2125 as a way to review the comprehensiveness of
the accident scenarios identification and development.
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Also, as discussed in Section 3.2, the use of fault trees in the TNPP transportation PRA for
accident sequence development is seen as having limited value at this stage of Project Pele.
For the most part, complex system analysis (e.g., failure of the control rods to deploy or
Emergency Diesel Generators to start), the use of fault trees is not required or that beneficial at
this point in the TNPP transportation PRA. Fault trees are a useful way to understand the
combinations of random failures that could happen after an initiating event that results in an
undesired outcome. However, in this TNPP transportation PRA, the failures that occur during
accident scenarios are primarily the result of the initiating event itself, as opposed to subsequent
random failures. Therefore, like event-tree development, the development of fault trees is not
included at this phase of the project. That said, it is possible that at a later stage (e.g., Phase II)
more detailed modeling could be beneficial. For example, if a system such as a HMIS were
identified to be a key mitigating system, then it might be important to model the system using a
fault tree to gain a more accurate understanding of the risk associated with certain accident
scenarios. Accordingly, hazard analysis is used as a systematic way to identify and define
TNPP transportation accidents that are important contributors to risk and need to be evaluated
in detail.

The accident scenarios defined for TNPP transport are not complex in terms of requiring models
of multiple active interdependent systems like the nuclear power plant safe shutdown systems.
However, the TNPP transportation package PRA is a first-of-its-kind endeavor, and the
associated hazards are apt to be different from those encountered during transportation of
nuclear material in approved containers, casks, or packages or cited stationary reactors.
Therefore, an approach is needed that explores a broad range of possibilities and does not
depend on specific accident event data. The hazards identification and assessment are judged
to meet those criteria described in the RIDM report and PNNL-31867 (Coles et al. 2021).
Therefore, identification and assessment of possible TNPP transportation hazardous conditions
are presented in Section 5.3.2. They are used to delineate detailed accident scenarios.

In principle, a PRA would consider all credible accident scenarios that result in the release of
radioactive material to the environment or in direct radiation exposure to workers or the public.
In practice, however, low-likelihood high-consequence accident scenarios dominate the risk
because packages and containers for transporting radiological material are designed to be very
robust. If such accident scenarios can be shown to be insignificant contributors to risk, then
there is a basis for not calculating the risk of all possible accident scenarios. Another rationale
for not being overly comprehensive is that the design and transportation details and certain PRA
modeling input information needed to perform a detailed comprehensive evaluation are not yet
complete, necessitating use of a significant number of PRA modeling assumptions. Therefore, a
useful strategy for this initial stage of the Project Pele PRA (and perhaps also applicable for
later PRAS) is to develop representative and bounding accidents to reduce the number of
accidents that need to be quantified, which facilitates exploration of the impact of different
sources of modeling uncertainty on the risk estimates. Accordingly, bounding representative
accident scenarios are defined in a way to be representative of a group of accident scenarios
that are similar, but bound the risk (i.e., has the highest risk) of all variations of the accident
scenarios in the group. The description of defining bounding representative accidents based on
identification of and description of the full set of risk important accident scenarios is presented in
Section 5.3.4.
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5.3.2 Identification and Assessment of TNPP Transportation Hazardous
Conditions

This section describes how identification and assessment of hazardous conditions during TNPP
transportation was used as a way to systemically identify TNPP transportation accidents that
are important contributors to risk. It describes the use of hazard analysis sessions using subject
matter experts in the process who are familiar with TNPP vendor designs to generate a
comprehensive list of hazardous conditions of concern. It also describes the information
captured by the experts on the hazardous condition worksheets, which were used to generate
TNPP transportation accident scenarios.

The RIDM report (NRC 2008) explains that hazard analysis, in addition to being an alternative

approach to PRA (i.e., an ISA approach as discussed in Section 4.2.2 of this report), can also

be used to support a PRA as mentioned in Section 5.3.1. The use of hazard evaluation methods

is discussed in Appendix D of the RIDM report, which describes such methods as a Hazards

and Operability Study, commonly used in the chemical industry, to help identify and construct

potential accident event sequences. Additionally, DOE-STD-3009-2014 (DOE Standard i

Preparation of Nonreactor Nuclear Facility Documented Safety Analysis [DOE 2014]) provides

useful guidance on nonquantitative risk characterization based on assessment of postulated

hazardous conditions. This general approach was applied to identify hazardous conditions for

TNPP transportation. The DOE standardd ef i nes t he t er m féldwazar d anal y s

The identification of materials, systems, processes, and plant characteristics that can
produce undesirable consequences (hazard identification), followed by the assessment
of hazardous situations associated with a process or activity (hazard evaluation).
Quialitative techniques are usually employed to pinpoint weaknesses in design or
operation of the facility that could lead to accidents. The hazard evaluation includes an
examination of the complete spectrum of potential accidents that could expose members
of the public, onsite workers, facility workers, and the environment to radioactive and
other hazardous materials.

Many of the hazard analysis approaches referred to above can be used to make qualitative or
semi-quantitative estimates of the risk to assess hazardous conditions by assigning those
conditions to likelihood and consequence severity categories.

A series of expert panel sessions were held over the course of a few weeks in late February and
early March 2022 to identify and assess hazardous conditions associated with TNPP transport.
The session participants were experts in PRA (i.e., nuclear power plant PRA and transportation
of nuclear material risk assessment), hazard analysis, nuclear safety analysis, and nuclear
material packaging safety who made themselves familiar with TNPP vendor designs. The
session experts filled out a hazardous condition worksheet to generate a comprehensive list of
postulated hazardous conditions of concern and evaluate their risk. The conditions of concern
were those that could defeat the safety function of the TNPP transportation package identified in
Section 5.2 of this report and pertain to maintaining criticality safety, maintaining radiation
shielding, ensuring containment of radiological material, and maintaining passive heat removal
during transport. The Hazardous Condition Evaluation Worksheet used to capture the
hazardous analysis results is discussed in Section 5.3.2.1. The assumptions made about the
microreactor design and transport to support the hazardous condition evaluations are discussed
in Section 5.3.2.2. Applicable hazards are used as a starting point to generate the

hazardous conditions postulated in the worksheet. These hazards include those identified in
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the vendor design documents for a stationary reactor plus expert knowledge of additional
hazards that are specific to transportation.

5.3.2.1 Completion of Hazardous Condition Evaluation Worksheets

The worksheets were filled out by first considering the hazards identified in the Project Pele
vendor Phase | design reports for stationary operation of the TNPP that could potentially also
pertain to transport of the TNPP Package.

In addition, hazards exclusively associated with transportation were added based on the

description of transport of the TNPP Packagepr ovi ded i n the vendor 6s Phas
detailed knowledge of transportation risk based on having performed previous transportation

risk assessments. Regarding the TNPP design and transport process, the hazard analysis team

relied on information in the Project Pele vendor Phase | design reports as clarified in some

cases by the vendor. A list of the primary assumptions used in the hazard analysis is presented

in Section 5.3.2.2.

This process considered hazards such as the kinetic energy associated with moving vehicles
and thermal energy associated fires such as diesel fuel fires. The process also considered
hazardous conditions that could occur for a stationary reactor but created different hazardous
conditions for a TNPP in transport. This included loss of confinement of the TNPP Package,
hazards associated with natural phenomenon like severe weather, and human errors in
preparing for transport that could lead to failure or degradation of the TNPP Package. These
worksheets were produced for the following hazard categories, as presented in Appendix B.

9 Fire Hazard Events (Table B.1)

1 Explosion Events (Table B.2)

1 Kinetic Energy Events (Table B.3)

9 Potential Energy Events (Table B.4)

1 Loss of Containment Events (Table B.5)

1 Direct Radiological Exposure Hazard Events (Table B.6)

1 Criticality Events (Table B.7)

1 Man-Made External Events (Table B.8)

1 Natural Phenomena Hazards (Table B.9).

The hazard analysis does not include consideration of hazardous conditions that occur uniquely
during dismantlement of the TNPP, loading it onto the transport trailers, unloading it from the
transport trailers, or reassembling the TNPP modules, except to the extent to which latent errors
or failures occur that do not manifest themselves until transport of the TNPP Package. While
these activities might have an important contribution to overall risk of reactor operations, they

are not considered to be within the scope of the TNPP PRA, which provides a risk-informed
basis for over-the-road transportation.

The first column on the left side of the worksheets for a given hazard category (e.g., Fire Hazard
Events) is labeled Event Class, which is a subdivision of the hazard category. For example, the
Events Classes for the Fire Hazard Events category are general fire, diesel fuel fire, oil and
grease fire, and graphite fire. The second column is labeled the Initiating Event Category, which
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describes how the hazardous condition came into being (i.e., how it was initiated). For example,
the first Initiating Event Category in the Fire Hazard Events worksheet, which is under fiGeneral
Fireoi s Al gniti on of thé GONEBEXbbxHike strndurede.gi, @assocated with
the module, the possible overpack, or system components external to the TNPP reactor
containment boundary) . 0

The third column is labeled the Hazardous Event Summary and is a description of the
hazardous condition. Given the safety functions that must be preserved during transport as
discussed in Section 5.2 (i.e., containment, shielding, and prevention of criticality), the
Hazardous Event Summary always concerns (1) a release of radiological material to the
environment, (2) direct radiation exposure from unreleased radiological material (e.g., due to
degraded shielding), or (3) a criticality that potentially involves both direct radiation and release
of radiological material. In terms of the PRA, the Hazardous Event Summary is essentially a
description of the accident scenarios. The fourth column is an Initiator Likelihood that the
hazardous condition occurs as defined in the Hazardous Event Summary. The Initiator
Frequency (events per year) intervals are common ranges used in hazard analysis, as shown
below:

fAnticipated (OB equency OL1E

f Unlikely (1E-02 > Freqwé&ncy O1E

1 Extremely Unlikely (1IE-04 > Freqw&®ncy OL1E
9 Beyond Extremely Unlikely (1E-06 > Frequency).

The fifth column is a qualitative Consequence Description (i.e., Physical Consequences) of
the outcome of the hazardous condition defined in the Hazardous Event Summary in terms
of damage that affects the radiological inventory of the TNPP Package. The sixth column
(i.e., Qualitative Risk Characterization) is a qualitative characterization of risk as High,
Moderate, or Low to the workers involved in the transport and to the public. Included in this
column is identification of MAR potentially released or part of the radiological inventory of the
TNPP Package that becomes unshielded and could cause direct exposure to a worker or the
public. As described in Section 5.1 of this report, the following contributors to the MAR are
identified as applicable for each hazardous condition (i.e., accident scenario):

9 Nongaseous fission products contained within the TRISO fuel or heavy metal contamination
within the compacts that subsequently were damaged in an accident

1 Fission gases contained within the TRISO fuel or heavy metal contamination within the
compacts that are subsequently damaged in an accident

1 Fission products from the TRISO fuel that have diffused and are held up in the core structures

1 Fission products and gases that have diffused from the TRISO fuel and plated out in the
reactor containment boundary (i.e., RPV or primary cooling system)

1 Contamination outside the reactor.
The seventh column of the worksheets (i.e., Preventive SSCs) identifies SSCs that could
prevent the hazardous condition (i.e., accident scenario) and the last column of the worksheets

(i.e., Mitigative SSCs) identifies SSCs that could mitigate the risk from the hazardous condition
(i.e., accident scenario).
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Thus, the hazard analysis worksheets provide the following:

1. Identification of the hazardous conditions that could occur during transportation of the TNPP
Package

A semi-quantitative judgment of the likelihood of each hazardous condition
A qualitative description of the consequences of each hazardous condition
A qualitative description of the risk associated with each identified hazardous condition

o~ W N

Identification of preventive and mitigative features and systems to reduce the risk associated
with the hazardous condition.

For the sake of aligning them with the PRA, the hazardous conditions were formulated in a way
to describe accident scenarios. For example, hazardous conditions that involve a release from
the TNPP Package were formulated as a release of radiological material from the TNPP
Package (or some specific part of the package) to the environment caused by a named hazard
due to specific conditions created by or associated with the hazard.

The hazardous conditions that were postulated and evaluated in the process described above
are presented in Appendix B of this report after removing hazardous conditions that were
deemed not to be applicable to transport (i.e., only applicable to stationary operation of the
reactor).

5.3.2.2 Assumptions Related to Hazardous Condition Evaluation Assumptions

As stated in Section 5.3.2.1, the basis for the hazard analysis was the TNPP design and
transportation process information from the Project Pele vendor Phase | design reports as
clarified in some cases by the vendor. A list of the primary assumptions used in the hazard
analysis is presented below. Specific assumptions about other aspects of the PRA such as
factors important to estimating the accident likelihoods and factors important to estimating the
radiological consequences of a transportation accident are identified in the sections of the report
that address those analyses in detail (i.e., Sections 6.4 and 7.4, respectively).

1. The dominant radiation dose risk is associated with the Reactor Module configured as a
TNPP Package because it contains the reactor, the fuel, portions of the primary cooling
system and nearly all of the radiological material inventory. It is assumed that other portions
of the primary cooling system that contain radioactive material such as the IHX and piping
connecting the reactor to the IHX are transported in a separate module or containers as Low
Specific Activity (LSA) or surface contaminated objects. It is assumed that radiological
contamination or activated material that might exist in the other modules contributes little to
radiation dose risk. Accordingly, the hazards analysis focuses on the TNPP Package
exclusively.

2. The Reactor Module includes spent fuel after a specified period of decay as described in the
consequence analysis presented in Section 7.0.

3. There is no gas cleanup system in the design, so its contribution to radioactive
transportation inventory is not considered, neither for removal of fission products released
during normal operations nor as a source of radiological MAR.

4. Submersion of the reactor vessel into a body of water could hypothetically lead to criticality
based on the available design information.
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No credit can be taken for a HMIS given that one has not yet been defined, although such a
system could reduce the risk from certain kinds of accidents.

Loss of passive heat transfer from the reactor in the TNPP Package to the environment
could lead to pressurization of the reactor containment boundary, but decay heat by itself
would not lead to failure of a containment seal or device.

There is only enough combustible material inside the Reactor Module in the form of cable
and wire jacket and insulation to lead to a small fire.

No (or minimal) other flammable material, other than cable and wire jacket and insulation
and minimal quantities of grease and oil, exist in the Reactor Module configured as the
TNPP Package. No significant quantity of plastic wrapping or flammable packing material is
used in this module.

There will be energized electrical components in the TNPP Package during transport
associated with parameter monitoring, lighting, and ventilation.

The quantity of diesel fuel in the transport vehicle is about 300 gallons.

The only external fire of sufficient magnitude to propagate into the TNPP Package from the
outside is a diesel fuel fire. Other external truck fires such engine fires and wheel or tire fires
are not of sufficient magnitude to propagate into the TNPP Package.

For hard impacts followed by fire including a collision with a tanker carrying flammable liquid,
the proportion of collisions that involves an explosion (e.g., deflagration or detonation) is
very small compared to those that involve just fire. Therefore, the risk of this accident is
considered to be bounded by a collision followed by fire which was an extremely low but
much higher likelihood. As such, the dose consequences from a hard impact followed an
explosion were not separately evaluated.

For the hazard analysis, there is no prohibition about transporting during inclement weather
(e.g., extreme wind, rain, or temperature related scenarios were included). However, it was
also assumed that a shipment would not deliberately be made in weather conditions so
severe that the design/integrity of package would be exceeded.

Extreme weather events that can contribute to the occurrence of highway accidents that
damage the TNPP Package are included in the large truck data, and therefore, do not need
to be separately considered in separate scenarios. Moreover, the mechanical impact
associated with very large truck crashes was assumed to dominate the accident
phenomena, and as a result, weather phenomena were not factored into determination of
source term factors (e.g., high wind was not assumed to increase the impact or dilute the
concentration of released material).

There would be no specific control of passing or oncoming vehicles (i.e., collision with other
vehicles was assumed possible) in development of the likelihood estimates.

Hazardous conditions qualitatively evaluated to be of low risk were not significant enough
to be carried forward for detailed accident analysis. Low-risk scenarios were screened out

because the likelihood was determined to be wellbelowi Bey ond Extr emel vy

(i.e., well below 1E-06 per year or below 5E-07 per year) or the consequences were
determined not to significantly affect any of the TNPP Package radiological inventory
contributors listed in Section 5.1.4.1.

The TNPP Package being transported has not experienced a DBE or BDBE during
operation that would have affected diffusion rates during operation.
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5.3.3 Identification and Development of Accident Scenarios for Detailed
Analysis

The hazardous conditions discussed in the previous section that are identified and assessed in
Appendix B of this report were used as the basis for defining the accident scenarios for the
TNPP transportation PRA. Section 5.3.3.1 describes how the hazardous conditions presented in
the Appendix were organized and delineated as TNPP transportation accident scenarios.
Sections 5.3.3.2 through 5.3.3.33 provide detailed discussions of each identified accident,
including discussion of parameters and factors that are important to accident sequence
likelihood and consequence analysis.

5.3.3.1 Delineation of Accident Scenarios from the Identified Hazardous Conditions

As described in Section 5.3.2.1, the hazardous conditions listed in Appendix B were specifically
formulated to contain the information needed to define accident scenarios. Accordingly, the
hazardous conditions identified in Appendix B are essentially, with some adjustments, the
accident scenarios. The primary adjustment was to combine hazardous conditions that involve
the same accident phenomena and produce the same kind of accident and accident
consequences. An example of this are weather-related events (e.g., ice and snow events) that
cause highway accidents. These events are considered to be encompassed by the highway
accidents, because the highway accidents include all root causes of the accident whether they
are human, mechanical, or weather related (e.g., the likelihood of these accidents include the
contribution from all root causes). When it was determined that certain variations of an accident
might produce different radiological consequences and likelihoods that are important to the risk
conclusions, then those accidents were subdivided to account for those variations.

In a PRA, it is typical to organize accident scenarios is by initiating event categories; however,
other factors also can play an important role such as accident phenomena and resulting

radiation dose pathways to a worker or the public. Table 5.5 at the end of this section presents a
condensed summary of potential TNPP accident scenarios after conditions estimated to be of
low risk were screened out because their likelihood of occurrence was determined to be
AiBeyond Extremely Unlikelyo ortohelnggnificenhbecause e nc e s
the MAR contributors discussed in Section 5.1 are negligibly affected. The low-risk accident
scenarios based on the criteria used above are judged not to have a meaningful impact on the
estimated risk. Therefore, the screening of low-risk scenarios should not change the
conclusions derived from the TNPP PRA results associated with the goals of performing

the PRA discussed in Section 3.2. As described above, the hazardous conditions listed in
Appendix A were specifically formulated to contain the information needed to define accident
scenarios. Accordingly, the hazardous conditions identified in Appendix A are condensed and
presented in Table 5.5 as the accident scenarios. However, detailed descriptions of the accident
scenarios are provided in Sections 5.3.3.2 through 5.3.3.33.

Many of the potential accidents presented in Table 5.5 are highway accidents typically
considered in a transportation risk assessment involving a certified package. These include
high-energy events that involve (1) collisions with other types of vehicles or with fixed objects;
(2) drops from an elevated surface like a bridge, embankment, or overpass; or (3) rollovers.
These same highway accidents could also involve fires resulting from the accident. This second
set involving fires is distinguished from the first set that involves impact only because fire
introduces an additional release mechanism beyond damage to the package caused by
mechanical impact. Most of the accidents in these first two sets could involve all of the TNPP
radiological inventory contributors listed in Section 5.1.4.1.
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Another type of high-energy accidents is the fires-only accidents that do not involve mechanical
impact and do not necessarily occur on the highway (e.g., they could occur at a gas station
when refueling). These fires are considered separately from fires that occur as part of a collision
because:

1. There is only one damage and release mechanism.

2. A general fire or diesel pool fire involving the quantities of fuel carried on a transport vehicle
(typically 8,000 to 12,000 gallons) likely cannot get hot enough to damage the TRISO fuel.

Thermal testing of TRSIO fuel suggests that the fuel remains intact with very low radiological
material release at temperatures up to 1,400°C per INL/EXT-16-40784 (A Summary of the
Results from the DOE Advanced Gas Reactor (AGR) Fuel Development and Qualification
Program [Petti et al. 2017]). These are much higher temperatures than testing predicts for large-
scale diesel pool fires (Tiwari 2019).

Another high-energy accident to discuss along with these three sets is a tornado or high-wind
event that lifts or rolls the transport vehicle whether it is parked or moving. The physical
phenomena (e.g., delta-pressure or airborne dispersion) that accompany this kind of external
event can be an important consideration in the accident analysis (e.g., because it causes more
damage or more release of radiological material dispersion than an event without wind).

Low-energy accidents could also be important contributors to risk because they might occur at a
higher frequency than a highway-related accident, even though they might result in lower levels
of radiological consequence to workers or the public. Given that the reactor and IHX will be
separated into two different modules, a device will need to be temporarily installed at the points
where these systems are separated to provide a containment function, and these are locations
in the package that might be vulnerable to failure. One set of containment issues concerns loss
of the reactor containment boundary when it is not pressurized, while another set concerns loss
of reactor containment boundary when it is pressurized. A third set of containment issues
concerns the loss of containment from system elements that are not part of the reactor
containment boundary.

The first set of low-energy accidents concerns a nonpressurized release from the reactor
containment boundary for one of the following reasons:

1 Random containment failure (e.g., failure of a seal, connection, or joint

1 Vibration and shock from over-the-road travel

9 Human error in packaging the system

9 Human error during TNPP disassembly leading to undetected latent failures in containment
1 Extreme cold that fails containment.

The second set of low-energy accidents concerns a pressurized reactor containment boundary
due to reactor decay heat causing pressure that is released for the following reasons:

1 High ambient air temperature that in combination with the residual decay heat pressurizes the
reactor containment boundary

9 Impact on vents or the heat transfer pathway that decreases heat removal to the extent the
reactor containment boundary pressurizes.
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These accidents are postulated because low-level pressurization of the reactor containment
boundary containment during transportation appears to be credible. For transportation, the gas
that cools the reactor has been discharged (BWXT 20222%) and the Shield Tank that shields
radiation, removes decay heat, and is a source of component cooling water has been drained

of water to satisfy transportation weight limitations (BWXT 202227). During shipment, the Shield
Tank would function as an impact limiter for the reactor vessel (BWXT 202228), but this is not
explicitly credited in the PRA. A thermal analysis by the vendor shows that after active cooling
was stopped, the decay heat resulted in reheating the fuel to a maximum temperature of 895 K
after about 4 days (or 9 days after reactor shutdown), which slowly decreased thereafter
(BWXT 20222°). The decay heat generation about 12 days after reactor shutdown is estimated
to be 20.2 kW (BWXT 2022%0). PNNL estimates the decay heat generation will be about half this
at 90 days after reactor shutdown. Given that the reactor coolant system is depressurized when
it is prepared for shipment (i.e., it is assumed to be at an ambient pressure of 0.1 MPa), PNNL
estimates the decay heat generation would pressurize the reactor coolant system to a maximum
of about 0.3 MPa during shipment based on the ideal gas law. Thus, some degree of
pressurization is possible and provides a mechanism for discharging radioactive material from
the reactor containment boundary.

The third set of low-energy events concern loss of containment from the CONEX- box-like
structure caused by:

1 Pressurization due to radiolysis of hydrogenous material (e.g., Shield Tank not fully drained)
and possible hydrogen accumulation and ignition

9 Pressurization caused by loss of ventilation or high ambient air temperatures
1 Containment failure caused by random or vibration-caused failures

1 Containment failure due to a hailstorm that causes general severe vibration.

For this third set, the radiological material available for release is primarily only loose
contamination.

Three unique accident groups produce consequences to the worker and public through different
radiation dose pathways from the radiological release accident scenarios described above. The
radiological risk to workers and the public from release of radiological material is primarily from
inhalation of airborne radioactive material. The first set concerns direct exposure of a worker to
radiation due to the loss of shielding as the result of a highway accident (e.g., collisions and
drop from a bridge) as described above. However, it is important to keep this set separate from
the highway accidents described earlier to highlight that dose consequences to the worker can
occur through a completely difference dose pathway if loss of shielding occurs during the
accident. The second set of events concerns additional exposure of the worker to normal direct
radiation caused by an increase in exposure time due to:

1 Mechanical breakdown of the transport truck or trailer
1 Technical problems with the package that requires worker attention

1 Adverse weather that delays transport.

26 BWXT Final Design Report, page 7-17.

21 BWXT Final Design Report, page 3-9.

28 BWXT Final Design Report, page 7-3.

29 BWXT Final Design Report, Appendix .45, Section 7.3.3.
30 BWXT Final Design Report, Appendix II.45, page 17.
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The third set concerns a criticality event caused by a highway accident (e.g., collision or drop
into a body of water) that can result in both large direct radiation to the worker and release of
radiological material to the environment due to:

9 Addition of a moderator and potential change in core geometry
9 Fast control rod withdrawal.
Again, it is important to keep this set separate from the highway accidents described earlier to

highlight that the accident phenomena of a criticality event and the resulting potential dose
consequences are different than those associated with a release of radioactive material.

Table 5.5 presents a condensed summary of TNPP accident scenarios identified by the hazard
analysis process after hazardous conditions estimated to be of low risk were screened out as
described above based on the qualitative estimates of accident likelihood and consequence. As
discussed in Section 5.3.2.1, the accident likelihood categories qualitatively assigned by the
hazard analysis team in the second to last column are based on the following definitions:

fAnticipated (-® equency O 1E

f Unlikely (1E-02 > Frequdncy O 1E
 Extremely Unlikely (1E-04 > Frequoncy O 1E
9 Beyond Extremely Unlikely (1E-06 > Frequency).

The accident consequence groups that were assigned by the hazard analysis team are
presented in the last column of Table 5.5 and are defined using the MAR contributors described
in Section 5.1.4.1. The consequence groups indicate which MAR contributors could possibly be
released or become unshielded during a TNPP transportation accident and provide a qualitative
sense of the potential magnitude of the radiological risk to a dose receptor.

Consequence Group A (Very High) indicates that all MAR contributors could potentially be
partially released or unshielded as listed below:

1 Nongaseous fission products contained within the TRISO fuel or heavy metal contamination
within the compacts that are subsequently damaged in an accident

9 Fission gases contained within the TRISO fuel or heavy metal contamination within the
compacts that are subsequently damaged in an accident

1 Fission products from the TRSIO fuel that has diffused and is held up in the core structures

9 Fission products and gases that have diffused from the TRISO fuel and plated-out in the
reactor coolant system comprising part of the TNPP reactor containment boundary

9 Contamination outside the reactor.

Consequence Group B (High) indicates that the following MAR contributors could potentially be
partially released or unshielded:

1 Fission products from the TRSIO fuel that has diffused and is held up in the core structures

1 Fission products and gases that have diffused from the TRISO fuel and plated-out in the
reactor coolant system comprising part of the TNPP reactor containment boundary

9 Contamination outside the reactor.
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Consequence Group C (Moderate) indicates that the following MAR contributors could
potentially be partially released or unshielded:

9 Fission products and gases that have diffused from the TRISO fuel and plated-out in the
reactor coolant system comprising part of the TNPP reactor containment boundary

9 Contamination outside the reactor.

Consequence Group D (Low) indicates that just contamination outside the reactor could
potentially be partially released or unshielded:

Consequence Group E (noncriticality direct radiation exposure) pertains to potential direct
exposure, as discussed in Section 5.1.4.2, from

1 Existing TRISO fuel

1 Fission products held up in the compact and other core structures

1 Radiological material condensed or plated-out in the reactor coolant system comprising part
of the TNPP reactor containment boundary

1 Activated reactor system components such as the control rods and motors, the RPV, copper
wires, and tungsten shielding.

Consequence Group F (criticality event) pertains to direct radiation exposure and radiological
material released up to the MAR defined for Consequence Group A in a criticality event.

Detailed quantitative determination of accident likelihood and consequence is presented,
respectively, in Sections 6.0 and Section 7.0 of this report.

Sections 5.3.3.2 through 5.3.3.33 contain detailed descriptions of each TNPP transportation
accident scenario presented in Table 5.5. Each description includes discussion of factors
important to a detailed accident analysis of the accident such as general statements about how
the likelihood and consequence of these accidents can be determined.
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Table 5.5. Identification of TNPP Accident Scenarios after Screening of Low-Risk Conditions (five sheets total)
Candidate Accident Scenario Qualitative Likelihood | Qualitative Consequence®
Release of Radiological Material and/or Direct
Radiation from Damaged TNPP Package
(Reactor Containment Boundary and/or CONEX
Event Class Box-Like Structure) Caused by: Per Year Range Group
1. Collision with vehicle®
(a) Light Collision with a light vehicle Unlikely B
(b) Heavy Collision with a heavy vehicle Unlikely A
2. Collision (non-vehicle)®)
(a) Fixed object Collision with fixed object (e.g., wall, road or bridge Unlikely A
structures, embankment, overpass structure)
(b) Drop Drop to a lower elevation surface (e.g., drop off a Unlikely A
bridge, embankment, overpass)
3. Noncollision road accident(©)
(@) Rollover Rollover with no collision with an object or vehicle Anticipated A
(b) Jackknife Jackknife with no collision with an object or vehicle Anticipated B
4. Collision and subsequent fire®
(a) Collision with vehicle or Collision of transport vehicle with TNPP Package Unlikely A
fixed object, or rollover and fire |with a vehicle in motion (e.g., truck, bus, car, or
train) or fixed object (e.g., wall, road or bridge
structures, embankment) or a non-collision accident
(e.g., rollover) and subsequent diesel fuel fire
(b) Collision with a tanker Collision of the transport vehicle with TNPP Extremely Unlikely A
containing flammable material |Package with a vehicle containing a large amount of
and fire combustible or explosive material (e.g., a gasoline
tanker, transport of flammable chemicals)
(c) Drop accident and fire Drop from an elevated surface (e.g., bridge, Unlikely A
embankment, overpass) and subsequent fire
5. Tornado or high-wind event
(&) Mechanical impacts and Impacts with moving and fixed objects, rollovers, Unlikely A

delta pressure

drops, and delta-pressure impacts
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Candidate Accident Scenario

Qualitative Likelihood

Qualitative Consequence®

Release of Radiological Material and/or Direct
Radiation from Damaged TNPP Package
(Reactor Containment Boundary and/or CONEX

boundary caused by extreme cold environmental
temperature (e.g., beyond design limits of a
containment feature during transport)

Event Class Box-Like Structure) Caused by: Per Year Range Group
6. Fire-only event
(@) General General fire in the CONEX box--like structure (e.g., Anticipated B
associated with the module, possible overpack, or
system components external to the TNPP reactor
containment boundary)
(b) Diesel fuel Diesel fuel fire associated with transport vehicle Anticipated B
(c) Oil and grease Oil or grease fire in a CONEX box-like structure Anticipated B
(e.g., associated with the module, possible
overpack, or system components external to the
TNPP reactor containment boundary)
7. Loss of Nonpressurized reactor containment boundary @
(@) Random failure Loss of nonpressurized reactor containment Unlikely C
boundary caused random containment failure (e.g.,
seal, connection, or joint failure)
(b) Vibration and shock Loss of nonpressurized reactor containment Anticipated B
boundary caused by vibration and shock (e.g., from
over-the-road travel, braking, wind, engine vibration)
(c) Human error preparing Loss of nonpressurized reactor containment Anticipated C
package boundary caused by procedural failures or human
errors in preparing TNPP Package for transport
(e.g., sealing the reactor containment boundary)
(d) Human error in Loss of nonpressurized reactor containment Anticipated C
dismantlement boundary containment caused by procedural failures
or human error during plant disassembly leads to
undetected latent failures in containment elements
(e.g., sealing the reactor containment boundary)
(e) Extreme cold Loss of nonpressurized reactor containment Anticipated C
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Candidate Accident Scenario Qualitative Likelihood | Qualitative Consequence®

Release of Radiological Material and/or Direct
Radiation from Damaged TNPP Package

(Reactor Containment Boundary and/or CONEX

Event Class Box-Like Structure) Caused by: Per Year Range Group
8. Loss of pressurized reactor containment boundary @
(&) Mechanical impact on vents [Loss of pressurized reactor containment boundary Anticipated C
or heat transfer pathway and caused by residual heat buildup from loss of heat
containment failure transfer due to minor impacts involving TNPP

Package (e.g., damage of vents or impacts on heat
transfer pathway) that could occur from movement
of the package or other objects in the CONEX box-
like structure in combination with failure of reactor
coolant boundary caused by random failure, human
error, vibration or extreme cold.

(b) High ambient air Loss of pressurized reactor containment boundary Anticipated C
temperature and containment |caused by residual heat buildup and/or excessively
failure high ambient air temperatures in combination of with

failure of reactor coolant boundary caused by
random failure, human error, or vibration.
9. Loss of general package containment® (not reactor coolant boundary) @
(a) Radiolysis and possible Pressurization in TNPP Package due to radiolysis of Anticipated D
hydrogen accumulation hydrogenous material (e.g., moisture, bound water,
plastics, Shield Tank not fully drained) and possible

hydrogen accumulation and ignition

(b) Loss of ventilation or high [Pressurization in TNPP Package due to loss of Anticipated D
air temperatures ventilation or high ambient air temperature during

transport
(c) Random, vibration or Failure of TNPP Package containment due to Anticipated D
human random or vibration caused failure (e.g., of a seal) or

human error during transport
(d) Severe hailstorm Failure of TNPP Package containment from a Anticipated D

severe hailstorm that causes significant vibration of
the transport vehicle, CONEX box-like structure and

TNPP Package reactor containment boundary
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Candidate Accident Scenario Qualitative Likelihood | Qualitative Consequence®

Release of Radiological Material and/or Direct
Radiation from Damaged TNPP Package

(Reactor Containment Boundary and/or CONEX

Event Class Box-Like Structure) Caused by: Per Year Range Group
10. Loss of shielding (non-criticality
(a) Drop of vehicle Direct radiation exposure caused by loss of Unlikely E

shielding (e.g., bolt-in shielding) due to drop of the
transport vehicle with TNPP Package off a bridge,
embankment, or elevated surface (e.g., overpass)
(b) Vehicle collision Direct radiation exposure caused by loss of Unlikely E
shielding (e.g., bolt-in shielding) from damage due
to collision of transport vehicle with TNPP Package
with a vehicle in motion (e.qg., truck, bus, car, or
train) or fixed object (e.g., wall, road or bridge
structures, embankment) or non-collision accident
(e.g., rollover) during transport

11. Increase in exposure time(®©)
(a) Mechanical breakdown Increase in worker exposure time due to breakdown Anticipated E
of transport truck or trailer (e.g., engine,
transmission or axile failure) that delays transport
(b) Technical problems with Increase in worker exposure time caused by Anticipated E
package breakdown or technical issues associated with
TNPP, TNPP Package, or overpack and shielding
that requires resolution due to unanticipated random
failures or operator errors that delays transport
(c) Adverse weather Increase in worker exposure time to radiation from Anticipated E
TNPP Package caused by adverse weather that
delays transport

12. Criticality
(a) Addition of moderator and |[Direct exposure and release of radiological material Extremely Unlikely F
possible change in core from immersion of the transport vehicle with TNPP
geometry caused by drop into |into a body of water (e.g., fall off a bridge or over an
water embankment into body of water including standing

water from rain or flooding) and possible changes
core geometry
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Candidate Accident Scenario Qualitative Likelihood | Qualitative Consequence®

Release of Radiological Material and/or Direct
Radiation from Damaged TNPP Package

(Reactor Containment Boundary and/or CONEX

Event Class Box-Like Structure) Caused by: Per Year Range Group
(b) Addition of moderator and |[Direct exposure and release of radiological material Extremely Unlikely F
possible change in core from inundation of the core with fire suppression
geometry caused by addition |water or other hydrogenous material that enters the
of water core in sufficient quantities to cause criticality after a
crash that results in fire and TNPP damage
(c) Control rod withdrawal Direct exposure and release of radiological material Extremely Unlikely F

fast control rod bank withdrawal at cold conditions

during transport due to collision with a vehicle in

motion (e.g., car, truck, bus, or train) or fixed object

(e.g., wall, road or bridge structures, embankment)

or non-collision accident (rollover)

CONEX = container express; RPV = Reactor Pressure Vessel; TNPP = Transportable Nuclear Power Plant.

(@ In many cases, the presence of parameter monitoring system that measures such parameters as radiation, pressure, and temperature is a
mitigation feature that could affect both the likelihood and consequence estimates of these sequences.

(b) High wind, rain, snow, or ice can cause an accident and create special conditions that can affect radioactive material dispersion and transport.

(c) Rollovers and jackknives were identified together as non-collision road accidents but are separated here into different accidents, because
rollovers can result in hard impact with the road surface. Whereas jackknife events do not result in external imp act collision, and therefore, lead
to lesser consequences than postulated in the hazard analysis.

(d) Events that cause spread of contamination that affect the worker during transport due to events, environmental conditions, or phenomena that
can occur during transport were identified as important hazardous conditions and are shown here for completeness but are not carried forward
as accidents that contribute to bounding representative accidents for the reasons explained in Section 5.3.4.6.

(e) Events that cause additional radiation exposure to the worker during transport due to delays caused by environmental conditio ns or technical
problems were identified as important hazardous conditions and are shown here for completeness but are not carried forward as accidents to
contribute to bounding representative accidents for the reasons explained in Section 5.3.4.7.
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5.3.3.2 Accident 1(a) i Collision with a Light Vehicle

This accident concerns release of radiological material from the TNPP Package to the
environment caused by damage due to collision of the transport vehicle with the TNPP Package
with a light vehicle in motion (e.g., car, light truck). Like the other highway accidents, there is a
strong possibility of mechanical damage to the truck and CONEX box-like structure, and the
possibility of damage to the TNPP reactor coolant boundary itself. Unlike the other highway
accidents, not all available MAR contributors are assumed to be partially released. It is assumed
that the TRISO fuel is not damaged, and therefore no gaseous or nongaseous release from the
TRISO fuel is assumed to occur.

The damage ratio, airborne release fraction, and respirable fraction used in the consequence
analysis for this accident can be set to lower than values used for collision with a heavy vehicle.
As with all highway accidents, the possibility that it was caused by adverse weather (e.g., rain or
snow) can be considered for its impact on any of the radiation dose pathway consequence
analyses.

The likelihood of this accident occurring should be based on the accidents involving light
vehicles. If the radiation dose consequences were the same for collision with a heavy vehicle,
then these accidents could be combined into one accident and the likelihood of the accident
adjusted accordingly.

5.3.3.3 Accident 1(b) 1 Collision with a Heavy Vehicle

This accident concerns release of radiological material from the TNPP Package to the
environment caused by damage due to collision of the transport vehicle with a heavy vehicle in
motion (e.g., truck or train). Like the other highway accidents, there is a strong possibility of
mechanical damage to the CONEX box-like structure and the possibility of damage to the TNPP
reactor coolant boundary itself. Accordingly, some fraction of all available MAR is assumed to
be released, but unlike a collision with a light vehicle it is assumed that some fraction of the
TRISO fuel is damaged, and therefore, a gaseous and nongaseous release from the TRISO fuel
is assumed to occur. Given damage to the CONEX box-like structure, there is a possibility of
damage to the transport shielding and increased direct radiation from the TNPP Package.

The damage ratio, airborne release fraction, and respirable fraction used in the consequence
analysis for this accident should be set higher than values used for collision with a light vehicle.
As with all highway accidents, the possibility that it was caused by adverse weather (e.g., rain or
snow) can be considered for its impact on any of the radiation dose pathway consequence
analyses.

The likelihood of this accident occurring should be based on the accidents involving heavy
vehicles, particularly if the radiation dose consequences are significantly more than the dose
consequences from collision with a light vehicle.

5.3.3.4 Accident 2(a) i Collision with a Fixed Object
This accident concerns release of radiological material from the TNPP Package to the
environment caused by damage due to collision of the transport vehicle with the TNPP Package

with a fixed object (e.g., wall, road or bridge structures, embankment, overpass structure). This
type of collision could be of particular concern if the vendor uses a CONEX box-like structure
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that is higher than standard height (e.g., high cube CONEX), which seems possible given the
vendor design information. Like the other highway accidents, there is a strong possibility of
mechanical damage to the custom-developed ISO container CONEX box-box structure and the
possibility of damage to the TNPP reactor coolant boundary itself. Accordingly, some fraction of
all available MAR is assumed to be released including some fraction of the TRISO fuel. Given
damage to the CONEX box-like structure, there is a possibility of damage to the transport
shielding and increased direct radiation.

The damage ratio, airborne release fraction, and respirable fraction used in the consequence
analysis for this accident should be set consistent with collision with the fixed object that can
create the most damage to the TNPP Package. If a worst-case collision with an object is rare
and the consequences are high, then consideration can be given to analyzing a collision with
the object as a separate scenario if the scenario results in high radiation dose consequences.
As with all highway accidents, the possibility that it was caused by adverse weather (e.g., rain or
snow) can be considered for its impact on any of the radiation dose pathway consequence
analyses.

The likelihood of this accident occurring should be based on the accidents involving collision
with fixed objects (e.g., wall, road or bridge structures, embankment, overpass structure). As
stated above, if the scenario results in high radiation dose consequences because of collision
with one type of object, then consideration can be given to analyzing the collision with the object
as a separate scenario with a lower accident frequency.

5.3.3.5 Accident 2(b) i Drop to a Lower Elevation Surface

This accident concerns release of radiological material from the TNPP Package to the
environment caused by drop of the transport vehicle with the TNPP Package off a bridge,
embankment, or elevated surface (e.g., overpass). Like the other highway accidents, there is a
strong possibility of mechanical damage to the CONEX box-like structure and the possibility of
damage to the TNPP reactor coolant boundary package itself. Accordingly, some fraction of all
available MAR is assumed to be released including some fraction of the TRISO fuel. Given
damage to the CONEX box-like structure, there is a possibility of damage to the transport
shielding and increased direct radiation. Unlike other highway accidents, there is the possibility
that the TNPP Package could be dropped into a body of water sufficient to flood the core. This
version of the accident is identified in Table 5.5 as Accident 12(a), which is a criticality event
and should be treated separately because it is less likely and because it involves calculating
dose to the worker and public through a different radiation dose pathway.

The damage ratio, airborne release fraction, and respirable fraction used in the consequence
analysis for this accident should be set consistent with the drop that can create the most
damage to the TNPP Package. If such a worst-case accident is rare and the consequences are
high, then consideration can be given to analyzing the accident as a separate scenario if the
scenario results in high radiation dose consequences. As with all highway accidents, the
possibility that it was caused by adverse weather (e.g., rain or snow) can be considered for its
impact on any of the radiation dose pathway consequence analyses.

The likelihood of this accident occurring should be based on the accidents involving drops from
the roadway to a lower surface such as a drop off a bridge, embankment, or overpass. As
stated above, if the scenario results in high radiation dose consequences and is limited to
certain features, then consideration can be given to analyzing those accidents as separate
scenarios that have lower accident frequencies.
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5.3.3.6  Accident 3(a) i Rollover

This accident concerns release of radiological material from the TNPP Package to the
environment caused by damage due to a non-collision rollover accident involving the transport
vehicle with the TNPP Package. Though this accident technically does not result in a collision
with another vehicle or object or a drop, it does involve hard impact with the ground, which is
likely to be the asphalt or concrete roadway and shoulder. Like the other highway accidents,
there is a strong possibility of mechanical damage to the CONEX box-like structure and the
possibility of damage to the TNPP reactor coolant boundary itself. Accordingly, some fraction of
all available MAR is assumed to be released including some fraction of the TRISO fuel. Given
damage to the CONEX box-like structure, there is a possibility of damage to the transport
shielding and increased direct radiation.

The damage ratio, airborne release fraction, and respirable fraction used in the consequence
analysis for this accident should be set consistent with the non-collision accident that can create
the most damage to the TNPP Package. If the worst-case accident is rare and the
consequences are high, then consideration can be given to analyzing the accident as a
separate scenario if the scenario results in high radiation dose consequences. As with all
highway accidents, the possibility that it was caused by adverse weather (e.g., rain or snow) can
be considered for its impact on any of the radiation dose pathway consequence analyses.

The likelihood of this accident occurring should be based on non-collision rollover accidents
stated above. If the scenario results in high radiation dose consequences and is limited to
certain kinds of rollover accidents, then consideration can be given to analyzing those accidents
as separate scenarios with lower accident frequencies.

5.3.3.7 Accident 3(b) 1 Jackknife

This accident concerns release of radiological material from the TNPP Package to the
environment caused by damage due to a non-collision jackknife accident involving the transport
vehicle with the TNPP Package. This accident does not result in a collision with another vehicle
or object or a drop but could involve violent swinging of the transport trailer and TNPP Package.
This might lead to some impact inside the CONEX box-like structure for objects (e.g., tools) that
become unrestrained, but such impact is not expected to damage the TNPP reactor. Hence,
there is some possibility of mechanical damage to the container contents and the possibility of
damage to the TNPP reactor or containment boundary. Accordingly, some small fraction of all
available MAR might be released, but not the TRISO fuel itself.

The damage ratio, airborne release fraction, and respirable fraction used in the consequence
analysis for this accident should be set consistent with this non-collision accident. As with all
highway accidents, the possibility that it was caused by adverse weather (e.g., rain or snow) can
be considered for its impact on any of the radiation dose pathway consequence analyses.

The likelihood of this accident occurring should be based on non-collision jackknife accidents as
stated above.

5.3.3.8 Accident 4(a) i Collision with a Vehicle, Fixed Object, or Rollover and a
Subsequent Fire

This accident concerns release of radiological material from the TNPP Package to the
environment caused by damage due to collision of the transport vehicle with the TNPP Package
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with a vehicle in motion (e.qg., truck, bus, car, or train), or fixed object (e.g., wall, road or bridge
structures, embankment), or a non-collision accident (e.g., rollover) and subsequent diesel fuel
fire. Like most highway accidents, there is a strong possibility of mechanical damage to the
CONEX box-like structure and the possibility of damage to the TNPP reactor containment
boundary itself. Given damage to the CONEX box-like structure, there is a possibility of damage
to the transport shielding and increased direct radiation. In addition to mechanical damage
caused by impact, the fire can create thermal stress for material such as metal, so that activated
material or material that contains held-up or plated-on radioactive material can be made
airborne from sloughing of oxide from the oxidizing mass. Moreover, the fire can create
convective current that causes the material to be airborne, as described in DOE-HDBK-3010-94
(Airborne Release Fractions/Rates and Respirable Fractions for Nonreactor Nuclear Facilities
[DOE 2013]). Accordingly, some fraction of all available MAR is assumed to be released
including some fraction of the TRISO fuel.

The damage ratio, airborne release fraction, and respirable fraction used in the consequence
analysis for this accident need to consider both the mechanical impact and fire phenomena and
should be set consistent with the situation for this scenario. Fire can cause additional damage to
the TNPP Package (e.g., fail reactor containment boundary seals not already failed) and provide
an additional airborne release mechanism in addition to the impacts caused by mechanical
impact. Therefore, the damage ratio, airborne release fraction, and respirable fraction used may
be the sum of the ratio and fractions used for mechanical impact and fire. As with all highway
accidents, the possibility that it was caused by adverse weather (e.g., rain or snow) should be
considered for its impact on any of the radiation dose pathway consequence analyses.

The likelihood of this accident occurring should be based on highway accidents that involve fire.
As with all accident scenarios it may be necessary to separate a high-consequence accident
from those that produce lesser consequences, particularly if the high-consequence accident is a
small contribution to the accident frequency.

5.3.3.9 Accident 4(b) i Collision with a Tanker and a Subsequent Fire

This accident concerns release of radiological material from the TNPP Package to the
environment caused by damage due to collision of the transport vehicle with the TNPP Package
with a vehicle containing a large amount of combustible or explosive material (e.g., a gasoline
tanker, transport of flammable chemicals) and subsequent and possible explosion. Like most
highway accidents, there is a strong possibility of mechanical damage to the CONEX box-like
structure and the possibility of damage to the TNPP reactor containment boundary itself. Given
damage to the CONEX box-like structure, there is a possibility of damage to the transport
shielding and increased direct radiation. In addition to mechanical damage caused by impact,
fire can (1) create thermal stress for material such as metal so that activated material or material
that contains held-up or plated-on radioactive material can be made airborne from sloughing of
oxide from the oxidizing mass, and (2) create a convective current that causes the material to
be airborne. An additional consideration is the fact that the tanker could contain explosive
material that might cause greater mechanical impact but perhaps less thermal damage.
Accordingly, some fraction of all available MAR is assumed to be released including possibly
some fraction of the TRISO fuel. The significance of this accident is that it likely produces the
highest dose consequences of any highway accident because it is an impact with a heavy
vehicle in combination with a large and long-lasting fire fueled by a considerable quantity of
flammable material (e.g., a gasoline tanker).
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The damage ratio, airborne release fraction, and respirable fraction used in the consequence
analysis for this accident need to consider both the mechanical impact and fire phenomena and
should be set consistent with the worst-case situation. Fire can cause additional damage to the
package (e.g., fail reactor containment boundary seals not already failed) and provide an
additional airborne release mechanism in addition to the impacts caused by mechanical impact.
Therefore, the damage ratio, airborne release fraction, and respirable fraction used may be the
sum of the ratio and fractions used for mechanical impact and fire. An additional consideration is
the fact that the tanker could contain explosive material that might cause greater mechanical
impact, but perhaps less thermal damage. This variation would require a different damage ratio,
airborne release fraction, and respirable fraction than those for fire events and could be
addressed separately and be determined to be bounded by the consequences of a large fire.
However, it is assumed for analysis performed for this accident that the explosion risk is
bounded by the fire risk, as justified in Section 5.3.2.2. For this accident, a maximum fire based
on the combination of diesel fuel from the transport vehicle and the truck pulling the tanker in
combination with the flammable material in the tanker needs to be assessed to determine the
additional consequence of this accident compared to Accident 4(a).

The likelihood of this accident occurring should be based on highway accidents rather than this
specific worst-case accident. As discussed above, there may be a need to divide the likelihood
of accidents involving a tanker carrying flammable or explosive material between those that
involve explosions and those that involve a large fire.

5.3.3.10 Accident 4(c) 7 Drop to a Lower Elevation Surface and a Subsequent Fire

This accident concerns release of radiological material from the TNPP Package to the
environment caused by drop of the transport vehicle with the TNPP Package off a bridge,
embankment, or elevated surface (e.g., overpass) and subsequent diesel fuel fire. Like most
highway accidents, there is a strong possibility of mechanical damage to the CONEX box-like
structure and the possibility of damage to the TNPP reactor containment boundary itself. Given
damage to the CONEX box-like structure, there is a possibility of damage to the transport
shielding and increased direct radiation. Again, in addition to mechanical damage caused by
impact, fire can (1) create thermal stress for material such as metal, so that activated material or
material that contains held-up or plated-on radioactive material can be made airborne from
sloughing of oxide from the oxidizing mass; and (2) create a convective current that causes the
material to be airborne. Accordingly, some fraction of all available MAR is assumed to be
released including possibly some fraction of the TRISO fuel. The significance of this accident
compared to the other two accidents that involve impact and fire is that it may be more difficult
and take longer to implement emergency response. For example, if the transport vehicle
dropped from a bridge into ravine that is difficult to access, then the fire may be free to burn
longer.

The damage ratio, airborne release fraction, and respirable fraction used in the consequence
analysis for this accident need to consider both the mechanical impact and fire phenomena. Fire
can cause additional damage to the package (e.g., fail reactor containment boundary seals not
already failed) and provide an additional airborne release mechanism in addition to the impacts
caused by mechanical impact. Therefore, the damage ratio, airborne release fraction, and
respirable fraction used could be the sum of the ratio and fractions used for mechanical impact
and fire. As stated above, if the transport vehicle drops into an area difficult to access such as a
ravine, then it may be more difficult and take longer to implement emergency response. This in
turn could affect the duration assumed in the consequence analysis.
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The likelihood of this accident occurring should be based on a highway accident that involves a
drop to a lower elevation surface (e.g., off a bridge or overpass) and subsequent fire. As with all
accident scenarios, it may be necessary to separate a high-consequence accident from those
that produce lesser consequences, particularly if the high-consequence accident is a small
contribution to the accident frequency.

5.3.3.11 Accident 5(a) i Tornado or High-Wind Event

This accident concerns release and dispersion of radiological material from the TNPP Package
to the environment caused by damage to the TNPP Package (i.e., CONEX box-like structure,
TNPP reactor, core and TRISO containment boundaries) from a tornado or high-wind event
during transport, leading to severe impacts (e.g., impacts with moving and fixed objects,
rollovers, and drops) and delta pressure influences. Like most highway accidents, there is a
strong possibility of mechanical damage to the CONEX box-like structure and the possibility of
damage to the TNPP reactor containment boundary. Accordingly, some fraction of all available
MAR is assumed to be released including some fraction of the TRISO fuel. In addition to
mechanical damage caused by impact, the delta pressure caused by a tornado could cause
pressurized release from the reactor containment boundary.

The damage ratio, airborne release fraction, and respirable fraction used in the consequence
analysis for this accident need to consider both the mechanical impact and potential delta-
pressure phenomena and should be set consistent with the situation for this scenario.
Dispersion of radiological material by the wind could dilute or decrease radiation dose to the
worker and public. However, dilution would be difficult to model, and in any event, should not be
credited as a positive factor given that it would be hard to predict. It would be safely
conservative to assume damage to the TNPP Package but not credit dispersion.

The likelihood of this accident occurring should be based on the frequency of a tornado or high-
wind event along the route. Given that the frequency is likely variable along the route, the
highest frequency along the route could be used to be conservative or the route could be parsed
into sections and multiple accidents postulated. This cause for an accident might be included
with other causes that result in similar consequences or treated separately. Also, the wind
events could be separated from the tornado events, particularly if the tornado events result in
significantly higher radiological consequences.

5.3.3.12 Accident 6(a) 1 General Fire-Only Event

This accident concerns release of radiological material from the TNPP Package to the
environment caused by damage due to a general fire in the CONEX box-like structure (e.g.,
associated with the module, possible overpack, or system components external to the TNPP
reactor containment boundary). Fire scenarios are differentiated from impact scenarios that
resul t in firenliym telvetnti tanids cauifdi omecur on t he
during refueling. In this scenario, the fire originates in the CONEX box-like structure that impacts
the TNPP reactor containment boundary. Accordingly, some fraction of the available MAR is
assumed to be released but not the TRISO fuel itself. Thermal testing of TRSIO fuel suggests
that the fuel remains intact with very low radiological material release at temperatures up to
1,400°C per INL/EXT-16-40784 (Petti et al. 2017). These are much higher temperatures than
testing predicts for a non-fuel general fire.

The damage ratio, airborne release fraction, and respirable fraction used in the consequence
analysis for this accident need to consider the fire impacts consistence with the situation for this
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scenario. Fire could damage the packaging and containment features such as the seals on the
primary cooling system piping and, given that the fire originates in or directly around the TNPP
RPV, that damage could be greater than that caused by a fire that originates from outside the
CONEX box-like structure (e.g., a diesel fuel fire). If the fire is big enough, it could (1) create
thermal stress for material such as metal, so that activated material or material that contains
held-up or plated-on radioactive material can be made airborne from sloughing of oxide from the
oxidizing mass; and (2) create a convective current that causes the material to become airborne
as discussed in Section 5.3.3.8. However, a general fire is not expected to be big enough to
create these effects.

Given the unusual load, the likelihood of this accident occurring should not be based on truck
fires, but rather on a general fire for a comparable situation. The likelihood might be bounded
by the fire ignition frequency of the area of a nuclear power plant without large operating pumps
or heavy switchgear. As with all accident scenarios, it may be necessary to separate a
high-consequence accident from those that produce lesser consequences, particularly if the
high-consequence accident is a small contribution to the accident frequency.

5.3.3.13 Accident 6(b) i Diesel Fuel Fire-Only Event

This accident concerns release of radiological material from the TNPP Package to the
environment caused by damage due to ignition of a spill or leaked diesel fuel from the transport
vehicle that propagates to the TNPP Package. As stated above, fire scenarios are differentiated
from i mpact scenarios thafontgduletveint fandecoiuhdt e
highway, while parked, or during refueling. In this scenario, the fire originates outside the
CONEX box-like structure but propagates to the inside to impact the TNPP reactor containment
boundary. Some fraction of the available MAR is assumed to be released but not the TRISO
fuel itself. As stated above, thermal testing of TRISO fuel suggests that the fuel remains intact
with very low radiological material release at temperatures up to 1,400°C (Petti et al. 2017).
These are much higher temperatures than testing predicts for large-scale diesel pool fires
according to testing by sources such as the Journal of Physics (Tiwari 2019).

The damage ratio, airborne release fraction, and respirable fraction used in the consequence
analysis for this accident need to consider the fire impacts consistent with the situation for this
scenario. Fire could damage the packaging and containment features such as the seals on the
primary cooling system piping. Given that the fire originates from outside the CONEX box-like
structure, the damage inside the CONEX box may be less than that for fires that originate inside
the CONEX box. Also, as explained in Section 5.3.3.8, fire can (1) create thermal stress for
material such as metal, so that activated material or material that contains held-up or plated-on
radioactive material can be made airborne from sloughing of oxide from the oxidizing mass; and
(2) create a convective current that causes the material to be airborne.

The likelihood of this accident occurring should be based on truck diesel fuel fires. As with all
accident scenarios, it may be necessary to separate a high-consequence accident from those
that produce lesser consequences, particularly if the high-consequence accident is a small
contribution to the accident frequency. It might be difficult to separate the fires that occur as a
result of impact from fires that occur without impact. If that is the case, then the frequency of this
accident might be conservatively developed by overestimating the accident frequency using the
frequency of all very large truck fires.
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5.3.3.14 Accident 6(c) i1 Oil and Grease Fire

This accident concerns release of radiological material from the TNPP Package caused by
ignition of grease/oil in the CONEX box-like structure (e.g., associated with the module, possible
overpack, or system components external to the TNPP reactor containment boundary). This
accident could be considered a subset of Accident 6(a), which is a general fire that originates
inside the CONEX box-like structure including the TNPP reactor components, as described in
Section 5.3.3.12. However, if it is determined that the Reactor Module configured as the TNPP
Package itself has more than minimal quantities of oil (or grease) then the fire might produce
more damage than a general fire in which combustibles are somewhat limited. As stated earlier,
fire scenarios are differentiated from-omlpwat scc¢
event and could occur on the highway, while parked, or during refueling. In this scenario, the fire
originates in the CONEX box-like structure in or around the TNPP reactor containment
boundary. Accordingly, some fraction of the available MAR is assumed to be released except
the TRISO fuel itself. Thermal testing of TRSIO fuel suggests that the fuel remains intact with
very low radiological material release at temperatures up to 1,400°C per INL/EXT-16-40784
(Petti et al. 2017). These are much higher temperatures than testing predicts for this type of fire.

The damage ratio, airborne release fraction, and respirable fraction used in the consequence
analysis for this accident need to consider the fire impacts consistence with the situation for this
scenario. Fire could damage the packaging and containment features such as the seals on the
primary cooling system piping and, given that the fire originates in or directly around the TNPP
Package, that damage could be greater than a fire that originates from outside or close
proximity to the TNPP Package (e.g., a diesel fuel fire). Moreover, if it is determined that the
TNPP Package has more than minimal quantities of oil (or grease) then the fire might produce
even greater damage.

Given the unique load, the likelihood of this accident occurring should not be based on truck
fires, but rather on a general fire for a comparable situation. The likelihood might be bounded by
the fire ignition frequency of the area of a nuclear power plant with oil and grease. However, in
this case, it may be beneficial to combine this scenario with other non-impacti related fire
accidents if the likelihood and radiological consequences of the accidents are about the same.

5.3.3.15 Accident 7(a) i Loss of the Reactor Containment Boundary (Nonpressurized)
Caused by a Random Failure

This accident concerns release of radiological material to the environment from the reactor
coolant boundary caused by a containment failure (e.g., seal, connection, or joint failure). Given
that the reactor and heat exchanger will likely be separated into two modules, a containment
feature is needed at the points where systems are separated and could be vulnerable to failure.
Some fraction of the available MAR is assumed to be released, but not the TRISO fuel itself and
radioactive material that has diffused and is held up in the compact and other core structures.
This primarily consists of radioactive material that has plated-out in the reactor coolant
boundary.

The damage ratio, airborne release fraction, and respirable fraction used in the consequence
analysis for this accident need to reflect the fact that containment has been breached and a
nonpressurized condition exists, so there is limited motive force to discharge radiological
material from the reactor coolant boundary of the TNPP Package. It should reflect the fact that
road vibration and shock may have loosened radioactive material from the surfaces inside the
reactor containment boundary.

Characterization of Hazardous Conditions to Identify Accident Scenarios 88



PNNL-36380 Revision 1

The likelihood of this accident occurring should be based on the likelihood of random
containment failures (e.g., seal, connection, or joint failure) occurring. The failure probability can
be better estimated once the details of the containment features are fully known. As with all
accident scenarios, it may be necessary to separate a high-consequence accident from those
that produce lesser consequences, particularly if the high-consequence accident is a small
contribution to the accident frequency. However, in this case, it could be beneficial to combine
this scenario with other loss of nonpressurized reactor containment boundary accidents,
particularly if the likelihood and radiological consequences of the accidents are about the same.

5.3.3.16 Accident 7(b) i Loss of the Reactor Containment Boundary (Nonpressurized)
Caused by Vibration or Shock

This accident concerns release of radiological material from the TNPP Package to the
environment caused by failure of the reactor coolant boundary containment due to vibration
and/or shock during transport (e.g., caused by over-the-road travel, braking, wind, engine
vibration) that loosens, degrades, or fails component material, seals, and connections. As stated
above, the reactor and heat exchanger will likely be separated into two modules; therefore, a
containment feature is needed at the points where these systems are separated, which could be
vulnerable to failure. Some fraction of the available MAR is assumed to be released, but not the
TRISO fuel itself and radioactive material that has diffused and is held up in the compact and
other core structures. This primarily consists of radioactive material that has plated-out in the
reactor coolant boundary. Vibration and shock from road travel could also contribute to
loosening radioactive material plated-out in the reactor coolant boundary and surface material
diffused onto the compact and other core structures. In this scenario, the reactor containment
boundary is assumed to not be pressurized (e.g., there may not be enough decay heat to
pressurize sealed systems depending on the heat load and passive cooling rate).

The damage ratio, airborne release fraction, and respirable fraction used in the consequence
analysis for this accident need to reflect the fact that a nonpressurized containment has been
breached and that vibration and shock may have loosened radioactive material inside the
reactor containment boundary such as the core structure.

The likelihood of this accident occurring should be based on the likelihood of containment
failures (e.g., component material, seal, connections, or joint failure) occurring that are caused
by vibration and shock. Applicable failure rates may not be easy to find or develop, so
estimation could be based on the high end of the failure probability distribution for random
failures. As with all accident scenarios, it may be necessary to separate a high-consequence
accident from those that produce lesser consequences, particularly if the high-consequence
accident is a small contribution to the accident frequency. In other cases, it may be
advantageous to combine certain accidents using the highest likelihood and consequence
outcome of the set. However, in this case, it could be beneficial to combine this scenario with
other loss of nonpressurized reactor containment boundary accidents, particularly if the
likelihood and radiological consequences of the accidents are about the same.

5.3.3.17 Accident 7(c) i Loss of the Reactor Containment Boundary (Nonpressurized)
Caused by Human Error when Preparing the Package

This accident concerns release of radiological material from the TNPP Package caused by
procedural failures or human errors in preparing the TNPP Reactor Module for transport

(e.g., sealing the reactor containment boundary). Systems associated with the reactor coolant
boundary could be separated requiring sealing of the interfaces. Some fraction of the available
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MAR is assumed to be released, but not the TRISO fuel itself and radioactive material that has
diffused and is held up in the compact and other core structures. This primarily consists of
radioactive material that has plated-out in the reactor coolant boundary. In this scenario, the
reactor containment boundary is assumed to not be pressurized (e.g., failure to achieve a
pressure tight boundary).

The damage ratio, airborne release fraction, and respirable fraction used in the consequence
analysis for this accident need to reflect the fact that a nonpressurized containment has been
breached, so there is limited motive force to discharge radiological material from the package. It
should reflect the fact that road vibration and shock may have loosened radioactive material
from the surfaces inside the reactor coolant boundary.

The likelihood of this accident occurring should be based on human error associated with
preparing the TNPP Reactor Module for transport (e.g., sealing the primary cooling system, IHX
Module, and any separated primary cooling piping). Estimates might be made using guidance
for nuclear power plant operator actions from a Human Reliability Analysis (HRA) methodology
such as NUREG/CR-6883 (The SPAR-H Human Reliability Analysis Method [Gertman et al.
2005]). This guidance states, for example, that the base probability of an execution error that
does not require diagnosis and for which all Performance Shaping Factors (PSFs) are nominal
is 1E-03. As with all accident scenarios, it may be necessary to separate a high-consequence
accident from those that produce lesser consequences, particularly if the high-consequence
accident is a small contribution to the accident frequency. In other cases, it may be
advantageous to combine certain accidents using the highest likelihood and consequence of the
scenarios in the set. However, in this case, it could be beneficial to combine this scenario with
other loss of nonpressurized reactor containment boundary accidents, particularly if the
likelihood and radiological consequences of the accidents are about the same.

5.3.3.18 Accident 7(d) T Loss of the Reactor Containment Boundary (Nonpressurized)
Caused by Human Error During Dismantlement

This accident concerns release of radiological material from the TNPP Package caused by
procedural failures and human error during plant disassembly that leads to undetected latent
failures in containment elements (e.g., sealing the primary cooling system, IHX Module, and
any separated primary cooling piping). Some fraction of the available MAR is assumed to be
released, but not the TRISO fuel itself and radioactive material that has diffused and is held up
in the compact and other core structures. This primarily consists of radioactive material that has
plated-out in the reactor coolant boundary. In this scenario, the reactor containment boundary is
assumed not to be pressurized (e.g., there may not be enough decay heat to pressurize sealed
systems depending on the heat load and passive cooling rate.

The damage ratio, airborne release fraction, and respirable fraction used in the consequence
analysis for this accident need to reflect the fact that a nonpressurized containment has been
breached, so there is limited motive force to discharge radiological material from the reactor
coolant boundary of the TNPP Package. It should reflect the fact that road vibration and shock
may have loosened radioactive material from the surfaces inside the reactor coolant boundary.

The likelihood of this accident occurring should be based on procedural failures and human
error during plant disassembly that leads to undetected latent failures in containment elements
(e.g., sealing the primary cooling system, IHX Module, and any separated primary cooling
piping). As described above in more detail, estimates might be made using guidance for nuclear
power plant operator actions from a HRA methodology (Gertman et al. 2005). As with all
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accident scenarios, it may be necessary to separate a high-consequence accident from those
that produce lesser consequences, particularly if the high-consequence accident is a small
contribution to the accident frequency. In other cases, it may be advantageous to combine
certain accidents using the highest likelihood and consequence of the scenarios in the set.
However, in this case, it could be beneficial to combine this scenario with other loss of
nonpressurized reactor containment boundary accidents, particularly if the likelihood and
radiological consequences of the accidents are about the same.

5.3.3.19 Accident 7(e) 1 Loss of the Reactor Containment Boundary (Nonpressurized)
Caused by Extreme Cold

This accident concerns release of radiological material from the TNPP Package to the
environment from the failure of the TNPP packaging seal and reactor coolant boundary
containment due to extreme cold environmental temperature (e.g., beyond design limits of the
containment feature during transport). As stated above, the reactor and heat exchanger will
likely be separated into two modules, so a containment feature is needed at the points where
these systems are separated which could be vulnerable to failure. Some fraction of the available
MAR is assumed to be released, but not the TRISO fuel itself and radioactive material that has
diffused and is held up in the compact and other core structures. This primarily consists of
radioactive material that has plated-out in the reactor coolant boundary. In this scenario, the
reactor containment boundary is assumed to not be pressurized (e.g., there may not be enough
decay heat to pressurize sealed systems depending on the heat load and passive cooling rate).

The damage ratio, airborne release fraction, and respirable fraction used in the consequence
analysis for this accident need to reflect the fact that a nonpressurized containment has been
breached, so there is limited motive force to discharge radiological material from within the
TNPP Package. It should reflect the fact that road vibration and shock may have loosened
radioactive material from the surfaces inside the reactor coolant boundary.

The likelihood of this accident occurring should be based on the likelihood of containment
failures (e.g., component material, seals, joints, and connections) occurring as the result of
extreme cold. Applicable failure rates may not be easy to find or develop, so estimation could be
based on the high end of the failure probability distribution for random failures. As with all
accident scenarios, it may be necessary to separate a high-consequence accident from those
that produce lesser consequences, particularly if the high-consequence accident is a small
contribution to the accident frequency. In other cases, it may be advantageous to combine
certain accidents using the highest likelihood and consequence outcome of the set. So, for
example, it could be beneficial to combine this scenario with other loss of nonpressurized
reactor containment boundary accidents, particularly if the likelihood and radiological
consequences of the accidents are about the same.

5.3.3.20 Accident 8(a) i Loss of the Pressurized Reactor Containment Boundary
Caused by Mechanical Impact on the Heat Transfer System

This accident concerns release of radiological material to the environment from a pressurized
reactor coolant boundary containment caused by residual heat buildup due to loss of heat
transfer from mechanical impacts involving the TNPP Package (e.g., damage of vents or
influences on heat transfer pathway) in combination with failure of reactor containment
boundary caused by random failure, human error, vibration, or extreme cold. (The possibility of
reactor containment boundary pressurization is discussed in Section 5.3.3.1.) Some fraction of
the available MAR is assumed to be released, but not the TRISO fuel itself and radioactive
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material that has diffused and is held up in the compact and other core structures. This primarily
consists of radioactive material that has plated-out in the reactor coolant boundary. The
pressurized condition provides a mechanism for discharging some portion of the radioactive
material.

The damage ratio, airborne release fraction, and respirable fraction used in the consequence
analysis for this accident need to reflect the fact that containment has been breached and a
pressurized condition exists that provides a mechanism for discharging radioactive material
consistent with the conditions for this scenario.

The likelihood of this accident occurring should be based on the likelihood of damage of

vents or influences on the heat transfer pathway that could occur as a result of the package or
other objects moving within the custom-developed ISO container in combination with reactor
containment boundary failures like those discussed in Sections 5.3.3.15 through 5.3.3.18.
Prevention and mitigation systems might include constraints and a parameter monitoring
system, and therefore, component or system failure rates can be used to estimate their

failure probabilities. As with all accident scenarios, it may be necessary to separate a
high-consequence accident from those that produce lesser consequences, particularly if the
high-consequence accident is a small contribution to the accident frequency. However, in this
case, it could be beneficial to combine this scenario with other loss of pressurized reactor
containment boundary accidents, particularly if the likelihood and radiological consequences of
the accidents are about the same.

5.3.3.21 Accident 8(b) i Loss of the Pressurized Reactor Containment Boundary
(Pressurized) Caused by High Ambient Air Temperature

This accident concerns release of radiological material to the environment from the pressurized
reactor coolant boundary containment caused by residual heat buildup and excessively high
ambient air temperatures in combination with failure of the reactor containment boundary
caused by random failure, human error, vibration, or extreme cold. (The possibility of reactor
containment boundary pressurization is discussed in Section 5.3.3.1.) Some fraction of the
available MAR is assumed to be released, but not the TRISO fuel itself and radioactive material
that has diffused and is held up in the compact and other core structures. This primarily consists
of radioactive material that has plated-out in the reactor coolant boundary. The pressurized
condition provides a mechanism discharging some portion of the radioactive material.

The damage ratio, airborne release fraction, and respirable fraction used in the consequence
analysis for this accident need to reflect the fact that the containment has been breached and a
pressurized condition exists that provides a mechanism for discharging radioactive material
consistent with the conditions for this scenario.

Given that some level of pressurization will exist from decay heat, the likelihood of this
accident occurring should be based on the likelihood of very high ambient air temperatures

in combination with reactor containment boundary failures like those discussed in

Sections 5.3.3.15 through 5.3.3.18. Prevention and mitigation systems might include vents
and a HMIS, and therefore, component or system failure rates can be used to estimate their
failure probabilities. As with all accident scenarios, it may be necessary to separate a high-
consequence accident from those that produce lesser consequences, particularly if the high-
consequence accident is a small contribution to the accident frequency. However, in this case,
it could be beneficial to combine this scenario with Accidents 8(a) and 8(c), particularly if the
likelihood and radiological consequences of the accidents are about the same.
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5.3.3.22 Accident 9(a) i Loss of General Package Containment Caused by Radiolysis

This event concerns release of radiological material (e.g., activation products or contamination)
in escaped air or gas from the TNPP Package to the environment caused by pressurization due
to radiolysis of hydrogenous material (e.g., moisture, bound water, plastics, Shield Tank not fully
drained), including possible hydrogen accumulation and ignition. This primarily concerns
contamination outside the TNPP reactor containment boundary itself but inside the CONEX box-
like structure of TNPP Package. The pressurized condition provides a mechanism for
discharging the radioactive material.

Damage ratios, airborne release fractions, and respirable fractions may not apply to this
accident scenario because it primarily concerns discharge of radioactive contamination from
inside the TNPP Package to which the worker can be exposed. Estimates of radiological
contamination can be made from radiological activities during shutdown at nuclear power plants.

The likelihood of this event occurring is based on whether radiolysis of hydrogenous material
(e.g., moisture, bound water, plastics, Shield Tank not fully drained) can occur and whether it
can contribute to pressurized discharge of radioactive material. As with all scenarios, it may be
advantageous to combine certain accidents using the highest likelihood and consequence
outcome of the set. So, for example, accidents that involve loss of general package containment
might be combined.

5.3.3.23 Accident 9(b) 1 Loss of General Package Containment Caused by High
Temperature

This event concerns release of radiological material (e.g., contamination) in escaped air from
the TNPP containment within the package to the environment caused by pressurization due to
loss of ventilation or high ambient air temperature during transport. This primarily concerns
contamination outside the TNPP reactor containment itself but inside the CONEX box-like
structure of the TNPP Package. The pressurized condition provides a mechanism for
discharging the radioactive material.

Damage ratios, airborne release fractions, and respirable fractions may not apply to this
accident scenario because it primarily concerns discharge of radioactive contamination from
inside the CONEX box-like structure but outside the reactor coolant boundary to which the
worker can be exposed. Estimates of radiological contamination can be made from radiological
activities during shutdown at nuclear power plants.

The likelihood of this event occurring is based on the failure probability of adequate cooling or
ventilation, which can be based on the dominate applicable component failure rates. As with all
scenarios, it may be advantageous to combine certain accidents using the highest likelihood
and consequence outcome of the set. So, for example, accidents that involve loss of general
package containment might be combined.

5.3.3.24 Accident 9(c) i Loss of General Package Containment Caused by Random
Failures

This event concerns release of radiological material (e.g., contamination) in escaped air from
the TNPP Package to the environment caused by failure of reactor containment due to random
or vibration caused failure (e.g., of a seal) or human error during transport. This primarily
concerns contamination outside the TNPP reactor coolant boundary itself but inside the
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TNPP CONEX box-like structure. There is no pressurized condition to foster discharge of
the radioactive material.

Damage ratios, airborne release fractions, and respirable fractions may not apply to this
accident scenario because it primarily concerns discharge of radioactive contamination within
the CONEX box-like structure of the TNPP transport package to which the worker can be
exposed. Estimates of radiological contamination can be made from radiological activities during
shutdown at nuclear power plants.

The likelihood of this event occurring is based on the estimated probability of the random failure
of the package containment. As with all scenarios, it may be advantageous to combine certain
accidents using the highest likelihood and consequence outcome of the set. So, for example,
loss of general package containment from accidents might be combined.

5.3.3.25 Accident 9(d) 7 Loss of General Package Containment Caused by a Hailstorm

This event concerns release of radiological material from the TNPP Package to the environment
caused by failure of package containment caused by a severe hailstorm that causes significant
vibration of the transport vehicle, and TNPP Package. This primarily concerns contamination
outside the TNPP containment boundary itself but inside the CONEX box-like structure of the
TNPP Package. There is no pressurized condition to foster discharge of the radioactive

material.

Damage ratios, airborne release fractions, and respirable fractions may not apply to this
accident scenario because it primarily concerns discharge of radioactive contamination from
inside the CONEX box-like structure but outside containment systems to which the worker can
be exposed. Estimates of radiological contamination can be made from radiological activities
during shutdown at nuclear power plants.

The likelihood of this event occurring is based on the estimated likelihood of a hailstorm during
transport which, if it happens, may be hard to evade. As with all scenarios, it may be
advantageous to combine certain accidents using the highest likelihood and consequence
outcome of the set. So, for example, loss of general package containment from accidents might
be combined.

5.3.3.26 Accident 10(a) i Loss of Shielding Caused by the Drop of the Vehicleto a
Lower Surface

This accident concerns exposure of the worker to direct radiation from loss of transport shielding
(e.g., bolt-on shielding and cable mesh) due to drop of the transport vehicle with the TNPP
Package off a bridge, embankment, or elevated surface (e.g., overpass). There is a potential for
direct exposure to the worker from existing TRISO fuel, fission products held up in the compact
and other core structures and the reactor containment boundary and activated reactor system
components such as the control rods and motors, RPV, copper wires, and tungsten shielding.

The damage ratios, airborne release fractions, and respirable fractions used in the consequence
analysis for release of radiological material into the environment are not germane to the analysis
of direct radiation exposure. However, this radiation dose pathway (direct radiation from loss of
shielding) should be considered in combination with the radiological material release pathways
determined for Accident 2(b) which is a TNPP Package drop event. Regarding Accident 4(c),
which is a TNPP Package drop event and subsequent fire, the fire might initially prevent

Characterization of Hazardous Conditions to Identify Accident Scenarios 94



PNNL-36380 Revision 1

workers from getting close to the TNPP Package to receive direct radiation exposure, but
exposure might occur after the fire is extinguished. Therefore, Accidents 10(a), 2(b), and 4(c)
might be considered together so that all applicable dose pathways are addressed.

The likelihood of this accident occurring should be based on the occurrence of accidents
involving drops from the roadway to a lower surface such as a drop off a bridge, embankment,
or overpass encompassing those that subsequently lead to fire. As stated above, if the scenario
results in high radiation dose consequences and is limited to certain features, then
consideration should be given to analyzing those accidents separately with a lower accident
frequency.

5.3.3.27 Accident 10(b) i Loss of Shielding Caused by Impact During a Vehicle Collision

This accident concerns exposure of the worker to direct radiation as a result of the loss of
transport shielding (e.g., bolt-in shielding and cable mesh) caused by damage due to collision
of the transport vehicle with the TNPP Package with a vehicle in motion (e.qg., truck, bus, car,

or train) or fixed object (e.g., wall, road or bridge structures, embankment) or a non-collision
accident (e.g., rollover) during transport. There is a potential for direct exposure to the worker
from existing TRISO fuel, fission products held up in the compact and other core structures and
the reactor containment boundary and activated reactor system components such as the control
rods and motors, RPV, copper wires, and tungsten shielding.

The damage ratios, airborne release fractions, and respirable fractions used in the consequence
analysis for release of radiological material into the environment are not germane to the analysis
of direct radiation exposure. However, this radiation dose pathway (direct radiation from loss of
shielding) should be considered in combination with the radiological material release pathways
determined for Accidents 1(a), 1(b), 2(a), 2(b), 3(a) and 3(b) which are road accidents.
Regarding Accidents 4(a), 4(b), and 4(c), which are collisions and subsequent fire, the fire might
initially prevent workers from getting close to the TNPP Package to receive direct radiation
exposure, but exposure might occur after the fire is extinguished.

The likelihood of this accident occurring should be based on the occurrence of accidents
involving collision of the transport vehicle with TNPP Package with a vehicle in motion

(e.g., truck, bus, car, or train) or fixed object (e.g., wall, road or bridge structures, embankment)
or non-collision accident (e.g., rollover) during transport. As stated above, if the scenario results
in high radiation dose consequences and is limited to certain features, then consideration
should be given to analyzing those accidents separately with a lower accident frequency.

5.3.3.28 Accident 11(a) i Increase in Exposure Time to Normal Radiation Caused by
Mechanical Breakdown

This event concerns increased exposure of the worker to normal levels of radiation at the
CONEX box-like structure caused by breakdown of the transport truck or trailer (e.g., engine,
transmission, or axle failure) that delays transport. Although, applicable occupational controls for
radiation exposure will be applied, emergency situations that are critical to resolve might lead to
an unintentional undesired increase in dose to the radiation levels that normally exist near the
CONEX box-like structure during transport.
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The damage ratios, airborne release fractions, and respirable fractions used in the consequence
analysis for release of radiological material into the environment are not germane to the analysis
of direct radiation exposure for this situation. The controls associated with a radiation protection

program can be considered.

The likelihood of this event occurring could be based on the statistics or truck breakdowns on
the highway. It may be advantageous to combine certain accidents using the highest likelihood
and consequence outcome of the set.

5.3.3.29 Accident 11(b) 7 Increase in Exposure Time to Normal Radiation Caused by
Technical Problems with the Package

This event concerns increased exposure of the worker to normal levels of radiation at the
boundary of CONEX box--like structure caused by breakdown or technical issues associated
with the TNPP Package, the CONEX box, or transport shielding that require resolution due to
unanticipated random failures or operator errors that delay transport. Although applicable
occupational controls for radiation exposure will be applied, emergency situations that are
critical to resolve might lead to an unintentional undesired increase in dose to the radiation
levels that normally exist near the CONEX box-like structure during transport.

The damage ratios, airborne release fractions, and respirable fractions used in the consequence
analysis for release of radiological material into the environment are not germane to the analysis
of direct radiation exposure for this situation. The controls associated with a radiation protection
program can be considered.

The likelihood of this event occurring could be based on the estimated frequency of
breakdowns, random package containment errors, or human errors (or the highest frequency of
the various contributors). Random failures might be estimated using the same approach as
used for Accident 7(a) and human error might be estimated using the same approach as used
for Accident 7(c) or 7(b). It may be advantageous to combine certain accidents using the highest
likelihood and consequence outcome of the set.

Events that cause spread of contamination that affect the worker during transport due to events,
environmental conditions, or phenomena that can occur during transport were identified as
important hazardous conditions but are not incorporated into a bounding representative accident
for the reasons explained in Section 5.3.4.6.

5.3.3.30 Accident 11(c) 1 Increase in Exposure Time to Normal Radiation Caused by
Adverse Weather Delays

This event concerns increased exposure of the worker to normal levels of radiation in close
proximity to the TNPP transportation package caused by adverse weather that delays transport.
Although, applicable occupational controls for radiation exposure will be applied, emergency
situations that are critical to resolve might lead to an unintentional undesired increase in dose to
the radiation levels that normally exist near the TNPP Package during transport.

The damage ratios, airborne release fractions, and respirable fractions used in the consequence
analysis for release of radiological material into the environment are not germane to the analysis
of direct radiation exposure for this situation. The controls associated with a radiation protection

program can be considered.
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The likelihood of this event occurring could be based on the estimated frequency of severe
weather along the route significant enough to delay transport. It may be advantageous to
combine certain accidents using the highest likelihood and consequence outcome of the set.

Events that cause additional radiation exposure to the worker during transport due to delays
caused by environmental conditions or technical problems were identified as important
hazardous conditions but are not incorporated into a bounding representative accident for the
reasons explained in Section 5.3.4.7.

5.3.3.31 Accident 12(a) i Criticality Accident Caused by the Addition of Moderator
Caused by Drop into Body of Water

This accident concerns exposure of the worker to direct radiation from a criticality and release of
radioactive material caused by a criticality event due to the immersion of the transport vehicle
with the TNPP Package into a body of water (e.g., fall off a bridge or over an embankment into a
body of water including standing water from rain or flooding) and possible changes to reactor
core geometry. There is a potential for the direct exposure of workers to high levels of radiation
from a criticality event involving the existing TRISO fuel. The level of radiation during a criticality
event could be significantly higher than the transportation shielding is designed to mitigate.
Additionally, the shielding could be become significantly degraded by impacts that occur during
the accident. In addition to direct radiation exposure, some fraction of all available MAR might
be released, including some fraction of the TRISO fuel.

For the radiological release portion of the consequence analysis, the damage ratio, airborne
release fraction, and respirable fraction used in the consequence analysis for this accident
should be set consistent with the drop that can create significant damage to the TNPP Package
including the reactor cooling boundary and the reactor core itself. For the direct radiation portion
of the consequence (non-release), the loss of shielding should be consistent with the drop
accident that can create significant damage to the shielding. As with all highway accidents, the
possibility that it was caused by adverse weather (e.g., rain or snow) should be considered for
its impact on any of the radiation dose pathway consequence analyses.

The likelihood of this accident occurring should be based on the occurrence of accidents
involving drops from the roadway to a lower surface such as a drop off a bridge, embankment,
or overpass into a body of water deep enough to submerge the TNPP (the barrel of the reactor
body is about 5 ft in diameter and 7 ft long). Therefore, a drop event would have to occur near a
body of water like a river or lake though even a borrow pit full of water could be enough to
submerge the reactor. The accident frequency, therefore, is the frequency of the drop event
times the conditional probability that it ends up in a body water deep enough to submerge.

5.3.3.32 Accident 12(b) 7 Criticality Accident Caused by the Addition of Moderator
Caused by Fire Suppression

This accident concerns exposure of the worker to direct radiation from a criticality and release of
radioactive material caused by a criticality event due to inundation of the core with fire
suppression water or other hydrogenous material that enters the core in sufficient quantities to
cause criticality after a crash and possible change in core geometry that results in fire and
TNPP Package damage. There is a potential for the direct exposure of workers to high levels of
radiation from a criticality event involving the existing TRISO fuel. The level of radiation during a
criticality event could be significantly higher than the transportation shielding is designed to
mitigate. Additionally, the shielding could be become significantly degraded by impacts that
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occur during the accident. In addition to direct radiation exposure, some fraction of all available
MAR might be released, including some fraction of the TRISO fuel.

For the radiological release portion of the consequence analysis, the damage ratio, airborne
release fraction, and respirable fraction used in the consequence analysis for this accident
should be set consistent with the drop that can create significant damage to the TNPP Package.
For the direct radiation portion of the consequence (non-release), the loss of shielding should be
consistent with the drop accident that can create significant damage to the shielding. As with all
highway accidents, the possibility that it was caused by adverse weather (e.g., rain or snow)
should be considered for its impact on any of the radiation dose pathway consequence
analyses.

The likelihood of this accident occurring should be based on the occurrence of accidents that
involve a significant impact and ensuing fire plus a set of probabilities to account for the other
conditions needed to create a flooded criticality. Conditional probabilities need to account for the
fact that (1) the TNPP Package and internal reactor coolant boundary would have to be
damaged in a way that makes it possible for water (or other material) to enter the core and

(2) fire suppression water (or other material) would have to be directed at the TNPP Package in
manner that results in filling and inundating the core even though the reactor vessel and
associated containment may not necessarily be directly in or near the fire.

5.3.3.33 Accident 12(c) i Criticality Accident Caused by Control Rod Withdrawal

This accident concerns exposure of the worker to direct radiation from a criticality and release of
radioactive material caused by a criticality event due to fast control rod bank withdrawal under
cold conditions during transport due to collision with a vehicle in motion (e.g., car, truck, bus, or
train) or fixed object (e.g., wall, road or bridge structures, embankment) or non-collision accident
(rollover) during transport, which causes loss of or degraded shielding. There is a potential for
the direct exposure of workers to high levels of radiation from a criticality event involving the
existing TRISO fuel. The level of radiation during a criticality event will be significantly higher
than the transportation shielding is designed to mitigate. Additionally, the shielding could be
become significantly degraded from impacts that occur during the accident. In addition to direct
radiation exposure, some fraction of all available MAR might be released, including some
fraction of the TRISO fuel.

For the radiological release portion of the consequence analysis, the damage ratio, airborne
release fraction, and respirable fraction used in the consequence analysis for this accident
should be set consistent with the highway accident that can create significant damage to the
TNPP Package. For the direct radiation portion of the consequence (hon-release), the loss of
shielding should be consistent with the highway accident that can create the most damage to
the transport radiation shielding of the TNPP Package.

The likelihood of this accident occurring should be based on the occurrence of highway
accidents listed above that can potentially cause the control rod withdrawal event. The
conditional probability that a highway accident occurs that causes a control rod withdrawal
event is difficult to estimate. Given that a criticality event could produce significant direct
radiation exposure to the worker, some bounding estimate of the likelihood is needed.
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5.3.4 Development of Bounding Representative Accident Scenarios

As described at the end of Section 5.3.1, there is sufficient rationale and a practical advantage
to only performing detailed accident analysis of bounding representative accident scenarios.
The practical advantage is that reducing the number of accidents that must be evaluated in
detail not only reduces the number of baseline calculations but also the number of
corresponding sensitivity studies that must be performed. Sensitivity studies are an important
way to investigate the impact of sources of modeling uncertainty on the determination of TNPP
transportation risk and are used in this report to determine the level of impact that certain PRA
assumptions have on the risk results.

The 32 accident scenarios discussed in detail in Section 5.3.3 and summarized in Table 5.5
have been organized into groups of accidents that have similar characteristics for the purpose of
defining bounding representative accidents. Accordingly, characteristics are described for the
group based on the physical accident phenomena, likelihood of occurrence, and potential
radiation dose consequences of the accidents within a given group. This description provides
the definition of a bounding representative accident. The definition is intended to encompass all
accidents in the group that makes the bounding representative accident. For example, the
consequences of the bounding representative accident should be at least as great as
consequences from any of the individual accidents in the group. The likelihood of the bounding
representative accident occurring is the sum of frequencies of all the accidents defined to be
part of the bounding representative accident. When a bounding representative accident was too
conservative, the group was subdivided to remove some conservatism.

Based on accident phenomena, the TNPP transportation accidents can be organized into the
following classes for discussion:
1. Accidents that involve fire only

2. Road accidents that involve high-energy impact that could cause release of radiological
material or loss of shielding

Road accidents that involve high-energy impact and fire
Release of radioactive material from a pressurized reactor containment boundary

Release of radioactive material from a nonpressurized reactor containment boundary

o 0 M ®w

Release of radioactive material from other than the nonreactor containment boundary
element of the package

Unplanned increases in exposure time to radiation
A criticality event.

The following sections describe the development of bounding representative accidents for these
eight classes of accidents.

The final discussion in Section 5.3.4.9 includes Table 5.6, which lists and defines the resulting
bounding representative accidents. Accident frequency development for bounding
representative accidents is discussed in Section 6.5 and radiation dose consequences for these
accidents are presented in Section 7.5.
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5.34.1 Fire-Only Accidents

This section describes development of bounding representative accidents for the fire-only
accidents. There are six separate fire accidents with three pertaining to impacts from road
accidents that involve subsequent fire. These three accidents are not addressed in this section
because they involve impact and fire.

The fire accidents involving fire-only are of different sizes and origins and could happen anytime
during transport, including during refueling (i.e., Accidents 6(a), 6(b), and 6(c)). This set of
events includes fires that originate inside the CONEX box-like structure (i.e., Accidents 6(a) and
6(c)). This includes a general fire such as a cable fire ignited by an electrical fault and an oil or
grease fire though oil and grease are expected to be present in limited quantities in the transport
CONEX box-like structure. Though these fires could potentially affect the TNPP reactor coolant
boundary within the package directly because they are inside the CONEX box-like structure,
they are apt to be small, given the lack of flammable material in the container. There are no
electrically active systems inside the reactor, so fire initiated inside the reactor is not expected
during transport. The other fire (i.e., Accident 6(b)) is a diesel fuel fire that originates outside of
the CONEX box-like structure of the TNPP Package. This fire is likely to be much bigger but
must propagate into the CONEX box-like structure to cause damage to the TNPP reactor
containment, RPV, and possible degradation of internal integrated shielding within the
packaging. If the internal and external fire-only events are grouped together to form a bounding
representative accident, the consequences of the bounding case could be overly conservative.
A bounding case accident scenario that encompasses all three fires could assume the worst-
case conditions of the three cases (i.e., that the fire source is diesel fuel and that it originates
inside the CONEX box-like structure). Additionally, the likelihood of spurious fire in the CONEX
box-like structure not related to a diesel fuel fire or not ignited by engine heat is very unlikely
compared to a diesel fuel fire that originates outside the CONEX box, which is more likely.

Therefore, the three fire-only accident scenarios are divided into two cases: (1) BRA) 1 and
(2) BRA 2.

BRA 1 is afire that originates inside the CONEX box-like structure. It is a general fire caused by
sources such as an electrical cable fault that ignites combustible material associated with the
package. Combustible material includes an oil or grease that is ignited by a hot surface or
electrical fault. All MAR (i.e., the TRISO fuel itself, radiological material diffused into the core
during operation, radiological material that has condensed or plated-out in the reactor
containment boundary) is protected from the direct effects of a fire by the shielding vessel or the
reactor containment boundary SSCs. Due to the limited space that the fire can occupy, failure of
the reactor containment boundary, marked degradation of integrated internal shielding, and
release of materials is not postulated for this event.

Given the unusual load, the likelihood of BRA 1 occurring is not based on truck fires, but rather
on a general fire for a comparable situation.

BRA 2 is a diesel fuel fire that originates outside the CONEX box-like structure, propagates into
the CONEX box, and ignites combustible material, which damages the reactor coolant boundary
of the RPV. The assumed quantity of diesel fuel is limited to the maximum possible fuel in
transporter fuel tanks (e.g., about 300 gallons). Fires that involve a collision and ensuing fire,
including those that involve a greater quantity of diesel fuel, are considered in other accidents
such as impact with another truck and a tanker and subsequent fire.
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5.3.4.2 Road Impact Accidents

This section describes development of bounding representative accidents for the impact-only
accidents (no fire) that occur on the highway. These accidents can result in release of
radioactive material and loss of shielding resulting in direct radiation exposure. There are seven
separate road impact accidents (Accidents 1(a), 1(b), 2(a), 2(b), 3(a), 3(b), and 5(a) associated
with collision with another vehicle, collision with fixed objects, drops to a lower elevation, non-
vehicle accidents, and a high-wind event) that could cause impacts that damage the TNPP
Package. Two of these accidents that are referred as non-collision accidents (i.e., Accidents
3(a) and 3(b)) do not technically involve a collision because they do not involve collision with
another vehicle or object and do not involve a drop to a lower elevation. However, a rollover
does involve hard impact with the ground, which is likely to be the asphalt or concrete roadway
and shoulder. A jackknife could involve violent swinging of the trailer and contents which could
lead to some impact inside the container for objects that become unrestrained (e.g., tools), but
such impacts are not expected to damage the internal safety components of the TNPP
Package. The high-wind event (i.e., Accident 5(a)) can lift or remove the TNPP Package from
the conveyance causing impact. The degree of damage to the TNPP Package is hard to
estimate because no tests and only preliminary analysis has been performed so far.
Accordingly, it is hard to differentiate road accidents that involve impact from each other in
terms of potential damage to help define bounding representative accidents.

It is assumed, however, that impact with heavy vehicles and solid unyielding objects (e.qg.,
concrete abutment), impacts with hard rock, drops to a lower elevation, and rollovers would
create the most significant forces on the TNPP Package. These forces can create damage to
the TNPP Package components (i.e., CONEX box-like structure, containment, RPV, reactor
core, integrated internal shielding, etc.) and its transport shielding, which results in release of
radiological material and increased direct radiation. Conversely, impact with light vehicles or
objects, and impacts that do not create much force (e.g., impact with signs), and jackknifes are
not expected to cause much damage to the TNPP Package.

Based on the discussion above, BRA 3 includes impact with heavy vehicles and solid unyielding
objects (e.g., concrete abutment or a rock embankment), falls to a lower elevation (e.g., drop
from a bridge), and rollovers, which can result in hard impact on the asphalt or concrete
roadway. It is assumed that this bounding accident results in damage to the TNPP Package and
associated shielding, which results in release of radioactive material and direct radiation
exposure. It is assumed that the high-wind accident creates a level of TNPP Package damage
like the other accidents in this group. The potentially positive effect of diluting the concentration
of radiological material that is released is not to be credited. Determination of the damage ratio,
airborne release fraction, and respirable fraction used in the consequence analysis for this
bounding representative accident considers the mechanical impacts consistent with the worst-
case situation for this bounding representative accident scenario.

The likelihood of BRA 3 occurring is based on the sum of the accident frequencies for the
accident scenario assigned to this group. Though this scenario was postulated in the hazard
analysis, an accident involving high wind that leads to a consequence of this severity is
assumed to be very unlikely for BRA 3 because a transport would not deliberately be allowed
during extremely inclement weather. Therefore, the likelihood of BRA 3 is assumed to be
dominated by highway accidents that lead to severe impact.

Based on the discussion above, BRA 4 includes impact with light vehicles or objects that do not
create much force when impacted (e.g., signs), jackknifes that do not involve impact, and
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impacts with a yielding object (e.g., a road sign or soil/clay embankment). BRA 4 is further
broken down into 4M (medium) and 4L (light). BRA 4M accidents are less than a hard-impact
highway accident that results in release of some radiological material and loss of shielding.
These medium-impact accidents are defined as a severe collision with a light vehicle. It is
assumed that this bounding representative accident results in some degree of damage to the
TNPP Package and transport shielding, which results in release of radioactive material and
direct radiation exposure, but less damage than BRA 3. The damage ratio, airborne release
fraction, and respirable fraction used in the consequence analysis for this bounding
representative accident consider the mechanical impacts consistence with the worst-case
situation. The likelihood of BRA 4M occurring is based on severe collisions with a light vehicle
(i.e., one that results in fatality and or injury).

BRA 4L accidents result in no release of radiological material but there is some degradation in
the transport shielding which is enough to get radiation streaming through an open gap in the
CONEX box-like structure of the TNPP Package. These light-impact accidents are defined as a
jackknife, impact with a yielding object (e.g., a road sign or soil embankment), or an impact with
a light vehicle that is not severe (e.g., results in property damage only). Accordingly, the
likelihood of BRA 4L is based these kinds of accidents. A precise definition of yielding versus
unyielding objects is discussed in the frequency estimation in Section 6.3.1.1 and as presented
in Table 6.10.

5.3.4.3 Road Impact and Subsequent Fire Accidents

This section describes development of bounding representative accidents for the highway
impact-only accidents that lead to fire. There are three accidents of this type (i.e., Accidents
4(a), 4(b), and 4(c)), which consist of a collision with a vehicle or fixed object or rollover and fire,
collision with a tanker carrying flammable material and fire, and an accident that involves a drop
to a lower surface (e.g., a drop from a bridge or overpass) and fire. Accordingly, significant
mechanical damage is assumed to occur caused by impact, as discussed for accidents
addressed in Section 5.3.3, along with fire that can:

1 Create thermal stress for material such as metal, so that activated material or material that
contains held-up or plated-on radioactive material can be made airborne from sloughing of
oxide from the oxidizing mass.

1 Create a convective current that causes the material to be airborne. If the collision is with
another large truck, there could potentially be a maximum of 600 gallons of diesel fuel
involved if the maximum fuel capacity of both trucks is assumed to be 300 gallons.

The impact and fire can also cause damage to the transport shielding of the TNPP Package.
Therefore, determination of the damage ratio, airborne release fraction, and respirable fraction
used in the consequence analysis for this bounding representative accident considers these
conditions and release mechanisms.

Collision with a large tanker carrying flammable material has the potential to produce the
greatest radiological consequence because the fire can be larger than other fires in this group
given the possible quantity of flammable material that might be spilled from the tanker in
combination with the fact that a tanker is a heavy vehicle that has the potential to create strong
mechanical impact forces in a collision. An additional consideration is the fact that the tanker
could contain explosive material, which might cause greater mechanical impact, and perhaps
less thermal impact. Accordingly, BRA 5 is defined as Accidents 3(a) and 3(b), which are
essentially all road impact accidents that result in fire except a collision with a tanker carrying
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flammable material. BRA 6 is then defined as collision with a tanker carrying flammable material
and subsequent fire. For both BRAs 5 and 6, it is assumed that the proportion of collisions that
involves an explosion (e.g., deflagration or detonation) is very small compared to collisions that
involve just fire whose likelihood is already extremely small. Therefore BRA 5 and BRA 6 were
defined as leading only to fire and assumed to be bounding.

The likelihood of BRA 5 occurring is based on the sum of the accident frequencies for the
scenarios assigned to this group and the likelihood of BRA 6 occurring is based on the accident
frequency for collision with a tanker carrying flammable material.

BRA 5 is further broken down into 5H (hard) and 5M (medium). BRA 5H accidents are hard-
impact highway accidents (i.e., equivalent to the impacts defined by BRA 3) that result in fire
with exception of collision with a tanker carrying flammable material. BRA 5M accidents are
medium-impact highway accidents (i.e., severe collision with a light vehicle that leads to a
fatality or injury) that results in fire.

5.3.4.4 Loss of the Nonpressurized Reactor Containment Boundary

This section describes development of the bounding representative accidents for loss of
package containment events specifically for a nonpressurized release from the reactor coolant
boundary containment that is not associated with a road impact accident. There are five
accidents of this type (i.e., Accidents 7(a), 7(b), 7(c), 7(d) and 7(e)), which consist of breach of
the reactor containment boundary for the following reasons:

1 Random containment failure (e.qg., failure of a seal, connection, or joint

9 Vibration and shock from over-the-road travel

9 Human error in packaging the reactor containment boundary

9 Human error during TNPP disassembly leading to undetected latent failures in containment
1 Extreme cold that causes the containment to fail.

These accidents lead to about the same radiological consequences in that there is no motive
force to drive material out of the containment except for possible small differences in pressure
and temperatures inside and outside the sealed elements. Vibration and shock, which cause
one of the accident scenarios in this group, are also a factor in the other scenarios of this group
even though they do not cause the breach. Table 5.5 indicates that vibration and shock could
loosen surface material held up in the compact or other core structures, adding to the
radiological material that might be released (i.e., the shock and vibration accident scenario is
assigned to Consequence Category B).

Accordingly, some fraction of the available MAR is assumed to be released, but not the TRISO
fuel itself, but radioactive material that has diffused and is held up in the compact and other
core structures might be loosened by vibration and shock and could also be released. The
damage ratio, airborne release fraction, and respirable fraction used in the consequence
analysis for this accident need to reflect the fact that a nonpressurized containment has been
breached but that road travel vibration and shock may have loosened radioactive material in
the reactor containment boundary. Accordingly, BRA 7 is defined as five of these accidents
(i.e., Accidents 7(a), 7(b), 7(c), 7(d) and 7(e)).
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The likelihood of BRA 7 occurring is based on the sum of the accident frequencies for the
accident scenarios assigned to this group.

5.3.4.5 Loss of the Pressurized Reactor Containment Boundary

This section describes development of bounding representative accidents for loss of package
containment events that are not associated with a road accident and that specifically involve
pressurized release from the reactor coolant boundary containment. There are two accidents of
this type (i.e., Accidents 8(a) and 8(b)), which consist of a breach of the reactor containment
boundary: (1) impact on vents or the heat transfer pathway that decreases heat removal in
combination with a containment failure, and (2) high ambient air temperature and residual decay
heat in combination with containment failures. These accidents are considered to lead to similar
radiological consequences in that motive force, but noncontinuous force, exists to drive material
out of the containment. As soon as the pressure inside and outside the contained elements
equalizes (which could happen quickly), the motive force dissipates. The damage ratio, airborne
release fraction, and respirable fraction used in the consequence analysis for this accident need
to reflect the fact that the containment is pressurized, and that normal road travel vibration and
shock may have loosened radioactive material in the reactor coolant boundary. Accordingly,
even though Table 5.5 indicates that the source term does not include radioactive material that
has diffused and is held up in the compact and other core structures (i.e., is not assigned to
Consequence Category B), it should be assumed for these accidents that vibration and shock
from road travel may have loosened radioactive material from surfaces inside the reactor
coolant boundary such as the core structure. The two accident scenarios discussed define

BRA 8.

The likelihood of BRA 8 occurring is based on the sum of the accident frequencies for the
accident scenario assigned to this group.

5.3.4.6 Loss of the Nonpressurized Nonreactor Containment Boundary

This section describes events involving loss of package containment events for nonpressurized
release accident scenarios from outside the reactor containment boundary. There are four
events of this type (i.e., Accidents 9(a), 9(b), 9(c), and 9(d)), which pertain to containment
breach of other parts of the TNPP Package besides the reactor containment boundary. As
shown in Table 5.5, these accidents have been assigned to Consequence Category D and only
involve release of contamination from the package that could reside outside the reactor
containment. Given that these accidents only result in release of contamination from package
elements that have been handled during disassembly and loading of the TNPP Package, the
management of the risk from these scenarios can be considered covered by normal radiation
safety practices. These scenarios should be provided as input to development of radiation
safety controls, but do not define a bounding representative accident for which detailed
likelihood and consequences are developed.

5.3.4.7 Unplanned Exposure to Radiation

This section describes unplanned increases in the time of exposure to radiation. This set of
events consist of Events 11(a), 11(b), and 11(c), in which technical or logistic difficulties result in
a lengthened transport time and an increased exposure of workers to radiation caused by

(1) mechanical breakdown of the truck, trailer, or CONEX box-like structure and transport
shielding; (2) technical problems with the TNPP Package that requires resolution due to
unanticipated failure or errors; and (3) adverse weather that stalls or delays transport. Given
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that these events only result in increased routine (though unanticipated) exposure, the
management of the risk from these scenarios can be considered covered by normal radiation
safety practices. Although, these scenarios should be provided as input to development of those
controls, they do not define a bounding representative accident for which detailed likelihood and
consequences are developed.

5.3.4.8  Criticality Accidents

This section describes the development of bounding representative accidents for criticality
events that happen during transport. There are three types of accidents of this type, Accidents
12(a), 12(b), and 12(c). Accident 12(a) consists of the addition of a moderator and possible
change in core geometry from immersion of the TNPP into a body of water. Accident 12(b)
consists of the addition of a moderator and possible change in core geometry from inundation of
the core with fire suppression water or other hydrogenous material that enters the core in
sufficient quantities to cause criticality after a crash that results in fire and TNPP damage.
Accident 12(c) consists of a control rod withdrawal (or another event that inserts reactivity)
caused by energetic collision.

BRA 9A is a flooded criticality event defined as the addition of a moderator and possible change
in core geometry caused by a drop into a body of water (i.e., Accident 12(a)). For the
demonstration TNPP design, the change in core geometry is not required to cause criticality if
the core is inundated, but an alteration in core geometry is possible from a drop event and could
contribute to criticality. This accident requires a highly unlikely set of circumstances because
there are only limited sections of road where such a drop into a body of water is sufficient to
immerse the TNPP as discussed later in Section 6.0. The frequency of this accident can be
determined by estimating the likelihood a road accident over those limited sections of highway
this event can occur or by looking at the data for accidents that result in a submerged vehicle.

BRA 9B is a flooded criticality event defined as the addition of a moderator and possible change
in core geometry caused by inundation of the core with fire suppression water or other
hydrogenous material that enters the core in sufficient quantities to cause criticality after a crash
that results in fire and TNPP damage (i.e., Accident 12(b)). Again, for the demonstration TNPP
design, the change in core geometry is not required to cause criticality if the core is inundated,
but an alteration in core geometry is possible from the collision that could contribute to criticality.
This accident requires a highly unlikely set of circumstances because the crash would need to
result in fire, the TNPP would have to be damaged in a way that water (or other material) could
enter the core, and fire suppression water (or other material) would have to be directed at the
TNPP Package in a way that it enters and inundates the core, which is inside the CONEX box-
like structure of the TNPP Package and not necessarily near the fire.

BRA 10 is defined as a control rod withdrawal event or another event that inserts reactivity due
to damage to the reactivity control system caused by a collision that damages the TNPP
Package and associated components (i.e., Accident 12(c)). The likelihood of this accident
occurring is based on the accident frequency and the conditional probability that control rod
withdrawal occurs from the accident.

5.3.4.9 Summary of the Bounding Representative Accidents
Table 5.6 provides a summary definition of the bounding representative accidents discussed in

Sections 5.3.4.1 through 5.3.4.8. Accident frequency development for bounding representative
accidents is discussed in Section 6.0 and summarized for each of the bounding representative
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accidents in Table 6.16. Radiation dose consequence for these accidents is presented in
Section 7.0 and summarized for the bounding representative accidents in Table 7.6.

Table 5.6. Definitions of the Bounding Representative Accidents

1D Descriptions

BRA 1 Fire-only event that originates inside of the CONEX box-like structure of the TNPP Package.

BRA 2 Diesel fuel fire-only event that originates outside the Reactor Module and propagates into
the CONEX box-like structure and ignites combustible material which damages the reactor
containment boundary and impacts containment capacity.

BRA 3 Hard-impact highway accident that leads to release of radioactive material and loss of
shielding. Includes impact with heavy vehicles and unyielding objects (e.g., concrete
abutments or rock embankments), drops to a lower elevation, or rollovers.

BRA 4M | Less than a hard-impact highway accident that results in release of some radiological
material and loss of shielding. Medium impact that involves a severe collision with a light
vehicle (e.g., one that results in fatality or injury).

BRA 4L | Less than a hard-impact highway accident that results in no release of radiological material
but some degradation of transport shielding. Light impact such as a jackknife, impact with a
yielding object (e.g., a road sign or soil embankment), or impact with a light vehicle that is
not severe (e.g., results in property damage only).

BRA 5H | Hard-impact highway accidents (i.e., equivalent to the impacts defined by BRA 3) that result
in fire with exception of collision with a tanker carrying flammable material.

BRA 5M | Medium-impact highway accidents (i.e., severe collision with a light vehicle that leads to
fatality or injury) that results in fire.

BRA 6 Collision with a tanker carrying flammable material that leads to fire.

BRA 7 Loss of the nonpressurized reactor containment boundary not caused by a road accident
but by human error and failures of containment features.

BRA 8 Loss of the pressurized reactor containment boundary not caused by aroad accident but by
human error and failures of containment features.

BRA 9A | Addition of moderator and possible change in core geometry caused by a drop into body of
water that results in criticality.

BRA 9B | Addition of moderator and possible change in core geometry caused by a crash that results
in RPV damage, fire, and inundation of the core with fire suppression water or other
hydrogenous material that enters the core in sufficient guantities to cause criticality.

BRA 10 | Control rod withdrawal (or another reactivity insertion event) caused by impact from a road
accident that results in criticality®.

BRA = bounding representative accident; CONEX = container express; RPV = Reactor Pressure Vessel; TNPP =

Transportable Nuclear Power Plant.

(a) This study assumes the design goal of precluding a reactivity insertion eventin a TNPP transportation

package accident will be met.
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6.0 Devel opmEesihatods d&fi kteh eolfood
Occurrencé@&NBP Thansportation Acc
Scenari os

This section describes the development of estimates of the likelihood of TNPP transportation
accidents occurring and provides the bases for those estimates. The assumed route from INL
to WSMR passes through parts of Idaho, Utah, Wyoming, Colorado, and New Mexico, as shown
in Figure 6.1. The route traverses a diverse geography and population from very rural Wyoming
to metropolitan Denver. For the metropolitan Denver area, a bypass route to the east (on
Colorado highway E-470) was included in the analysis. Section 6.1 discusses collection,
analysis, and characterization of route-specific hazards. Section 6.2 discusses collection and
analysis of large truck accident data. Section 6.3 discusses development of estimates of the
likelihood of the accidents occurring during TNPP transportation. Section 6.4 provides a list of
the primary assumptions that were made as part the accident likelihood development process.
Section 6.5 provides the estimation of the frequencies for each bounding representative
accident.

6.1 Characteri zat3poenc ioffi cRouppaet i ally Deri

Many environments with different risks will be encountered as the TNPP Package is transported
between locations. Although there are very few very large truck accidents from which to infer
relative risk of each of the environmental hazards, these hazards are investigated and
characterized. Based on past transportation studies they can include the following:

1 Soil types. The relative hardness was quantified for the assumed routes and is discussed in
Section 6.1.1.

1 Bridges. The presence of underpasses and overpasses was enumerated and is discussed in
Section 6.1.2.

1 Rivers and waterbodies. Bodies of water sufficient to submerge the reactor vessel near the
assumed route were investigated and are discussed in Section 6.1.3.

1 River, stream, and waterbody crossings
1 Length of route adjacent to rivers, stream, and waterbodies

1 Drop offs. Portions of the assumed route where a vehicle could drop to a lower elevation were
investigated and are discussed in Section 6.1.4.

9 Population density. Population density data, though not used in the TNPP transportation PRA,
may be of concern for the state of Colorado as it pertains to DOT regulations (i.e., the route
should avoid populated areas), as discussed in Section 6.1.5. Population density is used in an
EIS.

In the following sections, these hazards are discussed in general for the assumed route.
Publicly available data, including the provided route information, were used for this report.
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Figure 6.1. Assumed Route from INL to WSMR, Bypassing Metropolitan Denver Metro using
Colorado E-470
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6.1.1 Soil Types

The following definitions are used for the identification of Map Unit subcomponents that behave
like fhard rock,0 soft rock,0 rodky soil,0  other shils, slay, silt.0Previous work used the
1:250,000 scale 1996 State Soil Geographic (STATSGO) (USDA-SCS 1993) data, but those
data have been superseded by the more well-resolved Soil Survey Geographic data (USDA-
NRCS 2005). The Soil Survey Geographic data use the 1:24,000 scale and a different data
model than the earlier STATSGO data.

A new soils data model was used to classify the data into the four categories following the work

of Mills et al. (2006), which was a source document for the transportation risk assessment

studies performed by the NRC, like the study presented in NUREG-2125 (NRC 2014) and

described in Section 6.3.1. Multiple tables were needed, includingfic hori zonso), (soi l h c
which include information about the existence and fraction of rocky soil) and fcorestrictions,0

which includes information about depth to bedrock and cementation. These data have a one-to-

many correspondence for the map units. The most conservative hardness category was used

for each Map Unit.

The previous STATSGO data model included a hardness category that specified whether the
bedrock was removable with a backhoe or only by blasting. Because those data are not
included in the current data model, the cementation information from the corestrictions table
was used. That table classifies hardness (from hardest to least) as follows: findurated,o i ery
strongly cemented,6fi tsongly cemented,0f roderately cemented,0fi wakly cemented,0and

fi oncemented.o

The following hierarchy was used to determine the category for each Map Unit based on the
highest hardness within a unit:

1 A Map Unit subcomponent was defined to be hard rock whenever the average depth to the
bedrock that | ies below the subcomponent surf ace
Aimoderately cememtedd to fAindurated

{ If the Map Unit subcomponent was not defined to be hard rock, then it would be defined to be
soft rock if the average depth to the bedrock was,onav er age, O2 ft and the be
weakly cemented or noncemented.

1 If the Map Unit subcomponent was not hard rock or soft rock, then it was defined as rocky soil
when the mass percent of rocks in the rocky soil layers in the top 3 ft of the soil was
02 percent, the average diameter of these rocks wasO3 i n. , and the sum of t
of these layerswas 02 f t .

1 If the Map Unit subcomponent was not hard rock, soft rock, or rocky soil, then it was defined
to be fother soils, clay, or siltdor water.

GIS methods of analysis used ArcMapE software by Esri (an American multinational
geographic information system software company headquartered in Redlands, California) to
overlay transportation routes from INL to WSMR onto the state-level SSURGO-derived soils
categories and to determine the wayside surface occurrence frequencies on a state-by-state
basis. Table 6.1 and Table 6.2 summarize the wayside surface types for each state for the two
potential routes.
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Table 6.1. Surface Occurrence Fractions for Wayside Surfaces i INL to WSMR via Denver

Surface Type

State Traversed Hard Rock Soft Rock Rocky Soil Other
Idaho 0.228 0.000 0.232 0.541
Utah 0.079 0.000 0.309 0.612
Wyoming 0.073 0.162 0.000 0.764
Colorado 0.114 0.066 0.024 0.796
New Mexico 0.116 0.034 0.035 0.815
Route Average® 0.111 0.068 0.067 0.753
(a) Distance-weighted average values.

Table 6.2. Surface Occurrence Fractions for Wayside Surfaces i INL to WSMR via Denver
Colorado E-470 Bypass

Surface Type

State Traversed Hard Rock Soft Rock Rocky Soil Other
Idaho 0.228 0.000 0.232 0.541
Utah 0.079 0.000 0.309 0.612
Wyoming 0.073 0.162 0.000 0.764
Colorado 0.110 0.068 0.023 0.799
New Mexico 0.116 0.034 0.035 0.815
Route Average® 0.111 0.069 0.066 0.754
(a) Distance-weighted average values.

The assumed highway transport route for the Project Pele prototype TNPP Package was from

INL to WSMR in New Mexico. The highway transport route for assessment of soil types in this

section and bridges assessed in Section 6.1.2 was estimated using the Web-Based

Transportation Routing Analysis Geographic Information System (WebTRAGIS) computer code

(Peterson 2018). Figure 6.2 through Figure 6.6 show a potential highway route from INL to

WSMR, generated using WebTRAGIS based on the highway route-controlled quantity (HRCQ)

routing requirementsin49 CFR 3R2glL0Xements for motor carrier
Figure 6.5 shows both the route through the city of Denver and the E-470 bypass around the

center of Denver, Colorado.

The destination of WSMR was assumed for the purposes of analysis in the transportation PRA
as well as for demonstration of the process and can be altered later, if necessary, by the Project
Pele vendor to reflect program refinements prior to submittal of the transportation SAR and the
request for exemption to the NRC.
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Figure 6.2. Potential Route from INL to WSMR Showing the Wayside Soil Types: Idaho and
Utah
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Figure 6.3. Potential Route from INL to WSMR Showing the Wayside Soil Types: Wyoming

Development of Estimates of the Likelihood of Occurrence of the TNPP Transportation Accident Scenarios 112



PNNL-36380 Revision 1

[
F Collins
.
Greeley
.
Fort' Morgan
.
Longm ont
.

Boul der;
.

e 2

]

! SV

x{ast le Rock

. . g

olorado

A §Sprmgs

Lamar
.

MonteiVista
B

frim dad
Esyi SHERENGarminM(G {Open Strieetapleontriblitors¥andpthelGIS]

A I — | Kilometers
0 20 40 80

Figure 6.4. Potential Route from INL to WSMR Showing the Wayside Soil Types: Colorado
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Figure 6.5. Potential Routes from INL to WSMR Showing the Wayside Soil Types: Denver3!

31 The eastern route uses Colorado E-470 to bypass Metropolitan Denver and the intersection of I-25 and
I-70.
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Figure 6.6. Potential Route from INL to WSMR Showing the Soil Types: New Mexico
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6.1.2 Bridges

The National Bridge Database (NBD)3? was used to assess the bridges along the transportation

PNNL-36380 Revision 1

route. There are two types of bridges: overpasses and underpasses. Overpasses can be over

roads, rivers, railroads, or other features, while underpasses are typically under roads or

railroads. Ov er passes
structures that could present collision hazards. Only the major river crossings are typically
included in the NBD. The NBD has inconsistencies in locations and variations in coding from
state-to state. Table 6.3 presents state-by-state information about the number of underpasses
and overpasses, and the minimum drop from the overpasses (maximum drop is not in that
database). This information was not used explicitly in the PRA for determination of accident
likelihood, but it provides some perspective of this hazard. The likelihood of the occurrence of

accidents that involve drops into a body of water or to a lower elevation are explained in

present

Sections 6.1.3 and Section 6.1.4, respectively.

nf al
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und e

Table 6.3. National Bridge Inventory of Overpasses and Underpasses Along the Route
Total Overpass Minimum Drop
Under/ Route Route on
State Overpass Underpass Overpass 0i5m 519 m >9m
Idaho 59 14 45 25 20 0
Utah 92 18 74 42 32 0
Wyoming 175 15 160 112 48 0
Colorado outside
Denver 241 79 162 118 43 1
Colorado i Denver
East 62 25 37 16 20 1
Colorado i Denver
West 71 43 28 15 13 0
New Mexico 358 72 286 227 59 0
6.1.3 Rivers and Bodies of Water

In areas with significant topography, such as mountainous areas, the most efficient passage is
predominantly along the river valleys, which is where the highways are constructed. Between
INL and WSMR, several mountainous areas must be traversed. In these areas, the interstate
crosses a few major rivers and streams, and there are several locations where rivers and
streams run parallel to the interstates. Note in Figure 6.7 that the river is adjacent to the
interstate highway.

Bodies of water with sufficient depth to submerge the reactor vessel diameter have the potential
to initiate a flooded reactor criticality event. (The reactor vessel is about 5 ft in diameter not
counting the empty water shield, which could be ruptured in an accident.) Accordingly, rivers
and streams (there are no other bodies of water) within 50 m of the highway are considered
hazards if there is enough downward slope from the roadbed to the water so that an accident
could potentially result in the transportation package ending up in the water. Accordingly, stream
and river crossings that cross the route or are adjacent to the route were investigated.

32 Available at https://www.fhwa.dot.gov/bridge/nbi.cfm.
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Figure 6.7. 1-84 along the Weber River (from Google Maps)

The evaluation described in Sections 6.1.1 and 6.1.2 used an assumed route at a level of
resolution that did not consider the difference between northbound and southbound lanes,
including the on and off ramps or the width of the median between lanes. This approach is
insufficient to assess the proximity to bodies of water to routes traveled by the TNPP Package
because precision is needed to identify whether the body of water presents a hazard.
Accordingly, the southbound route was redefined at a higher level of resolution and included
consideration of on and off ramps and loops, so that a detailed dataset could be created of route
segments where a water hazard exists. The route data were extracted from Open Street Maps
(OSM) (2022) using QGIS 3.2,* a Java-based OSM data query tool (Stadtherr et al. 2022).
These data proved to be more spatially accurate than the data used to generate the hazard
results described in Section 6.1.2 about bridges. The route was split into 100 ft segments for its
entire length except for where the Open Street Map source data uses shorter segments. The
latitude and longitude of each segment were used to determine the true geographical length and
to correct segments where auto-parsing of the route into 100 ft segments and the segments
used in OSM were not in sync. The segmentation allowed filtering of the portion of the route
where the hazards exist.

Stream data were extracted from the National Hydrography Dataset High Resolution (NHD-HR)

(USGS 2022a), which is the best available GIS hydro-data for the United States. The streams

dataset from NHD-HR is based on high-resolution, three-dimensional digital elevation modeling

and contains attributes for flow rate in cubic feet per second (ft3/sec). This is calculated by

adjusting the natural flow of water with the measured flow at stream gauges scattered
throughout the network. Thisdataseti s consi dered to have the avail al
estimateso (USGS 2022a, page 62).

33 formerly Quantum GIS
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The presence of water in streams at various flow rates was investigated using images to
determine that a flow rate of 3 ft3/sec appeared to be the threshold flow for streams with enough
volume to conceivably submerge a reactor vessel, as shown in Figure 6.8. Most streams with
flow rates <3 ft¥/sec showed very little to no visible water in the imagery investigation; therefore,
Aiflow value 30 was used as a s ufhisagpradclewasused t he
because no depth values are provided in the NHD-HR dataset. Streams with flow values of 3 or
>3, within 50 m of the route and not part of an underground pipe network, were queried using
ArcGIS 10.8, a cloud-based mapping and analysis tool.** This included perennial and
intermittent streams, canals, and artificial paths, which is the designation given by the United
States Geological Survey (USGS) to virtual lines running through large bodies of water such as
lakes and wide rivers (USGS 2022a, page 65). Locations where the transportation route
physically crosses rivers and streams, and where rivers and streams run adjacent to the route
within 50 m, were investigated.

Flow Rate - 1 cubic feet /second Flow Rate'- 2 cubib feet /second
does not qualify does not qualify

Flow Rate - 700 cubic feef_,/ second

does qualify .

Figure 6.8. Stream Images at Various Flow Rates Used to Determine the Minimum Threshold
for Qualifying Streams in the Analysis

Locations where streams run adjacent to the transportation route within 50 m of the road were

further filtered based on slope. If the downhill slope of the adjacent land was greater than 1:4 to

an adjacent stream, then it was conservatively assumed to be steep enough to cause the truck

to roll or slide 50 m, if it left the road. Slope data were derived from a Digital Elevation Model

(DEM) available for the entire United States (@DEM modeli s a r epr esentati on
topographic surface of the Earth excluding surface objects like trees and buildings). This DEM is

an 8.3 x 8.3 m (often referred to as 10 m) resolution and was clipped to within 100 m of the

route to remove edge effects at the 50 m threshold used for stream qualification. Next, elevation

data were used to derive a slope dataset for 8.3 m x 8.3 m sections away from the road by

guerying whether the slope was 25 percent or greater between sections. Slope data were then

34 See https://doc.arcgis.com/en/arcgis-online/get-started/what-is-agol.htm.
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used to screen adjacent streams less than 50 m with a slope greater than or equal to 1:4. These
locations were then visually investigated to make sure that the sloped area was, in fact,
between the roadway and the downhill stream as illustrated in Figure 6.9. Route segments
closer than 8.3 m to the adjacent stream were added back to the qualifying segments to make
up for the lack of slope analysis resolution and slope data immediately next to the road.

Figure 6.9. Slopes Adjacent to Roadside Checked Manually to Make Sure They Are Downhill
to the Stream

To visually assess the selected sites of concern, Google Street View images were downloaded
for each of the qualifying route segments for both crossings and adjacency (i.e., adjacency
refers to portions of the route where the assumed route runs along a river or stream). Latitude
and longitude values were assigned to the center of each route segment line using the Add
Geometry tool in ArcGIS 10.8. These locations were input to an internal PNNL proprietary tool
(Eshun et al. 2022) that generates images in any 360° direction from Google Street Map view
application programming interface. Visual inspection using Google Street View images was
used to qualify selected segments. The inspection revealed that many of the streams were dry
at the time the Google Street View image was taken, suggesting that the overall assessment
could be conservative or that timing of transport is an important consideration. These Google
Street View images were not used to make refinements in the assessment but could be as
needed. The plot showing where along the route that these views were taken is presented
Figure 6.10 and Figure 6.11. The image identification numbers in the image name correspond to
the route segment identification number.
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35 The identification number (tag) corresponds to the Google Street View Image.
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This assessment of river and stream crossings and adjacency resulted in the final route
segment counts and length totals listed in Table 6.4.

Table 6.4. River and Stream Crossings and Adjacency
(Total route is 1,289.2 miles)

| Segment Count | Total Feet
Route through Denver
Adjacent 156 14,393
Crossing 145 14,130
Total Route 301 28,523 (5.4 miles)
Route Bypassing Denver
Adjacent 154 14,193
Crossing 147 14,419
Total Route 301 28,612 (5.4 miles)

This GIS analysis has some notable limitations. First, the NHD-HR stream dataset is based on
the best available location data of the stream/waterbody network derived from the best available
three-dimensional elevation, LIDAR sourced (Light Detection and Ranging technology), output
for the United States. However, stream dynamics (e.g., change in the stream path since data
collection) and computational error means that no guarantee can be made about the exact
stream location without physical confirmation. Second, the stream flow minimum threshold of

3 ft¥/sec is based on visual investigation of water presence in streams and is only a rough
surrogate for real depth measurements. Finally, the resolution of the slope data (8.3 m) is likely
to result in an exclusion of route-adjacent streams that are within 10 m of the road because the
slope might appear to be flat in that area.

However, a physical road survey was performed to visually verify that the assumptions used
in the assessment described above to support the determination of an accident frequency
associated with a flooded criticality event caused by a drop into a body water appear to be
reasonable. The conclusions of the verification work described in a report published by
Taylor et al. (2023) and confirm that the results of the evaluation using GIS are reasonable or
conservative for use in estimating the likelihood of applicable accidents as described in
Section 6.3.1.2.

6.1.4 Dropsto alLower Elevation

Another specific hazard of the route is the locations where there is a drop to a lower elevation
just off the roadway. If a truck has an accident in these locations (e.g., on bridge or overpass, or
near a steep embankment) and leaves the road, then significantly more damage to the TNPP
Package could occur if the vehicle drops to a lower elevation.

As discussed in Section 6.1.3, the evaluations described in Sections 6.1.1 and 6.1.2 of this
report used an assumed route at a level of resolution that did not consider the difference
between northbound and southbound lanes, including on and off ramps or the width of the
median between lanes. Therefore, the southbound route was redefined at a higher level of
resolution and included consideration of on and off ramps and loops, so that a detailed dataset
could be created of route segments where drop-offs of concern exist. Also, as for the
investigation of bodies of water, the route data were extracted from Open Street Maps (2022)
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using QGIS 3.2 Java-based OSM data query tool (Stadtherr et al. 2022). As described in the
Section 6.1.3 investigation of bodies of water sufficient to submerge the reactor vessel along the
route, in this case, was also split into 100 ft segments for its entire length except for where the
Open Street Map source data uses shorter segments. The latitude and longitude of each
segment were used to determine the true geographical length to correct segments where auto-
parsing of the route into 100 ft segments used in OSM were not in sync. This segmentation
allowed filtering of route segments based on the hazard analysis needs at a resolution within
100 ft.

Drop-off locations were decided based on slope percentages. If the slope of the adjacent land
was greater a than 33 percent grade within 25 m of the road, it was assumed to be sufficiently
steep that a truck would drop (or roll or slide) to a lower elevation if it left the road. Slope data
were derived from a DEM available for the entire United States from the USGS. The DEM had
8.3 x 8.3 m (often referred to as 10 m) resolution and was clipped to within 100 m of the route to
remove edge effects beyond 25 m. Next, the elevation data were used to derive a slope dataset
for 8.3 m 3 8.3 m sections away from the road by querying whether the slope was 33 percent or
greater between sections. The slope data were screened to include only areas greater than a
33 percent grade. Then, the route segments within 25 m of sloped areas greater than

33 percent grade were examined to determine the direction of the slope to make sure that it was
down and away from the route and not down and toward the route, as illustrated in Figure 6.12.

g
=
Slope 33% grade down and

toward the road. Does not
qualify as aysteep drop.

slope 33% dowial
away from the roag
Qualifies as a stecplh
drop:

" selected route 88

»
»

slope 89% down and %
away. frorf;the road.."®
Qualifies asa.steep
drop.

Figure 6.12. Route with a Qualifying and Non-Qualifying Slope of a 33 Percent or More Grade
to the Sides of the Route Based on Its Direction of Slope

Finally, street view images were generated to visually confirm that the drop-off locations

exist, and no barriers existed between the route segment that would exclude a drop of the
transportation package to a lower elevation. Google Street View images were downloaded

for each of the qualifying route segments to visually assess selected sites of concern. Latitude
and longitude values were assigned to the center of each route segment line using the Add
Geometry tool in ArcGIS 10.8. These central coordinates were used in an internal PNNL
proprietary tool (Eshun et al. 2022) that generates images in any 360° direction from Google
Street View application programming interface. The road segment identification number are
shown in Figure 6.13 and Figure 6.14. These are the same locations of the Google Street View
images shown in Figure 6.15 through Figure 6.18.
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Figure 6.15. Bridge Drop-Off from Route Determined by GIS Analysis

Figure 6.16. Large Ditch Where the Slope Appears to Slope Down and Away as Well as
Down and Toward the Route
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Figure 6.17. Relatively Gentle Slopes Along the Route with a Deep Hole Emerging Next to the
Road

The visual analysis confirmed the GIS analysis captured various types of steep slopes from the
road. In some cases, the potential for a drop event was easy to confirm because the location
was obviously a bridge, as shown in Figure 6.15. In other cases, the general slope appears to
be up and away from the road but contains a steep drop (e.g., into a ditch) near the road before
the slope goes up, as shown in Figure 6.16. The analysis also picked up steep drops associated
with generally gentle terrain where there was hole or hollow next to the road, as shown in
Figure 6.17. Finally, drops were typically found at the end of bridge guardrails where the earth
berm created for the bridge is still steep, as shown in Figure 6.18A; where the road is built up to
a higher elevation than a rail line valley below, as shown in Figure 6.18B and Figure 6.18C; and
where water from a drainage canal eroded the earth creating a steep drop along the side of the
road, as shown in Figure 6.18D.

The GIS analysis identified 318 segments of the route that were considered sufficiently steep
that a truck would drop (or roll or slide) to a lower elevation if it left the road as a result of an
accident. The total length of the assumed route where this hazard exists translates to 31,800 ft
of the route or 5.9 miles of the total 1,289-mile route.
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