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Abstract

The Versatile Test Reactor (VTR) is a fast spectrum test reactor currently being developed in the United States under the direction of the US Department of Energy (USDOE), Office of Nuclear Energy. The mission of the VTR is to enable accelerated testing of advanced reactor fuels and materials required for advanced reactor technologies. The conceptual design of the 300 MWth sodium-cooled metallic-fueled pool-type fast reactor has been led by US National Laboratories in collaboration with General Electric-Hitachi and Bechtel National Inc. The VTR is utilizing a risk-informed performance-based approach for authorization by the USDOE, derived from recent efforts by the US industry led Licensing Modernization Project (LMP). As part of this methodology, the probabilistic risk assessment (PRA) is a key input into decisions regarding the identification and selection of safety basis events, the safety classification of structures, systems, and components, and the evaluation of the adequacy of defense-in-depth. The paper provides an overview of key factors in the development of the VTR PRA, including applicable USDOE and industry PRA standards, the risk metrics and criteria to be utilized for risk-informed decision-making, and the selected structure of the PRA technical elements. The work reported in the paper is the result of studies supporting a VTR conceptual design, cost, and schedule estimate for DOE-NE to make a decision on procurement. As such, it is preliminary.
1. INTRODUCTION
A probabilistic risk assessment (PRA) has been developed as part of the application of a risk-informed, performance-based design and authorization approach for the Versatile Test Reactor (VTR), which is being developed under the direction of the US Department of Energy (USDOE). PRA is a valuable tool for systematically and exhaustively evaluating and reducing the risks associated with a facility. The development of a PRA allows risk-informed decision-making during the design process, including the comparison of system design alternatives. In addition, as reactor licensing and authorization approaches are becoming increasingly risk-informed, the PRA provides information that can be utilized to categorize event sequences, aid in the classification of structures, systems, and components (SSCs), and support the evaluation of defense-in-depth (DID).
The VTR PRA has important roles in both the design and authorization of VTR, described in the following sections. Given the increased dependence on PRA and its findings, several standards are utilized to ensure adequate confidence in the PRA development and evaluation processes. The conceptual design phase of the VTR PRA has been used to inform design decisions, as well as contribute to the initial authorization documents that have been submitted to the regulatory body. The work presented here is a condensed republication of ref [1]. 

2. Risk-Informed Elements of the VTR Authorization Process
VTR is to be authorized by the USDOE utilizing a risk-informed performance-based approach. Further detail regarding VTR authorization can be found in ref [2], with the aspects that include risk-informed input described here. The VTR is utilizing an authorization approach that is based partly on the the recent efforts of the Licensing Modernization Project (LMP) [3], with modifications to align with applicable USDOE rules and regulations [4]. As part of this methodology, risk information is utilized in three key areas of the authorization process, safety basis event (SBE) categorization, SSC classification, and DID evaluation, which are described in the following subsections. 
Although the VTR is the first USDOE reactor to utilize a risk-informed performance-based authorization approach, it is not the first DOE reactor to perform a PRA. After the Chernobyl incident, a US National Academy of Science (NAS) study recommended that all USDOE Class “A” reactors[footnoteRef:2] perform a PRA utilizing state-of-the-art methods for human reliability, external events, and uncertainty analysis [5]. The study also recommended that the PRAs be subjected to high-quality peer reviews and that USDOE should acquire the technical expertise to oversee the process. Based on this recommendation, the USDOE commissioned PRAs for the Advanced Test Reactor (ATR), Experimental Breeder Reactor II (EBR-II), Fast Flux Test Facility (FFTF), High Flux Isotope Reactor (HFIR), High Flux Beam Reactor (HFBR), N-Reactor, and K-Reactor. As described in subsequent sections, the VTR PRA also seeks to fulfill the recommendations of the NAS study. [2:  The Class “A” reactor designation is generally based on power level (≥20MW(th)), potential fission product inventory, and experimental capability.] 

Safety Basis Event Categorization
As part of VTR authorization, the PRA is utilized to inform the categorization of SBEs, which are event sequences, or groups of event sequences (also known as event sequence families), derived from those contained within the PRA. SBEs are categorized based on their frequency of occurrence, as outlined in Table 1. Depending on the category, the requirements for analysis methodology and the assigned consequence criteria may differ. The result is a frequency versus consequence (F-C) curve that is used to evaluate SBEs and inform other analyses, such as the safety classification of SSCs. It should be noted that satisfying the radiological consequence limits in Table 1 does not necessarily imply satisfaction of regulatory criteria but provides guidance for other risk-informed analyses. 

TABLE 1.	VTR Radiological Consequence Guidelines for SBE Categories

	SBE Category
	Frequency Range (/yr)
	Radiological Consequence Guideline (TED1 - rem)

	
	
	Offsite
	Onsite
	Worker

	Anticipated
	F ≥ 10-2
	<5
	<5
	N/A

	Unlikely
	10-2 > F > 10-4
	<5
	<25
	<25

	Extremely Unlikely
	10-4 > F > 10-6

	<25
	<100
	<100

	Beyond Extremely Unlikely
	F < 10-6

	No Criteria
	No Criteria
	No Criteria


1Total Effective Dose
Structures, systems, and Components Classification
The VTR PRA is also utilized to justify the safety classification of SSCs and determine the associated requirements. The SSC classification criteria utilized for VTR authorization is outlined in Table 2 and contains both risk-informed and deterministic/DID derived guidelines. Further detail on the SSC classification criteria can be found in ref [6], with an overview provided here. 
Safety Class (SC) SSCs are determined based on their role in performing an identified safety function or limiting public risk. Therefore, there are two risk-informed criteria for SC SSCs that both utilize the offsite F-C curve. The first criteria assesses the importance of the SSC by removing it (i.e., not crediting its performance) for each SBE with a frequency above 1E-6 per year. The SSC is considered SC if the SBE violates the offsite consequence guidelines when it is not credited. The second criterion examines design basis accidents (DBAs), which are derived from SBEs in the “unlikely” category. For these event sequences, only SC SSCs are credited and the event sequence must satisfy the 25 rem consequence limit.
Safety Significant (SS) SSCs are those that have an important DID function to SC SSCs or are necessary to limit collocated worker risks. For SS SSCs, there are three risk-informed criteria. First, for SBEs in the “extremely unlikely” category, an SSC is SS if its removal (i.e., not crediting its performance) causes the SBE to violate the offsite consequence guidelines when only crediting other SC and SS SSCs. Second, an SSC is considered SS if its removal causes an SBE to violate the collocated consequence criteria when crediting only other SC and SS SSCs. Lastly, an SSC is designated SS if it makes a significant contribution (>1% of the limit value) of the cumulative risk metrics. For VTR, the cumulative risk metrics are identical to the quantitative health objectives (QHOs) of the USNRC [7]. 
In addition to these directly risk-informed criteria, the Integrated Decision Panel (IDP) and/or the Safety Design Integration Team (SDIT) may also increase the safety classification of an SSC based on DID insights from the PRA or to address uncertainties or assumptions within the PRA. It is important to note that while the IDP and SDIT may elevate the classification of an SSC, they may not reduce the classification of an SSC if it meets one of the designated SSC classification criteria.

TABLE 2.	VTR SSC Classification Criteria

	SSC Classification
	Criteria

	
	Type
	Description

	Safety Class (SC)
	Risk-Informed
	· Offsite F-C Curve1:
· For SBEs greater in frequency than 10-6/yr, an SSC is SC if its removal causes the SBE to violate the F-C curve, when considering a one-by-one removal of SSCs, crediting all remaining SSCs, regardless of safety classification, at appropriate reliability levels (and with appropriate accounting of common cause failure).
· For DBAs derived from SBEs in the “Unlikely” category (<10-2 to >10-4/yr), an SSC is SC if it is necessary for the DBA to satisfy the 25 rem consequence limit when utilizing deterministic, prescriptive analysis of the event sequence and crediting only SC SSCs.

	
	Deterministic or Defense-in-Depth
	· If the SSC is required to ensure integrity of the primary coolant boundary.
· If the SSC is required to ensure reactor shutdown.
· If SC classification is determined necessary for the SSC based on IDP and SDIT review to address uncertainties or assumptions within the PRA analysis or specific, high-consequence DID adequacy.

	Safety Significant (SS)
	Risk-Informed
	· Offsite F-C Curve1:
· For SBEs in the “Extremely Unlikely” region (<10-4 to >10-6/yr), an SSC is SS if its removal causes the SBE to violate the F-C curve when considering only SC and SS SSCs appropriate for the SBE.
· Collocated Worker F-C Curve1:
· For SBEs greater in frequency than 10-6/yr, an SSC is SS if its removal causes the SBE to violate the F-C curve when considering only SC and SS SSCs appropriate for the event sequence.
· SSC performs risk significant function, where risk significant is defined as:
· If the SSC makes a significant contribution (>1% of the limit value) to the cumulative risk metrics.

	
	Deterministic or Defense-in-Depth
	· If SS classification is determined necessary for the SSC based on IDP and SDIT review to address uncertainties or assumptions within the PRA analysis or DID adequacy.
· SSC is necessary to protect public or workers from a chemical hazard above DOE limits.

	Non-Safety (NS)
	N/A
	All other facility systems not classified as SC or SS are de facto classified as non-safety. 


1With appropriate accounting of uncertainties at the 95% confidence level.
Defense-in-Depth Evaluation
There are several ways in which the VTR PRA assists in the evaluation of DID. First, through the application of the SSC safety classification criteria described in the preceding subsection, multiple sensitivity analyses are conducted to identify SSCs important to safety and to ensure the availability of multiple pathways for the performance of safety functions. This process also requires that no single system or component, no matter how reliable or robust, is relied on to achieve multiple layers of DID. This requirement is also extended to ensure that no single operational feature is relied upon to meet the criteria associated with “Unlikely” SBEs and that no single barrier is relied upon for the prevention of radionuclide release. Lastly, the PRA is also utilized as part of DID to demonstrate that the frequency of challenges to SC SSCs is limited to below the threshold for “Anticipated” SBEs.
Applicable Standards
Ensuring adequate confidence in the PRA development process and subsequent PRA analyses is a central focus, given the importance of the PRA in design decisions and the reactor authorization process. In this regard, the VTR PRA uses two standards to guide in the development of the PRA and its utilization within the reactor authorization process. 
2. DOE STD-1628-2013: Development of Probabilistic Risk Assessments for Nuclear Safety Applications 
DOE STD-1628-2013 outlines the requirements associated with the use of a PRA as part of the authorization of a USDOE nuclear facility. In general, the focus of the standard is not on the technical development of the PRA but on the planned uses within the nuclear safety application and the assurance of technical adequacy. Central to this is the standard requirement to develop and submit a formal PRA plan to the USDOE as part of the authorization process. The PRA plan must outline the following:

PRA approach
· Detailed assumptions
· Methodology for parameter estimation and analysis
· Methodology description
· Schedule and resources
· Anticipated outcomes and intended use of information
· Outcomes
· Interpretation of results
· Impact on safety basis
· PRA technical adequacy and peer review approach
· PRA team and review personnel
· Completeness and transparency of documentation
· Procedures
· Configuration control and performance monitoring
· Quality assurance requirements
· Technical and peer reviews

As will be detailed in Section 5, a PRA plan was developed for VTR and submitted to the USDOE through reference as part of the VTR Safety Design Strategy (SDS).
ASME/ANS Probabilistic Risk Assessment Standard for Advanced Non-LWR Nuclear Power Plants
DOE STD-1628-2013 refers to other industry standards regarding technical PRA requirements. For non-light water reactors (non-LWRs), the standard refers to the American Society of Mechanical Engineers (ASME)/American Nuclear Society (ANS) PRA standard for advanced non-LWR power plants [8]. The ASME/ANS standard, which was released for trial use[footnoteRef:3] in 2013, is an integral standard covering PRA technical elements from initiating events to offsite consequence and internal and external hazards. Table 3 outlines the 18 technical elements included within the standard. The ASME/ANS standard provides requirements regarding what must be done to develop a PRA but does not specify how it should be done.  [3:  DOE STD-1628-2013 references the 2013 trial use version of the ASME/ANS non-LWR PRA standard. However, a new version of the standard has been developed based on trial use feedback, including that from the VTR project, and was recently approved by the ASME/ANS Joint Committee on Nuclear Risk Management (JCNRM) and the American National Standards Institute (ANSI). The revised version is now available as ANSI/ASME/ANS RA-S-1.4-2021 [9].] 


TABLE 3.	ASME/ANS Non-LWR PRA Standard Elements

	PRA Elements
	Scope of Groups

	
	Internal Events
	Internal Hazards
	External Hazards

	Plant Operating State Analysis (POS)
	✖
	✖
	✖

	Initiating Events Analysis (IE)
	✖
	✖
	✖

	Event Sequence Analysis (ES)
	✖
	✖
	✖

	Success Criteria (SC)
	✖
	✖
	✖

	Systems Analysis (SY)
	✖
	✖
	✖

	Human Reliability Analysis (HR)
	✖
	✖
	✖

	Data Analysis (DA)
	✖
	✖
	✖

	Internal Flood PRA (FL)
	
	✖
	

	Internal Fire PRA (FI) 
	
	✖
	

	Seismic PRA (S)
	
	
	✖

	Other Hazards Screening Analysis (EXT)
	
	
	✖

	High Winds PRA (W)
	
	
	✖

	External Flooding PRA (XF)
	
	
	✖

	Other Hazards PRA (X)
	
	
	✖

	Event Sequence Quantification (ESQ)
	✖
	✖
	✖

	Mechanistic Source Term Analysis (MS)
	✖
	✖
	✖

	Radiological Consequence Analysis (RC)
	✖
	✖
	✖

	Risk Integration (RI)
	✖
	✖
	✖


approach
As reactor authorization by the DOE is based on a phased approach, the development of the VTR PRA also has different developmental phases, beginning with the conceptual design phase. As outlined in Table 4, the purpose of this phase is to provide initial inputs to the authorization safety case, while also contributing to risk-informed design decisions. The PRA scope for this phase includes internal events and a preliminary assessment of internal and external hazards. Specifically, preliminary sodium fire and seismic analyses were performed to provide initial design insights. Only the full power plant operating state is included in this phase. In regard to radionuclide sources, the PRA includes the active fuel within the core, in addition to spent fuel that is stored within the reactor vessel and sources associated with ex-vessel purification systems.

TABLE 4.	VTR Conceptual Design Phase PRA Scope and Purpose

	Phase
	Scope
	Plant Operating States
	Purpose

	Conceptual Design Phase
	· Internal Events
· Preliminary Internal Hazards
· Preliminary External Hazards
	Full Power
	· Initial identification and categorization of SBEs
· Initial classification of SSCs
· Design requirements of SSCs
· Risk-informed design decision-making (including mitigating hazard risks)


Due to the nature of advanced reactors and the requirements of risk-informed licensing and authorization approaches, the ASME/ANS non-LWR standard does not follow the Level I, II, III PRA nomenclature of LWR PRAs. Instead, an integrated analysis is utilized, which covers from initiating events to offsite consequences. Such an approach is also used for the VTR PRA, as outlined in Figure 1, which provides an overview of the VTR PRA structure.

[image: ]
FIG. 1. VTR PRA Structure [1]

The process begins with the selection of initiating events, which feed into plant response event trees. These event trees model the response of two safety functions, reactivity control and heat removal, as shown in Figure 2. If the transient sequence results in potential damage to reactor fuel (or other radionuclide containing components), then the sequence transfers to a barrier response event tree. This event tree examines the radionuclide retention safety function, including the extent of fuel damage and response of radionuclide barriers, such as the primary vessel boundary. The results of the barrier response event tree sequences are a series of release categories, which describe radionuclide release characteristics for the event sequences. The release categories are then utilized to perform offsite dispersion calculations that determine dose to individuals within the plant site boundary and to the public. In the final step, results of the offsite dispersion calculation are coupled with frequency results of the event sequence to provide a point of comparison to risk metrics, such as the frequency versus consequence curve described in Section 2.1. 

[image: ]
FIG. 2. VTR PRA Event Tree and Safety Function Linking [1]

As VTR seeks to utilize passive and inherent safety features to the extent possible, the VTR PRA approach includes mechanistic evaluations of passive safety system performance. In contract to purely fault tree-driven reliability analyses for active systems, the passive system reliability approach uses simulation-based probabilistic analyses to evaluate system performance over a range of operating conditions [10]. The spectrum of system performance is then represented in the PRA through multiple performance levels, which can be used to determine the outcome of event sequences with degraded functionality. 
Lastly, the VTR PRA utilizes mechanistic source term analyses to determine the potential consequences of event sequences within the PRA. The mechanistic source term analysis attempt to realistically model the phenomena impacting radionuclide transport and retention throughout the reactor system for specific scenarios. The result is the development of SBE-dependent consequences that can be used for evaluations against the F-C curves described in Section 2.1.


outcomes
The VTR conceptual design PRA has been completed and utilized for design insights and as part of conceptual design stage authorization documents. A summary of key accomplishments in both areas is provided in this section. 
2. Design Insights
The use of PRA during the reactor design process is often a balance between design maturity and flexibility in the design. Early in the design process, changes to the reactor design can typically be made with minimal cost, however, the lack of design maturity also reduces the level of detail within the PRA models. As design detail becomes available, the cost of design modifications increases. For VTR, risk-informed insights during the conceptual design stage mainly focused on high-level system functionality and reliability, with several key findings resulting in preliminary design decisions. 
One of the central analyses during the VTR conceptual design PRA was the reliability of the reactor reactivity control systems. While the VTR core design has inherent negative reactivity feedback, the design includes active reactivity control systems for normal operation and transient sequences. PRA analyses examined the use of a reactor protection system (RPS) in conjunction with an independent, diverse protection system (DPS). The results of this assessment indicated that minor modifications to the RPS design, including improving independence and diversity, could result in a higher reliability reactivity control approach and alleviate the need for a DPS. 
Another PRA analysis focused on the operation of the primary sodium electromagnetic (EM) pumps. As EM pumps do not contain the inherent inertia of centrifugal pumps, coastdown mechanisms are often included to provide a gradual decrease in pump flow with the loss of pump power. Transient analyses in conjunction with PRA assessments provided insight into the necessary requirements associated with the EM pump coastdown mechanisms, including reliability requirements and the level of necessary independence between the system’s four primary pump coastdown mechanisms.
Although the conceptual design PRA only conducted preliminary internal hazard analyses, initial insights into sodium fire events provided useful guidance for the design of the sodium fire prevention and mitigation system. Based on PRA results, the level of protection necessary for specific VTR piping locations could be determined, including the distinction between areas requiring double-wall piping and those with only leak-jackets around the sodium piping. 
Lastly, PRA analysis examined the operation of the sodium-to-air heat exchangers (SAHXs), which reject reactor heat to the environment during full power operation and normal shutdown conditions. The SAHXs can also be operated in a passive mode to permit heat rejection through the system during certain off-normal operations, such as loss-of-offsite-power events. However, due to the number of SAHXs, overcooling of the system is possible during shutdown. Through PRA assessments, recommendations were provided regarding the SAHX operational procedures during reactor shutdown, including the process for closing SAHXs to avoid overcooling while ensuring ample heat rejection capabilities in the case of additional system failures and avoiding potential challenges to SC heat removal systems.
VTR Authorization
The VTR conceptual design phase included several authorization document submittals to the USDOE, with major contributions from the VTR PRA. The first of which was the VTR SDS, which outlines the overall VTR safety strategy, the strategy for certain high-cost safety-related design decisions, key assumptions or inputs with potential design risks, and the expected safety deliverables throughout the project [11]. The SDS outlined the utilization of the risk-informed performance-based authorization approach, including the three areas outlined in Section 2. In addition, the VTR PRA plan was included through reference as part of the SDS submittal to the USDOE. The VTR PRA plan provided the background information described in Section 3.1. In addition, it described the use of the ASME/ANS non-LWR PRA standard for technical requirements regarding PRA development and analyses. Both the VTR SDS and PRA plan have been approved by the USDOE.
The next major authorization safety document submittal was the Conceptual Safety Design Report (CSDR), which details the initial findings of the reactor safety analysis, including the preliminary safety classification of SSCs. The CSDR contained the findings of the conceptual design VTR PRA, including the initial categorization of SBEs. Figure 3 shows the location of the mean estimates of the SBEs on the offsite F-C curve, with a breakdown between internal events, cover gas cleanup system releases, and seismic and sodium fire events. Figure 4 presents the same SBEs on the collocated worker F-C curve. As the results demonstrate, for the preliminary VTR analyses, there is ample margin to the consequence limits for all the identified SBEs. In addition, the SBEs above 1E-6 per year with radionuclide release were associated with accidental releases from the cover gas cleanup system and not core damage scenarios. The VTR CSDR also contained the initial classification of SSCs based on the criteria outlined in Section 2.2 and preliminary, high-level evaluation of DID [12]. The VTR CSDR was approved by the USDOE in 2020. 
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[bookmark: _Ref474425344]FIG. 3. Safety Basis Event Placement vs. Offsite Public Frequency-Consequence Target [12]
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FIG. 4. Safety Basis Event Placement vs. Collocated Worker Frequency-Consequence Target [12]
conclusions
The VTR is utilizing a risk-informed, performance-based design and authorization approach. As a result, the development of the VTR PRA is central to reactor design studies and authorization document preparation. A conceptual design phase PRA has been completed for VTR, based on the approaches outlined in the VTR PRA Plan. The results of the conceptual design PRA have been used to inform the VTR design process, along with providing input into the categorization of SBEs, the classification of SSCs, and the evaluation of DID. Many of the PRA outputs have been documented in the VTR CSDR. Both the VTR PRA Plan and VTR CSDR have been reviewed and approved by the USDOE.
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