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1. Introduction

Recently the advanced non-LWR, such as HTGCR,
SFR, MSR, etc. are drawing attention from world
nuclear society. However, the existing regulatory regime
(10CFR50 or 10CFR52) is not feasible to regulate
advanced non-LWR. Therefore, the enactment of a new
regulatory framework for regulating various advanced
non-LWRs is underway in the USA.

In response to this need, NEI proposed a technology-
inclusive, risk-informed, and performance-based (TI-
RIPB) regulatory methodology in the NEI 18-04
document, and the US NRC endorsed the use of it in
R.G. 1.233. Therefore, TI-RIPB methodology will be
reflected in the new regulatory framework, 10CFR53.

TI-RIPB methodology [1, 2, 3] is composed of 1)
LBE selection, 2) SSC categorization, and 3) DID
adequacy evaluation based on the PRA/PSA.

In this paper as the first step of TI-RIPB methodology,
LBE selection for MSR Experiment (MSRE) and
consequence analysis have been carried out. For this
purpose, two initiating events, the plugged drain line
and fuel pump failure have been selected from MSRE.
The topics on 1) the selection of initiating events, 2) the
construction of event trees, and finally 3) the
quantification of frequencies and consequences for the
selected end state of event trees are surveyed from the
literatures and discussed in this paper. A sensitivity of
EAB size on the risk is also discussed, finally.

1.1 LMP Description

In order to address the challenge of matching between
the regulatory environment and new advanced reactor
designs, the U.S. Department of Energy (DOE)
established an industry-led the Licensing Modernization
Project (LMP). Southern Company started this project
in 2016 and finished it in 2020, targets amendment to
key elements of the U.S. nuclear regulatory framework
to specifically address licensing barriers in advanced
reactor concepts. At first, by the end of 2017 LMP
released technical reports that formed the foundation for
a RIPB licensing structure that is broadly compatible
with non-LWRs. These reports discussed techniques
addressing selection of licensing basis events (LBES),
the classification of plant structures, systems and
components (SSCs), and evaluation of the defense-in-
depth (DID) adequacy.

Based on the methodology mentioned in these reports,
LMP demonstrated the RIPB licensing structure for the

following six types of advanced reactor technologies

[4]:

- Sodium Fast Reactors (SFR)

- Lead Fast Reactors (LFR)

- Gas-Cooled Fast Reactors (GCFR)

- High Temperature Gas-Cooled Reactor (HTGR)
- Fluoride High-Temperature Reactors (FHR)

- Molten Salt Reactors

LBEs are conventionally selected and categorized as
1) normal operation, 2) AOO, and 3) accidents, mainly
based on their frequency of occurrence for the PWRs
[5]. There are many other ways to categorize events in
PWRs as shown in Fig.l. Advanced reactors are

different from PWRs that there needs new
categorization method.
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Fig.1 Event Categorization in PWR [5]
1.2 MSRE Design Description

MSRE (Molten Salt Reactor Experiment) had been
designed and operated in 1960°s at ORNL in USA as a
test reactor. The MSRE was a single-phase circulating
liquid fuel-salt cooled reactor. The fuel and coolant salt
were UF4, and LiF-BeF2-ZrF4, respectively. Main
flowsheet of MSRE is shown in Fig.2. MSRE can be
categorized into 21 systems as listed below [6, 7, 8].

« Fuel salt loop

* Fuel salt drain/fill system

« Fuel salt processing equipment
« Coolant salt loop

« Coolant salt drain/fill system

» Sampler-enricher system
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 Cover gas system

« Leak detection system

* Fuel salt off-gas system

« Coolant salt off-gas system

« Containment ventilation system

» Component cooling system

« Secondary component cooling system
* Instrument air system

* Treated cooling water system

« Tower cooling water system

« Vapor condensing system

« Liquid waste system

« Drain tank afterheat removal system
« Salt pump lube oil system

« Electrical system

MSRE is designed with two barriers concept. For
instance, if fuel leakage from the primary fuel salt loop
is considered then the fuel salt loop is primary barrier
and reactor cell is secondary barrier.

:“L_/ ’._‘75‘

Fig.2 Molten Salt Reactor Experiment

2. LBE Selection Process

LBE selection process in LMP [9] is performed by
utilizing the ASME PRA Standard [10]. In PSA
application to LWR characterized with core and
containment, PSA is composed of three steps, Level 1, 2,
and 3. However, since the fuel is already at molten state
and robust containment does not exist in case of MSRE,
the classification of Level 1, 2 and 3 is meaningless.
There are only frequency estimate and consequence
estimate in PSA for MSRE.

For each IE (Initiating Event), an event tree is
constructed in accordance with accident sequences
expressed by event tree headings (typically split by
success and failure of protection system). And the
corresponding  fault trees are constructed for
quantification of each scenario. A PSA code, AIMS-

PSA, which is developed by KAERI [11] is used to
calculate event sequence frequencies by ETA and FTA.
Finally, LBE is categorized as AOO, DBE, BDBE, and
RR (residual risk), according to the occurrence
frequencies.

Since the mechanistic source term for MSR is not
available at this time frame, the conservative maximum
credible accident source term and offsite dose
calculation method from MSRE Safety Analysis Report
is used. The consequence is expressed as public dose,
i.e., rem. Frequency and consequence pairs plot is
obtained and compared with F-C target curve as shown
in Fig. 3.
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Fig.3 Frequency-Consequence Evaluation Criteria Proposed
for LMP

2.1 Initiating Event and Event Sequence Analysis

MSRE is not a power plant but test reactor to
demonstrate the implementation of the concept of the
fluid-fuel reactor into the real world. Therefore, the
applicable PSA methodology will be different from that
of power plants. Initiating events for MSRE will not be
comprehensive compared to that of commercial power
plant. LBE selection process starts with the
development of definition of safety functions.

Frequency analysis is composed of 1) initiating event
assumption, 2) construction of event trees, 3)
construction of fault trees, and 4) data analysis.

Systematic procedures such as HAZOP, FMEA,
Master Logic Diagram (MLD) are used to identify
potential initiating events and to develop relevant event
trees. MSRE is quite different from LWR that there are
still a lot of trials to identify vulnerable systems and
equipment, the failure of which leads to the release of
radioactive materials to the environment.

At first, Chisholm et al [12] categorized plant
operating states (POSs) into the following five states:
1) at power (normal operation), 2) filling (fuel salt), 3)
shutdown, 4) fuel salt processing, and 5) maintenance.

And then locations of radioactive materials are
identified with design and safety analysis reports. The
following three locations are identified as radioactive
material source locations.



Transactions of the Korean Nuclear Society Autumn Meeting
Changwon, Korea, October 20-21, 2022

1) Fuel salt in reactor cell and drain tank cell,
2) Off-gas system
3) Fuel processing system

The MLD for the MSRE PIEs was developed
according to the following levels [13]:

» Level 1: Release of radioactive material (overall
event of interest)

« Level 2: POS during which the release occurs

» Level 3: Inventory of radioactive material with
potential for release

« Level 4: Level of barrier between inventories and
the public/environment

» Level 5: Interface where barrier fails

» Level 6: Acute vs. latent failures of barrier

« Level 7: Challenge leading to failure of barrier

» Level 8: Functional failure leading to barrier
challenge

» Level 9: Occurrence contributing to functional
failure

» Levels 10+: Specific subsystem/component failures
with similar system consequences

About 26 potential initiating events are defined
through the systematic HAZOP and MLD development
process in the above study [12].

Many different sets of initiating events are defined
among various studies. About 140 initiating events are
defined in MSRE IE Workshop [13].

Safety functions should be defined for the event tree
construction. The safety functions of MSRE are 1)
reactivity control, i.e., control heat generation, 2)
control heat removal, and finally, 3) containment/
confinement of radioactive materials inside the building.

The following two types of events are categorized in
MSRE SAR [7]. One type is reactivity insertion event
and the other is general transient event.

Six reactivity events are analyzed.
* Fuel Pump Failure

» Cold Slug Accident

« Filling Accident

» Loss of Graphite from the Core (filling the empty
space with fuel)

» Fuel anomalies (precipitated fuel circulating in
core or non-mixed fuel lumps circulating in core)

« Uncontrolled Control Rod Withdrawal

Nine transient events are analyzed.
 Loss of Flow

 Loss of Heat Sink

» Decay Heat Removal

+ Criticality in Drain Tanks
 Freeze valve and flange failures
 Excessive wall temperatures
 Corrosion

+ Salt spillage

 Beryllium release from a leak

Among the above event types, the following three 1Es
are chosen and relevant ETs are developed in the LMP
demonstration projects for MSRE [14].

1) Failure of component cooling blower (CCP-1)

(Fig.4)
2) Uncontrolled withdrawal of control rods (Fig.5)
3) Leak in off-gas holdup piping (Fig.6)

A case study is done for OGS (off-gas system) deviation
by EPRI and Vanderbilt University [15]. The result is
shown in Fig.7. Fig.6 and Fig.7 have the same event tree
names, i.e., off-gas system piping leakage but the
differences of event tree structure between Fig.6 and
Fig.7 are not discussed anywhere.

Two additional event trees are developed by the
authors.
1) Plugging of primary fuel salt system (not shown
in this paper)
2) Flow reduction accident of fuel salt pump failure
(Fig.8)

2.2 Fault Tree and Reliability Data Analysis

More than ten fault trees are developed for the event
tree headings after the development of event trees [14].
Construction of event trees and fault trees is possible
due to the availability of detailed description and
drawings on the design and safety analysis [6, 7, 8].
Event tree headings present the failure or success of
safety systems belong to the required safety functions
following the occurrence of initiating event. Initiating
events requires numerical occurrence frequency values
which reflects occurrence experience of similar kinds of
reactors or industry. Failure rate or failure probability
values are necessary also for the basic events which
supports fault trees. =~ Component reliability data
gathered by nuclear [16] or chemical industry [15] can
be used. Chemical industry data is used in reference
[14]. |Initiating event occurrence frequencies are
summarized in Table I. The failure probabilities of
safety function on demand, which are appeared as event
tree headings and calculated by relevant fault tree
models are shown in Table II.

Table I: Initiating event frequencies [14]

Initiating event Initiating Contents of initiating
name event events
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occurrence
frequency
0%) '
CCP1 failure 1.33E-01 All failure modes of
blower fan
Uncontrolled .
control rod 1.18E-03 SPL:%OUS ClontmI rod
withdrawal withdrawa
Catastrophic failure
Off-gas piping ) of straight section of
line 522 leak 1.00E-02 metal piping, 100 ft
length assumed

Table 1I: Failure probability on demand of event tree
headings [14]

2.3 Source Term and Consequence Analysis

Results of LMP Demonstration Project on MSRE
performed by ORNL and Southern Company in 2018
[14] are shown on Table 111 and Fig.9.

As the consequences of most of the cases analyzed
are negligible or minimal except one or two end states
of off-gas release events. In the MSRE safety analysis
Maximum Credible Accident (MCA) is assumed, and
consequence is analyzed for the MCA. Maximum dose
of 5 rem or even 100 rem is resulted from the
consequence analysis at 3 km EAB of ORNL of USA.
More detailed analyses are required for different sites.
The results will be changed depending on the reactor
power, EAB size, weather characteristic of the site, etc.
The dose at the EAB due to an unmitigated leak in the
off-gas system depends on the leak rate and duration
and would likely be less than 100 rem. A dose of 100
rem at the EAB represents what was believed by the
MSRE safety analysis to be a bounding scenario, but
further analysis is required to estimate dose more
accurately.

Table 111: F-C Analysis Results for MSRE [14, 15, 18]

Cst\ézgtry Fre(r};(re)ncy Consequence (rem)
AOO-1 0.115 negligible — no release [14]
AOO-2 1.78E-2 negligible — no release [14]
DBE-1 1.18E-3 negligible — no release [14]
DBE-2 9.97E-3 Minimal [14]
BDBE-1 2 39E-5 ~5 rem max dose at EAB
[14]
0GS-2 2.44E-3 ~6 rem max dose at EAB
[15] [15] [15]
BDBE-2 1.56E-6 negligible — no release [14]
BDBE-3 | 3.47E-6 Minimal [14]
~100 rem max dose at EAB
BDBE-4 | 2.22E-5 [18]
negligible — no release [14]

Top event Contents of fault trees
Fault treetop | occurrence | .
event name probability 'h'e" dgontents of event tree
on demand eadings

Fault tree for failure to
565-150- 2.20E-03 | isolate reactor cell
FAIL Lo

evacuation line

Fault tree for failure to
CCP-2-NO- start standby
START 1.34E-01 component cooling

blower (CCP-2)

Fault tree for failure of
DT1-AHRS- afterheat removal
FAIL 1.38E-03 system in Drain Tank

No. 1

Fault tree for failure of

afterheat removal
DT1-AHRS- system in Drain Tank
F-RAD 3.83E-04 | No. 1 in the case of

high radiation levels in

the cell atmosphere.

Fault tree for failure of
DT2-AHRS- afterheat removal
FAIL 1.38E-03 system in Drain Tank

No. 2

Fault tree for failure of

afterheat removal
DT2-AHRS- system in Drain Tank
F-RAD 3.83E-04 | No. 2 in the case of

high radiation levels in

the cell atmosphere
NO-FS- Fault tree for failure to
DRAIN 3.58E-06 | rain reactor
NO- Fault tree for failure to
SCRAM- 7.68E-06 seram reactor
CR-F

Fault tree for failure to
NO-TX- 2.16E-02 | transfer fuel salt
DT1-DT2 .

between drain tanks

Fault tree for failure of
NO-VENT 2.94E-03 building ventilation

system
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M - Control rod withdrawal
[ - Off-gas leak
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Fig.9 Result of LMP Demonstration on MSRE [14]

3. MSRE Case Study Results
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3.1 A Variation of Results and Sensitivity

As a variation of demonstration project, a case study
for off-gas system (OGS) deviations was performed by
EPRI and Vanderbilt University in 2019 [15]. The event
tree is shown in Fig.7. Frequency and consequence
estimations for event sequences are summarized in
Table IV.

Table IV: Frequency and consequence estimations for
OGS event sequences [15]

Seque | Mean Event | Qualitative End-State
nce Frequa | Classifi | Point
Name | ncy cation

[/react

or-yr]
OGS- | 5.91E- | AOO Off-gas leak to Rx cell
01 02 for ~1 hour, stack

isolation

OGS- | 2.44E- | DBE
02 03

Off-gas leak to Rx cell
for ~1 hour, release to
stack. .Environmental
release of ~ 6 rem
maximum in ref. [15],
however, maximum
100 rem estimated in
Ref. [18].

OGS- | 456E- | DBE Off-gas leak to Rx cell

03 03 for >1 hour, stack
isolation, reactor cell
negative differential
pressure maintained

OGS- | 7.10E- | Residu | Off-gas leak to Rx cell

04 09 al Risk | for >1 hour, stack
isolation, potential to
lose reactor cell
negative differential
pressure

OGS- | 4.06E- | Residu | Off-gas leak to Rx cell

05 07 al Risk | for >1 hour, release to
stack
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Fig.10 MSRE Case Study result by EPRI and VU
[10]
The results of frequency and consequence estimation
are shown in Figs. 10 and 11. They estimate the
consequence up to 100 rem at maximum [18].

Fig.11 shows the sensitivity on the estimation of
frequency and consequence between the two MSRE
LBE evaluation studies [14, 15, 18]. Maximum 5 rem of
dose is estimated on the maximum credible accident in
the MSRE safety analysis report [7]. This result (5 rem)
is used in BDBE-1 [14] and OGS-2 sequence [15].
While 5 rem is used for BDBE-4 in ref. [14] but even
100 rem is in ref. [18] presentation material without any
reasonable explanation.
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Fig.11 Sensitivity on the event frequency and
consequence estimation

A case study for fuel salt pump failure is done in
BEES Inc. The result is shown in Fig.8 and Table V.
One AOQ, one BDE, and one BDBE are identified for
this case study. Here also 5 rem maximum public dose,
which is calculated in MSRE SAR [7] for the 3 km EAB
of MSRE, is used for the BDBE of this event tree.

3.2 Sensitivity of EAB Size

Fig.12 shows the sensitivity of EAB size of MSRE
site. If EAB size is reduced from current 3000 m to 500
m, and 100 m, then consequences would be increased
from current 5 rem to 100, 1000 rem, respectively.
Mechanistic source term is not identified for MSRE.
MSRE safety analysis report is used instead of the
mechanistic source term. ORNL evaluated the
consequence at the site boundary at 3,000 m distance
from MSRE facility. MSRE site boundary of 3,000 m is
not realistic compared to the power level of MSRE,
which is 7.4 MW maximum. Recently, one of the
crucial issues of SMR/MSR is to reduce the EAB, EPZ
commensurate with the power level of SMR/MSR. For
instance, NuScale tried to reduce EPZ within the site
boundary (EAB) of 500 m. For consequence estimate,
two cases are assumed as follows:
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Case A: EAB is determined at 3,000 m (ORNL

estimate)

Case B: EAB is determined at 100 m. (BEES

estimate)

1.E+01

L 10CFR 20

/ﬁll}RBk Line

1E+00

o
&

Table V: Summary of frequency and consequence for
Fuel Pump Failure Scenario

n
i
2
T

10CFRS0.34

I
I
I
L
|
I
|
| Dose Limit
|

Frequency | Consequences depending on
Sequence (fyn) EAB distances
AOO 9.99E-02 | Negligible
DBE 1.35E-04 | Negligible
) (Case A) ~ 5 rem at 3,000m
BDBE 2.99E-06 (Case B) >1,000 rem at 100m

If EAB should be reduced to the consequence of 100
m, consequence will be dramatically increased.

The consequence will also be changed depending on
the reactor power and the weather conditions of the site.

The results will be changed depending on the
comprehensiveness of initiating events categorization,
completeness of event tree models, what kind of data
use of numerical values on the initiating event frequency
values, basic event failure rate or probability data, and
assumptions and models in consequence analysis.

As shown in Fig.13, mitigation or prevention
measures are necessary for the case of EAB size of 100
m during the design process because the frequency and
consequence estimate is over the F-C target suggested in
NEI 18-04.
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Fig.12 Sensitivity of consequence on the EAB size in
MSRE site
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Fig.13 Necessity of Mitigation or Prevention Measures
for Case B (EAB size of 100 m)

4. Conclusions

As the U.S. nuclear industry has proposed a new
concept of TI-RIPB Methodology instead of the existing
methods in ANSI/ANS 51.1 as part of the Licensing
Modernization Project (LMP), the methodology for
selection of LBE required to ensure the safety of
advanced reactors is being changed. Based on the TI-
RIPB Methodology, targeting the initiating event and
accident sequences that can occur in MSRE, we
demonstrated the selection of the LBE for MSRE, that
is, AOO, LBE, and Beyond LBE, and evaluated the risk
including the consequences and finally compared the
risk result with F-C target to check the acceptability of
the accident sequence.

The new TI-RIPB methodology is effective in
assessing the risk of postulated initiating event and
accident sequences and presents a framework for
systematically selecting LBE. It will help not only
advanced reactor developers but also regulators for
assessing the risk level of new type of reactor.

To evaluate the risk level of MSRE in accurate way,
however, sufficient information for design, PRA data,
and sophisticated research for Mechanistic Source Term
are required.

The methodology demonstrated in this paper will be
implemented to CMSR, which is under development by
Seaborg in Denmark, in applying Standard Design
Approval in near future in Korea.
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Fig.7 OGS event tree model [15]
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Fig.4 Event tree for failure of component cooling blower (CCP-1) [14]
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Fig.5 Event tree for uncontrolled withdrawal of control rods [14]
OFF GAS LEAK I:ELL EVAC LINE ISOLATIOhI FUEL SALT DRAIN DT1AHRS l SALT TRANSFER TO DT2 | DT2 AHRS Prcb Name M“E[/’Koge at
97E-03 [DBE-2 minimal
3 74E-06 [BDBE-3 minimal
DT2-AHRS-F-RAD
DT1-AHRS-F-RAD 1 43E-09 R-7 nia
NO-TX-DT1-DT2
8 25E-08 R-8 hfa
RX-CELL-OFF-GAS-LEAK NO-FS-DRAIN
3. 57E-08 R-9 hfa
565-1SO-FAIL
2 20E-05 [BDBE-4 minimal
Fig.6 Event tree for leak in off-gas holdup piping [14]
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FUEL PUMP FAILURE FUEL SALT DRAIN SALT TRANSFER TO DT2

1 [Xee} 9.986e-2
—{ 2 DBE 1.351e-4
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NO-TX-DT1-DT2 4 BDBE  (2.991e-6
NO-FS-DRAIN 5 R 3.576e-7

Fig.8 Event tree for fuel pump failure developed in BEES Inc.



