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Assessing Physical Protection Requirements oYl

for Microreactors @@
&

O
Deployment for local Anticipated reduced fuel Dose consequence analyses for
communities and industrial requirements and thereby, lower microreactor sabotage help
sites whole-core inventory source term assess physical protection needs
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Used by permission of GAO

In accordance with the risk-informed, performance-based approach under

O 10 CFR Part 53 rulemaking
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Objective

Develop a matrix of radiation dose
as a function of reactor thermal
power for comparable sabotage-
induced hypothetical accidents
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Assessment of Selected Microreactor
Designs

Liquid-metal cooled reactor

o Example: 4S
o 10, 30, and 50 MWt

High-temperature gas-cooled prismatic
reactor

o Example: HTTR

o 1, 10, and 50 MWt

Heat pipe reactor
o Example: eVinci
o 5, 15, and 30 MWt

Used by permission of IAEA

Molten salt reactor
o Example: FLEX

O o 30 MWt
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Three-Step Analysis Approach for the
Study

O
Estimate Radioactive Calculate Radiological Releases Perform Dose
Core Inventory Consequence Analysis
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Non-LWR Designs Analyzed for US NRC Source
Term Demonstration Project by SNL/ORNL O@

O
FHR HTGR HPR SFR MSR“’*—""
(Wagner et al., 2022a) (Wagner et al., 2022b) (Wagner et al., 2022c) (Wagner et al., 2023a) (Wagner et al., 2023b)
Reactor type Fluoride salt—cooled High-temperature gas- Heat pipe—cooled Sodium-cooled fast Molten salt—cooled
high-temperature cooled reactor reactor reactor reactor
reactor
Reactor design University of California, Pebble Bed Modular INL Design A, adapted Advanced Burner Test Molten Salt Reactor
Berkeley Mark 1 Reactor from LANL Reactor Experiment
MegaPower
Thermal power (MW) 236 400 5 250 10
Fuel form TRISO with UCO TRISO UO, kernels U0, U-TRU (20%) UF,-based fuel salt
kernels, but used UO,
data
235U Enrichment (wt.%) 19.9% 9.6% 19.75% 16.5%, 20.7% (TRU)  34.5%
Cladding Silicon carbide Silicon carbide Stainless steel HT-9 —
Moderator Graphite Graphite — — Graphite
Coolant FLiBe Helium Potassium Sodium LiF-BeF,-ZrF,-UF,
Operating/ Near atmospheric 9 Near atmospheric (0.1) Near atmospheric Near atmospheric
vessel pressure (MPa) (0.135)
Coolant inlet/ 600-700 500-900 650-750 355-510 635-668

outlet temperature (°C)
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Factors Influencing the Start of Radiological
Releases and their Magnitudes
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FHR
(Wagner et al., 2022a)

HTGR
(Wagner et al., 2022b)

HPR
(Wagner et al., 2022c)

SFR
(Wagner et al., 2023a)

MSR
(Wagner et al., 2023b)

Key temperatures (°C) FLiBe boils at ~1,310;
UO, kernels melt at 2,800;
graphite sublimates at 3,600

Release barriers Coating layers; molten salt;

reactor vessel; reactor cavity;
shield dome

Reactor safety
systems

Control rods; primary and
secondary heat removal
system; direct reactor
auxiliary cooling system
(DRACS); refractory reactor
cavity liner system

Fuel, moderator, molten salt,
xenon

Negative reactivity

UO, kernels melt at
2,800;

graphite sublimates at
3,600

Coating layers; reactor
pressure vessel; reactor
cavity; confinement
building

Control rods; primary
and secondary heat
removal system;
reactor cavity cooling
system (RCCS)

Fuel, moderator, xenon

Boiling limit for
potassium heat pipes is
around 1,050;

cladding and heat pipes
fail when fuel temperature
reaches 1,377

Cladding or coating
layers; reactor vessel;
reactor building

Control rods; primary
and secondary heat
removal system;

Fuel, reflector, xenon

Sodium saturation
temperature is 872 (local
saturation at 941);

fuel melts at 1,350;

steel cladding fails at 1,414

Cladding; coolant; reactor
vessel; guard vessel;
containment cavity;
containment dome

Control assembilies;
primary and secondary
heat removal systems;
DRACS; guard vessel
cooling system

Fuel, sodium

FLiBe boils at ~1,340;
negligible Cs vaporization
occurs with fuel salt
temperature <975

Molten salt; reactor vessel;
drain/overflow tank; gas
retention and vapor
condensing tank; reactor
cell; reactor building

Control rods; primary and
secondary heat
exchangers;

gas retention tank;

vapor condensing tank;

Fuel, moderator, xenon
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Reactor Accidents and Relevant Details from the
Source Term Demonstration Project

FHR
(Wagner et al., 2022a)

HTGR

(Wagner et al., 2022b)

HPR

(Wagner et al., 2022c)

SFR
(Wagner et al., 2023a)

MSR
(Wagner et al., 2023b)

Accident types
analyzed

Releases from the
fuel

Leakage
area/pathways

Release fractions/
percentages (to
environment)

Anticipated transient without

SCRAM (ATWS); station blackout

(SBO); loss of coolant accident
(LOCA)

ATWS: very small but retained
within molten salt

SBO: small but retained within
molten salt

LOCA (75%):

I: 7% 1023t 54 h;
Cs:5x102%at54 h

56.12 cm?(8.7 in?)

LOCA (75%)

:2x10%at54h
Cs:8x102at54h

10% LOCA with pool chemistry
model:

Cs:4x107at24h

Depressurized loss of

forced circulation (DLOFC);

ATWS

DLOFC:
I:1.6x102%at24 h
Cs:8x107at24h

In case of degraded
thermal conductivity:
I: 7% 1078 at 24 h;
Cs:4x10%at24h

20.6 cm? (3.3 in?)

DLOFC (with degraded

Transient overpower

(TOP); loss of heat sink

(LOHS)

TOP: 1.4% of the
iodine inventory

11.6 cm?

TOP:1: 8x10%at24h

thermal conductivity):

With 100x building

l:1x10%at 168 h
Cs: 1.7x10%at 168 h

leakage and external
wind of 10 mph:
l:1x103at24h

Unprotected TOP;
Unprotected loss of flow
(ULOF); Blocked fuel assembly

UTOP/ULOF: None

Blocked assembly:

97% of noble gases (NG)
<6% of Cs/I

— of an assembly, which
represents 1.85% of the total
inventory

0.1% vol/day at 69 kPa(g) (10
psig)

NG: 5 x 1077 at 2 h; Others:
none (nonconservative

estimate; assumes retention of NG: 0.2%;

volatile fission products in the
sodium)

Fuel salt spill with and
without a coincident
water spill

Salt Spill (assumed):
NG: 100%
Others: 10%

12.32 cm? (two 1.4 cm
diameter)

Salt spill (no coincident
water) at 24 h:

[,: 0.02%,; Csl:
0.02%; CsF: 0.003%,;
Others: <1 x 1078
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Postulated Sabotage-Induced Accidents and

Release Fr

oL

Associated Derived

(Wagner et al., 2022a)

HTGR
(Wagner et al., 2022b)

(Wagner et al., 2022c)

actions

\ %4

SFR
(Wagner et al., 2023a)

(Wagnergtgl., 2023b)

Scenario for
consequence
analysis

Time-dependent
releases for the
scenario
(cumulative
release
fractions)

LOCA with DRACS unavailable, DLOFC with degraded

pool chemistry model
considered, large

containment building leakage

(CL), external wind (EW)

0to 12 h: no release
12 to 24 h:

I, NG: 4 x10°®
Cs, others: 4 x 1077

24 t0 36 h:

I, NG: 8.34 x 10—
Cs, others: 8.34 x 10

36 hto48h:

I, NG:1.69 x 1073
Cs, others: 1.69 x 10

graphite thermal
conductivity, CL, and
limited RCCS

0to12 h:

I, NG: 6 x 10710
Cs, Ag, others: 1 x 1077

12 to 24 h:

I, NG: 6 x107°
Cs, Ag, others: 6 x 107®

24 t0 36 h:

I, NG:1.6 x 1078
Cs, Ag, others: 6 x 10>

36 hto48h:

I, NG: 2.6 x 1078
Cs, Ag, others: 1.7 x 10™*

TOP with manual control rod Number of blocked

insertion by an operator
upon high radiation signal,
CL, and EW

U02,0to 12 h:

I, NG: 1.7 x 107

Others: 1.7 x 107>

12 to 24 h:

I, NG: 3 x 10

Others: 3 x 10~

24 to 36 h:

I, NG: 3.3 x 10

Others: 3.3 x 107>

36 hto 48 h:

I, NG: 3.5 x 107

Others: 3.5 x 107>

TRISO fuel: On the
conservative side, same as
the releases for the HTGR

assemblies with
radionuclide
vaporization from
sodium, CL, and EW

0to12 h:

NG: 5.9 x 104
[:2.9x 10>
Others: 5.9 x 106
12 to 24 h:

NG: 1.1 x 1073

[: 5.4 x 10
Others: 1.1 x 10-®
24 to 36 h:

NG: 1.7 x 1073

I: 8.4 x 10
Others: 1.7 x 10-®
36 hto 48 h:

NG: 4.7 x 1073

[: 2.4 x 104
Others: 4.7 x 10-®

Fuel salt spill with
radionuclide vaporization
from molten salt, building
ventilation and auxiliary
filters available, CL, and
EW

Oto12 h:

NG: 0.15; I: 4 x 1074

Cs: 3 x 10™%; Others:

1x 103

12 to 24 h:

NG: 0.22; 1: 5x 107

Cs: 4 x 107%; Others:

1x 103

24 to 36 h:

NG: 0.27;1: 6 x 107
Cs:4.5x 10

Others: 1 x 107

36 hto 48 h:

NG:0.3;1: 7 x 107
Cs:5x 10

Others: 1 x 107>
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Comparison of Dose Consequence Results

for the SFM
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Total Effective Dose Equivalent (rem) [Log Scale]

10 MWt SFM reactor

30 MWt SFM reactor

50 MWt SFM reactor

10 10 10*
—8— Conservative RF —8— Conservative RF —a8— Conservative RF
—@— Design-informed RF —&— Design-informed RF —@- Design-informed RF
25 rem Threshold 25 rem Threshold 25 rem Threshold
103 4 103 4 10° 4
102 4 102 4 102
—
10 1 10* 4 10 4
10° 10° 4 10° 4
10714 1071 § 1071 4
102 T T T T T T 102 T T T T T T 1072 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 12 0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

Distance from Release (km)

Distance from Release (km)

Distance from Release (km)




Comparison of Dose Consequence Results

for the HTPM
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Total Effective Dose Equivalent (rem) [Log Scale]

104

10°

10%

10t

100

1071

102

1 MWt HTPM reactor

10 MWt HTPM reactor

50 MWt HTPM reactor

/P
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10% 10%
—8— Conservative RF —8— Conservative RF —8— Conservative RF
=@ Design-informed RF —@— Design-informed RF —&— Design-informed RF
25 rem Threshold 25 rem Threshold 25 rem Threshold
1 107 4 10° 4
1 107 4 107 4
1 10? 4 10! 4
3 10° 10°
E 1071 4 107!
T T T T T T 10-2 T T T T T T 10-2 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

Distance from Release (km)

Distance from Release (km)

Distance from Release (km)




Comparison of Dose Consequence Results

for the HPMR
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Total Effective Dose Equivalent (rem) [Log Scale]
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10%

10t

100

1071

102

1 MWt HPMR reactor

10 MWt HPMR reactor

50 MWt HPMR reactor
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10% 10%
—8— Conservative RF —8— Conservative RF —8— Conservative RF
=@ Design-informed RF —@— Design-informed RF —&— Design-informed RF
25 rem Threshold 25 rem Threshold 25 rem Threshold
1 107 4 10° 4
1 107 4 107 4
—
1 10? 4 10! 4
3 10° 10°
E 1071 4 107!
T T T T T T 10-2 T T T T T T 10-2 T T T T T T

0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

Distance from Release (km)

Distance from Release (km)

Distance from Release (km)
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Summary
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The design-informed, time-dependent release fractions for each microreactor were derived from
hypothetical sabotage-induced severe accidents, leveraging results from NRC non-LWR source term

demonstration projects using SCALE/MELCOR
* Considers unavailable active heat removal and degraded or unavailable passive heat removal
* Low-probability, high-consequence scenarios
* Including potential physical and cyber attacks

Results show orders-of-magnitude reduction in TEDE compared to conservative assumptions

Approach provides a more realistic basis for consequence analysis

Extension to SMR designs is ongoing
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Thank you!
Any Questions?
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