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MARVEL Design Overview ...

Vessel

(cream )

Thermal Power 85 kW nominal moolant |
(light yellow

Weight <12 USton Thermal

(orange)
Primary Coolant Sodium-Potassium eutectic (NaK)
Intermediate NaK (?,?ﬁld;n; N
Coolant PN derecton
Coolant Driver Natural Convection, single phase
Fuel TRIGA HALEU (UZrH), 304SS clad, end caps
Moderator Hydrogen

Neutron Reflector Graphite, Beryllium (S200), Beryllium oxide

Reactivity Control Radial Control Drums, Central Absorber
Primary Coolant SS316H
Boundary

» Evolution of MARVEL from P-53 to current design. No PRA!
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Safety-in-Design Regulatory Framework

/ N\

* 10 CFR 830, Subpart B, Nuclear Safety Management —_—
» Establishes the safety basis requirements for Department of S
Energy (DOE) nuclear facilities. el hd
» Requires the development of a documented safety analysis (DSA)
to ensure that hazard controls are established to provide for the fi?&ﬁfﬁ&nélﬁfmw 1O THE
adequate protection of workers, the public, and the environment. DESIGN PROCESS

 DOE 0 420.1C, Facility Safety
» Establishes facility and programmatic requirements for:
- Nuclear safety design criteria

- Fire protection

- Cr|t|ca||ty Safety U.S. Department of Energy
L. . Washington, DC 20585

- Natural phenomena hazards (NPH) mitigation

DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.

 DOE-STD-1189-2016, Integration of Safety into the Design

Process

» Process outlined in DOE-STD-1189-2016, “Integration of Safety
Into the Design Process,” provides an opportunity to force a
common understanding and agreement at key phases.
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Early Integration of Safety Into the Design Process
» Safety Design Strategy (SDS) — Identification of Key Regulatory

Safety Analysis Report

Materials and Fuels Complex

Requirements and Plant Safety Functions early to aid in guiding design. or MARVEL oy 0"t
» Submitted early and approved by DOE-Idaho (DOE-ID) to aid in guiding criieally Testine
design.
» SDS covers both dry criticality and full power ops.
> Includes T-REXC. SNL )
* Preliminary Documented Safety Analysis (PDSA) — Identification of oo

detailed design parameters necessary to meet plant safety functions and

confirmation that design meets general and specific design criteria. v
» Submitted early and approved by DOE-ID to aid in guiding design.
» Separate PDSA’s for dry criticality and full power ops.
* Final DSA [Safety Analysis Report (SAR)] and Technical Specifications
(TS) — Documentation of as built configuration and confirmation it meets
identified PSAR requirements. S —

» MARVEL PDSA and SAR are in the form of an addendum to the INL Transient
Reactor Test (TREAT) safety analysis report (SAR)-420.

» Separate FDSA’s and TS’s for dry criticality and full power ops

Program

e
» DSA documents for compliance with 10 CFR 830 is progress. % M R Microreactor



Key Safety Goals in the MARVEL Reactor Design

* Technology choices drastically affect safety in design:

>
>

>

A\

Low thermal power and low burnup of fuel results in limited available source term.

Uranium-zirconium hydride fuel (U-ZrH), sodium-potassium eutectic (NaK) coolant,
and structural materials are stable and compatible.

Low residual heat.

Arrangement of high-conductivity components ensures less stored energy and higher
margin to softening or melting of components.

Near atmospheric operation of the reactor coolant system limits driving forces for
release.

Safety functions, including the removal of decay heat, met without reliance on
electrical power in response to a postulated event.

The reactor structure and other safety-related components are designed to withstand
the safe shutdown earthquake.

Elements of Passive Safety Design Considered:

» Inherent negative reactivity feedback (IRF) ensures reactor power is controlled
during overpower or overtemperature events.

» Decay heat removal during off-nominal events without the need for an
emergency core cooling system.

» Multiple passive confinement barriers result in complicated release paths for
fission product release.

More Preferred

More Preferred
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MARVEL PDSA Format and Content

* Follows the existing 17-chapter format of TREAT FSAR as
applicable and appropriate.
* Chapter 10 is replaced with a new “Interfacing Systems.”
» Provides design and safety analysis requirements for
End Users
* Content considers the following as guidance as
appropriate for a DOE microreactor:
— RG 1.70 (Used for TREAT FSAR. Being superseded by
RG 1.206)
— NUREG-0800
— NUREG-1537
— ANSI/ANS-15.21-2021
— DOE-STD-1237
— RG 1.232 (Design Criteria)

» TREAT SAR and MARVEL PDSA in the form of a 17-chapter
RG 1.70 (RG 1.206) SAR

Idaho National Laboratory

Form 41209 (Rev. 11)

MARVEL PRELIMINARY E::‘:i: EAR'“O'ADD'l
DOCUMENTED SAFETY ANALYSIS Effective Date: DRAFT Page: v of x
CONTENTS

Section Title Rev. Date
Front Matter and Table of Contents 0 Draft

Chapter 1 | Introduction and General Description of Facility 0 Draft
Chapter 2 | Site Characteristics 0 Draft
Chapter 3 | Design of Structures, Systems. and Components 0 Draft
Chapter 4 | Reactor 0 Draft
Chapter 5 | Reactor Coolant Systems 0 Draft
Chapter 6 | Engineered Safety Features 0 Draft
Chapter 7 | Instrumentation and Control Systems 0 Draft
Chapter 8 | Electrical Power Systems 0 Draft
Chapter 9 | Auxiliary Systems 0 Draft
Chapter 10 | MARVEL Interfacing Systems 0 Draft
Chapter 11 | Radiation Protection Program and Waste Management 0 Draft
Chapter 12 | Radiation Protection 0 Draft
Chapter 13 | Conduct of Operations 0 Draft
Chapter 14 | Test Programs 0 Draft
Chapter 15 | Accident Analyses 0 Draft
Chapter 16 | Derivation of Technical Specifications 0 Draft
Chapter 17 | Quality and Reliability Assurance 0 Draft
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MARVEL PDSA Process

Chapter 2, Site
Characteristics

Chapter 1,
Design General Overall h )
documents, Plant Description, = apter 3 F)e5|gn
Drawings accident results Criteria
summary
i 4 l l
Chapter 5 Chapter 7, Chapter 8, 9, Chapter 13, 17
! Chapter 14
Chapter 4, Reactor Instrumenta Chapter 10, 11, 12 (Other (MARVEL SFEER
< Interfacing (Startup Plan
Reactor Coolant tion and MARVEL Conduct of Ops, .
Systems and Testing)
Systems Control Systems) QA Program)
Chapter 6, Chapter 16 Internal
Fumdanmenia Chap_ter 5 Derivation Review/ Internal Final Doc Submit to
: Saf.ety Acader.\t of Tech Consistency Reviews Prep DOE-ID
Functions, Analysis Specs Check
Safety SSCs
Microreactor

» Process iterative over the MARVEL Reference, Interim, and final designs.
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MARVEL ECAR-6440 Hazard Evaluation Methodology
NEI-18-04, Risk-Informed Performance-Based Technology Inclusive MARVEL Regulatory Review of Micro-Reactors -
Guidance for Non-Light Water Reactor Licensing Basis Development Initial Considerations
1. Design 7. Perform
1. Propose Initial Development and | Deterministic DBA
List of LBEs ™ Analvsi .
nalysis Analysis
Manuscript Completed:
- N February 5, 2020
2. Design r A
S
E:ET:"T;:": .'_1\ ; /? 2. Identifiy 8. Derive Technical Prepared by:
¢ e Initiating Events Specifications :Lacr:::rssacr:;a"nct:a?\zv_:_zig::mrgng gg:a.:tomhgnct)‘Hara
and Group into Br(:okn:&er; 1»1:%02% (I].aboratory
pton, -
3. PRA SBEs
DWLT Eﬂ:rn Y Prepared for:
Stewart Magruder and George Tartal
e | N Office of Nuclear Reactor Regulation
| | 3. Identify 9, Safaty 11. Document 12. Document U.S. Nuclear Regulatory Commission
4, Identify/Revise ?:giﬁga:f I'B_B | Fundamental Evaluation Results for DOE N Technical
List of ADOs, I e I Safety Functions Complete Yes Approval PDSA or Specifications
DBES, and BDBES | ¢ w"::“"':t"* : FDSA
Sa. Idantify | "B i
Required Safety &—r—— |
i No
Functions | l | SANDIA REPORT -
_ ! I | 4, Perform SBE 10, Procesd to gt ()
6. Select DBAs || 7b. Evaluate | Event Sequence Next Stage of -
including Design Sh. Select Safety- I Integrated Plant | Analvei Desi el
Basis External |+ Related 55Cs | Risk vs. QHOs and : nalysts Ts'g” Technical and Licensing
Hazard Levels || locrR20 i EepE Considerations for Micro-Reactors
| P '¢_ ottt T T ! “' | Andrew Clark, Bradley A. Beeny, Kenneth C. Wagner, and David L. Luxat
| 7d. Perform Te.EvaluateRisk | i
|| Detemministc Sinificance of | 5. SeectSafety Terminology:
Safety Analysis vs. LBEs and S5Cs | ' - i
|| 10CFR5034 including Barriers | | S5 Bgﬁ Boc_umeBnte,d iafe:;y AtnalyS'S
P [ i | S =Design basis Acciden
| .
: vy | FSF=Fundamental Safety Function
| 7e. R1-PB | IRF=Inherent Reactivity Feedback
| D:h"i':;::;:;th ! SSC=Structure, System, Component
! LBE Evaluations | b.Select DBAs SBE=Safety Basis Event
e e ! . Including Design SR=Safety-Related
/ Input to RIPB Decisions: TAY Basis External _ .
Ves | - S5 safety dlassification { A Mkrem B TOP=Transient Overpower
9. Proceed to Next 8. De5|gn,‘ 10. Final - 55C design criteria [ TS=Technical Specifications
—  Stage of Design LBE De‘uelnpment List of LBEs - 85C performance rEqulremems
Development Cornnlete> ’ - Siting eriteria I
- Emergency planning Vo

- Defense-in-Depth adequacy

' M R Microreactor
» PRA not performed — MARVEL Hazard evaluation is largely qualitative. % Program 3




MARVEL Fundamental Safety Functions (FSFs)

MARVEL Safety Case:

* Low Power Output/Source Term/Decay Heat/Vessel Pressure
+ Natural Coolant Circulation

* Multiple Fission Product Barriers

+ Passive Heat Rejection to Ambient Air

* Passive Reactivity Control

* Control Personnel Access
« Shielding
* Radcon Program

* Passive Shutdown Capability

* Heat Generation Control * Passive Heat Removal from Core

Radionuclide Release

‘ ‘ * Multiple Barriers to

* Provide insertion of *IRFensures . -
Control negative reactivity to Inherent controlof ) Prnfnarv Nak ] Pa.sswe Hegt Fission Product
Drums/CIARod | | o n the reactor Reactivity power. Circulation Flowpath and Rejection to Ultimate Barriers
and maintainin Feedback Core Coolable Geometry HeatSink
shutdown condition. » Reactor Vessel/Piping/Nak
‘ « Structural, mechanical, and geographic * Maintain heat rejection Compatibility
spacing to ensure natural circulation geometry and features and + Fuel/Clad/NakK Compatibility
through fuel assemblies at reactor natural circulation ability during +The fuel retains radionuclides within its
Negative Core operating and elevated transient all normal operations and matrix.
Temperature Configuration temperatures and ensure conduction shutdown conditions and SBEs. «The cladding around the fuel provides a
Coefficient heat transfer to the passive ambient air +High thermal conductivity barrier for gaseous fission products.

* Geometric and physics
changes in order to
provide strong negative
reactivity insertion as a
function of temperature.

materials reduce temperature
hot spots, and large thermal
mass provides capacity for heat
dissipation.

heat rejection system is possible

* Design provisions to ensure major core
flow blockages are not credible.

* Maintain core coolable geometry in a
seismic event.

= Fuel and cladding structure design to
remain within temperature limits to
maintain core coolable geometry.

+ Fuel Matrix
*Pin Design

Primary Coolant Boundary
including Guard Vessel

Core Geometry to
Rotate Drums

PPS or ManualScram
and Seismic Trip

+ Confinement barrier to ensure primary
NaK and any leaked fission or activation
products remain within PCB and oxygen
remains outside.

* Receive input signal and
initiate a reactor shutdown by
rotation of the reactor control
drums to insert negative
reactivity.

+Structural performance of
control drums, guide structures,
and core under operating and
transient conditions to ensure
unobstructed rotation path.

» Functions that if fulfilled, keep Initiating Events (IEs) from progressing to end states that could
result in core damage and release of radioactive or hazardous material. 9




Qualitative Event Sequence Analysis - TOP Example Only

Reactivity Control Heat Removal Confinement Event End State
o Is core power controlled through Is core power controlled through Is core power controlled by operator [Is core temperature contolled through|ls core temperature contolled through| Is Fuel Cladding structural integrity Is PCB/GV intergity lost? Sequence
Initiating Event engineered means? passive IRF? manual scram? engineered heat removal means? passive heat removal means? lost? Identifier
Core Temperature Controlled by Heat Extraction System Confinement Barrier Structural Integrity Maintained ES-1 No Radiological Release
Core Power Controlled by RP$ Trip and Control Drum Insertion Core Temperature Controlled
by Passive Means Confinement Barrier Structural Integrity Maintained ES-2 No Radiological Release
Heat Extraction System Fails
Fuel Cladding Structural Integrity PCB/GV Structural Integrity Maintained ES-3 Gaseous Fission Product Release
Passive Heat Removal Fails Lost
PCB/GV Structural Integrity Lost ES-4 Fission Product Release
Core Temperature Controlled by Heat Extraction System Confinement Barrier Structural Integrity Maintained ES-5 No Radiological Release
Intitiating Event
Core Power Controlled by Passive IRF Core Temperature Controlled by
Passive Means Confinement Barrier Structural Integrity Maintained ES-6 No Radiological Release
Heat Extraction System Fails
Fuel Cladding Structural Integrity PCB/GV Structural Integrity Maintained ES-7 Gaseous Fission Product Release
Passive Heat Removal Fails Lost
PCB/GV Structural Integrity Lost ES-8 Fission Product Release
Failure of RPS Trip and/or Control
Drum Insertion
Core Temperature Controlled by Heat Extraction System Confinement Barrier Structural Integrity Maintained ES-9 No Radiological Release
Core Power Controlled by Operator
Manual Scram Core Temperature Controlled
by Passive Means Confinement Barrier Structural Integrity Maintained ES-10 No Radiological Release
Heat Extraction System Fails
Fuel Cladding Structural Integrity PCB/GV Structural Integrity Maintained ES-11 Gaseous Fission Product Release
Passive Heat Removal Fails Lost
PCBIGV Structural Integrity Lost ES-12 Fission Product Release
Passive IRF Fails
Manual Scram Fails Core Temperature Not Controlled Confinement Barrier Structural Integrity Lost ES-13 Fission Product Release

» ES-6 relies on passive SSCs alone to perform the FSFs — Result is an end state with no core damage of rad release.

» Passive SSCs performing the Reactivity Control (IRF) and Heat Removal (Core SSCs providing conduction and convection
to ultimate heat sink) are therefore designated as Safety-Related (SR).

> “Unprotected” ES-6 Frequency = (IE) x (Failure of Active Reactivity Control) x (Failure of Active Heat Removal)




Qualitative Risk Analysis

Anticipated
(F>10-2)

 Based on DOE guidelines:
1 Il |

— Probability of failure of an active FSF SSC is given a (Marginal) (serious) (Major)
one qualitative frequency category frequency
reduction (e.g., Anticipated to Unlikely).

— Probability of failure of a passive FSF SSC is given a

Unlikely
(10-2 > F > 10-4)
Boundi

nnnnnnnnnnn

Likelihood Category

two qualitative frequency category frequency i Il _
reduction (e.g., Anticipated to Extremely Unlikely). (Marginzl (Serious] (Mater)

Extremely Unlikely
(10-4 > F > 10-6)

» “Unprotected” TOP Frequency = (IE) x (Failure of Active Reactivity
Control) x (Failure of Active Heat Removal) = Beyond Extremely

Unlikely
\Y 1 |
» TOP Qualitative evaluation assumes failure of Reactor Protection (Negligible) (Marginal) Lo
System trip and control drum insertion AND failure of active heat l
removal T s e
o ruhe
: : : : \Y; Y 1
> TOP Relying solely on passive SR passive IRF and passive decay (Negiigible] (Negligible] (Marginal)
heat removal to ultimate heat sink pem sRem

C uence Category

onseq
M R P Microreactor
- Program

» TOP qualitative risk analysis results in a risk bin IV, or “negligible”
risk.




Selection of Design Basis Accidents (DBAs)

Transient Overpower (TOP). This accident was selected to represent and bound potential events that result from the addition of
reactivity events, such as the uncontrolled rotation of one CD to the mechanical stop position resulting in insertion of the total
excess reactivity at the highest possible rate.

Loss of Heat Sink (LOHS). This accident was selected to represent and bound potential events that result from the undercooling or
decrease in heat removal faults that result in the loss of the capability to remove reactor heat, such as the loss of active heat
removal from the reactor core to the ultimate heat sink.

Loss of Flow (LOF). This accident was selected to represent and bound potential events due to the loss of primary flow, such as
from IHX failure and leakage of secondary coolant into the PCS.

Loss of Power (LOP). This accident was selected to represent and bound potential events due to the loss of offsite power (LOOP)

Seismic Event (g < SSE). This accident was selected to represent and bound potential events due to a seismic event with a
magnitude < the safe shutdown earthquake (SSE).

Loss of Coolant Accident (LOCA). This accident was selected to represent and bound potential events due to a decrease in reactor
coolant inventory, such as from a break of the low-elevation components (downcomer, lower plenum).

Reactivity Control:
Non-SR (NSR) Reactor Protection System (RPS) and

Quantitative DBA analysis
performed assuming only the
PASSIVE safety related (SR)-SSCs

Scram — NOT Available
SR Passive Inherent Reactivity Feedback (IRF) — Available

are available

Heat Removal:

NSR Active Heat Removal — NOT Available
SR Passive Conduction and Convection SSCs — Available




Quantitative DBA Evaluation -
TOP Thermal-Hydraulic (T-H)
Results

Initiating Event:
e Reactivity insertion (50.40) due to a single CD
movement

e Freq = Unlikely

Available SSCs performing FSFs:
e Active RPS trip of CDs assumed unavailable

e Active heat removal assumed unavailable
e Reactivity control is provided exclusively by IRF.

e Core heat removal is provided exclusively by passive
conduction/convection to ultimate heat sink.

Table 15-2. MARVEL T-H acceptance criteria.

Hot spot safety margins for TOP @ hot full power without active heat removal. (Larger
value = more margin)

500

= — Fuel centerine

400 G- Coolant
350 o0 Fuel centedine - No S tding

Coolant - No Sining

o - -
g-a-8 i !

IEUE' ol M I i .

1M

Temperature difference (C)

50

-100

o 10 20 0 40 50 o0

Tirme (rmin)

Acceptance
Criteria . ‘ Design Basis Events .
Extremely Unlikely
Normal Operation Anticipated Events Unlikely Events Events
1 Peak fuel cenferline temperature <900°C
2 Peak clad temperature <764°C
3 Bulk coolant <530°C |
4 Bulk coolant <650°C
5 Bulk coolant <704°C
6 Core remains coolable

Despite active FSF failures, passive IRF and heat
removal ensure T-H acceptance criteria are met, no
core damage occurs, and no radiological release
occurs.

Confirms the qualitative hazard evaluation

assumptions! .




Conclusions:

As demonstrated in the DSA, the proposed MARVEL design:

» Accommodates various beyond-design-basis accident initiators without producing conditions that might lead to a
severe accident.

» The passive inherent negative reactivity feedback, hydraulic, and thermal performance characteristics of the

MARVEL design provide margin in many beyond-design-basis sequences to limit accident consequences
without activation of active engineered systems or operator actions.
» These same passive characteristics have been shown in the PDSA to provide margin for operational and safety

basis events.

The MARVEL hazard evaluation meets the intent of NEI-18-04 as follows:

» Risk-Informed: Although a PRA was not performed, the MARVEL hazard evaluation provides a

qualitative approach for risk assessment that provides reasonable assurance of protection of the public
and worker. Confirmed by quantitative analysis!!

» Performance-Based: The MARVEL hazard evaluation provides a simplified analysis of the
performance requirements for the passive SSCs performing the FSFs necessary for preventing IEs
from progressing into sequences that could result in core damage and radiological or non-radiological

releases.
) M R Microreactor
Program 14
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