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ABSTRACT

The Fast Modular Reactor (FMR) is a 100-MW thermal Gas-cooled Fast Reactor (GFR) being
developed by General Atomics Electromagnetic System (GA-EMS) with the goal of developing an FMR

for flexible and dispatchable power to the US electricity market in the mid-2030's. The conceptual

design aims to develop and verify simplified design features. These include an inert helium gas coolant,
pellet-loaded fuel rods, installations with air-cooling as ultimate heat sink, and small and passive heat
removal systems. The goal is to ensure the development of a safe, maintainable, cost-effective, and
distributed nuclear energy-generating station. The baseline technologies selected to achieve this goal are
helium coolant that is an inert gas with no chemical reaction with structural components, not activated,
single phase, enabling high temperature operation and high thermal efficiency Brayton cycle;
conventional uranium dioxide (UO,) fuel which is the most widely used and well-known fuel material,
capable of high burnup (100 MWd/kg) and long fuel life; and silicon carbide (SiC) composite (SiGA®)
cladding and internal structures which are chemically inert in the helium environment, exceptionally
radiation tolerant, and being derisked by Accident Tolerant Fuel (ATF) technology development. The
reactor was specifically designed with passive safety features, including high-temperature in-core
materials and reactor vessel cooling system (RVCS) consisting of cooling panels of naturally circulating
water. The passive safety of the core was confirmed for the depressurized loss of forced cooling
(DLOFC) accident, that showed the peak cladding temperature at ~1600 °C during the transient, below
the current design limit of 1800 °C. The conceptual design of the FMR has been conducted for the
reactor system, vessel system, generator and turbomachine, instrumentation and control, residual heat

removal system, plant service system, and containment as well as pre-application licensing documents.
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I. INTRODUCTION

General Atomics Electromagnetic System (GA-EMS) with its team is developing a 100-
megawatt thermal (MWth) fast modular reactor (FMR) that provides safe, carbon free electricity,
capable of incremental capacity additions [1]. A modular design enables factory-built and on-site
assembly to minimize construction time and maintain a low capital cost. Additionally, the use of

dry cooling facilitates siting to complement renewables in nearly any location. The FMR is
designed to provide flexible and dispatchable power for the mid 2030's US energy market with a

goal of demonstration reactor before 2030.

The design will develop and verify that simplified design features, such as the inert helium gas
coolant, pellet-loaded fuel rod, installations free of cooling water demands as ultimate heat sink
requirements, and small and passive heat removal systems, will result in a safe, maintainable,
cost-effective, and distributed nuclear energy-generating station. The FMR conceptual design is
focusing on verification of technical feasibility of a single module electricity generation unit with
fast-grid response to operators and a once-through fuel cycle, leaving end-use flexibility, such as

high-temperature hydrogen production and recycling, as future options.

Historically, the early gas-cooled fast reactor (GFR) designs in the 1970s presented a simpler
system layout, a higher breeding gain, and higher thermal efficiency, but these advantages were
challenged by practical issues such as the needs for the engineered safety features for
depressurization and high-temperature materials [2-4]. Technical solutions such as secondary
containment and silicon carbide (SiC) cladding were considered [5,6], but never realized. The
GFR concepts were revisited as one of the Generation-IV reactors [7-9]. The recent designs
implemented the ceramic fuel/core concept and engineered safety features (ESFs) such as direct

reactor auxiliary cooling system (DRACS) and guard vessel [10-12].

The FMR design approach is to leverage available fuel technology, accident tolerant cladding,
chemically and radiologically safe coolant, and simple and affordable passive safety. For
example, the FMR adopted the reactor vessel cooling system (RVCS) to passively remove the
decay heat from the reactor pressure vessel (RPV) that is used in various advanced reactors
[13-16]. In the FMR, the passive safety is achieved by both the RVCS and the reactor design

including determination of the power distribution and material selection.
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The FMR prototype plant consists of a single reactor module positioned below grade. The plant
layout is shown in Fig. 1, including a reactor and support facilities within a minimized footprint
of 38,000 m?. Dry cooling structures are located adjacent to the reactor. Support equipment for
helium and process water, cooling, fire suppression, and backup power systems are all contained
within the auxiliary building. All water, helium, and fire suppression systems are protected in an

underground fluid transport network structure connected to the reactor.

Fig. 1. Layout of a GA-EMS 100-MWth FMR plant.

II. DESCRIPTION OF MAJOR SYSTEMS

The reactor system, including the fuel assemblies, control rods, and structural components, has
been designed to meet the performance and safety requirements of the FMR [17]. Examples of
these requirements, referred to as key performance parameters (KPP), are given in Table I.
Meeting these requirements is essential for successful mission accomplishment. For example, the
maximum allowed temperature of the cladding during accident was determined based on

degradation of the SiC-SiC composite mechanical strength [18, 19].

TABLE I
FMR Key Performance Parameter Requirements
Reactor thermal power output, MW 100
Generator electrical power output, MW 44
Reactor core outlet temperature, °C 800
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Reactor core inlet temperature, °C 506

Reactor system pressure, MPa 7

Plant design life, years 60

Refueling interval, years ~15

235U enrichment of fuel, wt.% 19.75

Maximum allowed cladding temperature, °C 1,800
11.4 Reactor Core

The active core is configured in an annular shape with an outer diameter (OD) of ~2.6 m and
active height of 1.8 m, shown in Fig. 2. The reactor core is surrounded by reflector blocks of
high neutron scattering and low absorption cross-sections such as zirconium silicide (Zr;Si,) [20]
and graphite. These solid reflectors also provide a heat flow path from the reactor core to the
RPV. Above the active core, both the Zr;Si, and graphite top reflectors in a hexagonal block
form are deployed. These top reflector blocks have multiple holes for a support tube and coolant

flow. Below the active core, primary reflector pellets are loaded inside the fuel rod.

+— Control rod drive

Upper plenum

Reflector

Zone 3 .
Zone 2 Active
core

Zone 1

Lower plenum

Fig. 2. Schematic reactor system layout.
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The reactor core consists of three fueling zones in the radial direction with equal volume. For
the fueling scheme, the fresh fuels are loaded in the middle zone (Zone 2), once burned fuels in
the inner zone (Zone 1), and twice burned in the outer zone (Zone 3). This loading pattern
provides acceptable neutronics and thermal performance in terms of the cycle length and total
peaking factor. The estimated fuel cycle is ~15 years between refueling and the average
discharge burnup is ~100 GWd/Metric Ton Uranium (MTU). The core has a relatively flat power
distribution as illustrated in Fig. 3. The average and peak linear power at full power is 2.3 and
3.1 kW/m, respectively. As such, the linear power of the FMR fuel rod is much lower than that
of the conventional pressurized water reactor (PWR) [21] fuel rod (18.8 kW/m) but is still higher
than that of the traditional gas-turbine modular helium reactor (GT-MHR) [22] fuel compact
(0.39 kW/m).
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Fig. 3. Power profile: (a) radial rod-average power and (b) axial zone-average rod power.
1I.B Fuel Characteristics

The FMR fuel is made of uranium dioxide (UO,). The fuel is in the form of a sintered pellet with
a 95% theoretical density (TD, 10.96 g/cm?®). The fissile (°U) content of the feed fuel is
19.75%, categorized as high assay low enriched uranium (HALEU). The fuel rod was designed
to have a large fuel gap of 100-200 um and a large gas plenum to accommodate fuel swelling

and fission gas accumulation up to ~7 MPa, respectively, from the high-burnup operation. The
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fuel rods are fabricated from cylindrical tubes made of SiC-SiC composite [23]. The leak rate is

maintained below 1x107 atm-cm?’/s [24].

Initial fuel performance analyses of the hot rod by BISON [25] and FRAPCON-4.0GA [26] have
shown that the peak fuel temperature is below 1,200 °C and the cladding hoop stress is less than
17 MPa during normal operation, which are ample margins to the failure criteria. Figure 4 shows

the fuel and cladding temperatures at various axial locations of the hot rod calculated by
FRAPCON-4.0GA.

1,600

1,400
1,200

1,000 4

Temperature (°C

800

:

600
DOGD =112 ® [0 ®®
400 + ! | | | |
0 20 40 60 80 100 120
Burnup (GWadlt)
(a)
1,600
1,400 -
g1,200 1
&
=
|
g
£
(]
i
oG ® oD ® 0 ®®
400 + . | | | |
0 20 40 60 80 100 120
Burnup (Gwdrt)
(b)

Fig. 4. Hot rod (a) fuel and (b) cladding temperatures during normal operation.
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The FMR fuel design as well as the fuel property models will be validated through irradiation
and transient tests in the Advanced Test Reactor (ATR). The rodlets were fabricated as shown in
Fig. 5 for X-ray computed tomography (XCT) images of a compact and a standard rodlet. The
compact (small size) rodlet was specifically designed to reach the target burnup of 100

GWd/MTU through accelerated irradiations with a higher linear power.

Fig. 5. Standard (left) and compact (right) rodlets showing fuel pellets, endcaps, and cladding

tubes.
11.C Reactor Coolant System

The reactor coolant system (RCS) removes heat from the reactor core and transfers it to the
power conversion unit (PCU) for electricity generation using a direct Brayton cycle. The RCS
provides controlled pressurized helium for transport of heat from the reactor to the PCU during
normal operation and from the reactor to the maintenance cooling system (MCS) during
shutdown conditions when the PCU is not available. The quality and inventory of the coolant is

maintained by the helium purification system and storage/transfer system, respectively.

11.D Vessel System
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The vessel system is designed to provide structural containment and support for various
components of the reactor system, the MCS, and the PCU. It also functions as the primary
coolant pressure boundary and the secondary barrier to the release of radionuclides. The reactor
pressure vessel (RPV) is made of 316H Stainless Steel, containing the nuclear fuel and reactor

internals.
IL.E Engineered Safety Features

The engineered safety features are implemented to mitigate the consequences of postulated
accidents, that includes the reactivity control system, reactor protection system (RPS), RVCS,
and containment schematically shown in Fig. 6. During normal shutdown, the decay heat is
removed by the PCU, while the MCS is an active backup decay heat removal system, including a
recirculator and a heat exchanger. In addition, the RVCS provides a redundant, passive means of
transporting core residual heat when both the PCU and MCS are unavailable, preventing the
reactor vessel, fuel cladding and concrete structure from exceeding their design temperature
limits. The RVCS design includes an array of cooling pipes, forming a “cooling panel” placed
around the reactor vessel. Heat is removed from the cooling panel by natural circulation of water

through the cooling panel.

14 =

PENPAR LN

Fig. 6. Arrangement of reactor vessel and cooling systems.

ILF Instrumentation and Control Systems
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The functionality of the instrumentation and control (I&C) system is to measure, control,
monitor, protect, communicate, and operate the FMR plant. Risk-informed performance-based
approach and functional safety techniques are taken as a basis of design to form the overall
architecture of I&C system in alignment with the requirements from safety analysis, process
hazard analysis (PHA), and probabilistic risk assessment (PRA) to ensure the safe operation of
the plant by a highly automated system with the highest possible reliability and availability
performance. Redundancy, diversity, common cause failure considerations, independence, and

deterministic behavior are the fundamental design principles for design of 1&C system.

The 1&C system consists of the plant control, data, and instrumentation system (PCDIS), the
safety-related RPS, the non-safety-related plant protection system (PPS), and plant monitoring
system (PMS). The network architecture of the plant consists of three networks dedicated to
plant monitoring, plant control, and plant protection. An initial layout of the network topology is

shown in Fig. 7.

Operator Workstation

RPS PPS PMS PCDIS HealthMAP
Display Display Display Display Display

L & 0O 00 0
—1 A1 E ]

Suppoit Suppoit Support Suppoit Support
Console Console Console Console Console
N
Data
Protection System Control System Management
Network Switch Network Switch Server
Trip Request
Plant Control Data
Reactor Protection Plant Protection Plant Monitoring and Instrumentation
System (RPS) System (PPS) System (PMS) System (PCDIS)

Fig. 7. Initial layout of the plant control network.

The PCDIS is a highly automated, hierarchical control system with high levels of redundancy for
controlling nuclear power and heat removal. The PCDIS requires no operator actions to perform
pre-defined functions (startup, normal power-range load-following, planned shutdown, etc.)
during normal operation as well as during certain off-normal and abnormal conditions. Although
highly automated, the PCDIS allows for manual control at any times. The PCDIS design features

a single control room with a separate operator workstation, dedicated plant control and

10
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information management function which is isolated and independent from the safety related
RPS, and distributed control functions. The PCDIS includes the Data Communication Network

(DCN), which provides redundant data highways to ensure reliable control operation.
11.G Power Conversion System

The direct Brayton cycle provides the fast grid-responding capability and high thermal efficiency
during normal operation. The high-speed generator, along with a permanent magnet (PM) rotor
and the helium turbo-compressor, has a small rotational inertia (~104 kg-m? for turbine and
compressors together). The high-efficiency, solid-state converter accepts a wide range of input
frequencies and voltages, and outputs the line frequency. The main step transformer will step up
the low side voltage (from the generator output) to the line voltage (connected load from the

grid) with equivalent power.
I1.G.1 Turbomachine Design

Turbine aerodynamic design used the typical mean-line approach by Aungier [27] and the loss
models by Ainley and Mathieson [28], Dunham and Came [29], and Kacker and Okapuu [30].
The mass flow and cooling flow rate at the first stage are 67.4 kg/s and 0.7 kg/s, respectively.
The temperature and pressure are 800°C and 7 MPa at the inlet and 539°C and 3.33 MPa at the
outlet of the six-stage turbine, respectively, with inlet Mach number of 0.145 and 40% reaction.
The maximum tip speed of the turbine blade is 439.4 m/s at the last stage. The design point
turbine isentropic efficiency is 93.6%, or 92.13 MW turbine output, with a windage loss of 1
MW.

The compressor aerodynamic design utilized 50% reaction with the same hub diameter for both
high-pressure (HP) and low-pressure (LP) modules. The compressor design was conducted with
a constant hub-tip ratio of 0.85. The inlet Mach numbers for HP and LP compressors are 0.19
and 0.18, respectively, at the best design point efficiency. The total number of stages of the HP
and LP compressors is 14, resulting in aerodynamic total part length of ~0.8 m. The maximum

tip speed is 320 m/s and 335 m/s for HP and LP compressor, respectively.

Figure 8 shows a cross section of turbine and compressor modules with the helium flow path

through tentative heat exchangers. Both turbine and compressors were designed with

11
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independent set of radial and axial active magnetic bearings (AMBs). The turbine and
compressor modules are connected through a diaphragm mechanical flexible coupling, being
rotor-dynamically isolated. Both turbine and compressors were designed to have the first
bending mode greater than 14,000 revolutions per minute (RPM). The entire turbomachinery is

connected to the PM generator using an electromagnetic coupling.
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Fig. 8. Coupled entire turbomachinery layout.

II.G.2 Permanent Magnet Motor Generator

12
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A preliminary electromagnetic design was completed for a high-speed 44 MWe (electric), four-
pole, six-phase PM synchronous generator as shown in Fig. 9. The stator of this machine has 72
coil windings. The stator iron is made of laminations of silicon steel material, which is suitable
for high frequency applications to decrease core losses. The rotor uses a conventional N-S
permanent magnet arrangement to ensure effective cooling. The maximum speed is 11,400 RPM.
The rotor back-iron is made of 4340-Steel. The stator has channels (slots) to ensure an effective

cooling of the machine.

Cooling channels

Stator iron core
(DI-MAX HF-10X}

PM array

(Vacodym 965 TP) o
6-Phase coil windings

Rotor back iron (Copper)

(4340 Steel)

Fig. 9. Preliminary 6-phase PM generator design.
1. PLANT OPERATION

For the operation of the plant, the plant control and protection systems are designed with a high
level of automation to aid the operator in controlling the plant. The operators supervise all
automatic control actions and have the means to control actions during normal, off normal, and
emergency events. The operating modes and operating conditions of the FMR are described in

this section.
111.A Operating Modes

Power operating mode covers the reactor high-power range from approximately 50% to 100%

power, that includes the load-following control of the plant. A low-power operating mode covers

13
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the range from the house load to 50% power.

Standby mode represents the hot critical condition for power operation. It covers the power range
from the cold critical to approximately 5% power where the plant is self-sustaining and
synchronized to the grid. In this mode, all plant service and supporting systems are made
functional and ready to operate the reactor up to the minimum power production. This mode
includes bringing the reactor power to sensible heat levels, raising the system temperature,
bringing the turbomachine to a self-sustaining speed (by using variable frequency power supply
to motor the generator) and coordinating a rise in reactor power and turbomachine operating

level to the power production range.

Shutdown mode is defined as the reactor being subcritical by the required shutdown margin.
During shutdown, decay heat is removed by operation of the PCU through motoring of the
generator or by the operation of the MCS.

Refueling mode is an extension of the shutdown mode with the reactor subcritical and
depressurized to allow refueling operations. In addition to the reactivity requirement, low

primary system pressure and core temperatures are maintained to allow core refueling.
111.B Plant Operating Conditions

The advantage of the direct Brayton thermal cycle is that the compressor-driven helium flow to
the reactor core can be controlled through an active front end (AFE), i.e., grid interface
converters [31], to keep primary system temperatures nearly constant during load changes [32,
33]. As the reactivity control system adjusts reactor power to match demand, the primary flow
will be adjusted by a variable load torque applied to the turbo-compressor to maintain a constant
core temperature. Thus, the plant will be able to change load rapidly without accumulating

damage to major ceramic components from temperature induced stress.

The steady-state power operation of the FMR plant, shown in Fig. 10, was simulated by an in-
house computer code as summarized in Table II for the helium temperature, pressure and flow
rate. As the helium has a density ranging for the entire cycle from 3.1 to 4.9 kg/m?, a sound

speed ranging from 1,060 to 1,961 m/s, a compressibility factor of 1.007 to 1.013, and Prandtl

number (Pr) at 0.66, the helium acts as an ideal gas, with negligible compressibility. Thus, it is a

14
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straightforward fluid to model, having no instabilities, compressibility, dissociation, or phase

changes.
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Fig. 10. Flow diagram of the plant.

TABLE II

Comparison of the Plant Thermal-Fluid Parameter Calculations

Location Temperature Pressure Mass Flow

Number (°O) (MPa) (kg/s)
1 510.3 7.03 67.4
2 506.3 7.03 67.4
3 506.3 7.03 60.7
4 506.3 7.03 6.7
5 823.8 7.00 60.7
6 800.0 7.00 67.4
7 540.9 3.33 67.4
8 540.9 3.32 68.1
9 134.5 3.28 68.1
10 134.1 3.28 69.4
11 43.0 3.25 69.4
12 104.2 4.82 69.4
13 43.0 4.78 69.4
14 104.2 7.09 69.4
15 104.2 7.09 68.1
16 100.0 7.09 1.3

15
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17 510.3 7.03 68.1
18 510.3 7.03 0.7

For the verification of the plant operation, an FMR plant simulator has been developed using
MELCOR [34], that includes spatially discretized core package models, PCU model with
turbomachinery, heat exchangers, valves, and piping as well as the integration of the core and
PCU models into a single, dynamic, fully coupled input model, control logic for load balancing,
and temperature-dependent material properties for all key components; schematically illustrated

in Fig. 11. The generator model was developed by incorporating several equations from the
MELCOR-H2 model [35, 36].
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Fig. 11. MELCOR core/PCU/load balancing input model.
IV. SAFETY FEATURES
1V.A Safety by Design

Total risk reduction in FMR system is achieved by independent layers of a defense model that
includes instrumented protection layers in addition to inherent safety features and non-

instrumented protection layers shown in Fig. 12. The inherent safety features include the

16
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negative reactivity temperature coefficient of the fuel and passive cooling system. The active and
automatic defense system includes nuclear and plant control, alarms, and instrumented protection
system. The instrumented protection layers are designed as a preventive safeguard to reduce the
risk associated with an initiating event (IE) to a level below the expected target in the frequency-
consequence chart of Nuclear Energy Institute (NEI) 18-04 [37] with adequate margin. Then, to
mitigate the consequence of the accident, mechanical devices (e.g., relief valves), physical
barriers (e.g., cladding, vessel system, and containment), and emergency responses are

implemented.

5 § / Emergency Responses \ o %
( Physical Barrier ) g
= 3 / Mechanical Devices \ o 3

/ Instrumented Protection \
Systems

Alarms

Nuclear and Plant
Control

Inherent Safety
Reactor

Fig. 12. Defense-in-depth framework.

Preventive
Safeguards
Active
Safeguards

The underlying safety approach of the FMR is based on an enhanced defense-in-depth strategy
supported by increasing emphasis on inherent safety characteristics and passive features and
decreasing reliance on the operator’s intervention to minimize the risk of accidents. Examples of

inherent safety design features are as follows:

e The FMR uses a non-hazardous helium coolant, i.e., a chemically inert gas that is non-

explosive, non-corrosive, and is not activated.

e The reactor core is annular, surrounded by solid reflectors and a steel RPV. The core
configuration, low core power density and use of high-temperature SiC-SiC composite
cladding secure the safety margin during design basis accidents (DBAs) and beyond
design basis accidents (BDBAs).

17
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e The gravity driven RVCS provides a long-term cooling capability of seven days without
water replenish under a BDBA like the DLOFC, that does not require a bulk heat

reservoir or injection of emergency cooling.

e The reactor system and PCU are installed in a sealed and below-grade containment which
is the final barrier against the release of radioactive fission products, and less vulnerable

to aircraft crashes and missile impact.

e The main control room is below grade and equipped with an emergency habitability
system. With a loss of all alternating current (AC) power sources, the habitability system

maintains acceptable environment for the continued operation by staff.
1V.B Licensing Basis Event

The licensing basis events (LBEs) have been selected based on historical precedents from gas-
cooled reactor design and licensing efforts [38-40]. At this early stage of the conceptual design
of the FMR, a PRA has not been started but insights from past PRA efforts have been applied
[41]. The approach is designed to ensure that an appropriate set of limiting events are reflected in
the selection of DBAs and that the full set of LBEs define the risk significant events. This is
essential to ensure that risk insights are appropriately reflected in the design and licensing
decisions.

The FMR LBE selection approach is consistent with the licensing modernization project (LMP)
as described in NEI 18-04 guidance and associated reference documents [42, 43]. That is, the
LBE selection approach is systematic and reproducible, reasonably complete, provides timely
input to design decisions, risk-informed and performance-based, and consistent with applicable
regulatory requirements.

Examples include PCU shutdown, loss of offsite power and connection to grid, small leak (<10
mm) in the RCS pressure boundary, moderate leak (<100 mm) in RCS pressure boundary,
turbine missile, design basis seismic event (0.3g peak ground acceleration), severe seismic event

(1-2 g), and design basis wind, fire, or flood event.
1V.C Accident Analyses

IV.B.1 Reactivity-Initiated Accidents

18
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The reactivity-initiated accidents (RIAs) are represented by uncontrolled control rod (CR)
withdrawal. The limiting CR withdrawal was postulated to occur during the beginning-of-cycle
(BOC) when CRs are mostly inserted. The total reactivity insertion was assumed to be 750 pcm
that is equivalent to withdrawal of a single CR. During the CR withdrawal, the PCU was
connected to the electrical grid. The reactor trip was activated by the power level setpoint at
112% power. The response time to shut down the reactor was assumed to be less than 2 sec after
the SCRAM signal, with an additional margin of less than 1 sec of trip delay time. MELCOR
code was used for the accident analysis and the result of the power pulse is shown in Fig. 13. The

core remains adequately cooled throughout this event.
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Fig. 13. Transient reactor power during an RIA.

IV.B.2 Loss of Coolant Accident

Typical loss of coolant accident (LOCA) results in a rapid depressurization of the reactor system
due to a breach of the primary coolant pressure boundary. The reactor trips automatically by
either low primary coolant pressure or high pressure in the containment. All the operating control
rods are inserted, shutting off fission reactions, as shown in Fig. 14 for the reactor power. The
reactor containment cavity volume of 3,000 m?® was used, resulting in an equilibrium pressure of
0.6 MPa for the containment cavity. Both PCU and MCS were assumed to fail immediately.
Under this condition, the decay heat from the fuel is transferred by radiation, convection, and

conduction to the vessel. From the vessel surface, the heat is transferred to the RVCS by
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radiation.
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Fig. 14. Transient reactor power during a LOCA.

The key results of the depressurized LOCA are the peak temperatures of the core components,
such as the cladding. ANSYS-Fluent code was used to conduct the thermal-fluid analysis of the
core during the shutdown using a “Porous Media” model which acts as a momentum sink with
conduction properties based on the porosity of the body [44]. A radiation boundary is applied to
the entire outer surface of the vessel, assuming an environmental temperature of 100 °C,
representative of the RVCS cooling panel surface temperature during the accident conditions.
The resulting peak cladding temperature is ~1,600 °C at ~7.5 hours into the transient, which

allows for a margin to the current limiting temperature of the cladding, i.e., 1,800 °C.
V. LICENSING APPROACH

GA-EMS is producing the FMR pre-application licensing documents such as principal design
criteria (PDC), quality assurance program (QAP) description, fuel qualification plan, mechanistic
source term, LBE selection, safety approach and pre-PRA, and safety classification. In
developing these submittals, GA-EMS will follow Regulatory Guides RG 1.232 [45], RG 1.233
[46], and Risk-Informed Performance-Based Guidance NEI 18-04 for the licensing basis and
content of applications for licenses, certifications, and approvals for non-light water reactors
(LWRs).
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In the longer term, the licensing approach for the demonstration and commercialization of the
FMR concept involves constructing and operating a demonstration unit through a two-step 10
CFR Part 50 licensing process with prototype testing features. The fuel performance data from
the fast flux demonstration unit will serve as a basis for licensing the commercial units. The
licensing, design, and construction data derived from the demonstration unit will become the
foundation of the design certification for the commercial units. It is expected that the commercial
units will be licensed through either 10 CFR Part 52 or 10 CFR Part 53 design certification and

combined licenses.
VI. CONCLUSIONS

During the early period of the FMR conceptual design, GA-EMS and its team have developed
the baseline designs of the reactor system, turbo-compressor, generator, plant control, and other
systems and components; fabricated fuel rodlets for the irradiation tests in ATR facility; built
BISON FMR fuel performance model and MELCOR FMR plant simulator; and produced

multiple pre-application licensing documents submitted to the NRC for review.

The reactor design was conducted specifically in conjunction with the fuel performance during
high-burnup operation and the passive safety during DLOFC. The reactor design has shown that
the baseline core design satisfies key design requirements represented by the fuel cycle length,
operating temperature and pressure, shutdown margin, and shutdown cooling capability. Under
the three-batch fueling scheme, the fueling interval is over 15 years with the average discharge
burnup at ~100 GWd/MTU. The best-estimated peak cladding temperature during the DLOFC is
~1,600°C, which is below the current design limit of 1,800°C.

The FMR design will continue to complete the conceptual design with the goal of entering the
US energy market in 2035. In the near term, GA-EMS will focus on the design and verification

of technical feasibility as follows:
e [rradiation and transient tests of the rodlets,

e Experimental verification of passive cooling capability of the RVCS design, and
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e Numerical verification of the FMR plant operation performance including the rapid load-

following operation.

In the longer term, the FMR design will continue qualifying the high-burnup fuel and high-
temperature materials. The design work will move forward to the preliminary and final design
phases, including nuclear and non-nuclear performance tests of major systems and components

to produce licensing data for construction and operation of the full-scale demonstration unit.
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