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There is New Interest in High-
Temperature Reactors Because of 

Brayton Technologies
• High-temperature heat for a 

utility is only useful if it can 
be converted to electricity.

• Steam turbines (with a 
550ºC peak temperature) 
have been the only 
efficient, industrial method
to convert heat to 
electricity

• Development of large 
efficient high-temperature 
Brayton cycles in the last 
decade makes high-
temperature heat useful for 
electricity production

• Potential for economic 
high-temperature reactors

GE Power Systems 
MS7001FB

General Atomics 
GT-MHR Power 
Conversion Unit 
(Russian Design)
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Passively Safe Pool-Type 
Reactor Designs

High-Temperature 
Coated-Particle 

Fuel

The Advanced
High-Temperature 

Reactor 
Combining Existing 

Technologies in a New Way
General Electric 

S-PRISM

High-Temperature, 
Low-Pressure 

Transparent Liquid-
Salt Coolant

Brayton Power Cycles

GE Power Systems MS7001FB
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The Advanced High Temperature 
Reactor

04-137

Reactor
Heat Exchanger
Compartment

Passive Decay
Heat Removal

Hydrogen/
Brayton-Electricity

Production
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There is Only One Class of Demonstrated 
High-Temperature Reactor Fuels

Coated-Particle Graphite-Matrix Fuel

The AHTR and 
Helium-Cooled 

High-Temperature 
Reactors Use The 
Same Fuel Type
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Two Coolants are Compatible with 
Graphite Materials and High-

Temperature Operations

Helium
(High Pressure/Transparent)

Liquid Fluoride Salts
(Low Pressure/Transparent)
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The AHTR Uses a Liquid Salt Coolant

Good Heat Transfer, Low-Pressure Operation, 
and Transparent (In-Service Inspection)

Liquid Fluoride Salts Were Used in 
Molten Salt Reactors with Fuel in Coolant 

(AHTR Uses Clean Salt and Solid Fuel)

Molten Fluoride Salts Are Used to Make 
Aluminum in Graphite Baths at 1000°C
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AHTR Facility Layouts are Based on 
Sodium-Cooled Fast Reactors

Low Pressure, High Temperature, Liquid Cooled

General Electric S-PRISM
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AHTR 9.0-m Vessel Allows            
2400-MW(t) Core

(Same Vessel Size as the S-PRISM Reactor Vessel) 

03-155R

Elev. - 0.0 m

Elev. - 2.9 m

Elev. - 9.7 m

Elev. - 19.2 m

Elev. - 20.9 m
Elev. - 21.1 m

Reactor Closure

Cavity Cooling Channels

Floor Slab

Cavity Cooling Baffle

Cavity Liner

Guard Vessel

Reactor Vessel

Graphite Liner

Outer Reflector

Reactor Core

Coolant Pump

Control Rod Drives

Siphon Breaker

Coolant Inlet 102 GT-MHR fuel columns
163 Additional fuel columns
265 Total fuel columns

Power density = 10.0 MW/m3
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Multi-Reheat Brayton Cycles Enable 
the Efficient Use of High-

Temperature Heat

03-239R

Control
Rods

Pump

Pump

Heat
Exchanger

Hot Molten Salt

Cooling Water

Helium or Nitrogen

Generator

Recuperator

Gas
Compressor

Hot Air Out

Air Inlet

Fuel
(Coated-Particle,
Graphite Matrix)

Graphite Partly
Decouples Salt
and Vessel Wall
Temperature

Reactor Vessel

Guard Vessel

Reactor
Heat Exchanger
Compartment

Brayton
Power Cycle

Passive Decay
Heat Removal

Molten Salt
Coolant

• 705ºC:     48.0%
• 800ºC:     51.5%
• 1000ºC:   56.6%

Efficiency Depends 
upon Temperature



Why Liquid-Cooled 
High-Temperature Reactors?
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Liquid-Salt Heat-Transport 
Properties Reduce Equipment Sizes

03-258

10001000540320Outlet Temp (ºC)

67566Coolant Velocity (m/s)

0.697.070.6915.5Pressure (MPa)

Liquid SaltHelium
Sodium 
(LMR)

Water 
(PWR)

Number of 1-m-diam. Pipes 
Needed to Transport 1000 MW(t) 

with 100ºC Rise 
in Coolant Temperature
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Liquid Cooling Allows Large Reactors 
With Passive Decay Heat Removed

05-023
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Decay Heat  vs Time Alternative Decay Heat Removal Options to Move 
Heat to Vessel Surface or Heat Exchanger

Liquid
(1000s of MW(t))

Gas
(~600 MW(t))

Convective Cooling
(~50º C Difference in 
Liquid Temperature)

Conduction Cooling
(~1000º C Difference 
in Fuel Temperature)

TMI Accident a Consequence 
of Failure of the Decay Heat 

Removal  System
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Economics
(Figures to Scale)

Gas Cooling
GT-MHR (600 MW(t))

81m
70m

Liquid Cooling
AHTR (2400 MW(t))

Per Peterson (Berkeley): American 
Nuclear Society 2004 Winter Meeting
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AHTR Capital Costs per kW(e) are 
Estimated to be 50 to 60% of 
Gas-Cooled Modular Reactors

• Economics of scale
− 2400 MW(t) vs 600 MW(t)

− 1200 MW(e) vs 300 MW(e)

• Smaller equipment 
size with high 
volumetric heat-
capacity fluid

• Higher efficiency 
multi-reheat Brayton 
cycle

• No high-pressure 
vessel
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Reactor Comparison of Building Volume, 
Concrete Volume, and Steel Consumption 

(Based on Arrangement Drawings)

Per Peterson (Berkeley): American 
Nuclear Society 2004 Winter Meeting

0.00

0.50

1.00

1.50

2.00

2.50

1970s
PWR

1970s
BWR

EPR ABWR ESBWR GT-MHR AHTR-IT

Building volume (relative to 336 m3/MWe)
Concrete volume (relative to 75 m3/MWe)
Steel (relative to 36 MT/MWe) 

Non-nuclear input
Nuclear input

1000 MWe 1000 MWe          1600MWe 1350 MWe 1550 MWe 286 MWe 1235 MWe   



Basis for Salt Selection

Salt Must Meet Multiple Criteria
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All Liquid Salt Options are Mixtures
(Chose Salt to Match Requirements)

• Major improvements in  
properties with mixtures

• Example:  Flinak
− Individual salt component; 

component melting point

• LiF:  46.5%; 845ºC

• NaF:  11.5%; 992ºC

• KF:  42%; 856ºC

− Salt melting point:  454ºC

• Salt selection is a major 
design decision
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Cross Sections Limit Salt Selection

0.23A1F3

0.05 (11B)11BF3

0.18ZrF4

0.01BeF2

2.1KF
0.70RbF
0.52NaF

0.033 (7Li)7LiF

Cation cross 
section (barns)Salt • Chlorides not viable

− 35Cl (76%; 43 Barns) 
− 35Cl + n → 36Cl
− Chlorine-36

• T1/2 = 3.1 ·105 y
• Repository hazard

• Fluorides viable
− Low cross sections
− 0.0095 barns

• Choice of cations 
(metals)
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Corrosion Control 
Limits Salt Selection

-50.9MoF6

-55.3NiF2

-66.5FeF2

-75.2CrF2

Metals
-94ZrF4

-104BeF2

-109KF

-112RbF

-112NaF

-1257LiF

Free
Energy

(kcal/mol-F)

Salt

• Fluoride salts are fluxing 
agents (will dissolve 
protective coatings)

• Liquid salt must be more 
chemically stable than the 
metals of construction
− Larger negative free energy
− Same approach as used in 

sodium reactors
• Defines allowable salt 

components
− Li, Na, Rb, K, Be, Zr, etc
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Candidate Liquid Salts

Lower boiling 
point

Low Cost, Low MP* 
Low Toxicity

NaF-RbF-ZrF4

(6.2-45.8-48)

Higher MP*Experience
Low Cost

NaF-ZrF4

(50-50

Cost (7Li)
Tritium

Experience
Low Toxicity

LiF-NaF-KF
(46-5-11.5-42)

ToxicityNeutronics
Low MP* (360ºC)

NaF-BeF2

(57-43)

Cost (7Li)
Toxicity
Tritium

Neutronics
Experience
No Gamma

LiF-BeF2

(66-34)

DisadvantagesAdvantagesSalt (mole %)

*MP = Melting Point
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Conclusions
Advanced High-Temperature Reactor

Reactor 
Cavity
Cooling 
Ducts

Reactor 
Core

LS-LS Heat 
Exchanger

Spent 
Fuel 
Storage

Auxiliary Equipment
• New reactor concept 

with three goals
− High temperature
− Economic (Large)
− Passive safety

• Combines four existing 
technologies

• Potentially superior 
economics

• Significant 
development remains
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The AHTR:

A good idea that 
still needs some 

work
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Salt-Cooled Reactors are Intrinsically 
High-Temperature Reactors

• Freezing points are 
between 350 and 500ºC
− Fluoride salts

− Freezing point dependent on salt 
composition

• Not suitable for a low-
temperature reactor

• No incentive to consider 
salt-cooling until the 
development of high-
temperature Brayton 
power cycles or need for 
hydrogen production
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The AHTR is a Large 
High-Temperature Reactor

04-135
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Light Water Reactor (High Pressure)

Liquid Metal Fast Reactor
(Low Pressure)

Range of Hydrogen 
Plant Sizes

European 
Pressurized-Water 

Reactor

Helium-Cooled High-Temperature Reactor (High-Pressure)

Brayton
(Helium or 
Nitrogen)

Thermo-
chemical 
Cycles

Rankine
(Steam)

Electricity Hydrogen

Application

Liquid Salt Systems (Low Pressure)
• Heat Transport Systems (Reactor to H2 Plant)
• Advanced High-Temperature Reactor (Solid Fuel)
• Liquid-Salt-Cooled Fast Reactor (Solid Fuel)
• Molten Salt Reactor (Liquid Fuel)
• Fusion Blanket Cooling

General Electric ESBWR
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The AHTR is Not a Molten Salt Reactor
Cooled with a Clean Liquid Salt, No Fuel in Salt

Aircraft Nuclear 
Propulsion Program

Molten Salt Breeder 
Reactor Program

MSR

• MSR programs operated 
test loops for hundreds of 
thousands of hours

• MSR programs developed 
code-qualified alloys of 
construction to 750°C

• Experience showed major 
efforts required to develop 
materials for molten fuel
salt (high concentrations of 
fission products and 
actinides in salt)

• Experience showed low 
corrosion rates with clean 
salts (similar to experience 
with other coolants)
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AHTR Efficiency Exceeds Gas-Cooled 
Reactors

(The Average Temperature of Delivered Heat is Higher 
with Liquid Coolants than with Gas Coolants)

03-240
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AHTR Research and 
Development (R&D) Challenges

• New reactor concept with associated 
uncertainties

• Materials:  Needs are goal dependent
− Qualified materials to 750ºC
− Candidate materials requiring more testing to 850ºC
− Major R&D required for 1000ºC

• Reactor core design
− Salt selection and processing (several options)
− Neutronics

• Refueling temperatures 350 to 500ºC (avoid salt 
freezing)
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Salt Specific R&D Needs

• Salt properties
− Several salts being considered
− Properties only partly known
− Impact of impurities

• Salt instrumentation
− Requirements for online reactor monitoring
− Salt qualification

• Salt purification
− Initial production
− Reactor online purification
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AHTR Status
• There is a growing interest in the AHTR

− Commercial reactor vendors are examining the concept
− Increased interest by DOE
− Involvement by multiple national laboratories and 

universities
• Path forward

− Most R&D is in common with helium-cooled high-
temperature reactors (fuel, Brayton cycles, materials, 
hydrogen production, etc) 

− Specific R&D to address issues associated with liquid-salt 
systems

− Will likely require a 25–100 MW(t) pilot plant 
− Multi-step scale-up to a commercial reactor
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In an Emergency, Decay Heat is Transferred 
to the Reactor Vessel and Then to the 

Environment
(Liquid-Cooling Allows Passive Safety in Large Reactors)

• Similar to GE S-PRISM (LMR)

• Liquid transfers heat from fuel to wall 
with small temperature drop (~50ºC)

• Argon gap:  Reactor to guard vessel
−Heat transfer:  ~T4

−Thermal switch mechanism

• Vessel temperature determines heat 
rejection capabilities
−LMR:  500–550ºC [~1000 MW(t)]
−AHTR:  750ºC [~2400 MW(t)]

• Alternative passive decay-heat-
removal systems allow larger reactors

Control
Rods

Hot Air Out

Air
Inlet

Fuel
(Similar to
MHTGR)
Reactor
Vessel

Argon Gap

Guard
Vessel
Insulation

Decay Heat from 
Vessel to 

Environment

Decay Heat 
from Core to 
Vessel Liner

Core

~50º C Difference 
in Liquid Salt 
Temperatures
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