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Project Objectives

• Determine a method to safely reduce the cost of sodium 
cooled fast reactors.

• Apply risk informed design techniques to reduce 
unneeded systems, structures and components to 
reduce cost.

• Establish appropriate safety metrics for sodium cooled 
fast reactors.

• Assess non-proliferation issues associated with fast 
reactors and associated facilities.

• Develop a rational deliberative process for making 
design decisions
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Task 1.  Select design alternatives for evaluation

• Select reference SFR designs for evaluation to specify the 
main design alternatives that will be studied, and to 
construct simplified, generic plant models that will provide 
a basis for safety analysis and risk assessment.  

• Two reference designs will be established: a pool design 
and a loop-type or hybrid design.  Variations in plant 
configurations, core design, and power output will be made 
relative to these two reference configurations.
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Task 2.  Define performance metrics

• Investigate applicability of LWR metrics CDF and LERF.

• Investigate implications of the NRC technology-neutral 
risk-informed regulatory framework.

• Cost: Dollars

• Nonproliferation:  Conditional probability of proliferator 
success 
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Task 3.  Probabilistic Risk Assessment

• Challenges due to lack of information.
• Review existing PRAs.
• Focus on passive systems.
• Explore the use of importance measures.
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Task 4.  Accident evaluation

• Determine the radionuclide inventories for the alternative reactor 
configurations. 

• Analyze the progression of accidents to the end states defined in Task 
2.

• Because there are a number of plant configurations that will be 
examined, multiple plant models will have to be developed. 

• After the base plant configurations and range of variations are defined, 
an efficient set of analyses will be identified.

• It is beyond our scope to perform detailed offsite consequence analyses 
for each alternative design and accident scenario. 
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Task 5.  Cost evaluation

• Identify the major cost contributors to the baseline SFR 
designs.

• Target those areas for cost reduction.
• Impact of modularization.
• Reduce special treatment requirements. 
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Task 6.  Proliferation resistance

• Evaluate the probabilities of the different diversion 
pathways (given that diversion will be attempted).

• Determine diversion importance measure values.
• Propagate the uncertainties to all of the ultimate outcome 

evaluations.
• The combinations of system variables to be addressed 

include those of
Fuel (oxide or metal), 
Fuel processing facilities (chemical processes used and degree of 
co-location with the SFR), and 
Different configurations of safeguards and inherent proliferation 
resistance features (e.g., use of high heat load and radiation 
emitting companion materials for the Pu and other actinides). 



9

Task 7.  Decision making

• In addition to the quantitative metrics, there will be 
requirements such as those of defense in depth.

• Explore the use of an “integrated decision-making 
process.”

• Explore the use of more formal methods: 
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Principal Existing SFR Reactor Designs

Pool Type Loop Type

Small Power 
Rating

Advanced Burner Reactor 
1000MWt (ABR1000)

Super Power Reactor Inherently 
Safe Module (SPRISM) 

(1000MWt)

MONJU (280MWt)

Large Power 
Rating

BN1800 (4000 MWt)

Super PHENIX 
(3000MWt)

Japanese Sodium Fast 
Reactor (3570MWt) 

(JSFR)



11
11

Pool Type Sodium Reactor

•Intermediate Loop Heat     
. Exchanger (IHX) and 
.                           Primary Pump in Vessel

•SPRISM, ABR1000
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Power
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Control 
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Loop Type Sodium Reactor

•Intermediate Loop Heat Exchanger and      
.                                Primary Pump outside Vessel
•JSFR
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Historic Construction Costs
Reactor Size Total Capital 

Cost (2006 $)
Specific Capital 
Cost ($/kWe)

MONJU 280 MWe $6B 21,400

Superphenix 1240 MWe 9B Euros = 
$11B

8,870

Clinch River 
Breeder Reactor

350 MWe $6.3B 18,000

Source: Advanced Fuel Cycle Cost Basis 2008, INL/EXT-07-12107 Rev. 1
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Economic SFR

Decision Making

Risk Information Proliferation
(MG)

Economic Analysis
(AK)

Lic. BEs
(RD,GA)

•Tech‐Neutral
Framework
•Part 52
GA, RD)

Master Logic Diagram
Gen. Event Tree
(RD,GA)

RELAP5
MCNP
(PH)

SAS4A

MELCOR
(RD)

Dose

Uncertainty Analysis
(TA/GA)

Safety Margins

Leaks and Capacity Factor

Model Operating
Experience

Fuel  (Denman)

PRA (GA/Johnson)

Scalability  (PH/AK)
OPTIONS
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Suggested Designs
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Suggested Existing Design Parameters
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Cost Cutting Areas

• Direct Cost
• Construction Time
• Power Output

Thermal Power
Cycle Efficiency
Availability

• Operation and Maintenance
• Fuel Cycle
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Projected Construction Costs

CANES Lead-Bismuth Report

Boardman Paper Economic Assessment 
of S-PRISM Including Development 
and Generating Costs

ALMR Capital Cost Contributors (IDC and Contingency excluded)

Reactor Capital Cost 
(2006B$)

$/kWe 
(2006$)

S-PRISM 
(4 rx)

2.2 1,626

JSFR 2.1 1,400

BN-800 2.0 2,500

S-PRISM Construction Cost Contributors (IDC and Contingency 
excluded) Civil & Structures

Reactor Plant Equipment

Tgand Heat Rejection System

Electrical Plant Equipment

Misc. Plant Equipment

Special Materials

Construction Svcs

AE Home Office Engring &
Svcs
Field Office Supervision &
svcs
Owner's Cost
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Plant Equipment Costs
ALMR Reactor Plant Equipment Cost Contributors

Reactor Vessel

Reactor Vessel Internals

Control Rod Drives

Transport to Site

Primary Heat Transfer System

Intermediate Heat Transfer System

Steam Generator System

Backup Heat Removal System

Fuel Handling & Storage

Inert Gas Receiving & Process

Na Storage, Relief, Makeup

Na Purification

Na Leak Detection

Maintenance Equip

Impurity Monitoring

Instrumentation & Control

Support Engineering

Reactor Equipment

Main Heat Transfer System

Safeguard System

Radwaste Processing

Fuel Handling

Other Reactor Plant Equip

Reactor Instr. & Control

Reactor Plant Misc. Items
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Operating Costs

Fast Reactor LWR (IAEA)

Fixed O&M 68 $/kWe-yr 62 $/kWe-yr

Variable O&M 2.0 mills/kWh 0.45 mills/kWh

JSFR Busbas Costs, JAEA G4-Econs

Capital Cost

O&M

Fuel Front End

Fuel Back End

Decommissioning

S-PRISM Busbar Cost Contibutors

Cap Cost

O&M

Fuel Cycle

Decommissioning
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Data Take-Aways

• Direct Cost is ~70% of Base Construction Costs
• Safeguard system has very little impact (aux cooling 0.2%) – 

possible passive heat decay
• BOP and Heat Rejection System - (29% total BOP, 15% in TG 

and heat rejection) – advanced cycles
• Reactor vessel, internals, primary heat transport (13%) – 

Could use less material – pipes, components, etc.
• Heat transport system (7%) – could eliminate intermediate 

loop
• reactor building (7%) – aim for smaller size
• Construction interest is ~15%
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Summary of Direct Cost Savings Measures

• Eliminate secondary loop or use liquid salt int. loop
• Smaller containment
• Less piping (esp. for pipe type)
• Power “blocks” (multiple reactors and SG’s coupled to 

one turbine generator) (PRISM)
• Integrated intermediate heat exchanger (IHX) 
• Natural circulation for passive heat decay
• Seismic isolation
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Construction Interest Savings

• Reduction of construction time
• Modular factory construction



26

Power Output Savings

• Multi-Reheat Brayton Cycles
• S-CO2 working fluid
• Long refueling cycles 

Online refueling
Higher burnup (metal fuel)
Core monitoring

• Higher power
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Fuel Cycle Savings

• Achieve higher burnup
• Burn TRU
• Breed
• Flex Fuel
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Observations

• Run a smaller reactor at higher power, for longer 
cycles.

• Design for quick construction, easy maintenance, and 
low staffing levels.

• Focus points:  fluid choices, intermediate loop, power 
output/efficiency
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Safety Measures

• NRC is developing a risk-informed approach to plant licensing that is 
technology neutral

Ongoing activities are not receiving broad agency support
However, the concept of a limit curve that is under consideration would 
provide guidance to the designer.

• NRC’s Quantitative Safety Goals should be the basis for assessing safety 
adequacy

• For current generation of reactors, R.G. 1.174 provides guidelines for risk 
informing changes to plant design basis

CDF and LERF are measures used as surrogates for the Safety Goals
These measures are inadequate when considering liquid metal reactors 
accidents (could have complete core melting and very little release of 
radioactive material to the environment)
Also, don’t account for unit size (an important element of our tradeoff 
studies)

DOE-NERI Project: MIT, OSU, ISU
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Limit Curves

• The limit curve approach involves establishing a bounding 
CCDF

Historically called Farmer Curves

• For any design that satisfies the risk curve, the plant 
satisfies the NRC’s Safety Goals as well as some 
historically established criteria for safety acceptability

• The proposed limit curve is based on work of NRC on 
technology neutral framework

DOE-NERI Project: MIT, OSU, ISU
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Proposed Limit Curve (Tentative)

DOE-NERI Project: MIT, OSU, ISU

Total Risk Limits

1.E‐02

1.E‐03

1.E‐04

1.E‐05

1.E‐06

1.E‐07

Site Boundary Dose (rem, TEDE)

10000.1 1 10 100
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Initiating Events

• Initiating events are differentiated based on the safety functions that 
are challenged

Examples (These are very preliminary)
• Transients

T1 – Events requiring turbine trip and steam bypass
T2 – Reactivity insertion events
T3 – Flow decrease events

• LOCAs
S1 - Primary system LOCAs
S2 - Intermediate loop LOCAs

Includes IHX failures
S3 – Tertiary system ruptures
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Functional Event Trees

• Functional Event Trees will be generic, independent of ABR 
design

Core 
Condition

Consequence  
Category

OK C1

OK C1

CD C?

CD C?

T2 Reactivity Limiter Primary Shutdown Secondary Shutdown
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System Event Trees

• System Event Trees will be specific to a design, such as 
PRISM

Core 
Condition

Consequence  
Category Sequence

OK C1 S1

OK C1 S2

CD C? S3

CD C? S4

T2 Rod Blocks RPS USS
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Example Quantification - Implications
• Sequence S1 

Frequency 0.1 per yr
Consequences – C1 (Actually zero release)

Would probably have an AOO type safety limit analogous to DNBR
Substantial margin to acceptance criterion

• Sequence S2
Frequency 1E-5 per yr
Consequences – C1 
Substantial margin to acceptance criterion

• Sequence S3
Frequency 1E-7 per yr
Consequences – Core Damage (unless containment failure occurred, 
consequences probably small, e.g. less than 1 rem, C2
Allowed frequency would be 5E-4 per yr.  High confidence of acceptability

• Sequence S4
Frequency 1E-4 per yr
Consequences – Core Damage (assuming that failure of the rod block 
implies an excursion that will lead to core damage). This scenario would 
require detailed examination by the Project Team to determine whether 
potential consequences would exceed 1 rem.
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Planned Effort at OSU

• Risk Measure Assessment
Develop preliminary set of initiating event categories and likely associated 
frequencies
Develop functional event trees
After alternative configurations identified, work with Team to develop 
system event trees
Develop generic containment event trees

With input from Project Team, assess containment performance for
specific designs and accident scenarios

Develop approximate source terms
Preliminary activity based on noble gas releases

Work with Team to assess target system failure probabilities
• Dynamic Analysis

For selected uncertain physical phenomena and passive systems, perform 
dynamic event tree analysis (ADAPT) to assess failure probability or 
branching probability based on epistemic uncertainty
Development of Quantified PIRT
Choice of accident analysis model still unsure
In a future year, perform analyses to assess the extent to which compliance with 
risk curve is consistent with safety goals
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Initial Analysis of Low Risk Events in 
PRISM PRA

Brian Johnson
3/11/08

37
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Identification of Cost-Saving Opportunities

PRA
FV

RAW
Other

Low 
Importance 
Components

Assessment 
of Design 
Options

Cost Saving 
Opportunity

Other 
Considerations

Design 
DecisionRisk Achievement Worth
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Dominating Initiating Events

• Dominated by Vessel Failure ~50% of risk
• Normal shutdown ~15%
• Earthquakes ~24%
• Next Largest Contributor:  Loss of One Primary Pump ~2.4%

39
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Low Importance Events – Risk Increase Ratio

• Operating Heat Removal – 1.000
• Pump Coast Down – 1.000
• Nominal Inherent Reactivity Feedback – 1.001

• These systems do very little to reduce risk as assured failing does 
not (considerably) increase the probability of core damage

• Systems may be targets for removal/making cheaper

40
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High Importance Events

• Pump Trip – 5.820x104

• Intermediate Heat Transport System – 4.570x103

• RVACS – 5.820x104

• PCS or RCS Signal -3.479x106

• Assuring failure of any of these systems is a poor idea
• These events have high probabilities of having occurred given 

core damage
• Gives some sense that values are calculated properly with linking 

rules (Pump Trip uses linking rules)

41
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From NUREG-1368, 1994
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Other Insights

• The low importance events are behind very low probability front 
line failure, thus reducing their impact on the overall risk 
(dominated by Seismic and Vessel Failure)

• Treating front line failure with more reasonable probabilities 
will likely change this outcome

• Mitigation of the quality of core damage due to an event is not 
taken into account in this analysis

43
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Potential Economic Improvements
Low Importance Systems/Components as 
Identified by PRISM PRA

Design Change Options Cost Saving Opportunity 
Status

Operating Heat Removal (IHTS, SG, BOP) Change component/system to 
non safety grade (esp SG)

Research into safety grade 
cost savings and risk 
reduction underway

Pump Coastdown Opportunity to remove EM 
pumps’ coast-down motors

Question as to validity of 
PRA result.  
Cost reduction potential 
under investigation.

Nominal Inherent Reactivity Feedback Remove GEMS - requires more 
detailed information about 
NIRF

Cost reduction potential 
definite.
Acceptability of GEMS 
removal uncertain.
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Safety Grade Components
• “Commercial grade items used in safety-related applications can be shown to be equivalent in 

quality to a safety-related item purchased as a basic component.”
• Four methods of acceptance for commercial grade items

Special Tests and Inspections
Commercial Grade Survey of Supplier
Source Verification
Acceptable Supplier/Item Performance Record

*Guideline for the Utilization of Commercial Grade Items In Nuclear Safety Related Applications. EPRI. June 1988 1-4.*
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Fuel Topics

• Traditional Mechanistic Analysis
Unprotected Transients
Hypothetical Core Disruptive Accidents (HCDAs)

• Fuel Cycle Implications
• Fuel Properties 
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Unprotected Transients (Bottom Line – Metal is Better)
Fuel Type (ULOF) Unprotected Loss-of-Flow

(8 sec flow half time)

(UTOP) Unprotected 
Transient Over-Power
(Eject Control Rod)

(ULOHS) Unprotected Loss-of-Heat-Sink
(Loss of S. Generators)

Metal

Key Points
Positive Reactivity

•Coolant 
•Axial expansion

Negative Reactivity
•Radial expansion 
•Control Rod Drive Line Expansion 
(CRDE)

Results
Stabilizes with ~150oC margin to 

sodium boiling

Key Points
Low core temperature rise 
Low margin to fuel melt 

Results
No accident limits breached  

Key Points
Fast Power Reduction 

•Strong negative reactivity
oRadial expansion
oCRDE

•Low (+) Doppler effect as fuel cools 

Results
Lower final equilibrium temperature  

Oxide

Key Points
Positive Reactivity

•Doppler 
•Coolant 

Negative Reactivity
•Radial  Expansion 
•CRDE 

Results
Power does not drop fast enough

•Sodium boils
Boiling can be avoided with less               .                                     

conservative CRDE assumptions

Key Points
Low coolant and fuel              ……..  Z                                     

temperature rise.
•Strong Doppler effect
•Low (+) sodium 
temperature coefficient 

Results
No accident limits breached 
Slightly better performance    . 

than metal 

Key Points
Slow Power Reduction

•Strong (+) Doppler effect delays shutdown 
•High equilibrium temperature 

Results
Large margin to sodium boiling remains

•Structural problems may occur 
oHigh sustained equilibrium 
temperatures 
oTransient occurs over large time scales
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What is an HCDA & Can Fuel Vaporization 
Occur (e.g. Energetic HCDA)

• A HCDA is an event that causes changes in the core geometry
Traditionally considered to be a rapid reactivity insertion of unknown origin 
(~60$/s)
Currently, studies are focused on sub-prompt critical initiating events that 
can lead to supercritical excursions 

• Can fuel vaporization occur in oxide/in metal?
Yes\No – Oxide fuels can vaporize but metal fuels will be swept out of the 
core before fuel vaporization occurs (Boardman) 
Yes\Yes – Both oxide and metal fuel can undergo fuel vaporization resulting 
in energetic HCDA (Traditional view / Singh(2002))
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HCDA Consequences

• Designing against energetic HCDAs (vaporized fuel) is costly:
Vessel most probably destroyed
Fuel dispersed throughout containment
Assembly design changes required to allow fuel streaming to prevent 
recriticality for oxide fuel
More rugged containment required

• If the Yes/No camp is right
Fuel will be contained within primary loop
Containment will only have to guard against sodium fires  

49
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Fuel Cycle Implications 
ABR1000 Core

Metal Oxide

Fuel 15.3 MT 16.6 MT

Heavy 
Metal 13.8 MT 14.6 MT

50
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Fuel Cycle Implications 
(Facility for 1400 MWe Fast Reactor)

_________________________________________________________________
Size and Commodities              Pyroprocessing Aqueous Processing  
________________________________________________________________

Building Volume, ft3                     852,500           5,314,000
Volume of Process Cells, ft3          41,260               424,300
High Density Concrete, cy                  133             3,000
Normal Density Concrete, cy           7,970                35-40,000
_________________________________________________________________

• A Pyroprocessing center requires a factor of 10 less materials to build
In general, costs of a reprocessing facility scales with its size
Metal fuel is more amenable to pyroprocessing

51
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Conclusions

• Possible design implications of fuel choices on:
Safety

Metal fuels provide for less, or no, energetic HCDAs
Metal fuels generally provide better unprotected transient 
response

Economics
Reprocessing Costs (Pyroprocessing capital costs look cheaper due 
to smaller volumes involved)
Metal fuels may have cheaper HCDA mitigation costs 
(Containment, Vessel, Streaming Channels)
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RVACS (Reactor Vessel Air Cooling System)

• Passive heat removal
• Heat removed ex-vessel by 

secondary fluid (air)
• SPRISM, ABR1000 

SPRISM RVAC Design
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DRACS (Direct Reactor Auxiliary Cooling System) & PRACS 
(Primary Reactor Auxiliary Cooling System)

Passive heat 
removal
DRACS - Heat 
removed in-vessel 
by secondary fluid 
(sodium)
PRACS - Heat 
removed in IHX by 
secondary fluid 
(sodium)

JSFR RVAC Design

54
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Fast Reactor Operability Review 
MIT-OSU-ISU Sodium Fast Reactor Project 

DOE NERI C Program

Zach Miller & Michael Lineberry
Idaho State University

April 24, 2008
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Characteristics Summary
Reactor Type Power 

(MWt / MWe)
Core Outlet

(ºC)
Dates of Operation Fuel Type Average Lifetime 

Capacity Factor 
(%)

BN-350 Loop 1000 /  130 430 1972-1999 UO2 56

BN-600 Pool 1470 / 600 535 1980 - U-PuO2 70

EBR-II Pool 62.5 / 20 473 1964 - 1994 U-Zr 58

MONJU Loop 714 / 280 529 1995 - U-PuO2 0

PFR Pool 650 / 250 560 1974-1994 U-PuO2 24

Phenix Pool 563 / 255 560 1973 - U-PuO2 43

Super
Phenix

Pool 2990 / 1242 545 1985 -1998 U-PuO2 20
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Review Criteria

• Beyond the first generation (experimental)
• Include only the electricity-generating plants and/or 

those considered prototype/demonstration models
• Include EBR-II because of its role and our knowledge 

of it.
• Thus the review includes

EBR-II -- Phenix
PFR -- MONJU
BN-350 -- BN-600
Superphenix 
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Summary of Major / Recurring Events

• EBR-II           - none
• Phenix            - IHX leaks

- Negative Reactivity Transients
- Sodium-Water Interactions
- Delayed Reheat Cracking (SS 321)

• Superphenix   - fuel storage drum
- Primary Sodium Contamination

• PFR                - Steam Generator
• BN-600          - none ?
• BN-350          - Steam Generator 
• MONJU         - Secondary Sodium Leak
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Summary
• While the design of an optimum fast reactor is not the 

objective of this research, there will be many insights 
gained that should lead in the direction of an economic 
design that is risk informed.

• Issues such as fuel selection from a risk and cost 
standpoint will be evaluated.

• Pool and Pipe reactors will be assessed from a safety 
and cost perspective.

• A new safety metric (frequency vs. dose) will be used to 
assess safety.

• Proliferation risks of various designs in the overall fuel 
cycle will be evaluated.


	NUCLEAR ENERGY RESEARCH INITIATIVE��Risk-informed Balancing of Safety, Non-proliferation, and�Economics for the Sodium-cooled Fast Reactor (SFR)
	Project Objectives
	Task 1.  Select design alternatives for evaluation
	Task 2.  Define performance metrics
	Task 3.  Probabilistic Risk Assessment
	Task 4.  Accident evaluation
	Task 5.  Cost evaluation
	Task 6.  Proliferation resistance
	Task 7.  Decision making
	Principal Existing SFR Reactor Designs
	Pool Type Sodium Reactor
	Loop Type Sodium Reactor
	Historic Construction Costs
	Slide Number 14
	Suggested Designs
	Suggested Existing Design Parameters
	Cost Cutting Areas
	Slide Number 18
	Slide Number 19
	Projected Construction Costs
	Plant Equipment Costs
	Operating Costs
	Data Take-Aways
	Summary of Direct Cost Savings Measures
	Construction Interest Savings
	Power Output Savings
	Fuel Cycle Savings
	Observations
	Safety Measures
	Limit Curves
	Proposed Limit Curve (Tentative)
	Initiating Events
	Functional Event Trees
	System Event Trees
	Example Quantification - Implications
	Planned Effort at OSU
	Initial Analysis of Low Risk Events in PRISM PRA
	Identification of Cost-Saving Opportunities
	Dominating Initiating Events
	Low Importance Events – Risk Increase Ratio
	High Importance Events
	Slide Number 42
	Other Insights
	Potential Economic Improvements
	Safety Grade Components
	Fuel Topics
	Unprotected Transients (Bottom Line – Metal is Better)
	What is an HCDA & Can Fuel Vaporization Occur (e.g. Energetic HCDA)
	HCDA Consequences
	Fuel Cycle Implications�ABR1000 Core
	Fuel Cycle Implications �(Facility for 1400 MWe Fast Reactor)
	Conclusions
	RVACS (Reactor Vessel Air Cooling System)
	DRACS (Direct Reactor Auxiliary Cooling System) & PRACS (Primary Reactor Auxiliary Cooling System) 
	Fast Reactor Operability Review�MIT-OSU-ISU Sodium Fast Reactor Project�DOE NERI C Program
	Characteristics Summary
	Review Criteria
	Summary of Major / Recurring Events
	Summary

