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Figure 1.  AGR schedule. 
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Figure 1.  AGR schedule (continued). 
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4. PRISMATIC FUEL OPTION: B&W 

4.1 Fabrication 

The approach to fabrication of the first core mimics that developed in the original acquisition study.  
There are four major fabrication activities: (1) update the existing pilot facility to improve throughput 
(parallel lines, extra coater, etc), (2) use this pilot facility to start making fuel for the first core, 
(3) concurrently build the production facility, install equipment and perform system checkout, and 
(4) transition staff to the new production facility and complete fabrication of the first core. 

Currently B&W can fabricate UCO kernels at an industrial scale.  B&W have fabricated UCO and 
UO2 particles in a six-inch production scale coater for the AGR-2 performance demonstration irradiation.  
Current activities are aimed at improving yield and quality of the product.  Scale-up of matrix preparation, 
over-coating and compacting technologies is currently underway.  Significant progress has been made to 
industrialize each of the process steps, maximize yield, and improve product quality all with the aim of 
meeting the high level of throughput needed in a fuel fabrication facility. 

4.2 Fuel Qualification and Proof Testing 

The prismatic fuel qualification approach builds on the existing AGR program, primarily the 
AGR-5/6 irradiation, PIE, and testing.  These data will be augmented by proof testing, taking 
representative fuel off the production line, and undergoing irradiation and accident proof testing to 
confirm that the fuel behavior for fuel off the production line is similar to that found in AGR-5/6.  The 
AGR-5/6 fuel will be fabricated using pilot line equipment and procedures for kernels, coatings and 
compacts.  

4.3 Schedule 

The updated schedule for the fuel fabrication facility is based upon B&W plans from the original fuel 
acquisition study.  It assumes that a fabrication facility will be constructed once DOE approves the NGNP 
project to go into Phase II, preliminary design, and a public/private partnership is established.  
Consequently, a start date of October 2012 is assumed.  This delays that activity about 5 years from the 
schedule in the original acquisition strategy so that the first core completes in 2020.  Schedule is show in 
Figure 2.  Fabrication of the first core is done in parallel with proof testing.  There is no conflict with 
AGR program work because the proof testing is after AGR-7/8 completes.  First core fabrication 
completes in early 2020 and qualification testing completes in September 2021.  The original fission-
product transport activity from the AGR schedule in Figure 1 will determine the critical path late in the 
program with completion scheduled for middle of 2022. 

 

Figure 2.  Schedule for B&W prismatic fuel fabrication and qualification. 
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5. PEBBLE FUEL OPTIONS 

Three options for production of pebble bed fuel are considered in this section.  Two options involve 
LEU UO2fuel produced by NFI and B&W that meet German product specifications for TRISO fuel 
fabricated in the late 1980s.  The third involves use of the LEU UCO TRISO particles under development 
by the AGR fuel program and produced by B&W.  Since the fuel qualification approach is essentially the 
same for all three options, it is addressed first. 

5.1 Fuel Qualification Approach 

The approach to fuel qualification is essentially the same for all three pebble fuel options, with the 
exception that the pebble test train containing designed-to-fail (DTF) particles discussed below would not 
be necessary for the B&W UCO option because parallel work being done on the prismatic side in AGR 
3/4 and AGR 5/6 would be considered applicable.   

A performance demonstration of pebbles from early fuel fabrication will increase confidence in the 
formal qualification testing.  Five standard pebbles and five pebbles containing 0.5 to 1% DTF particles 
will be irradiated in two standard pebble test trains in the High Flux Reactor (HFR) in Petten, Netherlands 
using the standard mixture of helium and neon to control temperature and a small amount of hydrogen, 
carbon monoxide and water vapor to simulate a standard gas reactor coolant environment.  The DTF 
capsule will confirm the release characteristics of failed TRISO UO2 particles performed by the Germans 
in FRJ2-P28.  Following irradiation, one standard pebble would undergo destructive PIE and the 
remaining four standard pebbles would undergo heat-up testing.  For the DTF pebbles, one pebble would 
undergo destructive examination to establish the retentiveness of the pebble matrix to confirm that the 
graphitic matrix is as retentive as the historic German matrix, and four pebbles will be used for moisture 
testing.  This work will be done in parallel with the early activities associated with production of the first 
core of pebbles.   

The formal qualification testing will be aimed at validating the failure fraction versus temperature 
curve used in the PBMR safety analyses.  Differences in fuel fabrication equipment and procedures 
relative to the German fuel production means more extensive irradiation and safety testing will be 
required to qualify fuel than in the PBMR case where replicated German procedures and equipment were 
to be used.  Based on statistical considerations in Appendix A, it is assumed that 20 pebbles would be 
needed for irradiation testing, with five pebbles for heat-up testing at 1600°C and five at 1700°C.  Fewer 
pebbles will be needed at 1800°C because the diffusional fission-product release and degradation of the 
SiC layer of intact particles anticipated at this high temperature reduce the relative importance of particle 
failures and the corresponding need for statistical demonstration of failure fractions.  Three pebbles are 
assumed for the 1800°C testing. 

Thus, the formal qualification irradiation would consist of four sets of five pebble irradiations (two at 
a time) in the HFR in Petten.  (While Petten could handle three or four irradiations in parallel, this would 
not accelerate the schedule given the more limited throughput capability for heat-up testing at ITU 
Karlsruhe that is required following irradiation.)  It is anticipated that the irradiations would be less than 
18 months based on the duration of a similar irradiation, EU-1bis, which took 250 effective full power 
days (EFPDs).  Heat-up testing on 13 pebbles should be achievable in about four years based on historical 
estimates of pebble heat-up testing in Germany.  (For the early performance demonstration, one year for 
heat-up testing is considered adequate.) 

The use of Petten and ITU is based on their experience in irradiation and testing pebbles.  They have 
capsule designs that will work, and they have an infrastructure in place within the EU program.  This is 
the most expeditious and cost-effective solution to carrying out two programs in parallel.  Some upgrades 
are anticipated at both Petten and ITU to execute this strategy. 
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5.2 Japanese/NFI TRISO UO2 

5.2.1 Fabrication 

This approach leverages the existing experience at NFI in Japan to make TRISO-coated UO2 
particles.  NFI has made TRISO-coated UO2 for the HTTR first and second cores.  However, the particle 
design is slightly different from the German LEU UO2 design and the particles were formed into annular 
cylindrical compacts instead of spheres.  Fabrication of the second core for HTTR was completed by 
2006, but the facility has been idle since that time.  NFI’s ability to develop the capability to fabricate fuel 
meeting the German TRISO UO2 particle specification is not in question.  The key question is “how long 
will it take them to manufacture high-quality, low-defect fuel meeting the in-service performance 
requirements and at what cost?”  The SiC defect fraction for the HTTR second core fabricated by NFI and 
the in-service failure fractions from their historical irradiation and safety testing would not meet 
anticipated pebble bed specifications.  Beyond fabrication of particles, additional process development is 
required to learn how to fabricate pebbles and develop a capability to fabricate multiple pebbles at a time 
with a multi-pebble press.  In addition, there are a number of regulatory, logistical, and legal concerns, 
many of which were raised in the original NGNP fuel acquisition strategy report1, that question the 
viability of this option.   

5.2.2 Schedule 

The schedule for this option is in Figure 3.  Consistent with other options, the projected start date is 
October 2012.  Based on U.S. experience, it will take about 2.5 years to finish the process development 
and complete any needed facility upgrades associated with fabrication of TRISO UO2 fuel pebbles 
meeting German specifications and capable of meeting pebble fuel performance requirements.  
Fabrication of early fuel for performance demonstration activities is planned in 2015.  As in the original 
acquisition strategy, fabrication of first core takes 5 years and completes in 2020.  The two sets of 
qualification irradiations and safety testing occur in series between 2017 and 2022.  Completion is 
expected by middle of 2022. 

 

Figure 3.  NFI pebble option schedule. 
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5.3 U.S./B&W TRISO UO2 

5.3.1 Fabrication 

B&W can fabricate UO2 TRISO particles meeting German particle specifications (as demonstrated in 
AGR-2).  There is a need to develop pebble fabrication capability at B&W with support from Oak Ridge 
National Laboratory (ORNL).  Much of the matrix preparation, overcoating, and compacting process 
development underway for the prismatic option is applicable to pebble fabrication and has potential for 
substantial improvements relative to the German process.e  Four major fabrication activities parallel the 
prismatic option: (1) update the existing pilot facility to improve throughput (parallel lines, extra coater, 
etc.), (2) use this pilot facility to start making first core, (3) in parallel build the production facility, install 
equipment, and perform system checkout, and (4) transition staff to new production facility and complete 
fabrication of the first core.   

5.3.2 Schedule 

The schedule for this option is in Figure 4.  As with the other options, a start date of October 2012 is 
assumed.  It takes two years to learn the process to manufacture pebbles and scale up for first-core 
production.  Fuel fabrication for the performance demonstration activities takes place in 2014.  
Construction of the production fuel facility and installation and checkout of equipment will take 3.5 years.  
For the qualification testing, fuel is taken off the pilot line for the first series of qualification tests and 
taken off the production line for the second series of qualification tests.  This approach is necessary to 
have a reasonable schedule.  First core completes in 2021.  Fuel qualification testing activities complete in 
2022. 

                                                      
e There are three key aspects of the overall production of spheres: (a) overcoating, (b) pressing the fuel and then the fuel free 
zone, and (c) heat treatment and carbonization.  Overcoating of the particles is envisioned to leverage the existing work being 
done using fluidized bed overcoating for commercial application in compact production by B&W with substantial support from 
ORNL.  For the pebble, the lower packing fractions (10 to 15% vs. 40 to 50% for compacts) would require a thicker overcoat.  
Tests will be conducted using the fluidized bed overcoater at B&W to demonstrate thicker overcoats.  The use of the fluidized 
bed overcoater to produce uniform thickness overcoats to achieve packing fractions in the 10 to 15% range would eliminate the 
need for additional matrix.  Mixing additional matrix, as required in the German process, produces non-uniformities in the 
particle distribution and a higher potential for particle-to-particle contact during pressing.  The pressing work would be done at 
ORNL using a “single pebble” press with support from INL and B&W (Since NFS is also now owned by the B&W parent 
company, the pressing capability from NFS could be utilized to reduce costs and accelerate the schedule for the overall program).  
While the Germans did much of their pressing at room temperature, the successful work done so far with compacts suggests 
warm/hot pressing is worth considering for pebbles as well.  Warm pressing may be preferred because of longer thermal time 
constant in the large sphere compared to the compact.  The mold material would require development to support warm pressing.  
In parallel, a multi-pebble press would need to be designed fabricated and tested at B&W to demonstrate adequate throughput.  
During the testing at B&W there may need to be iterations with ORNL if parameters do not transfer exactly from the single press 
to the multi-press.  Pressing of the sphere will of course be different than the compact, especially the addition of the fuel free 
zone on the outside of the pebble.  Heat treatment and carbonization are basically the same for pebbles and compacts.  The only 
difference may be slower ramp rates to temperature because of larger compact size. 
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Figure 4.  B&W pebble option schedule in calendar years and quarters. 

5.4 U.S./B&W UCO 

While historically all pebble bed power reactor designs have used TRISO UO2 particles in the pebble, 
TRISO UCO particles could be used.  In the course of AVR operation over 5,000 spheres with highly 
enriched uranium (HEU) UCO/ThO2 fuel were loaded into the reactor.  The higher enrichment and higher 
burnup associated with UCO being qualified for the prismatic option could be quite attractive for the 
pebble bed given that higher burnup translates into enhanced fuel utilization and improved reactor plant 
economics.  The pebble UCO option also results in less potential disruption to the existing NGNP/AGR 
program. 

5.4.1 Core Design 

Preliminary scoping calculations have been performed to examine the feasibility of using the 14% 
enriched 425-micrometer UCO particle being qualified for the prismatic option.4  The analysis compared 
the coupled neutronic and thermal fluid performance of the HTR Module fueled with 7.8% enriched UO2 
and with 14% enriched UCO.  Several UCO cases were investigated involving different sphere heavy 
metal loadings and recirculation rates. 

 
Additional work would be required to arrive at a core design that is optimized for the higher enriched 

UCO fuel.  This would involve a trade-off of core design objectives including peaking factors, discharge 
burnup, normal operation and accident temperature conditions, control rod worths, etc.  The results of the 
scoping study demonstrated the feasibility of utilizing the higher enriched UCO fuel.  The analysis results 
showed that the dominant contributor to the observed differences between the HTR Module UO2 and 
UCO cores is the increase in the 235U enrichment to 14%, and not the additional moderation effects of the 
oxygen-to-carbon exchange. 
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5.4.2 Fabrication, Qualification, and Schedule 

The fabrication and qualification tasks for this option are identical to that of the B&W UO2 option 
outlined in Section 5.2.  However, there is no need for the DTF pebble irradiation and associated moisture 
testing.  The parallel work being done in the prismatic elements of the program in AGR 3/4 and AGR 5/6 
would be considered applicable.  As a result, there will be cost savings, but since the development 
irradiations and safety testing are not critical path, the schedule outlined in Section 5.2 is also applicable. 

5.5 Cost Considerations 

In the near term, executing fuel qualification activities for both concepts will be difficult both in terms 
of manpower and funding.  To have any of these options complete in the 2022 time frame will require 
significant increases in funding over the $25–30M that the AGR program has been receiving in the past 
few years.  Furthermore, there are activities identified in the latest version of the program plan related to 
moisture and air ingress testing and fission-product transport out-of-pile loop testing that need to be 
funded in FY 2011 and FY 2012 in order to ensure the schedule is maintained. 

A rough estimate of the cost to carry out the fuel qualification activities identified in the pebble 
options is provided below in Table 5.  Costs associated with building the production line and producing 
first-core fuel are not included.  They are part of the NGNP construction cost.  The estimates are based on 
experience in the AGR program to date. 

 Fabrication: $11M for process development, facility upgrades, and production of early fuel and DTF 
pebbles. 

 Irradiation: $5M for infrastructure (anticipate some upgrades needed to irradiate two test trains 
simultaneously and to test under helium-neon mixtures with representative impurities and $6M per 
test train.  (Test train designs already exist.  Costs are associated with fabrication of the test train, 
safety paperwork, and experiment monitoring.)   

 Shipping: $1.5M/experiment.   

 PIE (disassembly, metrology, and ceramography) at Petten: $1M in upgrades; $3M/experiment. 

 Heat-up testing at ITU: $5M to get moisture system operational at ITU, $1M to get furnace system 
ready, plus $5M/year for heat-up testing, plus $3M for moisture testing. 

Table 5.  Estimated additional cost to implement fuel qualification activities for either pebble option on 
top of prismatic option alone. 

Activity Upgrades 
Performance 

Demonstration 
1st Series Fuel 
Qualification 

2nd Series Fuel 
Qualification 

Fuel Fabrication 5 6   

Irradiation 5 12 12 12 

Shipping  3 3 3 

PIE 1 6 6 6 

Heat-up Testing 6 8 10 10 

Technical Support and Integration 1 1.5 2 2 

TOTAL 18a 36.5a 33a 33a 
a. $120.5M total estimated cost. 
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The total cost to take either UO2 option to completion is $120.5M.  The B&W UCO pebble option 
would be about $9M less because some of the data can be obtained from the prismatic fuel testing.  If the 
cost is spread equally over the next decade, it would require approximately $12M per year to be added to 
the current $25-30M per year baseline AGR program.  However, the current schedule envisions a 
decision around 2015 at which point additional expenditure for pursuing both pebble bed and prismatic 
options will be roughly $40M. 

5.6 Recommendations on Pebble Bed Options 

For each of the pebble options, the risks associated with fuel acquisition are discussed in terms of the 
following criteria: fuel plant licensing, fuel manufacturing process, facility capacity, transportation, and 
funding/intellectual property issues.  For each option, the risk is categorized in Table 6 as high, medium 
or low.  The sections below discuss the rationale for the risk ranking. 

Table 6.  Summary of risk of pebble bed options 
Risk Criteria: Definition NFI 

UO2 
B&W 
UO2 

B&W 
UCO 

Fuel Plant Licensing: Concern about issues associated with the 
license needed to fabricate the first and follow-on cores 

Med Low Low 

Fuel Manufacturing Process: Concern about ability to meet 
specification 

High Low Low 

Facility Capacity: Concern about the facility’s ability to make the 
requisite amount of fuel in the allotted schedule 

Low Low Low 

Transportation: Concern about the risks associated with shipping of 
fuel to NGNP site including cask licensing, import/export issues, 
taxation for foreign supplies etc. 

Med Low Low 

Funding/Intellectual Property Rights: Concern about sources of 
funding for process development and facility modifications and 
access to intellectual property that is generated  

High Low Low 

Overall Risk Med Low Low 
 

Fuel Plant Licensing 

B&W is currently licensed to handle a variety of both HEU and LEU fuels.  Based on B&W prior 
experience with nuclear fuels, there is low risk associated with their ability to obtain a license for the 
production plant.  

The NFI facility is currently licensed as a research facility at a production level up to 400 kgU/year.  
A limited relicensing within the research facility framework, in conjunction with limited facility 
modifications, would support production at the level needed for the pebble bed.   

Fuel Manufacturing Process  

B&W has demonstrated the capability to fabricate UO2 and UCO TRISO fuel particles with defect 
levels that approach NGNP requirements.  Process development would be required to fabricate pebbles.  
However, the ability to leverage the current process development for matrix preparation, overcoating and 
compacting provides confidence and reduces the risk associated with mastering pebble fabrication. 

Although the actual NFI fuel quality has been much better than the HTTR specifications (which are 
much less restrictive than current NGNP specifications), the quality of the second core of HTTR (e.g., 
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SiC defects) would not meet anticipated NGNP specifications.  In addition, process development would 
be required for NFI to produce particles to the NGNP specifications and to fabricate pebbles. 

Facility Capacity 

For all options, quantities of fuel required for first core are modest and achievable within the 
schedule.   

Transportation 

Shipping containers for use in the U.S. have recently been certified for use with irradiated TRISO fuel 
and thus containers to ship unirradiated pebbles could be developed.  Shipping internationally will present 
more challenges (e.g., export license from Japan, import license from U.S., multiple approvals by 
agencies required by the U.S., taxation of enriched uranium). 

Funding/Intellectual Property Rights 
 
 The B&W options would be completely funded by U.S. DOE.  Hence, DOE would retain all property 
rights, consistent with existing contractual agreements. 
 
 Funding sources for process development and facility upgrades for production for fuel by NFI are not 
currently established.  The issues associated with retention of intellectual property, ownership of facilities, 
and funding sources are not defined at this point.  The establishment of a non-U.S. fuel vendor for NGNP 
is inconsistent with the requirement to support the U.S. nuclear infrastructure in the U.S. Energy Policy 
Act of 2005.   

Recommendations  
 

 Based upon this assessment, the ranking of pebble options in order of preference is as follows: 
 

 B&W UCO TRISO because it leverages the significant effort expended already on UCO.  It is 
less expensive than the other options, less disruptive to the overall program, and offers higher 
performance for the pebble bed because of the higher burnup achievable with UCO. 

 B&W UO2 TRISO because it requires about the same amount of fabrication development as the 
B&W UCO TRISO option. 

 NFI UO2 TRISO is the lowest priority because of the issues associated with using a foreign fuel 
vendor including export control, intellectual property, and moderate risk associated with meeting 
the NGNP specification.  Further, this option does not establish a viable U.S. fuel vendor. 
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Appendix A 
 
 

Statistical Considerations Associated with Irradiation 
and Testing of Pebble Fuel 
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Appendix A 
 

Statistical Considerations Associated with Irradiation and Testing 
of Pebble Fuel 

Since the pebble fuel acquisition options do not include replication of the German high quality LEU 
UO2 fuel fabrication equipment and processes, it is assumed that the German fuel test data will not be 
directly applied in the demonstration of failure fractions for the pebble fuel.  However, all of the options 
draw heavily from the German experience and are generally directed toward replication of the German 
coating process conditions and properties.  Thus, the amount of fuel required for testing can be based on 
projections for particle failures experienced during irradiation and testing derived from the German fuel 
test data. 

 
The expected failure fractions are assumed to be consistent with the data in Table 13 of INL/EXT-10-

17686, “NGNP Fuel Qualification White Paper”.  An estimate of the number of spheres needed for 
irradiation and heating tests can be developed by assuming that the number of particle failures observed 
from German testing is consistent with the 50% failure probability projections.  Then using the results to 
demonstrate that the 95% failure probability failure fractions are consistent with the projected values, that 
form the basis for safety analysis methods.  Two cases regarding the numbers of particle failures observed 
in the tests were considered (see Table A-1): 
 

 Case 1.  The failure fractions observed in the irradiation and heating tests exactly matched the 
50% confidence values. 

 Case 2.  The number of failures determined in Case 1 is increased by a factor of 1.1 plus two 
additional particle failures (the additional failures add margin in cases with very low failure 
probabilities). 

Table A-1. The relevant data from Table 13 and the calculational results are summarized below (number 
of spheres assumes 11,200 particles/sphere). 

 

 
 

The number of spheres at 1800°C are affected by the relatively low ratio between the 95% and 50% 
confidence values in the table, with this ratio decreasing from 3.4 in the normal operation range to 2, 1.5, 
and 1.2 at 1600, 1700, and 1800°C.  The result becomes totally unrealistic for Case 2.  Assuming the fuel 
behaves like the German fuel, metallic releases for the 1800°C case will be dominated by corrosion of 
and diffusion through the silicon carbide layers of intact particles.  Also, in the German 1800°C test data, 
the gas release trends do not indicate sudden particle failures, so failure fraction is not a meaningful 
metric at this high temperature.  Thus, at this high temperature the number of spheres should be based on 
demonstration of repeatability of results rather than a statistical demonstration of failure fractions. 

Temperature 
NGNP 

Expected
NGNP 95% 
Confidence

# spheres # part. # spheres # part. 
800-1200 4.88E-05 13 2 25 7 

1600 4.11E-04 3 6 6 17 
1700 3 16 6 42 
1800 2.21E-03 5 86

Minimum Number Spheres/Expected Number 
Failed Particles

 Case 1 
50% Confidence

Case 2 
1.1×50% + 2 part 

Failure fraction values from Table 13,
pg. 63 of Fuel Qualification white paper 

9.31E-04

1.44E-05 
2.08E-04 
6.12E-04 
1.85E-03 
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Given these considerations and calculational results, an irradiation and testing matrix that represents a 
degree of conservatism relative to the expected failure fractions (Case 1) but less than the assumptions of 
Case 2 is considered a reasonable balance between requiring an excessive number of spheres and the 
prospect that the data would be insufficient to demonstrate the assumed 95% confidence failure fractions.  
Table A-2 provides the following recommended matrix: 

Table A-2. Recommended Matrix. 
 Temperature, °C Number of Spheres 

Irradiation 800-1200 20 

Heating Tests 

1600 5 

1700 5 

1800 3 
 

This matrix results in seven irradiated spheres not assigned to heating tests, with one or more of those 
spheres dedicated to destructive methods to determine fuel condition at the end of irradiation and 
additional spheres for moisture tests and/or heating tests if necessary.  Assuming the irradiations are 
conducted in the HFR reactor at Petten using the test train design associated with the HFR-EU1 
irradiation, 5 spheres would be irradiated at a time, requiring a total of four irradiations.  For scheduling 
purposes, it is assumed that two test train are irradiated in parallel. 

 


