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SUMMARY
A technology maturation plan (TMP) was developed for immobilization of high-level waste (HLW)
raffinate in a glass-ceramic waste form using a cold-crucible induction melter (CCIM). The TMP was
prepared by the following process: 1) define the reference process and boundaries of the technology being
matured, 2) evaluate the technology elements and identify the critical technology elements (CTE), 3)
identify the technology readiness level (TRL) of each of the CTE’s using the DOE G 413.3-4, 4) describe
the development and demonstration activities required to advance the TRLs to 4 and 6 in order, and 5)
prepare a preliminary plan to conduct the development and demonstration. Results of the technology
readiness assessment identified five CTE’s and found relatively low TRL’s for each of them:


Mixing, sampling, and analysis of waste slurry and melter feed: TRL-1



Feeding, melting, and pouring: TRL-1



Glass ceramic formulation: TRL-1



Canister cooling and crystallization: TRL-1



Canister decontamination: TRL-4.

Although the TRL’s are low for most of these CTE’s (TRL-1) primarily because the specific waste stream
is not known or tested, the effort required to advance them to higher values is relatively low. A TRL of 2
would be obtained by completing an initial waste composition/property estimate, a preliminary
engineering study, some additional laboratory scale tests of the glass-ceramic, and a mixing and sampling
test. Relatively little additional effort is required to advance the technology to TRL-3.
The activities required to advance the TRL’s through level 6 include:


Complete this TMP



Perform a preliminary engineering study



Complete paper study, characterize, estimate volumes and ranges, and simulate waste to be
treated



Laboratory scale glass ceramic testing



Melter and off-gas testing with simulants



Test the mixing, sampling, and analyses



Canister testing



Decontamination system testing



Issue a requirements document



Issue a risk management document



Complete preliminary design



Integrated pilot testing



Issue a waste compliance plan.

A preliminary schedule and budget were developed to complete these activities as summarized in the
following table (assuming 2012 dollars).
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Budget

TRL
Year

MSA

FMP

GCF

CCC

CD

Overall

$M

2012

1

1

1

1

4

1

0.3

2013
2014
2015
2016
2017
2018

2
2
2
2
2
3

2
3
3
3
3
3

1
1
2
2
3
3

1
1
2
2
2
3

4
4
4
4
4
4

1
1
2
2
2
3

1.3
1.8
2.6
4.9
9.8
7.9

2019
2020
2021
2022
2023
2024
2025

3
3
3
3
4
5
6

3
3
3
3
4
5
6

3
3
3
3
4
5
6

3
3
3
3
4
5
6

4
4
4
4
4
5
6

3
3
3
3
4
5
6

5.1
14.6
7.3
8.8
9.1
6.9
6.9

CCC = canister cooling and crystallization; CD = canister decontamination;
FMP = feeding, melting, and pouring; GCF = glass ceramic formulation;
MSA = mixing, sampling, and analyses.

This TMP is intended to guide the development of the glass-ceramic waste form and process to the point
where it is ready for industrialization.
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INTRODUCTION
Project Description

The Fuel Cycle Research and Development Program is developing technologies for next-generation
sustainable nuclear fuel cycles. Sustainable fuel cycles are those that improve uranium resource
availability and utilization, minimize waste generation, and provide adequate capability and capacity to
manage all wastes produced by the fuel cycle. The key challenge for the U.S. Department of Energy
(DOE) in this objective is to develop a suite of options that will enable future decision-makers to make
informed choices about how best to manage used fuel from reactors. The overall goal is to demonstrate
the technologies necessary to allow commercial deployment of solution(s) for the sustainable management
of used nuclear fuel that is safe, economical, secure, and widely acceptable to society. The proposed
schedule for the next-generation fuel cycle is to begin operation of an engineering scale facility by 2040.
The Separations and Waste Forms (SWF) Campaign is developing the next generation of fuel cycle
separation and waste management technologies that will enable a sustainable fuel cycle with minimal
processing, waste generation, and potential for material diversion. This scope includes waste
management approaches for advanced separation technologies.
Vitrification is a mature technology that is used worldwide for the immobilization of high-level
radioactive wastes (HLW). However, shortcomings in existing vitrification technologies and the
reference borosilicate waste glass (BSG) have prompted the investigation of a glass ceramic (GC) waste
form (as summarized in Table 1).
Table 1. Comparison of borosilicate glass and glass-ceramic for high-level radioactive waste
immobilization.
Issue
Chemical
durability

Chemical
compatibility

Decay heat
tolerance

Process

Reference Borosilicate Glass
Borosilicate glass has good chemical
durability but conservatisms in current
models indicate that it may not be
sufficiently protective of the environment to
avoid other engineered barriers.
Several components of HLW inherent to
advanced fuel cycles are not very soluble in
BSG. For example, Mo, Ru, Pd, and Rh are
sparsely soluble and limit the loading of
waste in glass.
There is a strict limit of heat that can be
handled in BSG. If canister centerline
temperatures are allowed to rise above the
glass transition temperature (Tg≈450°C),
phase changes may degrade the waste form.
The reference process for vitrification is
well established and efficient for BSG
production.

Proposed Glass-ceramic
Glass ceramic formulations aim to immobilize
radionuclides of concern in host ceramic phases
with durabilities that are orders of magnitude
greater than the reference BSG.
The aim of glass ceramic formulations is to
incorporate those elements that are not soluble
in BSG into durable crystalline phases, thereby
increasing the loading of waste in glass by
~50%.
In glass-ceramic, the glass phase targeted will
have relatively high Tg and high melting point
crystalline phases. Combined, the waste form is
likely to handle roughly twice the decay heat
without significant chemical changes.
Glass ceramic formulations will use a process
very similar to that used for BSG to take
advantage of the operating experience,
equipment design, and remote operation.

BSG = Borosilicate waste glass.
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Technology Readiness Assessment Process

Technology readiness assessment (TRA) is a process for evaluating the readiness of a technology for
deployment that was developed by the National Aeronautics and Space Administration (NASA) and later
adopted by the U.S. Department of Defense and DOE (DOE 2009). The process works in three parts:
1. Identifying critical technology elements (CTEs). CTEs are the at-risk technologies that are essential
to the successful operation of the facility, and are new or are being applied in new or novel ways to
the environment.
2. Assessing the technology readiness level (TRL). The TRL scale indicates the maturity level of a
given technology ranging from 1 (basic principle observed) through 9 (total system used successfully
in project operations). TRL is not an indication of the quality of technology implementation in the
design or the relative challenge of obtaining a higher TRL.
3. Developing a technology maturation plan (TMP). The TMP is a plan to increase the TRL of all CTEs
to a predetermined level at a target date. This plan defines the major functions to be performed and
the relationship of those functions to technical maturity.
Table 2 summarizes the TRLs and compares the stages of development. TRLs are determined by
answering an extensive list of questions (Appendix A) for each CTE. To attain a specific TRL, the CTE
should receive a “yes” or “not applicable” response to all questions at the TRL level from which the
questions are found. Thus, the TRL for a specific CTE is defined by the level from which all questions
are answered affirmatively. The TRL for the technology is then defined as the lowest of the TRLs of all
the CTEs.

2
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TRL

System Operations

9

Actual system operated over the full
range of expected conditions

The technology is in its final form and operated under the full range of
operating conditions. Examples include using the actual system with the full
range of wastes in hot operations.

System
Commissioning

8

Actual system completed and
qualified through tests and
demonstrations

The technology has been proven to work in its final form and under expected
conditions. In almost all cases, this TRL represents the end of true system
development. Examples include developmental testing and evaluation of the
system with actual waste in hot commissioning. Supporting information
includes operational procedures that are virtually complete. An operational
readiness review has been successfully completed prior to the start of hot
testing.

7

Full-scale, similar (prototypical)
system demonstrated in relevant
environment

This represents a major step up from TRL 6, requiring demonstration of an
actual system prototype in a relevant environment. Examples include testing
full-scale prototype in the field with a range of simulants in cold
commissioning. Supporting information includes results from the full-scale
testing and analysis of the differences between the test environment, and
analysis of what the experimental results mean for the eventual operating
system/environment. The final design is virtually complete.

6

Engineering/pilot-scale, similar
(prototypical) system validation in
relevant environment

Engineering-scale models or prototypes are tested in a relevant environment.
This represents a major step in a technology’s demonstrated readiness.
Examples include testing an engineering scale prototypical system with a
range of simulants. Supporting information includes results from the
engineering scale testing and analysis of the differences between the
engineering scale, prototypical system/environment, and analysis of what the
experimental results mean for the eventual operating system/environment.
TRL 6 begins true engineering development of the technology as an
operational system. The major difference between TRL 5 and TRL 6 is the
advancement from laboratory scale to the engineering scale, and the
determination of scaling factors that will enable design of the operating
system. The prototype should be capable of performing all the functions that
will be required of the operational system. The operating environment for the
testing should closely represent the actual operating environment.

Technology
Demonstration

TRL Definition

Description
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Table 2. Summary of technology readiness levels (from DOE 2009).

Technology
Development

TRL Definition

Description
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5

Laboratory scale, similar system
validation in relevant environment

The basic technological components are integrated so that the system
configuration is similar to (matches) the final application in almost all
respects. Examples include testing a high-fidelity, laboratory scale system in a
simulated environment with a range of simulants and actual waste. Supporting
information includes results from the laboratory scale testing, analysis of the
differences between the laboratory and eventual operating
system/environment, and analysis of what the experimental results mean for
the eventual operating system/environment. The major difference between
TRL 4 and TRL 5 is the increase in the fidelity of the system and environment
to the actual application. The system tested is almost prototypical.

4

Component and/or system validation
in laboratory environment

The basic technological components are integrated to establish the pieces will
work together. This is relatively “low fidelity” compared with the eventual
system. Examples include integration of ad hoc hardware in a laboratory and
testing with a range of simulants and small-scale tests on actual waste.
Supporting information includes the results of the integrated experiments and
estimates of how the experimental components and experimental test results
differ from the expected system performance goals. TRL 4-6 represent the
bridge from scientific research to engineering. TRL 4 is the first step in
determining whether the individual components will work together as a
system. The laboratory system will probably be a mix of on-hand equipment
and a few special purpose components that may require special handling,
calibration, or alignment to get them to function.

3

Analytical and experimental critical
function and/or characteristic proof of
concept

Active R&D is initiated. This includes analytical studies and laboratory-scale
studies to physically validate the analytical predictions of separate elements of
the technology. Examples include components that are not yet integrated or
are representatively tested with simulants. Supporting information includes
results of laboratory tests performed to measure parameters of interest and
comparison to analytical predictions for critical subsystems. At TRL 3, the
work has moved beyond the paper phase to experimental work that verifies the
concept works as expected on simulants. Pieces of the technology are
validated, but there is no attempt to integrate the components into a complete
system. Modeling and simulation may be used to complement physical
experiments.

Preliminary Technology Maturation Plan for
Immobilization of High-Level Waste in Glass-Ceramics

Research to Prove
Feasibility

TRL

FCRD-SWF-2012-000152

4
Technology
Development
Stage

TRL Definition

Description

Basic Technology
Research

2

Technology concept and/or
application formulated

Once basic principles are observed, practical applications can be invented.
Applications are speculative, and there may be no proof or detailed analysis to
support the assumptions. Examples are still limited to analytical studies.
Supporting information includes publications or other references that outline
the application being considered and that provide analysis to support the
concept. The advancement from TRL 1 to TRL 2 moves the ideas from pure to
applied research. Most of the work is analytical or paper studies with the
emphasis on understanding the science better. Experimental work is designed
to corroborate the basic scientific observations made during TRL 1 work.

Basic Technology
Research

1

Basic principles observed and
reported

This is the lowest level of technology readiness. Scientific research begins to
be translated into applied R&D. Examples might include paper studies of a
technology’s basic properties or experimental work that consists mainly of
observations of the physical world. Supporting information includes published
research or other references that identify the principles that underlie the
technology.

TRL = Technology Readiness Level; R&D = research and development.
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Technology
Development
Stage

According to DOE guidance (DOE 2009), a TRL = 4 is targeted for critical decision-1 and a TRL = 6 is targeted for critical decision-2/3.
Therefore, TMPs are generally written to achieve TRLs of 4 and/or 6. A technology will generally exit the technology development and
demonstration phase at a TRL of 6 and if a U.S. congressional line item project, the technology will be “projectized” at TRL 4.
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TECHNOLOGY DESCRIPTION

The first step in developing the TMP is to define the technology or “system” to be evaluated. In general,
the technology is a GC containing 50% more HLW than in the BSG waste forms produced in current
European reprocessing facilities and the process required to make it. The process inputs are HLW and
various services; the process outputs are secondary effluents and GC waste forms as summarized in
Figure 1.

Figure 1. Schematic of major components entering and exiting the glass ceramic waste form fabrication
process.
A set of reference and alternative waste process technologies were selected based on experience with
previous projects aimed at vitrification of similar wastes. The options considered for each function, the
selected reference technology, and comments on the selection of the reference technology are summarized
in Table 3. Figure 2 shows a schematic of this chosen reference process.

6
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Reference Option

Reason for Selection

Other Options Considered

 Impellers have performed better than any other mixing
system. The challenge of maintaining a well-mixed
waste feed for consistent transfer and representative
sampling is worth the added maintenance.
 With the possibility of high-heat waste, and impeller
agitation, cooling is deemed essential.
 VF sampler performed very well at WVDP; the ASX
autosampler had some significant challenges at the WTP.

 Pulse-jet mixers
 No cooling
 ASX sampler

Feed adjustment

 Dry addition of
additives
 Mechanical
agitator, coil
cooled vessel
 VF sampler

 Dry addition of additives reduces the need for excess
water removal and handling.
 Vessel mixing—rather than calcination—reduces
maintenance, and if a CCIM is chosen, the processing
rate per unit hot cell volume is likely to be higher without
a calciner.

 Slurry addition of additives with feed
evaporator
 Rotary calciner for feed mixing and drying
 ASX sampler

Melting and
pouring

 CCIM
 Slurry fed

 High-specific throughput, high temperature, high
technical maturity, and crystal tolerance of the CCIM are
attractive for this application.
 Slurry feed will reduce the process rate but also reduce
the maintenance requirements and downtime of the
vitrification operation.

 HWIM, JHCM, and in-can melters
 Calciner head-end to the melter

Heat treatment

 Controlled
cooling with
insulation

 With very little extra equipment, a slow cooling can be
controlled; the team believes researchers can predictably
and reliably form the correct phases and microstructure.

 Natural cooling
 Controlled cooling with furnace
 Cooling, then controlled heating with furnace

Canister

 2’ⱷ × 14.8’, 3/8”
walled 304L SS
can

 Standard WTP HLW canister, already qualified for use,
large volume per canister, with height consistent with
current BWR assembly lengths.

 WVDP canister (2’ⱷ × 10’)
 LaHague canister (1.4’ⱷ × 4.4’)

Canister
handling

 Arc-welded lid
 CO blasting

 Demonstrated at WVDP and WTP.
 Too hot for chemical and water blasting.







 Simple solution shown to reduce gas line buildups.

 No gas cooling

2

decontamination

7

Cooling and
preventing

 Film cooler

DWPF welder
Crimp lid
Outer can
Chemical decontamination
Sand/frit blasting decontamination

FCRD-SWF-2012-000152

 Mechanical
agitator
 Coil cooled
vessel
 VF sampler
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Feed and
sampling
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Table 3. Summary of reference process components.

Reference Option

Reason for Selection

Other Options Considered
 Feed calciner
 Close-coupled NOxIDIZER

 EVS
 HEME
 Recycleevaporator

 EVS worked well at DWPF; avoided some problems
associated with SBS or packed-plate columns.
 HEME and evaporator are required if wet scrub is used.
Dry processing not considered because high maintenance
is expected based on plugging potential observed in
previous testing on spray calciners and test melters.






Gas reheater

 Electric
resistance heater

 Simple, inexpensive, and proven technology.

 Electric or burner preheated dilution air

Organic
removal

 None required

 Assume that hazardous organics and PICs are not
sufficient to require organics removal.

 NOxIDIZER
 SCO.

Nitrate
mitigation

 SCR

 A proven technology well suited for a broad range of
nitrate concentration with little secondary waste.







Burner
Trap
Caustic scrub
NOxIDIZER
None

Iodine capture

 AgZ

 Proven technology (Rokkasho, Tokai, WTP).






Ag/aerogel
Caustic scrub
MOF
GAC

SBS, WESP, and HEME
SMF and HEPA
Packed-plate column, HEME
All with recycle

AgZ = silver mordenite; ASX = ASX autosampler; BWR = boiling water reactor; CCIM = cold crucible induction melter; DWPF = Defense Waste
Processing Facility; EVS = ejector venturi scrubber; GAC = granular activated carbon; HEME = high-efficiency mist eliminator; HEPA = high-efficiency
particulate air; HWIM = hot-walled induction melter; JHCM = Joule-heated ceramic melter; MOF = metal-organic-framework; PIC = products of
incomplete combustion; SBS = submerged bed-scrubber; SCO = selective catalytic oxidizer; SCR = selective catalytic reducer; SMF = sintered-metal filter;
VF = Vitrification facility; WESP = wet electrostatic-precipitator; WTP = Waste Treatment and Immobilization Plant; WVDP = West Valley
Demonstration Project.
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Figure 2. Schematic of reference flowsheet (the inputs and outputs shown in green are not analyzed as
part of this study).
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TECHNOLOGY READINESS ASSESSMENT

3.1

Panel and Assessment Method

The selected process is then evaluated for technology readiness using the process described in DOE
(2009) with the key exception that an independent panel of experts was not used to perform the
assessment. Instead, a group of technical experts with backgrounds sufficient to evaluate this set of
technologies performed the assessment:

10



Jarrod V. Crum: Mr. Crum is a staff scientist at Pacific Northwest National Laboratory (PNNL)
with 14 years of experience in borosilicate glass and ceramics waste form characterization and
development. He earned a B.S. in Geology from the University of Idaho. Mr. Crum has focused
on measuring the liquidus temperature and crystallization behavior of borosilicate glasses, and
applying microscopy and X-ray diffraction technologies. He was the lead author for the baseline
borosilicate glass report for the combined fission products waste form for secondary waste
streams generated by aqueous reprocessing (Crum et al. 2009). He has lead formulation aspects
of the glass ceramic waste form development. Other areas of research are oxide synthesis (such
as sodalite, oxyapatite, olivine, and spinel) and phase diagram measurement of MnOx-FeOx binary
phase diagram in air. Mr. Crum is also involved in the development and characterization of the
epsilon-metal waste form for treatment of the noble metals fraction of the fission products
generated from aqueous reprocessing.



Gary J. Sevigny: Mr. Sevigny has worked for PNNL for 32 years and earned a B.S. in Chemical
Engineering from Washington State University. His experience has focused on the research and
development of processes for treatment of hazardous and radioactive material including
vitrification, liquid waste treatment, tritium extraction, spent fuel stabilization, plutonium
stabilization, and waste separation. He has worked on several vitrification projects, including the
Defense Waste Processing Facility at the Savannah River Site; the West Valley Vitrification
System; several Hanford Site vitrification projects; the vitrification of over 30 canisters of waste
containing approximately 10 million curies of cesium and strontium for the Republic of
Germany; and supported the bulk vitrification test program. He was responsible for a vacuum
drying system design and start-up for treating stainless-steel reactor fuel from the BN350 reactor
in Kazakhstan in 1997 and 1998. He was the principal engineer for treatment of the high-activity
mixed waste containing large quantities of cesium and strontium. This activity recovered
strontium for the medical isotope program in 1996. Mr. Sevigny worked on the K-Basin reactor
fuel pool stabilization, and provided engineering support for the Plutonium Finishing Plant
Stabilization Environmental Impact Statement. He has recently performed engineering
evaluations and technology maturity assessments for the Pit Disassembly and Conversion Facility
at the Savannah River Site.



Gary L. Smith: Dr. Smith earned a Ph.D. in Materials Science & Engineering from the
University of Arizona. He is a staff scientist at PNNL and is currently on assignment to the DOE
Office of Environmental Management (EM) - Office of Tank Waste Management, Tank Waste &
Nuclear Materials. In this assignment, Dr. Smith is the Immobilization Lead who supports
implementation of the EM roadmap, including work breakdown structure element planning and
multi-year program planning to more effectively integrate national and international capabilities
into the Tank Waste & Nuclear Materials Management Program. Dr. Smith has been involved
with all aspects of the nuclear waste flowsheet for approximately 20 years, taking on roles of
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increasing responsibility in both a technical capacity and in management. He has extensive
program management experience, most recently serving as PNNL’s Deputy Program Manager for
the DOE Office of River Protection’s Waste Treatment Plant Project Support Program. This
program contributes significantly to the characterization, retrieval, pretreatment, and vitrification
of Hanford Site tank waste for the Hanford Tank Waste Treatment and Immobilization Plant
(WTP). Prior to this role, Dr. Smith served as a technical advisor, directly supporting the WTP
contractor. He has managed and acted as principal investigator on projects ranging from
vitrification and glass product testing to examining the processability of slurry feeds as a function
of batch chemistry for laboratory-, bench- and pilot-scales. Dr. Smith has published more than 70
refereed journal articles, technical reports, and conference papers as well as numerous classified
documents. He has co-edited three volumes of Ceramic Transactions on the topic of
“Environmental and Waste Management Issues in the Ceramic Industry.” He is a fellow of the
American Ceramic Society and the ASTM International. Dr. Smith is past chair of the ASTM
International Committee C-26 on the Nuclear Fuel Cycle, and chair of the Subcommittee C26.13
on Spent Fuel and High Level Waste that develops consensus standards for the international
nuclear community. He is also vice chair of the U.S. Nuclear Technical Advisory Group and past
chair of the American Ceramic Society Nuclear and Environmental Technology Division.


John D. Vienna: Dr. Vienna earned a Ph.D. in Materials Science from Washington State
University. In 1993, he joined the Glass Development Laboratory at PNNL as a research scientist
and currently serves as Chief Scientist in the Radiological and Nuclear Science and Technology
Division. He conducts research in waste processing and waste form testing. He leads waste form
technology development projects for DOE’s Office of Environmental Management and the Office
of Nuclear Energy. Dr. Vienna has published over 200 journal articles, conference papers, and
technical reports in materials science and its applications to waste management. He has
performed independent research in basic waste form materials chemistry, nucleation and growth
kinetics, waste form processing, and thermodynamics of multi-component, multi-phased waste
forms. Dr. Vienna spent 7 years as a vitrification subject matter expert for the Hanford Tank
Waste Treatment and Immobilization Plant. He served on a Technology Readiness Assessment
Panel for the DOE Calcine Disposition Project. Dr. Vienna is a Fellow of the American Ceramic
Society, a founding member of the Nuclear Waste Vitrification technical committee of the
International Commission on Glass, and is an Associate Editor of the International Journal of
Applied Glass Science.

The assessment was conducted according to the following process:
1. A subset of the panel (Vienna and Crum) prepared the assessment.
a. The reference process description (Section 2) was developed
b. An initial selection of CTEs was made
c. Literature was reviewed to determine what testing, modeling, demonstration, equipment
fabrication, and operating experience was published for each CTE
d. The available data were used to answer questions related to TRL for each CTE using the
question list given in Appendix A.
2. The full panel was brought together to review the preliminary process description, CTE selection,
and question list.
3. The full panel independently completed the question lists for the CTEs for which they were
technically proficient.
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4. The panel again met and the final consensus responses to the list questions for each CTE were
collected, thereby defining the TRL of each CTE.
5. The panel again met and developed a list of activities needed to advance each CTE to TRL-4 and
TRL-6.
6. A draft of this TMP was written to summarize the process, panel findings, and the tasks to be
completed.
7. The full panel reviewed the draft TMP, comments were discussed and addressed, and a final TMP
was issued.
Note that several scores, including the CTE list, have changed through the process by the full panel. The
final results are provided in Section 3.2.

3.2

Critical Technology Elements

From the process description (Section 2), the research team obtained the following distinct technology
elements:


High-level waste receipt and adjustment



High efficiency mist eliminator (HEME)



HLW mixing, sampling, analyses



Selective catalytic reducer (SCR)



Glass forming chemical (GFC) addition



Off-gas heater



Feed mixing, sampling, analyses



Iodine scrubber



Melter feeding, melting, and pouring



High-efficiency particulate air (HEPA)



Glass ceramic formulation



Blower



Canister cooling and crystallization



Melter power supply and wave guide



Film cooler



Canister handling



Ejector venturi scrubber (EVS)



Canister lid welding



Recycle collection



Canister decontamination

Each of these technology elements are compared to the CTE determination questions in Table 4. For a
technology to be considered critical, it must have a positive response to at least one criteria set 1 question
(criticality to program) and to at least one criteria set 2 question (new or novel). The method used to
select technology elements in this study ensures that each of the technology elements are critical to the
program (at least on question of the criteria set one is positive). Table 5 shows the selection of CTEs.
Although six CTEs result from this process, two are highly related: the mixing, sampling, and analyses
(MSA) of the HLW input material and the melter feed. Thus, these two are combined into a single CTE
for MSA. The resulting CTEs, along with a brief description, are in Section 3.2.1. Note: the off-gas
treatment system was not identified as a CTE as each of the components of the system have been
individually been demonstrated to work with similar off-gas streams. However, if the melter operating
temperature required to make the glass-ceramic waste form turns out to be significantly above the range
of temperatures over-which off-gas equipment have been demonstrated, then, certain off-gas components
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may become CTEs. For now we assume moderate temperatures and allow the preliminary engineering
study and integrated testing to identify any potential issues.

Table 4. Critical technology element decision questions (after DOE 2009).
Set 1 - Criteria
Does the technology directly impact a functional requirement of the process or facility?
Do limitations in the understanding of the technology result in a potential schedule risk; i.e., the technology may not
be ready for insertion when required?
Do limitations in the understanding of the technology result in a potential cost risk; i.e., the technology may cause
significant cost overruns?
Do limitations in the understanding of the technology impact the safety of the design?
Are there uncertainties in the definition of the end state requirements for this technology?
Set 2 - Criteria
Is the technology new or novel?
Is the technology modified?
Have the potential hazards of the technology been assessed?
Has the technology been repackaged so a new relevant environment is realized?
Is the technology expected to operate in an environment and/or achieve performance beyond its original design
intention or demonstrated capability?

3.2.1

Mixing, Sampling, and Analyses

The process requires that undissolved solids from dissolution, single-phase HLW raffinate, and
multiphase recycle streams will be mixed. One of the critical factors for successful operation is to
maintain the noble metals (Pd, Ru, Rh) in proper concentrations in the melter feed. This requires the
mixing of fast settling solids into a low viscosity liquid, representative sampling, and thorough analyses
of the sample. These three aspects have proven difficult for U.S. HLW treatment plants: the West Valley
Demonstration Project (WVDP), the Defense Waste Processing Facility (DWPF), and the WTP. Each of
these three plants was forced to redesign their mixing and sampling systems even though they had full
access to the lessons learned from the previous plants. Additionally, the solutions being generated in this
process are distinctly different from those processed at any of the three U.S. plants in that they will not be
neutralized for storage in carbon-steel tanks and they will contain significantly lower concentrations of
nonradioactive chemical additions.
Mixing will be performed in water cooled, impeller agitated vessels. The sampling system will be
modeled after the WVDP vitrification facility (VF) sampler, which was the most successful of the three
sampling systems employed in the U.S. and functioned in the only plant that processed exclusively
commercial power reactor fuel (with higher noble metals fractions). Chemical analyses will be performed
by fusion of the sample in a series of melts (Na2O2, LiBO2, and KOH), and the fused material will be
dissolved in nitric acid solution in volumetric flasks according to ASTM C-1463 (ASTM 2007). Solution
analysis will be performed using inductively coupled plasma-optical emission spectroscopy according to
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ASTM C-1109 (ASTM 2010). Analyses by inductively coupled plasma-mass spectrometry may also be
necessary for some analytes.

3.2.2

Melter Feeding, Melting, and Pouring

The cold-crucible induction melter (CCIM) was selected for this process because of the relatively high
operating temperatures and tolerance to crystals that it affords. CCIMs have been deployed for many
decades to process metal, ceramic, and glass melts, including radioactive glasses (Sobolev et al. 1996;
Song 2003; Bonnetier et al. 2003). The only CCIM currently deployed to treat HLW is at the AREVA
LaHague site in France, plant number R7. In the R7 plant, the CCIM is fed by a rotary calciner that takes
liquid HLW and some additives and converts the mixture to a granular dry feed for the melter. The
GFCs, in the form of a frit, are simultaneously added to the melt with the calcined waste.1 In LaHague
process the calciner both dries the feed and is the first component of the off-gas treatment system. In the
proposed process, the research team conducting this study differed from this approach for several reasons.
1) The calciner requires rotation and a beater bar to operate which increases the maintenance
requirements. 2) The calciner must be located at the top of the cell with allowance for easy removal and
maintenance access reducing the design options. 3) The primary benefit of the calciner is to reduce
melting rate can be more easily accomplished by a larger melter surface area. 4) The secondary benefit of
the calciner is as an initial component of the off-gas treatment system is not as efficient, requires more
maintenance, and is larger than our proposed EVS.
The operating philosophy adopted here is one of minimal down time for maintenance. The liquid-fed
melting rates have been demonstrated for the CCIM to be as high as 6000 kg/(m2·d) for slurries with ~500
g of glass per liter of feed with no mechanical stirrer (Kobelev et al. 2006). Although the slurry feeding
process was demonstrated on a number of occasions, no long-term processing experience is available for
every simulant and not for actual HLW feeds.
The crystal tolerance of the CCIM is part of the decision to select this melter as a reference technology.
However, it has not yet been demonstrated if the exact crystals being generated for the proposed glassceramic can be successfully processed in a CCIM. In addition, the allowable concentration of noble
metals is a key uncertainty. AREVA officials have reported a noble metal limit for processing in the R7
CCIM of 3 wt% (combined RuO2, PdO, and Rh2O3) (Ladirat et al. 2004). However, the tests that led to
this limit are not well described nor is it clear if higher concentrations can be tolerated. The primary
concern with high noble metal concentrations is the formation of macroscopic metal particles (through
agglomeration and settling) that will preferentially couple to the induction field and heat to sufficient
temperatures that they melt through the frozen glass scull of the melter (Demin and Matyunin 1995).
Pouring from the melter is more of a technical challenge for glass-ceramic than for simple glasses because
the glass-ceramic are designed to crystallize relatively quickly upon cooling, causing dramatic viscosity
increase, effectively freezing the melt. After a portion of the melt is poured from the melter bottom, the
pour is stopped by moving a cold gate valve across the opening. The cooling of the melt near the valve
will almost certainly cause the melt to crystallize. It has yet to be demonstrated if these crystals will
dissolve sufficiently fast to reinitiate pouring.

1

A frit is assumed sufficient for this process because the range of waste compositions is not likely to require
changes in additive concentrations on a regular basis.
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Do limitations in the understanding of the technology
result in a potential cost risk; i.e., the technology may
cause significant cost overruns?
Do limitations in the understanding of the technology
impact the safety of the design?
Are there uncertainties in the definition of the end state
requirements for this technology?
Set 2 – Criteria
Is the technology new or novel?
Is the technology modified?
Have the potential hazards of the technology been
assessed?
Has the technology been repackaged so a new relevant
environment is realized?
Is the technology expected to operate in an environment
and/or achieve performance beyond its original design
intention or demonstrated capability?
Critical Technology Elements
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Technology Elements
Set 1 – Criteria
Does the technology directly impact a functional
requirement of the process or facility?
Do limitations in the understanding of the technology
result in a potential schedule risk; i.e., the technology
may not be ready for insertion when required?
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Glass Ceramic Formulation

Borosilicate-based glass is the waste form of choice for HLW immobilization worldwide (Vienna 2010;
Donald et al. 1997; Ojovan and Lee 2005). Scientists have long recognized that allowing insoluble
components to precipitate from the borosilicate melt would increase the loading of waste in glass and may
increase waste forms performance (Hrma 2010; Juoi and Ojovan 2007; Juoi et al. 2008). However, to
date no HLW glass-ceramic formulations have been produced at scale for HLW immobilization. The
challenges are partly with the processability of the glass ceramic as discussed in the preceding and
following sections, but also with the ability to predict and control the phases that form in an industrial
process. In the United States, it is not sufficient to produce a good durable waste form. The waste form
must have both good and predictable performance. To predict performance, the research team will need
to predict the amounts, types, and compositions of phases formed in the final, canistered waste form.
This prediction is problematic because of a difficulty in controlling the exact composition of melt and the
wide range of cooling schedules in the canister. Alternatively, the performance may be bounded by a
“worst-case” waste form and cooling schedule. If this worst-case is shown to meet all the waste form
requirements, then any waste form bounded by it would meet the requirements.
A glass ceramic composition must be formulated so that a predictable phase assemblage is formed for the
full range of anticipated composition space and temperature history variations. In addition, the melt must
be processable with minimal risk of process upsets. Finally, the impacts of off-normal processing events
(e.g., loss of power, etc.) must be accounted for in glass formulation to ensure a recovery method is
compatible with the final formulation.
Finally, the glass ceramic must tolerate a wide range of decay heat. Typical commercial HLW glasses are
decay heat limited. Putting key radionuclides into crystalline phases that do not melt until high
temperature helps to relax decay heat limits. However, the range of resulting phase assemblages must
tolerate the decay heat without significant chemical or physical changes that might impact performance.

3.2.4

Canister Cooling and Crystallization

The phases formed during canister cooling must be predictable and lead to a sufficiently high performing
waste form as described in Section 3.2.3. The assumed process for allowing these phases to form is direct
cooling from the melt without any reheating. This adds to the problems during the formulation process
because the melt must crystallize fast enough to form the correct phase assemblage during natural cooling
while remaining fluid enough to fill the entire canister. The crystallization cannot harden the glass before
it flows to the canister edges.
Two alternative processes will be considered while developing this waste form: 1) slowing the cooling
process by insulating the canister, and 2) employing a secondary heat treatment to the canister during and
after filling using an electric heater.
In evaluating the technical maturity of the CTEs, it was often difficult to separate the characteristics of the
GCF from the canister cooling and crystallization. The distinction used in this study is somewhat
arbitrary. However, this does not impact the final product, which is a TMP. This is because the TMP is
designed to cover the needs from all of the CTEs and where there is overlap, testing is combined.
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Canister Decontamination

Canister decontamination is performed regularly around the world. However, the target of the GCFs is to
increase the loading of HLW in the waste form by 50%. With this increase comes a higher temperature
canister that adds significant challenges to decontamination processes. Carbon-dioxide (CO2) pellet
blasting was selected for canister decontamination because it is the proven decontamination process that
is the least impacted by canister wall temperature. It was chosen as the WTP low-activity waste (LAW)
glass canister decontamination method for the same reason.2 A complete technology readiness
assessment was performed for the Hanford Site LAW vitrification process resulting in a TMP
(Holton et al. 2007). Rather than repeat the process in this study, the research team adopted the results for
CO2 pellet blasting directly from the WTP TMP.

3.3

Technology Readiness Level

According to the DOE (2009) guidance:
To attain a specific TRL, the CTE should receive a “yes” response to all questions at the TRL
level from which the questions are found.
It is not clear what TRL to assign a CTE if some of the TRL level 1 questions are answered “no.” The
research team will assume a TRL level of 1 in such cases. The question list was answered for each of the
CTEs and responses are provided in Appendix A. These responses resulted in a TRL 1 for all CTEs,
except for canister decontamination as summarized in Table 6.
The low TRL for this technology may be misleading; it suggests that only a general notion exists without
significant development. However, a review of the criteria missed shows the TRL can be advanced for
most CTEs to level 2 by completing an initial waste composition/property estimate, a preliminary
engineering study, and some additional laboratory scale tests of the glass-ceramic. The one exception is
the mixing, sampling, and analysis CTE which would also require some mixing and sampling tests.
The TRL’s of most CTE’s would also advance to level 3 with a relatively small additional effort
including:


Laboratory scale glass ceramic testing



Melter and off-gas testing with simulants



Test the mixing, sampling, and analyses



Canister testing



Issue a requirements document



Issue a risk management document



Issue a waste compliance plan.

The canister decontamination question list was answered only for TRL 5 and TRL 6 level questions,
using a previous version of the guidance (Holton et al. 2007). Although the application reviewed by
Holton et al. (2007) was different from the current proposed application, it was deemed by the panel to be
similar enough to assume the maturity level is equivalent.
2

The Hanford Site WTP LAW glass canister is roughly 4 ft diameter and therefore has significant thermal mass.
This thermal mass leads to a high surface temperature at the time of decontamination.
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Table 6. Criteria answered no by technology readiness level (no/ total).
Critical Technology Element
Mixing, sampling, and analysis
Feeding, melting, and pouring
Glass ceramic formulation
Canister cooling and crystallization
Canister decontamination *

TRL-1
1/9
0/9
0/9
0/9
--

TRL-2
6/25
2/25
7/25
10/25
--

TRL-3
16/33
16/33
15/33
15/33
--

TRL-4
29/37
30/37
23/37
29/37
--

TRL-5
34/39
34/39
29/39
37/39
7/23

TRL-6
28/35
28/35
24/35
28/35
10/28

TRL = Technology readiness levels.
*Note that a previous question list was used for the canister decontamination TRA that had significantly fewer
questions, and only questions for TRL-5 and TRL-6 were answered.
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TECHNOLOGY MATURATION PLAN

A TMP is provided in this report to guide testing of the glass-ceramic waste form and process to the point
where it is ready to be turned over to an industrial partner to implement the process in a reprocessing
plant design project. The turnover point will be in the TRL-4 to TRL-6 range depending on negotiations.
In the case of the early turnover, the industrial partner will likely follow a similar plan to achieve TRL-6
prior to construction.

4.1

Summary

The method to develop this plan is to group similar activities needed to answer questions within and
between CTEs. A base set of activities was found to cover the work required to obtain a TRL of 4 and
then to obtain a TRL of 6 for all CTEs. Table 7 summarizes the questions answered by each of these
activities for each CTE.

Table 7. Summary of questions answered by each technology maturation activity.
Activity

MSA

FMP

GCF

CCC

Complete this TMP

2.18, 4.13

2.18, 4.13

2.18, 4.13

2.18, 4.13

--

Preliminary engineering
study

2.07, 2.09,
3.06, 3.07,
3.16, 3.18,
3.19, 3.26,
4.05, 4.19

3.06, 3.07,
3.16, 3.18,
3.19, 3.26,
4.05, 4.19

3.16, 3.18,
3.19, 3.26,
4.19

2.07, 2.09,
2.12, 2.14,
3.06, 3.07,
3.16, 3.18,
3.19, 3.26,
4.05, 4.19

--

Characterize, estimate,
and simulate waste to be
treated

1.08, 3.27,
3.28, 4.28,
5.24, 5.25,
5.26

2.20, 3.28,
4.28, 5.24,
5.25, 5.26

2.20, 2.23,
5.25, 5.26

2.20, 2.23,
5.25, 5.26

--

2.09, 2.12,
2.13, 2.24,
3.03, 3.07,
3.10, 3.22,
3.27, 4.04,
4.11, 4.12,
4.18, 4.26,
4.28, 4.29,
4.30, 4.32,
4.37, 5.11,
5.24, 5.29,
5.32, 5.36,
5.39, 6.09

2.13, 2.24,
3.03, 4.18,
4.28, 4.29,
4.30, 4.37,
5.24, 5.29,
5.36, 5.39,
6.09

--

5.14

2.15

--

Laboratory scale glass
ceramic testing

--

Melter and off-gas testing
with simulants

--
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3.03, 3.10,
3.22, 3.27,
3.29, 4.02,
4.04, 4.17,
4.18, 4.29,
4.32, 4.37,
5.02, 5.07,
5.14

CD
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Activity
Test the mixing,
sampling, and analyses

MSA
2.14, 2.15,
3.03, 3.10,
3.22, 3.29,
4.02, 4.04,
4.17, 4.18,
4.29, 4.30,
4.32, 4.37,
5.02, 5.07,
5.14, 5.27

FMP

GCF

CCC

CD

--

--

--

--

Canister testing

--

--

--

Decontamination system
testing

--

--

--

3.10, 3.22,
4.02, 4.04,
4.26, 4.32,
5.02, 5.07,
5.14
--

5.09, 5.14

Requirements document

3.12, 3.13,
4.06, 4.08,
4.09, 5.19,
6.08

3.12, 3.13,
3.18, 4.06,
4.07, 4.08,
4.09, 5.19,
6.08

3.12, 3.13,
3.18, 4.06,
4.07, 4.08,
4.09, 5.19,
6.08

3.12, 3.13,
3.18, 4.06,
4.07, 4.08,
4.09, 5.19,
6.08

Risk management
document

3.25, 4.21,
5.34

3.25, 4.21,
5.34

3.25, 4.21,
5.34

3.25, 4.21,
5.34

Preliminary design

4.01, 4.07,
4.16, 4.23,
4.25, 4.31,
5.03, 5.04,
5.05, 5.13,
5.15, 5.18,
5.20, 5.23,
5.31, 6.02,
6.03, 6.05,
6.06, 6.09,
6.12, 6.13,
6.14, 6.15,
6.20, 6.23,
6.25

4.01, 4.16,
4.23, 4.25,
4.27, 4.31,
5.03, 5.04,
5.05, 5.13,
5.15, 5.18,
5.20, 5.23,
5.31,
6.02, 6.03,
6.05, 6.06,
6.09, 6.12,
6.13, 6.14,
6.15, 6.20,
6.23, 6.25

4.01, 4.25,
4.31, 5.03,
5.05, 5.04,
5.20, 5.23,
5.31, 6.06,
6.12, 6.13,
6.14, 6.15,
6.20, 6.23,
6.25

4.01, 4.16,
4.17, 4.23,
4.25, 4.31,
5.03, 5.04,
5.05, 5.13,
5.15, 5.18,
5.20, 5.23,
5.31, 5.38,
6.02, 6.03,
6.05, 6.06,
6.12, 6.13,
6.14, 6.15,
6.20, 6.23,
6.25

5.05, 6.25

Integrated pilot testing

4.10, 4.11,
4.12, 4.14,
4.20, 4.26,
5.01, 5.06,
5.09, 5.11,
5.12, 5.16,
5.17, 5.21,
5.22, 5.30,
5.32, 5.33,
5.36, 5.37,
6.01, 6.04,

4.10, 4.11,
4.12, 4.14,
4.20, 4.26,
5.01, 5.06,
5.09, 5.11,
5.12, 5.16,
5.17, 5.21,
5.22, 5.27,
5.30, 5.32,
5.33, 5.36,
5.37, 6.01,

4.14, 4.20,
5.06, 5.12,
5.16, 5.17,
5.21, 5.22,
5.27, 5.30,
5.33, 5.37,
6.01, 6.04,
6.07, 6.10,
6.11, 6.18,
6.22, 6.24,
6.27, 6.28,

4.10, 4.11,
4.12, 4.14,
4.20, 5.01,
5.06, 5.09,
5.11, 5.12,
5.16, 5.17,
5.21, 5.22,
5.27, 5.30,
5.32, 5.33,
5.37, 6.01,
6.04, 6.07,

5.12, 5.17,
5.21, 6.01,
6.11, 6.18,
6.21, 6.22,
6.24, 6.27,
6.31, 6.32
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MSA

FMP

GCF

CCC

CD

6.07, 6.10,
6.11, 6.18,
6.21, 6.22,
6.24, 6.27,
6.28, 6.29,
6.30, 6.31,
6.32

6.04, 6.07,
6.10, 6.11,
6.18, 6.21,
6.22, 6.24,
6.27, 6.28,
6.29, 6.30,
6.31, 6.32

6.29, 6.30,
6.31, 6.32

6.10, 6.11,
6.18, 6.21,
6.22, 6.24,
6.27, 6.28,
6.29, 6.30,
6.31, 6.32

3.33, 4.36
5.35

3.33, 4.36
5.35

3.33, 4.36
5.35

3.33, 4.36
5.35

--

CCC = canister cooling and crystallization; CD = canister decontamination; GCF = glass ceramic formulation;
FMP = feeding, melting, and pouring; MSA = mixing, sampling, and analyses.

4.2

Technology Maturation Plan

Two criteria are satisfied by the completion of this TMP for each CTE:
 2.18 - Preliminary strategy to obtain TRL 6 developed (e.g., scope, schedule, and cost)?
 4.13 - Science and Technology Demonstration exit criteria established (S&T targets understood,
documented, and agreed to by sponsor)?
To meet these criteria, the research team established the strategy to obtain TRL 6 including scope,
schedule, and cost; and described the exit criteria from technology development.

4.3

Preliminary Engineering Study

A preliminary engineering study is needed to meet many of the lower TRL criteria. This study is
generally aimed at estimating the performance of each function or unit operation in the process, scale the
equipment, estimate mass and energy balances, and determine interfaces that allow all the components to
work together based on current estimates of their capacity. The study will also estimate the capital and
operating costs of the process; the criteria met by this study are listed in Table 8.
The results of this preliminary engineering study will be documented in a project report that establishes
the basis for further glass-ceramic technology development. As technology development progresses and
assumptions in the preliminary engineering study are confirmed or updated, the results will be
incorporated into preliminary design efforts and planning for integrated pilot facility testing.

Table 8. Criteria satisfied by preliminary engineering study.
#
2.07
2.09
2.12
2.14
3.06
3.07

Criteria
Desktop environment (paper studies)?
Performance predictions made for each element?
Modeling & Simulation only used to verify physical principles?
Rigorous analytical studies confirm basic principles?
Preliminary system performance characteristics and measures have
been identified and estimated?
Predictions of elements of technology capability validated by modeling
and simulation (M&S)?
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Criteria
Paper studies indicate that system components ought to work together?

MSA


FMP


GCF



Performance metrics for the system are established (what must it do)?



Scaling studies have been started?



Rudimentary best value analysis performed for operations?


Modeling & Simulation used to simulate some components and
interfaces between components?



4.19
Initial cost drivers identified?
CCC = canister cooling and crystallization; FMP = feeding, melting, and pouring; GCF = glass ceramic
formulation; MSA = mixing, sampling, and analyses.
3.18
3.19
3.26
4.05

4.4

CCC






Characterize, Estimate, and Simulate Waste to be Treated

One fundamental aspect of developing and demonstrating the technology is to understand the waste to be
treated. This activity is aimed at characterizing, estimating, and simulating the wastes to be treated. It
will continue through most of the development process. Early activities include the estimation of the
composition and bounding physical properties (density, rheology, solids fraction, particle size
distribution, etc.) of the waste (ASTM 2011a, 2011b). Simulants will be designed and prepared to match
the key physical and chemical aspects of the waste for testing. In later stages, the wastes generated from
laboratory scale experiments, engineering scale experiments, and pilot testing (if applicable) will be
characterized. Their physical and chemical properties will be compared to the simulants used in testing.
Actual waste testing results will be compared to simulant testing results to confirm that the simulants used
were appropriate or to design improved simulants for further testing. The criteria met by this study are
listed in Table 9.
Table 9. Criteria satisfied with characterize, estimate, and simulate waste to be treated.
#
1.08

Criteria
Basic characterization data exists?

MSA


FMP

GCF

CCC

2.20

The scope and scale of the waste problem has been determined?










Have the range of waste species and waste loading for the waste form
been identified?

3.27
Key physical and chemical properties have been characterized for a
number of waste samples?


3.28
A simulant has been developed that approximates key waste
properties?


4.28
Key physical and chemical properties have been characterized for a
range of wastes?


5.24
The range of all relevant physical and chemical properties has been
determined (to the extent possible)?



5.25
Simulants have been developed that cover the full range of waste
properties?



5.26
Testing has verified that the properties/performance of the simulants
match the properties/performance of the actual wastes?
CCC = canister cooling and crystallization; FMP = feeding, melting, and pouring; GCF = glass ceramic
formulation; MSA = mixing, sampling, and analyses.



2.23

22
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Laboratory-Scale Glass Ceramic Testing

Laboratory testing of glass-ceramic serves many functions and will continue through most of the
technology development program. The focus of glass ceramic testing includes the following:


Development of reference formulations that meet all the processing and product quality
requirements.



Measure the impacts of composition, temperature, and other process parameter variability on
waste form properties.



Generate models to predict the properties of the waste form as functions of controllable
parameters. These models will be applied for process control and to evaluate the impact of
off-normal events.



Evaluate the performance of the waste form over long time-scales in anticipated disposal
environments using accelerated laboratory tests and ancient analogs. (Ryan et al. 2011, for
example)



Compare the performance of glass-ceramic produced by simulants with those produced by actual
wastes. Also compare the performance of glass-ceramic produced in laboratory-scale
experiments with those produced in scaled process tests.

These activities will be performed in stages that generally follow the order of activities listed above and
the list of criteria met. Each stage of testing will be documented in project reports and peer-reviewed
journal articles.

Table 10. Criteria satisfied with laboratory-scale glass ceramic testing.
#

Criteria

GCF

CCC

2.09

Performance predictions made for each element?



2.12

Modeling & Simulation only used to verify physical principles?



2.13

System architecture defined in terms of major functions to be performed?





2.24

Are the general properties of the waste form well understood and published in peer
review journals?
Predictions of elements of technology capability validated by analytical studies?











3.10

Predictions of elements of technology capability validated by Modeling and
Simulation (M&S)?
Predictions of elements of technology capability validated by laboratory experiments?

3.22

Scientific feasibility fully demonstrated?



3.27



4.04

Key physical and chemical properties have been characterized for a number of waste
samples?
Subsystems composed of multiple components tested at lab scale using simulants?

4.11

Laboratory experiments with available components show that they work together?



4.12

Analysis completed to establish component compatibility (do components work
together)?
Controlled laboratory environment used in testing?



Low fidelity technology "system" integration and engineering completed in a lab
environment?



3.03
3.07

4.18
4.26
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Criteria

GCF

CCC

4.28

Key physical and chemical properties have been characterized for a range of wastes?





4.29

A limited number of simulants have been developed that approximate the range of
waste properties?
Laboratory-scale tests on a limited range of simulants and real waste have been
completed?
Test plan documents for prototypical lab- scale tests completed?









Have the range of chemistry and processing parameters for acceptable waste form
been identified and documented?
Lab-scale, similar system tested with range of simulants?



5.24

The range of all relevant physical and chemical properties has been determined (to the
extent possible)?





5.29

Test results for simulants and real waste are consistent?





5.32

Test plan for prototypical lab-scale tests executed - results validate design?



5.36





5.39

Have all relevant physical and chemical properties been sufficiently well determined
and bounded to meet proposed disposal criteria?
Have release rate law models been established (for relevant environment(s))?





6.09

Off-normal operating responses determined for engineering scale system?





4.30
4.32
4.37
5.11






CCC = Canister cooling and crystallization; GCF = glass ceramic formulation; M&S = modeling and simulation.

4.6

Melter and Off-Gas Testing with Simulants

Melter operation is paramount to successful glass ceramic fabrication. Melter tests will be performed
primarily to demonstrate the process and its boundaries, and to generate data needed for process design.
Operation is necessarily broader than the melter as a unit because the effectiveness of the melter is largely
driven by the ancillary systems such as the feed and off-gas system. For CCIMs, the cooling and radio
frequency (RF) systems are also critical to melter operation. Portions of all these systems are required to
perform even the most focused melter tests. Scaling of melter and off-gas systems has often been a
source of uncertainty that will be solved by a combination of melter tests at increasing scales and
modeling. Table 11 lists the criteria that will be satisfied by melter and off-gas system testing. Melter
operation at near prototypical rates will also be required to fill canisters for canister cooling and
crystallization testing as described in Section 3.2.4.
There is a significant overlap between the data that can be generated on a melter system and the integrated
pilot system. For the purposes of this plan, the research team assumed that melter tests will be used to the
extent practical and if the pilot system is available before all objectives are met, decisions will be made at
that time if it is more effective to meet the remaining needs using the integrated pilot.
The research team assumes that a full melter and off-gas system will not be built for actual waste testing.
This will leave a certain amount of residual project risk as a plant is built and commissioned for full
radioactive operations. The decision will be revisited when the official risk management process begins.
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Table 11. Criteria satisfied with melter and off-gas testing with simulants.
#

Criteria

FMP



2.15

Analytical studies reported in scientific journals/conference proceedings/technical reports?

3.03

Predictions of elements of technology capability validated by analytical studies?



3.10

Predictions of elements of technology capability validated by laboratory experiments?



3.22

Scientific feasibility fully demonstrated?



3.27

Key physical and chemical properties have been characterized for a number of waste
samples?



3.29

Laboratory scale tests on a simulant have been completed?



4.02

Laboratory components tested are surrogates for system components?



4.04

Subsystems composed of multiple components tested at lab scale using simulants?



4.17

Equipment scale-up relationships are understood/accounted for in technology development
program?
Controlled laboratory environment used in testing?



A limited number of simulants have been developed that approximate the range of waste
properties?
Test plan documents for prototypical lab- scale tests completed?



Have the range of chemistry and processing parameters for acceptable waste form been
identified and documented?
Plant size components available for testing?



Prototypes of equipment system components have been created (know how to make
equipment)?
5.14 Some special purpose components combined with available laboratory components for
testing?
FMP = feeding, melting, and pouring; GCF = glass ceramic formulation.



4.18
4.29
4.32
4.37
5.02
5.07

4.7

GCF











Test the Mixing, Sampling, and Analyses

Mixing, sampling, and analyses tests will be performed to ensure that the multiphase (slurry) waste and
melter feed can be effectively processed using a feed-forward qualification strategy such as that employed
at DWPF and WTP. The most critical aspect of this testing is to ensure the results from chemical
analyses of a sample are representative of the composition of an entire batch being transferred for
processing. The challenges are as follows: 1) mix fast settling undissolved solids (UDS) in low viscosity
liquid, 2) obtaining a representative sample (e.g., correct solids to liquids ratio), and 3) analyses that give
an accurate concentration for metals that are notoriously difficult to fuse and dissolve (Pd, Ru, Rh).
Testing will be initially performed in an engineering scale unit and will be repeated in pilot scale
integrated tests (Section 4.13). The criteria satisfied by this testing are listed in Table 12.
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Table 12. Criteria satisfied with mixing, sampling, and analyses testing.
#

Criteria

MSA

2.14

Rigorous analytical studies confirm basic principles?



2.15

Analytical studies reported in scientific journals/conference proceedings/technical reports?



3.03

Predictions of elements of technology capability validated by analytical studies?



3.10

Predictions of elements of technology capability validated by laboratory experiments?



3.22

Scientific feasibility fully demonstrated?



3.29

Laboratory scale tests on a simulant have been completed?



4.02

Laboratory components tested are surrogates for system components?



4.04

Subsystems composed of multiple components tested at lab scale using simulants?



4.17

Equipment scale-up relationships are understood/accounted for in technology development
program?
Controlled laboratory environment used in testing?





4.30

A limited number of simulants have been developed that approximate the range of waste
properties?
Laboratory-scale tests on a limited range of simulants and real waste have been completed?

4.32

Test plan documents for prototypical lab- scale tests completed?



4.37



5.02

Have the range of chemistry and processing parameters for acceptable waste form been identified
and documented?
Plant size components available for testing?

5.07

Prototypes of equipment system components have been created (know how to make equipment)?



5.14

Some special purpose components combined with available laboratory components for testing?



5.27

Laboratory-scale tests on the full range of simulants using a prototypical system have been
completed?



4.18
4.29

4.8







Canister Testing

The canister function is distinctly different in a glass ceramic process when compared to a borosilicate
glass process. The key differences include the following: 1) glass-ceramic is processed at a higher
temperature, 2) the canister is insulated (or potentially heated) to slow the cooling process and thereby
crystallize the appropriate phases, and 3) the radiation field and temperature of the canistered waste form
will be as much as twice the standard.3
Prototypical canisters need to be filled and cooled according to predictable temperature histories. The
mechanical properties of the canister will be tested to ensure the differences in thermal history between
the borosilicate glass process and the glass-ceramic process do not degrade the canister material(s)
properties. The canister will also be sectioned and glass-ceramic samples representing the range of
thermal histories will be evaluated to confirm the predicted phase assemblages were achieved.
Additionally, prototypically filled canisters will be required to demonstrate thermal history and canister
decontamination process. Finally, canister drop testing and analyses will be required for waste form
qualification activities. Table 13 lists the criteria satisfied by this testing.
3

The research team assumes the standard would be the universal canister as produced in France, Japan, and the
United Kingdom with their reference commercial fuel reprocessing waste heat levels.
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Table 13. Criteria satisfied with canister testing.
#

Criteria

CCC

3.10

Predictions of elements of technology capability validated by laboratory experiments?



3.22

Scientific feasibility fully demonstrated?



4.02

Laboratory components tested are surrogates for system components?



4.04

Subsystems composed of multiple components tested at lab scale using simulants?



4.26

Low fidelity technology "system" integration and engineering completed in a lab environment?



4.32

Test plan documents for prototypical lab- scale tests completed?



5.02

Plant size components available for testing?



5.07

Prototypes of equipment system components have been created (know how to make
equipment)?
Some special purpose components combined with available laboratory components for testing?



5.14

4.9



Decontamination System Testing

The decontamination system is a generally mature technology. However, it has not been demonstrated
for the current application. The challenges are associated with the canister temperature and dose, in
particular when high heat wastes (high burn up and/or short cooled fuel). To complete the maturation,
complete decontamination system demonstrations are required. Demonstrations should include tests with
heated full-size canisters. The following criteria will be satisfied by this testing:


5.09 - High fidelity lab integration of system completed, ready for test in relevant environments?



5.14 - Some special purpose components combined with available laboratory components for
testing?

4.10 Requirements Document
To mature the technology as a whole to TRL-3 and higher, a systems requirements document should be
approved by the client and issued. This document will describe, in progressing detail with revisions, the
requirements for the system as a whole and each of the subsystems. Design and testing activities will be
planned according to these documented requirements. The criteria satisfied by the various revisions of
the requirements document are listed in Table 14.
Table 14. Criteria satisfied with requirements document.
#

Criteria

MSA

FMP

GCF

CCC

3.12

Customer participates in requirements generation?









3.13

Requirements tracking system defined to manage requirements
creep?
Performance metrics for the system are established (What must
it do)?
Overall system requirements for end user's application are
known?
Overall system requirements for end user's application are
documented?
System performance metrics measuring requirements have
been established?









































3.18
4.06
4.07
4.08
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#
4.09
5.19
6.08

Criteria
Laboratory testing requirements derived from system
requirements are established?
Requirements definition with performance thresholds and
objectives established for final plant design?
Operational requirements document available?

MSA

FMP

GCF

CCC

























CD



CCC = canister cooling and crystallization; CD = canister decontamination; FMP = feeding, melting, and
pouring; GCF = glass ceramic formulation; MSA = mixing, sampling, and analyses.

4.11 Risk Management Document
As part of the technology maturation process, risks associated with successful completion of the desired
mission are assessed, evaluated, documented, and managed. The following three criteria are satisfied by
the risk management documents:
3.25 - Risk mitigation strategies identified?
4.21 - Formal risk management program initiated?
5.34 - Risk management plan documented?

4.12 Preliminary Design
A preliminary design is required to obtain TRL-4 and higher. This design will address criteria listed in
Table 15. It will include the following:
 Equipment sizing calculations
 General arrangement drawings
 Heat and mass balances
 Piping and interface drawings
 Functional process descriptions
 Hazard evaluations.
In later revisions of the preliminary design, additional requirements will be included:
 Design, construction, and operating cost estimates
 Project schedule
 Reliability, availability, maintainability, and inspectability (RAMI) data collection and plant
efficiency modeling
 Identification of off-normal events and their mitigation strategies
 Design drawings
 Interface control documents
 Configuration management process.
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The two design revisions are the conceptual design and preliminary design. However, for the purposes of
this plan, the research team assumes the first set of functions will be completed to achieve TRL-4 and the
second will be completed to achieve TRL-6.
Table 15. Criteria satisfied with preliminary design.
#

Criteria

MSA

FMP

GCF

CCC









5.04

Key process variables/parameters been fully identified and
preliminary hazard evaluations have been performed?
Overall system requirements for end user's application are
documented?
Draft conceptual designs have been documented (system
description, process flow diagrams, general arrangement
drawings, and material balance)?
Equipment scale-up relationships are understood/accounted
for in technology development program?
Scaling documents and designs of technology have been
completed?
Functional process description developed.
(Systems/subsystems identified)?
Mitigation strategies identified to address
manufacturability/producibility shortfalls?
Process/parameter limits and safety control strategies are
being explored?
System interface requirements known (how would system be
integrated into the plant?)
Preliminary design engineering begins?

5.05

4.01
4.07
4.16

4.17
4.23
4.25
4.27















































Requirements for technology verification established?









5.13

Availability and reliability (RAMI) target levels identified?







5.15

Three dimensional drawings and P&IDs for the prototypical
engineering-scale test facility have been prepared?
Detailed design drawings have been completed to support
specification of engineering-scale testing system?
Preliminary technology feasibility engineering report
completed?
Configuration management plan in place?





































5.38

Limits for all process variables/parameters and safety controls
are being refined?
Was the transportation and storage package designed?

6.02

Availability and reliability (RAMI) levels established?







6.03

Preliminary design drawings for final plant system are
complete?
Collection of actual maintainability, reliability, and
supportability data has been started?
Performance Baseline (including total project cost, schedule,
and scope) has been completed?
Off-normal operating responses determined for engineering





















4.31
5.03

5.18
5.20
5.23
5.31

6.05
6.06
6.09
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#

Criteria

MSA

FMP

GCF

CCC

Scaling issues that remain are identified and understood.
Supporting analysis is complete?
Analysis of project timing ensures technology will be
available when required?
Have established an interface control process?

























Acquisition program milestones established for start of final
design (CD-2)?
Technology "system" design specification complete and ready
for detailed design?
Formal configuration management program defined to control
change process?
Final technical report on technology completed?

































CD

scale system?
6.12
6.13
6.14
6.15
6.20
6.23
6.25



CCC = canister cooling and crystallization; CD = canister decontamination; FMP = feeding, melting, and pouring;
GCF = glass ceramic formulation; MSA = mixing, sampling, and analyses.

4.13 Integrated Pilot Testing
The work-horse of technology maturation is an integrated pilot system. The pilot system will be used to
evaluate the functionality of each major system component (including those not determined to be CTEs in
this demonstrated evaluation, e.g. off-gas treatment system), the interfaces between major system
components, and as the primary source of design data. The success of implementing any new technology
in nuclear environments depends on a robust integrated pilot facility testing program. The design and
operation of this system is the most important aspect of developing technologies to the point of success in
nuclear applications. Table 16 lists the criteria satisfied by integrated pilot testing.
The trade-off in pilot facility design in testing is between 1) the scale and representativeness, and 2) the
cost of construction and operation. This may lead to the development of two facilities: 1) a small-scale,
non-nuclearized, incomplete integrated process for the early stages of testing, and 2) a nearly full-scale,
nuclearized, complete pilot for the later stages of technology maturation. The research team assumed for
the purposes of this plan that a two-system approach will be used. In this case, a laboratory-scale system
will be developed around a melter and off-gas system and pieces of the entire system will be added to
complete the integrated system as testing progresses. This will reduce both the cost of the system and the
rate of spending.
The pilot-scale system will then be constructed at the later stages of development (TRL-5) and will
include a relatively mature design that includes hazard mitigation strategies, nuclearized equipment, and a
well-developed operating and maintenance approach.

Table 16. Criteria satisfied with integrated pilot testing.
#
4.10

Criteria
Available components assembled into laboratory scale system?

4.11
4.12

30

MSA


FMP


GCF

CCC


Laboratory experiments with available components show that
they work together?







Analysis completed to establish component compatibility (Do
components work together)?
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Technology demonstrates basic functionality in simulated
environment?
Integration studies have been started?
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MSA


FMP


GCF


CCC










4.26

Low fidelity technology "system" integration and engineering
completed in a lab environment?





5.01

The relationships between major system and sub-system
parameters are understood on a laboratory scale?





5.06

Interfaces between components/subsystems in testing are
realistic (bench top with realistic interfaces)?
High fidelity lab integration of system completed, ready for test
in relevant environments?
Lab-scale, similar system tested with range of simulants?













5.12

Fidelity of system mock-up improves from laboratory to benchscale testing?









5.16

Laboratory environment for testing modified to approximate
operational environment?









5.17
5.21

Component integration issues and requirements identified?
Integration of modules/functions demonstrated in a
laboratory/bench-scale environment?
Formal control of all components to be used in final
prototypical test system?
Laboratory-scale tests on the full range of simulants using a
prototypical system have been completed?
Laboratory to engineering scale scale-up issues are understood
and resolved?
Test plan for prototypical lab-scale tests executed - results
validate design?
Test plan documents for prototypical engineering-scale tests
completed?
Have all relevant physical and chemical properties been
sufficiently well determined and bounded to meet proposed
disposal criteria?
Have the waste impacting process steps been demonstrated to
function within acceptable range?
The relationships between system and sub-system parameters
are understood at engineering scale allowing process/design
variations and tradeoffs to be evaluated?
Operating environment for final system known?
Operating limits for components determined (from design,
safety and environmental compliance)?
System technical interfaces defined?

















































Component integration demonstrated at an engineering scale?
Engineering feasibility fully demonstrated (e.g. would it work)?
Components are functionally compatible with operational
system?
Engineering-scale system is high-fidelity functional prototype
of operational system?

4.20

5.09
5.11

5.22
5.27
5.30
5.32
5.33
5.36

5.37
6.01

6.04
6.07
6.10
6.11
6.18
6.21
6.22
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#
6.24
6.27
6.28
6.29
6.30
6.31
6.32
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Criteria
Integration demonstrations have been completed (e.g.
construction of testing system)?
Engineering-scale tests on the full range of simulants using a
prototypical system have been completed?
Engineering to full-scale scale-up issues are understood and
resolved?
Laboratory and engineering-scale experiments are consistent?

MSA


FMP


GCF


CCC


CD




























Limits for all process variables/parameters and safety controls
are defined?
Plan for engineering-scale testing executed - results validate
design?
Production demonstrations are complete (at least one time)?





























CCC = canister cooling and crystallization; CD = canister decontamination; FMP = feeding, melting, and pouring;
GCF = glass ceramic formulation; MSA = mixing, sampling, and analyses.

4.14 Waste Compliance Plan
A waste compliance plan (WCP) will be developed to meet TRL-3 criteria and will be updated with more
detail at TRL-4 and -5. This plan highlights the methods for qualifying wastes for disposal. It includes
the functions that will be performed prior to plant construction (qualification), during plant readiness
testing (commissioning), and during plant operation (compliance). The activities will include analysis,
demonstration, inspection, and testing activities. As the technology matures to TRL-5, a detailed,
near-final version of the plan will be required. This version will identify precisely what analysis,
demonstration, inspection, and testing activities will be performed during the project or facility operation,
and how the data will be applied to qualifying wastes for disposal. The criteria satisfied by the WCP are
listed below:
 3.33 - Is a general strategy for waste form qualification developed?
 4.36 - Has a detailed waste qualification plan been documented?
 5.35 - Is a program in place to qualify the waste form and production process?
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Schedule

An initial schedule to meet TRL-4 and TRL-6 was generated (Figure 3) assuming a non-accelerated R&D effort. This schedule results in TRL
values listed in Table 17. The schedule was not optimized to any specific spending schedule.
Figure 3. Initial schedule of research and technology development activities.
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Item
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024
2025
Subitem
q1 q2 q3 q4 q1 q2 q3 q4 q1 q2 q3 q4 q1 q2 q3 q4 q1 q2 q3 q4 q1 q2 q3 q4 q1 q2 q3 q4 q1 q2 q3 q4 q1 q2 q3 q4 q1 q2 q3 q4 q1 q2 q3 q4 q1 q2 q3 q4 q1 q2 q3 q4 q1 q2 q3 q4
Technology maturation plan
x x
Preliminary engineering study
x x x
Characterize, estimate, and simulate waste to be treated
Initial waste estimates and simulant recipies
x x
Actual waste characterization
x x
x x
x x
Simulant/actual waste comparisons
x x
x x
x x
Laboratory scale glass ceramic testing
Initial Reference formulation
x x x
Formulation and testing for initial compositions (incl. LSM)
x x x x x x x
Preliminary model development (loading and heat models for cost benefit analyses)x x x x x
Variability study
x x x x x x x x x x x x
Final model development
x x x x x x x x
Performance evaluation
x x x x x x x x x x x x x x x x x x x x x x x x x x
Compare actual and simulant
x x
x x
x x
Melter and off-gas testing with simulants
Initial proof of principle
x x
x x
Scaling tests
x x x x x x x x x x x x
Off-gas functionality
x x x x x x x x x x x x
Variability tests
x x x x x x x x x x x x
Long-term run-by-wire
x x x x x x
Design data needs
x x x x x x x x
Test the mixing, sampling, and analyses
Preliminary study based on literature search
x x x
Laboratory scale tests of mixing, sampling, and analyses
x x x x x x
Canister testing
x x x x x x x x x
Decontamination system testing
x x x x x x
Requirements document
Initial requirements document
x x
Final requirements management system
x x x
Risk management document
Initial risks identification
x x
Final risk management system
x x x
Preliminary design
Conceptual design
x x x x x x x x
Preliminary design
x x x x x x x x x x x x
Integrated pilot testing
Construct test bed
x x x x
Shake-out testing (budget in construct)
x x
Design data needs
x x x x x x x x x x x x x x x x x x x
Waste compliance plan
Develop waste qualification strategy
x x
Issue WCP
x x x x
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Table 17. Technology readiness level achieved for each critical technology element by year.
Year

MSA

FMP

GCF

CCC

CD

Overall

2012

1

1

1

1

4

1

2013

2

2

1

1

4

1

2014

2

3

1

1

4

1

2015

2

3

2

2

4

2

2016

2

3

2

2

4

2

2017

2

3

3

2

4

2

2018

3

3

3

3

4

3

2019

3

3

3

3

4

3

2020

3

3

3

3

4

3

2021

3

3

3

3

4

3

2022

3

3

3

3

4

3

2023

4

4

4

4

4

4

2024

5

5

5

5

5

5

2025

6

6

6

6

6

6

CCC = canister cooling and crystallization; CD = canister
decontamination; FMP = feeding, melting, and pouring; GCF = glass
ceramic formulation; MSA = mixing, sampling, and analyses.

5.2

Cost

The costs for technology development to TRL-6 were estimated using costs for performing similar
research. The total cost is estimated at roughly $90 million over a 14-year period. This estimate is
subject to a relatively high uncertainty with an estimated range of $45 million to $180 million (-50%,
+100%). The nominal cost estimate is shown as a function of time in Figure 4.

Figure 4. Cost by year for non-optimized project plan.
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Table A.1. Technology readiness assessment criteria list (T-Technology, technical aspects; M-Manufacturing and quality; P-Programmatic, customer focus,
documentation; and Q-Qualification, waste form qualification and compliance).
C# T/M/P/Q Criteria
1.01
T
Back of envelope environment?
1.02
T
Physical laws and assumptions used in new technologies defined?
1.03
T
Paper studies confirm basic principles?
1.04
P
Initial scientific observations reported in journals/conference proceedings/technical reports?
1.05
T
Basic scientific principles observed and understood?
1.06
P
Know who cares about the technology, e.g., sponsor, funding source, etc.?
1.07
T
Research hypothesis formulated?
1.08
T
Basic characterization data exists?
1.09
P
Know who would perform research and where it would be done?
2.01
P
Customer identified?
2.02
T
Potential system or components have been identified?
2.03
T
Paper studies show that application is feasible?
2.04
P
Know what program the technology would support?
2.05
T
An apparent theoretical or empirical design solution identified?
2.06
T
Basic elements of technology have been identified?
2.07
T
Desktop environment (paper studies)?
2.08
T
Components of technology have been partially characterized?
2.09
T
Performance predictions made for each element?
2.10
P
Customer expresses interest in the application?
2.11
T
Initial analysis shows what major functions need to be done?
2.12
T
Modeling & Simulation only used to verify physical principles?
2.13
P
System architecture defined in terms of major functions to be performed?
2.14
T
Rigorous analytical studies confirm basic principles?
2.15
P
Analytical studies reported in scientific journals/conference proceedings/technical reports?
2.16
T
Individual parts of the technology work (No real attempt at integration)?
2.17
T
Know what output devices are available?
2.18
P
Preliminary strategy to obtain TRL Level 6 developed (e.g., scope, schedule, cost)?
2.19
P
Know capabilities and limitations of researchers and research facilities?
2.20
T
The scope and scale of the waste problem has been determined?
2.21
T
Know what experiments are required (research approach)?
2.22
P
Qualitative idea of risk areas (cost, schedule, performance)?
2.23
Q
Have the range of waste species and waste loading for the waste form been identified?
2.24
Q
Are the general properties of the waste form well understood and published in peer review journals?
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Table A.1. Technology readiness assessment criteria list (T-Technology, technical aspects; M-Manufacturing and quality; P-Programmatic, customer focus,
documentation; and Q-Qualification, waste form qualification and compliance).
C# T/M/P/Q Criteria
2.25
Q
Have experiments started with the goal of determining the mechanism for the release of radionuclides?
3.01
T
Academic (basic science) environment?
3.02
P
Some key process and safety requirements are identified?
3.03
T
Predictions of elements of technology capability validated by analytical studies?
3.04
P
The basic science has been validated at the laboratory scale?
3.05
T
Science known to extent that mathematical and/or computer models and simulations are possible?
3.06
P
Preliminary system performance characteristics and measures have been identified and estimated?
3.07
T
Predictions of elements of technology capability validated by Modeling and Simulation (M&S)?
3.08
M
No system components, just basic laboratory research equipment to verify physical principles?
3.09
T
Laboratory experiments verify feasibility of application?
3.10
T
Predictions of elements of technology capability validated by laboratory experiments?
3.11
P
Customer representative identified to work with development team?
3.12
P
Customer participates in requirements generation?
3.13
P
Requirements tracking system defined to manage requirements creep?
3.14
T
Key process parameters/variables and associated hazards have begun to be identified?
3.15
M
Design techniques have been identified/developed?
3.16
T
Paper studies indicate that system components ought to work together?
3.17
P
Customer identifies technology need date?
3.18
T
Performance metrics for the system are established (What must it do)?
3.19
P
Scaling studies have been started?
3.20
M
Current manufacturability concepts assessed?
3.21
M
Sources of key components for laboratory testing identified?
3.22
T
Scientific feasibility fully demonstrated?
3.23
T
Analysis of present state of the art shows that technology fills a need?
3.24
P
Risk areas identified in general terms?
3.25
P
Risk mitigation strategies identified?
3.26
P
Rudimentary best value analysis performed for operations?
3.27
T
Key physical and chemical properties have been characterized for a number of waste samples?
3.28
T
A simulant has been developed that approximates key waste properties?
3.29
T
Laboratory scale tests on a simulant have been completed?
3.30
T
Specific waste(s) and waste site(s) has (have) been defined?
3.31
T
The individual system components have been tested at the laboratory scale?
3.32
Q
Has the type of disposal environment(s) been defined?
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Table A.1. Technology readiness assessment criteria list (T-Technology, technical aspects; M-Manufacturing and quality; P-Programmatic, customer focus,
documentation; and Q-Qualification, waste form qualification and compliance).
C# T/M/P/Q Criteria
3.33
Q
Is a general strategy for waste form qualification been developed?
4.01
T
Key process variables/parameters been fully identified and preliminary hazard evaluations have been performed?
4.02
M
Laboratory components tested are surrogates for system components?
4.03
T
Individual components tested in laboratory or by supplier?
4.04
T
Subsystems composed of multiple components tested at lab scale using simulants?
4.05
T
Modeling & Simulation used to simulate some components and interfaces between components?
4.06
P
Overall system requirements for end user’s application are known?
4.07
T
Overall system requirements for end user’s application are documented?
4.08
P
System performance metrics measuring requirements have been established?
4.09
P
Laboratory testing requirements derived from system requirements are established?
4.10
M
Available components assembled into laboratory scale system?
4.11
T
Laboratory experiments with available components show that they work together?
4.12
T
Analysis completed to establish component compatibility (Do components work together)?
4.13
P
Science and Technology Demonstration exit criteria established (S&T targets understood, documented, and agreed to by sponsor)?
4.14
T
Technology demonstrates basic functionality in simulated environment?
4.15
M
Scalable technology prototypes have been produced (Can components be made bigger than lab scale)?
Draft conceptual designs have been documented (system description, process flow diagrams, general arrangement drawings, and material
4.16
P
balance)?
4.17
M
Equipment scale-up relationships are understood/accounted for in technology development program?
4.18
T
Controlled laboratory environment used in testing?
4.19
P
Initial cost drivers identified?
4.20
M
Integration studies have been started?
4.21
P
Formal risk management program initiated?
4.22
M
Key manufacturing processes for equipment systems identified?
4.23
P
Scaling documents and designs of technology have been completed?
4.24
M
Key manufacturing processes assessed in laboratory?
4.25
P/T
Functional process description developed. (Systems/subsystems identified)?
4.26
T
Low fidelity technology “system” integration and engineering completed in a lab environment?
4.27
M
Mitigation strategies identified to address manufacturability/producibility shortfalls?
4.28
T
Key physical and chemical properties have been characterized for a range of wastes?
4.29
T
A limited number of simulants have been developed that approximate the range of waste properties?
4.30
T
Laboratory-scale tests on a limited range of simulants and real waste have been completed?
4.31
T
Process/parameter limits and safety control strategies are being explored?
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Table A.1. Technology readiness assessment criteria list (T-Technology, technical aspects; M-Manufacturing and quality; P-Programmatic, customer focus,
documentation; and Q-Qualification, waste form qualification and compliance).
C# T/M/P/Q Criteria
4.32
T
Test plan documents for prototypical lab- scale tests completed?
4.33
P
Technology availability dates established?
4.34
Q
Are current regulations and policy established for disposal of the form?
4.35
Q
Have waste form affecting process steps been identified?
4.36
Q
Has a detailed waste qualification plan been documented?
4.37
Q
Have the range of chemistry and processing parameters for acceptable waste form been identified and documented?
5.01
T
The relationships between major system and sub-system parameters are understood on a laboratory scale?
5.02
T
Plant size components available for testing?
5.03
T
System interface requirements known (How would system be integrated into the plant?)
5.04
P
Preliminary design engineering begins?
5.05
T
Requirements for technology verification established?
5.06
T
Interfaces between components/subsystems in testing are realistic (bench top with realistic interfaces)?
5.07
M
Prototypes of equipment system components have been created (know how to make equipment)?
5.08
M
Tooling and machines demonstrated in lab for new manufacturing processes to make component?
5.09
T
High fidelity lab integration of system completed, ready for test in relevant environments?
5.10
M
Manufacturing techniques have been defined to the point where largest problems defined?
5.11
T
Lab-scale, similar system tested with range of simulants?
5.12
T
Fidelity of system mock-up improves from laboratory to bench-scale testing?
5.13
M
Availability and reliability (RAMI) target levels identified?
5.14
M
Some special purpose components combined with available laboratory components for testing?
5.15
P
Three dimensional drawings and P&IDs for the prototypical engineering-scale test facility have been prepared?
5.16
T
Laboratory environment for testing modified to approximate operational environment?
5.17
T
Component integration issues and requirements identified?
5.18
P
Detailed design drawings have been completed to support specification of engineering-scale testing system?
5.19
T
Requirements definition with performance thresholds and objectives established for final plant design?
5.20
P
Preliminary technology feasibility engineering report completed?
5.21
T
Integration of modules/functions demonstrated in a laboratory/bench-scale environment?
5.22
T
Formal control of all components to be used in final prototypical test system?
5.23
P
Configuration management plan in place?
5.24
T
The range of all relevant physical and chemical properties has been determined (to the extent possible)?
5.25
T
Simulants have been developed that cover the full range of waste properties?
5.26
T
Testing has verified that the properties/performance of the simulants match the properties/performance of the actual wastes?
5.27
T
Laboratory-scale tests on the full range of simulants using a prototypical system have been completed?
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Table A.1. Technology readiness assessment criteria list (T-Technology, technical aspects; M-Manufacturing and quality; P-Programmatic, customer focus,
documentation; and Q-Qualification, waste form qualification and compliance).
C# T/M/P/Q Criteria
5.28
T
Laboratory-scale tests on a limited range of real wastes using a prototypical system have been completed?
5.29
T
Test results for simulants and real waste are consistent?
5.30
T
Laboratory to engineering scale scale-up issues are understood and resolved?
5.31
T
Limits for all process variables/parameters and safety controls are being refined?
5.32
P
Test plan for prototypical lab-scale tests executed - results validate design?
5.33
P
Test plan documents for prototypical engineering-scale tests completed?
5.34
P
Risk management plan documented?
5.35
Q
Is a program in place to qualify the waste form and production process?
5.36
Q
Have all relevant physical and chemical properties been sufficiently well determined and bounded to meet proposed disposal criteria?
5.37
Q
Have the waste impacting process steps been demonstrated to function within acceptable range?
5.38
Q
Was the transportation and storage package designed?
5.39
Q
Have release rate law models been established (for relevant environment(s))?
The relationships between system and sub-system parameters are understood at engineering scale allowing process/design variations and
6.01
T
tradeoffs to be evaluated?
6.02
M
Availability and reliability (RAMI) levels established?
6.03
P
Preliminary design drawings for final plant system are complete?
6.04
T
Operating environment for final system known?
6.05
P
Collection of actual maintainability, reliability, and supportability data has been started?
6.06
P
Performance Baseline (including total project cost, schedule, and scope) has been completed?
6.07
T
Operating limits for components determined (from design, safety and environmental compliance)?
6.08
P
Operational requirements document available?
6.09
P
Off-normal operating responses determined for engineering scale system?
6.10
T
System technical interfaces defined?
6.11
T
Component integration demonstrated at an engineering scale?
6.12
P
Scaling issues that remain are identified and understood. Supporting analysis is complete?
6.13
P
Analysis of project timing ensures technology will be available when required?
6.14
P
Have established an interface control process?
6.15
P
Acquisition program milestones established for start of final design (CD-2)?
6.16
M
Critical manufacturing processes prototyped?
6.17
M
Most pre-production hardware is available to support fabrication of the system?
6.18
T
Engineering feasibility fully demonstrated (e.g., would it work)?
6.19
M
Materials, process, design, and integration methods have been employed (e.g., can design be produced?)
6.20
P
Technology “system” design specification complete and ready for detailed design?
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Table A.1. Technology readiness assessment criteria list (T-Technology, technical aspects; M-Manufacturing and quality; P-Programmatic, customer focus,
documentation; and Q-Qualification, waste form qualification and compliance).
C# T/M/P/Q Criteria
6.21
M
Components are functionally compatible with operational system?
6.22
T
Engineering-scale system is high-fidelity functional prototype of operational system?
6.23
P
Formal configuration management program defined to control change process?
6.24
M
Integration demonstrations have been completed (e.g., construction of testing system)?
6.25
P
Final Technical Report on Technology completed?
6.26
M
Process and tooling are mature to support fabrication of components/system?
6.27
T
Engineering-scale tests on the full range of simulants using a prototypical system have been completed?
6.28
T
Engineering to full-scale scale-up issues are understood and resolved?
6.29
T
Laboratory and engineering-scale experiments are consistent?
6.30
T
Limits for all process variables/parameters and safety controls are defined?
6.31
T
Plan for engineering-scale testing executed - results validate design?
6.32
M
Production demonstrations are complete (at least one time)?
6.33
Q
Have the transportation and storage systems been identified?
6.34
Q
Are performance assessment models available for the form/disposal environment?
6.35
Q
Has a preliminary performance assessment been done to determine the acceptability of the waste form?

Preliminary Technology Maturation Plan for
Immobilization of High-Level Waste in Glass-Ceramics
Table A.2. Mixing, sampling, and analyses criteria evaluation.
C#
Y/N Criteria
1.01
Y
Back of envelope environment?
1.02

Y

Physical laws and assumptions used in new technologies defined?

1.03

Y

Paper studies confirm basic principles?

1.04

Y

1.05
1.06

Y
Y

Initial scientific observations reported in journals/conference
proceedings/technical reports?
Basic scientific principles observed and understood?
Know who cares about the technology, e.g., sponsor, funding source, etc.?

1.07

Y

Research hypothesis formulated?

1.08

N

Basic characterization data exists?

1.09

Y

Know who would perform research and where it would be done?

2.01
2.02
2.03
2.04

Y
Y
Y
Y

Customer identified?
Potential system or components have been identified?
Paper studies show that application is feasible?
Know what program the technology would support?

2.05

Y

An apparent theoretical or empirical design solution identified?

2.06
2.07
2.08
2.09
2.10
2.11
2.12
2.13
2.14

Y
N
Y
N
Y
Y
Y
Y
N

2.15

N

2.16

Y

Basic elements of technology have been identified?
Desktop environment (paper studies)?
Components of technology have been partially characterized?
Performance predictions made for each element?
Customer expresses interest in the application?
Initial analysis shows what major functions need to be done?
Modeling & Simulation only used to verify physical principles?
System architecture defined in terms of major functions to be performed?
Rigorous analytical studies confirm basic principles?
Analytical studies reported in scientific journals/conference
proceedings/technical reports?
Individual parts of the technology work (No real attempt at integration)?

2.17

Y

Know what output devices are available?

2.18

Y

2.19
2.20
2.21

Y
N
Y

Preliminary strategy to obtain TRL Level 6 developed (e.g., scope, schedule,
cost)?
Know capabilities and limitations of researchers and research facilities?
The scope and scale of the waste problem has been determined?
Know what experiments are required (research approach)?

2.22

Y

Qualitative idea of risk areas (cost, schedule, performance)?

Y

Have the range of waste species and waste loading for the waste form been
identified?
Are the general properties of the waste form well understood and published in
peer review journals?
Have experiments started with the goal of determining the mechanism for the
release of radionuclides?
Academic (basic science) environment?

2.23
2.24
2.25
3.01
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Comments
Back of the envelope calculations were performed to complete this report.
Physical laws known and understood for multiphase flow with primarily Newtonian fluids and dense particles. The pro’s and con’s of different multiphase sampling
methods are known.[1]
No paper studies done for this specific application. However, many studies were performed to support WTP design and other applications.[2-6] It is assumed that both
Newtonian fluids with dense particles (waste) and non-Newtonian slurries (melter feed) must be managed for this application.
Generally information on the mixing of Newtonian slurries is available from literature.[7-10] Less is known about non-Newtonian fluid flow, but, recent articles do
exist.[11]
Basic settling and issues with sampling and analyses known and have been addressed in design of HLW mixing and sampling systems.[12, 13]
DOE-NE is the sponsor.[14]
Hypotheses are: 1) both Newtonian and non-Newtonian slurries are expected to be managed in the plant; 2) Paraflow or a similar model can be used to predict the slurry
behavior sufficiently to design effective mixing and sampling systems.[2, 11]
Basic data not available to the researchers for these slurries. However, they are likely available from international collaborators and efforts will be made to obtain that
data.
Testing can be performed in a fashion similar to that performed for the WTP at the Catholic University of America [15], for the WVDP at PNNL[12], or for the DWPF
at SRNL[13].
The customer is DOE-NE.[14]
Mixing in vessels will be performed by mechanical rotating agitators, slurry sampling by “VF” sampler [16], and analyses by fusion and wet chemical analyses.[17]
Assume the PUREX type studies are adequate for this application at TRL-2.[18]
A domestic reprocessing facility program that has not yet been initiated.[14]
The details of the design shown in this document are deemed sufficient for TRL-2. Additional studies are available in support of the Engineering Alternatives Study
(EAS) and the Advanced Fuel Cycle Facility (AFCF).
Mixing in vessels, sampling of slurries, pumping of slurries, fusion/dissolution of slurries and chemical analyses.
Information such as the number of samples, mass and volumes in vessels, or processing rates have been estimated.
Several components were characterized for other applications (mixers, pumps, samplers, analysis equipment, etc.).
No performance predictions yet made for mixing and sampling.
Yes. Customer requested and funded the development of this TMP.
The technology elements identified in TRA spreadsheet.
We interpret this question to mean that modeling and simulation was applied to the problems of mixing.
System has been defined by the major functions within this document.
No analytical studies have yet been performed. It is assumed to mean heat and mass balances, equipment scaling, etc.
No analytical studies yet reported.
Parts of the technology tested within operating PUREX plants.
It is assumed for this study that output devises include data from mixers, pumps, and analytical data which have been developed for WTP, WVDP, and DWPF in the
U.S. and likely internationally also.
This TMP documents the strategy.
The researchers at qualified institutions are well known along with their strengths and weaknesses/limitations.
The wastes to be immobilized are ill defined. They all result from a separations process that is still in development.
A basic research approach was developed by WTP for mixing and sampling of their feeds this will be followed.[19]
This TMP describes risk areas to be addressed which are deemed sufficient for TRL-2. A formal risk management process will be used to identify and track risks for
higher TRL levels.
NA, waste species and loading are not applicable to MSA
NA, the waste form properties are not applicable to MSA
NA, the mechanism for release from the waste form is not applicable to MSA
By our interpretation, this question is answered yes by the academic study of mixing of multiphase slurries.[11]
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Table A.2. Mixing, sampling, and analyses criteria evaluation.
C#
Y/N Criteria
3.02
Y
Some key process and safety requirements are identified?
Predictions of elements of technology capability validated by analytical
3.03
N
studies?
3.04
Y
The basic science has been validated at the laboratory scale?
Science known to extent that mathematical and/or computer models and
3.05
Y
simulations are possible?
Preliminary system performance characteristics and measures have been
3.06
N
identified and estimated?
Predictions of elements of technology capability validated by Modeling and
3.07
Y
Simulation (M&S)?
No system components, just basic laboratory research equipment to verify
3.08
N
physical principles?
3.09
N
Laboratory experiments verify feasibility of application?
Predictions of elements of technology capability validated by laboratory
3.10
N
experiments?
3.11
Y
Customer representative identified to work with development team?
3.12
N
Customer participates in requirements generation?
3.13
N
Requirements tracking system defined to manage requirements creep?
Key process parameters/variables and associated hazards have begun to be
3.14
Y
identified?
3.15
Y
Design techniques have been identified/developed?
3.16
N
Paper studies indicate that system components ought to work together?
3.17
Y
Customer identifies technology need date?
3.18
N
Performance metrics for the system are established (What must it do)?
3.19
N
Scaling studies have been started?
3.20
Y
Current manufacturability concepts assessed?
3.21
Y
Sources of key components for laboratory testing identified?
3.22
Y
Scientific feasibility fully demonstrated?
3.23
Y
Analysis of present state of the art shows that technology fills a need?
3.24
Y
Risk areas identified in general terms?
3.25
N
Risk mitigation strategies identified?
3.26

Y

3.27

N

3.28
3.29
3.30
3.31
3.32
3.33

N
N
Y
Y

4.01

N

4.02
4.03

N
Y

4.04

N

4.05

N

A.10

Y

Comments
The ability to obtain a representative sample analyses and no tank holdup are the key process and safety requirements.
No analytical studies of technology capability have been performed for this application.
The basic science of mixing Newtonian fluids with dense solids has been shown.[2, 20]
There are computer simulations available for many problems in multi-phase flow. Paraflow is one example.[2]
No estimates of performance have been made.
Modeling and simulation work on mixing and sampling was performed for WTP.[21] Modeling and simulation work on mechanical rotary agitators.[22]
Equipment has not yet been selected, assembled, nor tested for this application.
Equipment has not yet been selected, assembled, nor tested for this application.
Equipment has not yet been selected, assembled, nor tested for this application.
The client has selected Kimberly Gray to work with the development team.
Requirements have not yet been generated, but when they do, the customer will participate.
A requirements tracking has not yet been initiated.
This TMP makes an initial attempt at identifying the key process parameters and variables.

Standard design techniques will be used.
The paper study defining the capacity requirements and equipment scaling has not been performed.
The implementation plan for research objective 3 shows a start date at 2040.[23]
Performance metrics have not been established.
No testing yet or even scaling calculations.
No manufacturing difficulties are foreseen.
Mixer, tank, sampler, and analyses equipment will be required for testing. Specific equipment will be identified and/or procured at the time needed for testing.
Mixing, sampling, and analyses have been demonstrated for other applications which verify the scientific assumptions.
The state of the art technologies are expected to suffice for this application.
Risks are in mixing, sampling, and analyses, plus transferring a representative batch each time.
Risk mitigation strategies have not been developed.
In the context of AFCF and EAS, conceptual designs were completed. These designs do not exactly match the proposed application, but, are deemed similar enough for
Rudimentary best value analysis performed for operations?
TRL-3.
Key physical and chemical properties have been characterized for a number Very little analyses of the particle sizes and densities for solids and physical properties of the liquid phases to be mixed, sampled, and analyzed are available. Our
international partners may have data and we will attempt to get that data.
of waste samples?
No simulant has been developed with the UDS in it. A simulant of the UDS free waste was developed.[24]
A simulant has been developed that approximates key waste properties?
No mixing, sampling, and analyses tests were performed.
Laboratory scale tests on a simulant have been completed?
Specific waste(s) and waste site(s) has (have) been defined?
A range of potential wastes have been identified.[25]
The individual system components have been tested at the laboratory scale?
Individual systems described in this TMP have been tested for other applications.
Has the type of disposal environment(s) been defined?
NA, disposal environment is not applicable to MSA
Is a general strategy for waste form qualification been developed?
A waste form qualification strategy similar to WTP will be used.[26]
Key process variables/parameters been fully identified and preliminary
Hazards evaluations have not been performed.
hazard evaluations have been performed?
No testing with surrogates for the proposed system.
Laboratory components tested are surrogates for system components?
Individual components tested in laboratory or by supplier?
Suppliers have fabricated and tested the components that make up this system. No unique equipment is expected, only a unique application.
Subsystems composed of multiple components tested at lab scale using
No.
simulants?
Modeling & Simulation used to simulate some components and interfaces
Not for this application.
between components?
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Table A.2. Mixing, sampling, and analyses criteria evaluation.
C#
Y/N Criteria
4.06
N
Overall system requirements for end user’s application are known?
4.07
N
Overall system requirements for end user’s application are documented?
System performance metrics measuring requirements have been
4.08
N
established?
Laboratory testing requirements derived from system requirements are
4.09
N
established?
4.10
N
Available components assembled into laboratory scale system?
Laboratory experiments with available components show that they work
4.11
N
together?
Analysis completed to establish component compatibility (Do components
4.12
N
work together)?
Science and Technology Demonstration exit criteria established (S&T
4.13
N
targets understood, documented, and agreed to by sponsor)?
4.14
N
Technology demonstrates basic functionality in simulated environment?
Scalable technology prototypes have been produced (Can components be made
4.15
Y
bigger than lab scale)?
Draft conceptual designs have been documented (system description,
4.16
N
process flow diagrams, general arrangement drawings, and material
balance)?
Equipment scale-up relationships are understood/accounted for in
4.17
N
technology development program?
4.18
N
Controlled laboratory environment used in testing?
4.19
N
Initial cost drivers identified?
4.20
N
Integration studies have been started?
4.21
N
Formal risk management program initiated?
4.22
Y
Key manufacturing processes for equipment systems identified?
4.23
N
Scaling documents and designs of technology have been completed?
4.24
Key manufacturing processes assessed in laboratory?
4.25
N
Functional process description developed. (Systems/subsystems identified)?
Low fidelity technology “system” integration and engineering completed in
4.26
N
a lab environment?
Mitigation strategies identified to address manufacturability/producibility
4.27
shortfalls?
Key physical and chemical properties have been characterized for a range
4.28
N
of wastes?
A limited number of simulants have been developed that approximate the
4.29
N
range of waste properties?
Laboratory-scale tests on a limited range of simulants and real waste have
4.30
N
been completed?
4.31
N
Process/parameter limits and safety control strategies are being explored?
4.32
N
Test plan documents for prototypical lab- scale tests completed?
4.33
N
Technology availability dates established?
4.34
Are current regulations and policy established for disposal of the form?
4.35
Y
Have waste form affecting process steps been identified?
4.36
N
Has a detailed waste qualification plan been documented?
Have the range of chemistry and processing parameters for acceptable
4.37
N
waste form been identified and documented?
The relationships between major system and sub-system parameters are
5.01
N
understood on a laboratory scale?
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Comments
No system requirements yet documented.
No system requirements yet documented.
No performance metrics.
No.
Not the exact system for this application.
No experiments yet with these components all together.
No analyses yet.
This plan spells out the S&T targets, but, the exit criteria must still be developed.
No system has been assembled for testing.
Scaled mixing systems have been made and tested in the past.
Conceptual designs for EAS and AFCF are not sufficiently similar to this system to count at TRL-4.
No attempt has been made to calculate scale.
No laboratory testing yet.
They tend to be obvious, but not sure if critically safe configuration is required.
No integrated studies started.
No risk control document yet.
Manufacturability not in question for these systems.
No.
NA, manufacturing processes don’t need to be tested for MSA.
No.
No.
NA, manufacturing issues don’t required mitigation for MSA.
The range of chemistries has been assessed, but not complete and no physical data.[25]
No.
No.
No.
No.
No.
NA, waste form disposal policy is not applicable to MSA.
Yes, they are described in this TMP.
No.
No.
No.
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Table A.2. Mixing, sampling, and analyses criteria evaluation.
C#
Y/N Criteria
5.02
N
Plant size components available for testing?
System interface requirements known (How would system be integrated
5.03
N
into the plant?)
5.04
N
Preliminary design engineering begins?
5.05
N
Requirements for technology verification established?
Interfaces between components/subsystems in testing are realistic (bench
5.06
N
top with realistic interfaces)?
Prototypes of equipment system components have been created (know how
5.07
N
to make equipment)?
Tooling and machines demonstrated in lab for new manufacturing processes to
5.08
make component?
High fidelity lab integration of system completed, ready for test in relevant
5.09
N
environments?
Manufacturing techniques have been defined to the point where largest problems
5.1
defined?
5.11
N
Lab-scale, similar system tested with range of simulants?
Fidelity of system mock-up improves from laboratory to bench-scale
5.12
N
testing?
5.13
N
Availability and reliability (RAMI) target levels identified?
Some special purpose components combined with available laboratory
5.14
N
components for testing?
Three dimensional drawings and P&IDs for the prototypical engineering5.15
N
scale test facility have been prepared?
Laboratory environment for testing modified to approximate operational
5.16
N
environment?
5.17
N
Component integration issues and requirements identified?
Detailed design drawings have been completed to support specification of
5.18
N
engineering-scale testing system?
Requirements definition with performance thresholds and objectives
5.19
N
established for final plant design?
5.20
N
Preliminary technology feasibility engineering report completed?
Integration of modules/functions demonstrated in a laboratory/bench-scale
5.21
N
environment?
Formal control of all components to be used in final prototypical test
5.22
N
system?
5.23
N
Configuration management plan in place?
The range of all relevant physical and chemical properties has been
5.24
N
determined (to the extent possible)?
Simulants have been developed that cover the full range of waste
5.25
N
properties?
Testing has verified that the properties/performance of the simulants match
5.26
N
the properties/performance of the actual wastes?
Laboratory-scale tests on the full range of simulants using a prototypical
5.27
N
system have been completed?
Laboratory-scale tests on a limited range of real wastes using a prototypical
5.28
N
system have been completed?
5.29
N
Test results for simulants and real waste are consistent?
Laboratory to engineering scale scale-up issues are understood and
5.30
N
resolved?
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Comments
No.
No.
No.
No.
No.
No.
NA, tooling does not apply to MSA.
No.
NA, MSA does not require new parts to be manufactured.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
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Table A.2. Mixing, sampling, and analyses criteria evaluation.
C#
Y/N Criteria
Limits for all process variables/parameters and safety controls are being
5.31
N
refined?
5.32
N
Test plan for prototypical lab-scale tests executed - results validate design?
5.33
N
Test plan documents for prototypical engineering-scale tests completed?
5.34
N
Risk management plan documented?
5.35
N
Is a program in place to qualify the waste form and production process?
Have all relevant physical and chemical properties been sufficiently well
5.36
N
determined and bounded to meet proposed disposal criteria?
Have the waste impacting process steps been demonstrated to function
5.37
N
within acceptable range?
5.38
Was the transportation and storage package designed?
5.39
Have release rate law models been established (for relevant environment(s))?
The relationships between system and sub-system parameters are
6.01
N
understood at engineering scale allowing process/design variations and
tradeoffs to be evaluated?
6.02
N
Availability and reliability (RAMI) levels established?
6.03
N
Preliminary design drawings for final plant system are complete?
6.04
N
Operating environment for final system known?
Collection of actual maintainability, reliability, and supportability data has
6.05
N
been started?
Performance Baseline (including total project cost, schedule, and scope) has
6.06
N
been completed?
Operating limits for components determined (from design, safety and
6.07
N
environmental compliance)?
6.08
N
Operational requirements document available?
6.09
N
Off-normal operating responses determined for engineering scale system?
6.10
N
System technical interfaces defined?
6.11
N
Component integration demonstrated at an engineering scale?
Scaling issues that remain are identified and understood. Supporting
6.12
N
analysis is complete?
Analysis of project timing ensures technology will be available when
6.13
N
required?
6.14
N
Have established an interface control process?
6.15
N
Acquisition program milestones established for start of final design (CD-2)?
6.16

Y

Critical manufacturing processes prototyped?

6.17
6.18

Y
N

6.19

Y

6.20

N

6.21

Y

6.22

N

6.23

N

6.24

N

Most pre-production hardware is available to support fabrication of the system?
Engineering feasibility fully demonstrated (e.g., would it work)?
Materials, process, design, and integration methods have been employed (e.g.,
can design be produced?)
Technology “system” design specification complete and ready for detailed
design?
Components are functionally compatible with operational system?
Engineering-scale system is high-fidelity functional prototype of operational
system?
Formal configuration management program defined to control change
process?
Integration demonstrations have been completed (e.g., construction of
testing system)?
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Comments
No.
No.
No.
No.
No.
No.
No.
NA, transportation does not apply to MSA.
NA, release rates do not apply to MSA.
No.
No.
No
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
Standard equipment will be assembled to make the process. All sampling equipment has been procured and installed under full nuclear QA systems at WVDP, DWPF,
and WTP.
Mixing, sampling, and analyses hardware exist off the shelf.
No.
These methods have been employed for similar activities at WTP and other DOE projects.
No.
The components specified are the same as those used in current plants.
No.
No.
No.
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Table A.2. Mixing, sampling, and analyses criteria evaluation.
C#
Y/N Criteria
6.25
N
Final Technical Report on Technology completed?
6.26

Y

6.27

N

6.28
6.29
6.30
6.31
6.32
6.33

N
N
N
N
N

6.34

N

6.35

N

A.14

Process and tooling are mature to support fabrication of components/system?
Engineering-scale tests on the full range of simulants using a prototypical
system have been completed?
Engineering to full-scale scale-up issues are understood and resolved?
Laboratory and engineering-scale experiments are consistent?
Limits for all process variables/parameters and safety controls are defined?
Plan for engineering-scale testing executed - results validate design?
Production demonstrations are complete (at least one time)?
Have the transportation and storage systems been identified?
Are performance assessment models available for the form/disposal
environment?
Has a preliminary performance assessment been done to determine the
acceptability of the waste form?

Comments
No.
Standard equipment will be assembled to make the process. All sampling equipment has been procured and installed under full nuclear QA systems at WVDP, DWPF,
and WTP.
No.
No.
No.
No.
No.
No.
NA, transportation isn’t applicable to MSA.
No.
No.
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Table A.3. Melter feeding, melting, and pouring criteria evaluation.
C# Y/N Criteria
1.01
Y Back of envelope environment?
1.02
Y Physical laws and assumptions used in new technologies defined?
1.03
Y Paper studies confirm basic principles?
Initial scientific observations reported in journals/conference proceedings/technical
1.04
Y
reports?
1.05
Y Basic scientific principles observed and understood?
1.06
Y Know who cares about the technology, e.g., sponsor, funding source, etc.?
1.07
Y Research hypothesis formulated?
1.08
Y Basic characterization data exists?
1.09
Y Know who would perform research and where it would be done?
2.01
Y Customer identified?
2.02
Y Potential system or components have been identified?
2.03
Y Paper studies show that application is feasible?
2.04
Y Know what program the technology would support?
2.05
Y An apparent theoretical or empirical design solution identified?
2.06
Y Basic elements of technology have been identified?
2.07
Y Desktop environment (paper studies)?
2.08
Y Components of technology have been partially characterized?
2.09
Y Performance predictions made for each element?
2.10
Y Customer expresses interest in the application?
2.11
Y Initial analysis shows what major functions need to be done?
2.12
Y Modeling & Simulation only used to verify physical principles?
2.13
Y System architecture defined in terms of major functions to be performed?
2.14

Y

2.15

Y

2.16

Y

Analytical studies reported in scientific journals/conference proceedings/technical
reports?
Individual parts of the technology work (No real attempt at integration)?

2.17

Y

Know what output devices are available?

2.18

N

Preliminary strategy to obtain TRL Level 6 developed (e.g., scope, schedule,
cost)?

2.19

Y

Know capabilities and limitations of researchers and research facilities?

2.20
2.21
2.22

N
Y
Y

2.23

Y

The scope and scale of the waste problem has been determined?
Know what experiments are required (research approach)?
Qualitative idea of risk areas (cost, schedule, performance)?
Have the range of waste species and waste loading for the waste form been
identified?
Are the general properties of the waste form well understood and published in peer
review journals?
Have experiments started with the goal of determining the mechanism for the
release of radionuclides?
Academic (basic science) environment?
Some key process and safety requirements are identified?
Predictions of elements of technology capability validated by analytical
studies?
The basic science has been validated at the laboratory scale?

2.24
2.25
3.01
3.02

Y
Y

3.03

N

3.04

Y

Rigorous analytical studies confirm basic principles?

September 2012

FCRD-SWF-2012-000152

Comments
Calculations were performed to support the melter test planning at INL.[27]
Physical laws known and some heat/mass/charge transport models started.[28-33]
An evaluation of melter technologies shows this to be the most promising (size, production rate, temperature capabilities, etc.).[31, 34-38]
Many papers on CCIM use for other wastes (France, Russia, Korea, etc.).[39-50]
The basic scientific principles have been observed and understood. Many citations attest to the observations as listed in the three previous questions.
DOE-NE is the sponsor.
Past basic research into technology development has resulted in working systems.[51]
Basic data on CCIM exists for processing other wastes and other materials. See citations for questions 1.02 through 1.04.
Melter testing would be done at INL, KRI, Radon, KHNP, and CEA; glass development and characterization at PNNL and SRNL.
DOE-NE is the customer.
Several potential unit operations were identified in this plan these for a reference process that will be used until replaced.
This TMP provides sufficient paper study to demonstrate that this application is feasible at TRL-2 level.
Programs would be domestic reprocessing facility that hasn’t yet begun.
The design solution of a CCIM with unit operations specified in this document is currently envisioned.
Technology elements are identified in this TMP.
A mass balance was completed for AFCF and EAS for an application similar enough to meet TRL-2.
Several components were characterized for other waste immobilization applications.
The melter body performance predictions were made for the Baseline waste forms report [52] and also the AFCF design.
The customer requested and funded this TMP.
This TMP lists the major functions that need to be performed by this CTE.
Models for heat, mass, and charge transport in the CCIM were developed.[33, 53-55] Models for cold-cap melting are under development.[56-58]
The system is defined in Section 2.
The basic principles of the melter have been shown analytically.[28-33] Pouring and feeding systems have been demonstrated to be successful for slurry feed partly
crystallized waste forms.[39, 44, 48, 59-64]
The use of CCIM is well documented in journals and proceedings.[39-50]
The CCIM was demonstrated to work for HLW and other materials including the feeding of slurries and pouring of partly crystallized melts.[45, 48, 65-68]
With some trepidation, this was interpreted as pour-spout and off-gas treatment. There are a number of pour-spout designs tested and developed specifically for the
melting of waste glass in CCIM.
This TMP presents a strategy to achieve TRL-6.
The researchers at qualified institutions are well known along with their strengths and weaknesses/limitations. They primarily consist of PNNL, SRNL, and CEA
Marcoule for waste form formulation and INL, CEA Marcoule, SIA Radon, KHNP, Bochvar, LETI, and KRI for melter system testing.
The wastes to be immobilized are ill defined. They all result from a separations process that is still in development.
A basic research approach was developed and documented in this TMP.
This TMP lists the high risk areas and approach to lowering that risk. No quantitative analysis has been done.
A preliminary evaluation of waste compositions, waste loading constraints, and glass formulations was performed.[69]
NA, waste form properties are not applicable to FMP
NA, release mechanism does not apply to FMP.
Feeding, melting (in a CCIM) and pouring of glass has long been industrialized and is well past the academic endeavor.
Some of the requirements identified for HLW are the same as for this process/form.
Capability predictions have not yet been made.
The principles of CCIM have been demonstrated at full scale with similar materials.[51, 70]
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Table A.3. Melter feeding, melting, and pouring criteria evaluation.
C# Y/N Criteria
Science known to extent that mathematical and/or computer models and simulations
3.05
Y
are possible?
Preliminary system performance characteristics and measures have been
3.06
N
identified and estimated?
Predictions of elements of technology capability validated by Modeling and
3.07
N
Simulation (M&S)?
No system components, just basic laboratory research equipment to verify physical
3.08
Y
principles?
3.09
Y Laboratory experiments verify feasibility of application?
Predictions of elements of technology capability validated by laboratory
3.10
Y
experiments?
3.11
Y Customer representative identified to work with development team?
3.12
Y Customer participates in requirements generation?
3.13
N Requirements tracking system defined to manage requirements creep?
Key process parameters/variables and associated hazards have begun to be
3.14
N
identified?
3.15
N Design techniques have been identified/developed?
3.16
N Paper studies indicate that system components ought to work together?
3.17
Y Customer identifies technology need date?
3.18
N Performance metrics for the system are established (What must it do)?
3.19
N Scaling studies have been started?
3.20
Y Current manufacturability concepts assessed?
3.21
Y Sources of key components for laboratory testing identified?
3.22
N Scientific feasibility fully demonstrated?
3.23

Y

Analysis of present state of the art shows that technology fills a need?

3.24
3.25
3.26

Y
N
N

3.27

N

3.28
3.29
3.30
3.31
3.32
3.33

N
N
N
N

4.01

N

4.02
4.03

Y
Y

4.04

N

4.05

N

4.06
4.07
4.08

N
N
N

Risk areas identified in general terms?
Risk mitigation strategies identified?
Rudimentary best value analysis performed for operations?
Key physical and chemical properties have been characterized for a number of
waste samples?
A simulant has been developed that approximates key waste properties?
Laboratory scale tests on a simulant have been completed?
Specific waste(s) and waste site(s) has (have) been defined?
The individual system components have been tested at the laboratory scale?
Has the type of disposal environment(s) been defined?
Is a general strategy for waste form qualification been developed?
Key process variables/parameters been fully identified and preliminary hazard
evaluations have been performed?
Laboratory components tested are surrogates for system components?
Individual components tested in laboratory or by supplier?
Subsystems composed of multiple components tested at lab scale using
simulants?
Modeling & Simulation used to simulate some components and interfaces
between components?
Overall system requirements for end user’s application are known?
Overall system requirements for end user’s application are documented?
System performance metrics measuring requirements have been established?
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N

Comments
Modeling of heat, mass, and charge transport in the melter have started.[33, 53-55] Models for cold-cap melting are under development.[56-58]
No.
No.
Physical principles were demonstrated at scales up to and including scales up to 650 mm for the CCIM with similar materials.
Laboratory tests of the melting and cooling processes suggest that the glass ceramic will work in a CCIM.[71]
Glass ceramic melting and pouring were tested at laboratory scale.[69, 71, 72]
DOE representative, Kimberly Gray, is involved with development team.
DOE will participate in requirements generation (when it begins).
No requirements tracking system yet.
No.
Melters and off-gas components have been made. Cooling coil, pour-spout, and their coatings are not yet designed.
No.
Objective 3 lists a pilot facility in 2040.[23]
No.
No scaling studies have started for this application. However, general equipment scaling tenants are fairly well known for all the equipment to be used.
No issues are expected with manufacturability of any components based on the number of melters currently in service.
Melters are available at INL, KHNP, CEA, KRI, and SIA Radon.
No.
An evaluation of melter technologies shows this to be the most promising (size, production rate, temperature capabilities, etc.). method for treating HLW from
commercial fuel reprocessing.[52, 73, 74]
The risks are generally identified in this TMP.
No.
No.
No.
No.
No.
No.
No.
NA, type of disposal environment does not apply to TMP.
No.
Not for this application. Hazard analysis was performed prior to installation of the CCIM in LaHague for their application.[70]
Laboratory and engineering scale CCIM tests have been performed with liquid feed and crystals in the melt.[48, 65, 68, 75]
The melter and feed systems have been tested (see question 4.02). Also, individual off-gas components have been tested, but, not as an integrated system.
No.
No.
No.
No.
No.
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Table A.3. Melter feeding, melting, and pouring criteria evaluation.
C# Y/N Criteria
Laboratory testing requirements derived from system requirements are
4.09
N
established?
4.10

Y

4.11

N

4.12

N

4.13

N

4.14

N

4.15

Y

4.16

N

4.17

N

4.18
4.19
4.20
4.21
4.22
4.23
4.24
4.25

N
N
N
N
Y
N

4.26

N

4.27

N

4.28

N

4.29

N

4.30

N

4.31
4.32
4.33
4.34
4.35
4.36

N
N
Y

4.37

N

5.01

N

5.02

Y

5.03

N

5.04

N

N

Y
N

Available components assembled into laboratory scale system?
Laboratory experiments with available components show that they work
together?
Analysis completed to establish component compatibility (Do components
work together)?
Science and Technology Demonstration exit criteria established (S&T targets
understood, documented, and agreed to by sponsor)?
Technology demonstrates basic functionality in simulated environment?
Scalable technology prototypes have been produced (Can components be made
bigger than lab scale)?
Draft conceptual designs have been documented (system description, process
flow diagrams, general arrangement drawings, and material balance)?
Equipment scale-up relationships are understood/accounted for in technology
development program?
Controlled laboratory environment used in testing?
Initial cost drivers identified?
Integration studies have been started?
Formal risk management program initiated?
Key manufacturing processes for equipment systems identified?
Scaling documents and designs of technology have been completed?
Key manufacturing processes assessed in laboratory?
Functional process description developed. (Systems/subsystems identified)?
Low fidelity technology “system” integration and engineering completed in a
lab environment?
Mitigation strategies identified to address manufacturability/producibility
shortfalls?
Key physical and chemical properties have been characterized for a range of
wastes?
A limited number of simulants have been developed that approximate the
range of waste properties?
Laboratory-scale tests on a limited range of simulants and real waste have
been completed?
Process/parameter limits and safety control strategies are being explored?
Test plan documents for prototypical lab-scale tests completed?
Technology availability dates established?
Are current regulations and policy established for disposal of the form?
Have waste form affecting process steps been identified?
Has a detailed waste qualification plan been documented?
Have the range of chemistry and processing parameters for acceptable waste
form been identified and documented?
The relationships between major system and sub-system parameters are
understood on a laboratory scale?
Plant size components available for testing?
System interface requirements known (How would system be integrated into
the plant?)
Preliminary design engineering begins?

September 2012

FCRD-SWF-2012-000152

Comments
No.
INL melter is assembled with liquid feeding. Similar systems are assembled at CEA, KHNP, SIA Radon, Bochvar, LETI, and KRI. All of these systems have the option
for liquid feeding and pouring. The off-gas treatment systems are different at each laboratory and none are exactly the same as specified here.
No.
No.
This plan spells out the S&T targets, but, the exit criteria must still be developed.
No.
Melters and off-gas treatment units of various scales have been fabricated for other applications.
No.
No.
No.
Not fully.
No.
No.
No manufacturing issues identified unless flat tubes are used. In which case manufacturing is a challenge.
No.
NA, manufacturing issues don’t apply to FMP.
No.
No.
No manufacturing issues identified unless flat tubes are used. In which case manufacturing is a challenge.
No.
No.
No.
No
No.
Objective 3 lists a pilot facility in 2040.[23]
NA, disposal regulations do not apply to FMP.
The waste affecting processes are the same, in general, as those for Hanford HLW.[26]
No.
No.
No.
Full scale melters are available at CEA and KHNP.
No.
No.

A.17

Preliminary Technology Maturation Plan for
Immobilization of High-Level Waste in Glass-Ceramics

FCRD-SWF-2012-000152
Table A.3. Melter feeding, melting, and pouring criteria evaluation.
C# Y/N Criteria
5.05
N Requirements for technology verification established?
Interfaces between components/subsystems in testing are realistic (bench top
5.06
N
with realistic interfaces)?
Prototypes of equipment system components have been created (know how to make
5.07
Y
equipment)?
Tooling and machines demonstrated in lab for new manufacturing processes to
5.08
make component?
High fidelity lab integration of system completed, ready for test in relevant
5.09
N
environments?
Manufacturing techniques have been defined to the point where largest problems
5.10
Y
defined?
5.11
N Lab-scale, similar system tested with range of simulants?
5.12
N Fidelity of system mock-up improves from laboratory to bench-scale testing?
5.13
N Availability and reliability (RAMI) target levels identified?
Some special purpose components combined with available laboratory
5.14
N
components for testing?
Three dimensional drawings and P&IDs for the prototypical engineering-scale
5.15
N
test facility have been prepared?
Laboratory environment for testing modified to approximate operational
5.16
N
environment?
5.17
N Component integration issues and requirements identified?
Detailed design drawings have been completed to support specification of
5.18
N
engineering-scale testing system?
Requirements definition with performance thresholds and objectives
5.19
N
established for final plant design?
5.20
N Preliminary technology feasibility engineering report completed?
Integration of modules/functions demonstrated in a laboratory/bench-scale
5.21
N
environment?
5.22
N Formal control of all components to be used in final prototypical test system?
5.23
N Configuration management plan in place?
The range of all relevant physical and chemical properties has been
5.24
N
determined (to the extent possible)?
5.25
N Simulants have been developed that cover the full range of waste properties?
Testing has verified that the properties/performance of the simulants match
5.26
N
the properties/performance of the actual wastes?
Laboratory-scale tests on the full range of simulants using a prototypical
5.27
N
system have been completed?
Laboratory-scale tests on a limited range of real wastes using a prototypical
5.28
N
system have been completed?
5.29
N Test results for simulants and real waste are consistent?
5.30
N Laboratory to engineering scale scale-up issues are understood and resolved?
Limits for all process variables/parameters and safety controls are being
5.31
N
refined?
5.32
N Test plan for prototypical lab-scale tests executed - results validate design?
5.33
N Test plan documents for prototypical engineering-scale tests completed?
5.34
N Risk management plan documented?
5.35
N Is a program in place to qualify the waste form and production process?
Have all relevant physical and chemical properties been sufficiently well
5.36
N
determined and bounded to meet proposed disposal criteria?
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Comments
No.
No.
Prototypes of 650 mm diameter melters and larger were fabricated for CEA and KHNP.
NA, tooling does not apply to FMP.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
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Table A.3. Melter feeding, melting, and pouring criteria evaluation.
C# Y/N Criteria
Have the waste impacting process steps been demonstrated to function within
5.37
N
acceptable range?
5.38
Was the transportation and storage package been designed?
5.39
Have release rate law models been established (for relevant environment(s))?
The relationships between system and sub-system parameters are understood
6.01
N at engineering scale allowing process/design variations and tradeoffs to be
evaluated?
6.02
N Availability and reliability (RAMI) levels established?
6.03
N Preliminary design drawings for final plant system are complete?
6.04
N Operating environment for final system known?
Collection of actual maintainability, reliability, and supportability data has
6.05
N
been started?
Performance Baseline (including total project cost, schedule, and scope) has
6.06
N
been completed?
Operating limits for components determined (from design, safety and
6.07
N
environmental compliance)?
6.08
N Operational requirements document available?
6.09
N Off-normal operating responses determined for engineering scale system?
6.10
N System technical interfaces defined?
6.11
N Component integration demonstrated at an engineering scale?
Scaling issues that remain are identified and understood. Supporting analysis
6.12
N
is complete?
6.13
N Analysis of project timing ensures technology will be available when required?
6.14
N Have established an interface control process?
6.15
N Acquisition program milestones established for start of final design (CD-2)?
6.16
Y Critical manufacturing processes prototyped?
6.17
Y Most pre-production hardware is available to support fabrication of the system?
6.18
N Engineering feasibility fully demonstrated (e.g., would it work)?
Materials, process, design, and integration methods have been employed (e.g., can
6.19
Y
design be produced?)
Technology “system” design specification complete and ready for detailed
6.20
N
design?
6.21
Y Components are functionally compatible with operational system?
Engineering-scale system is high-fidelity functional prototype of operational
6.22
N
system?
Formal configuration management program defined to control change
6.23
N
process?
Integration demonstrations have been completed (e.g., construction of testing
6.24
N
system)?
6.25
N Final Technical Report on Technology completed?
6.26
Y Process and tooling are mature to support fabrication of components/system?
Engineering-scale tests on the full range of simulants using a prototypical
6.27
N
system have been completed?
6.28
N Engineering to full-scale scale-up issues are understood and resolved?
6.29
N Laboratory and engineering-scale experiments are consistent?
6.30
N Limits for all process variables/parameters and safety controls are defined?
6.31
N Plan for engineering-scale testing executed - results validate design?
6.32
N Production demonstrations are complete (at least one time)?
6.33
N Have the transportation and storage systems been identified?
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Comments
No.
NA, transportation is not applicable to FMP
NA, release rates do not apply to FMP
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
Manufacturing of the LaHague and Ulchin melters is complete and the melters are in service. Although, neither are liquid fed and nor do they produce glass-ceramic.
Hardware is available off-the-shelf for most components. Exceptions are the melter and wave-guide. These have been constructed at full scale for other applications.
No.
These methods were employed for the retrofit of LaHague to CCIM [51], and the installation at Ulchin [76].
No.
Components have been tested for similar applications and CCIM is actively used for HLW vitrification.
No.
No.
No.
No.
Equipment fabrication processes are mature and have been deployed for a number of melters.
No.
No.
No.
No.
No.
No.
No.
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Table A.3. Melter feeding, melting, and pouring criteria evaluation.
C# Y/N Criteria
Are performance assessment models available for the form/disposal
6.34
N
environment?
Has a preliminary performance assessment been done to determine the
6.35
N
acceptability of the waste form?
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No.
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Table A.4. Glass-ceramic formulation criteria evaluation.
C# Y/N Criteria
1.01
Y Back of envelope environment?
1.02
Y Physical laws and assumptions used in new technologies defined?
1.03
Y Paper studies confirm basic principles?
Initial scientific observations reported in journals/conference proceedings/technical
1.04
Y
reports?
1.05
Y Basic scientific principles observed and understood?
1.06
Y Know who cares about the technology, e.g., sponsor, funding source, etc.?
1.07

Y

Research hypothesis formulated?

1.08
1.09
2.01
2.02
2.03
2.04
2.05

Y
Y
Y
Y
Y
Y
Y

Basic characterization data exists?
Know who would perform research and where it would be done?
Customer identified?
Potential system or components have been identified?
Paper studies show that application is feasible?
Know what program the technology would support?
An apparent theoretical or empirical design solution identified?

2.06

Y

Basic elements of technology have been identified?

2.07
2.08
2.09
2.10
2.11

Y
Y
N
Y
Y

Desktop environment (paper studies)?
Components of technology have been partially characterized?
Performance predictions made for each element?
Customer expresses interest in the application?
Initial analysis shows what major functions need to be done?

2.12

N

Modeling & Simulation only used to verify physical principles?

2.13
2.14

N
Y

2.15

Y

2.16
2.17
2.18
2.19
2.20
2.21
2.22

Y

2.23

N

2.24

N

2.25

Y

3.01
3.02

Y
Y

3.03

N

3.04

Y

System architecture defined in terms of major functions to be performed?
Rigorous analytical studies confirm basic principles?
Analytical studies reported in scientific journals/conference proceedings/technical
reports?
Individual parts of the technology work (No real attempt at integration)?
Know what output devices are available?
Preliminary strategy to obtain TRL Level 6 developed (e.g., scope, schedule, cost)?
Know capabilities and limitations of researchers and research facilities?
The scope and scale of the waste problem has been determined?
Know what experiments are required (research approach)?
Qualitative idea of risk areas (cost, schedule, performance)?
Have the range of waste species and waste loading for the waste form been
identified?
Are the general properties of the waste form well understood and published in
peer review journals?
Have experiments started with the goal of determining the mechanism for the
release of radionuclides?
Academic (basic science) environment?
Some key process and safety requirements are identified?
Predictions of elements of technology capability validated by analytical
studies?
The basic science has been validated at the laboratory scale?

Y
Y
Y
Y
Y
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Comments
Initial glass-ceramic formulations are complete.[69, 71, 72]
Physical laws known and data already developed.[69, 71, 72, 77-82]
An evaluation of glass-ceramic shows waste loadings, phases, heat tolerance, etc. [69, 71, 72]
Basic concepts were recently published.[72]
Extensive understanding in multiphase waste forms dating back to the 1960’s.[83]
DOE-NE is the sponsor.[14]
The hypotheses are that glass-ceramic can be formulated for higher loading and temperature tolerance than borosilicate glass and thereby reduce waste management costs
for U.S. domestic reprocessing.
Basic data on glass-ceramic exists for lab-scale fabricated materials.[69, 71, 72]
PNNL, LANL, SRNL are all well suited to study this form.
DOE-NE is the customer.[14]
Several potential unit operations were identified and listed in Section 2.
Paper study resulted in the selection of this technology for this stream.[25, 69]
Programs would be U.S. domestic reprocessing that hasn’t yet started.
The glass formulation solution is envisioned with some theoretical basis.[72]
The basic elements of this technology are the glass ceramic waste form that can be fabricated by existing methods with typical cooling schedules. The targeted phases are
those that will immobilize key radionuclides to increase waste solubility, chemical durability, and thermal/radiation stability.
Waste form formulation was evaluated in paper and laboratory-scale studies.[72]
Several samples have been partially characterized.[69, 71, 72]
Predictions of loadings have been made. However, predictions of long-term performance, temperature and radiation stability have not been predicted.
Customer requested and funded this TMP.
The technology elements are described in previous documents [69, 71, 72] and summarized in this TMP.
No modeling/simulation have been used other than cooling rates, but not how cooling rates and composition impact crystallinity, process efficiency, or long-term
performance.
The system is described in terms of unit operations rather than major functions. This was done for convenience. However, all major functions are represented.
Analytical studies of the waste form itself and the formation of the right phases have been done.[69, 71, 72]
A paper on this application was published [72], the general concept is well known and reported.[77, 78, 83-87]
The waste form works. It’s not clear, yet, if it works in a CCIM.
NA, output devices do not apply to GCF.
This TMP highlights the strategy to obtain TRL-6.
The researchers at qualified institutions are well known along with their strengths and weaknesses/limitations.
The range of wastes to be treated have been estimated.[25] However, the wastes generated will be from a yet to be determined process so they are only a place holder.
A basic research approach is being developed by this TMP.
This TMP lists the high risk areas. No quantitative analysis yet done.
We don’t know the range of waste compositions as the process has not yet been defined. However, we have a placeholder based on similar processes.
Some of the properties were published in a journal.[72] However, many properties are still not known.
Property consistency test data were measured for 3, 7, and 28 days at 90°C.
Concept of the waste form is sufficiently understood from a fundamental (academic) standpoint.[72]
Some of the requirements identified for HLW glass are the same as for this stream.
Amounts and compositions of all the phases that form and their impact on waste form properties have not been predicted.
The principles of a crystallizing glass have been demonstrated at full scale with other compositions. [85]
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Table A.4. Glass-ceramic formulation criteria evaluation.
C# Y/N Criteria
Science known to extent that mathematical and/or computer models and simulations
3.05
Y
are possible?
Preliminary system performance characteristics and measures have been
3.06
N
identified and estimated?
Predictions of elements of technology capability validated by Modeling and
3.07
N
Simulation (M&S)?
No system components, just basic laboratory research equipment to verify physical
3.08
Y
principles?
3.09
Y Laboratory experiments verify feasibility of application?
Predictions of elements of technology capability validated by laboratory
3.10
N
experiments?
3.11
Y Customer representative identified to work with development team?
3.12
Y Customer participates in requirements generation?
3.13
N Requirements tracking system defined to manage requirements creep?
Key process parameters/variables and associated hazards have begun to be
3.14
N
identified?
3.15

Y

Design techniques have been identified/developed?

3.16
3.17
3.18
3.19
3.20
3.21
3.22
3.23
3.24
3.25
3.26

N
Y
N
Y
Y
Y
N
Y
Y
N
N

3.27

N

3.28
3.29
3.30
3.31
3.32
3.33

Y
Y
Y
Y
N
N

4.01

N

4.02
4.03

Y

4.04

N

4.05

Y

4.06
4.07
4.08

N
N
N

Paper studies indicate that system components ought to work together?
Customer identifies technology need date?
Performance metrics for the system are established (What must it do)?
Scaling studies have been started?
Current manufacturability concepts assessed?
Sources of key components for laboratory testing identified?
Scientific feasibility fully demonstrated?
Analysis of present state of the art shows that technology fills a need?
Risk areas identified in general terms?
Risk mitigation strategies identified?
Rudimentary best value analysis performed for operations?
Key physical and chemical properties have been characterized for a number of
waste samples?
A simulant has been developed that approximates key waste properties?
Laboratory scale tests on a simulant have been completed?
Specific waste(s) and waste site(s) has (have) been defined?
The individual system components have been tested at the laboratory scale?
Has the type of disposal environment(s) been defined?
Is a general strategy for waste form qualification been developed?
Key process variables/parameters been fully identified and preliminary hazard
evaluations have been performed?
Laboratory components tested are surrogates for system components?
Individual components tested in laboratory or by supplier?
Subsystems composed of multiple components tested at lab scale using
simulants?
Modeling & Simulation used to simulate some components and interfaces between
components?
Overall system requirements for end user’s application are known?
Overall system requirements for end user’s application are documented?
System performance metrics measuring requirements have been established?

A.22

Comments
We know how to model the form and slow cooling, but the modeling hasn’t started.
The performance requirements of the waste form aren’t yet know, such as loading, temperature tolerance (canister size), or long-term durability.
Models have not been used to validate technology predictions.
Physical principles were demonstrated at lab-scale.[72]
Laboratory experiments with simulated wastes have verified the feasibility of glass-ceramic waste forms.[69, 71, 72]
Waste loading and crystalline phases after a single slow cooling were validated for a composition. Not all elements have been validated.
DOE has identified a representative, Kimberly Gray, to work with development team.
DOE will participate in requirements generation (when it begins).
No.
No.
Standard waste glass design techniques will be applied, variable cooling rates are being evaluated, additionally, thermodynamic models will be used to predict
equilibrium phases as functions of composition and temperature.
No.
Project documents need pilot facility by 2040.[23]
No.
Initial scaling studies have begun.[27]
CCIM is the reference manufacturing method.
Melters are available at INL, KHNP, CEA, KRI, and SIA Radon. All other testing available at PNNL and LANL.
No.
An evaluation of HLW glass limitations shows that both chemical and heat limitations can be overcome by glass-ceramic.[25, 69, 72]
The high risk areas are highlighted in this TMP.
Risk management plan has not yet been developed.
No.
No.
A preliminary waste simulant was fabricated.[24]
Lab tests on the waste forms were completed and reported.[69, 72] A single laboratory test was performed with the waste simulant.[24]
A four corners study of potential HLW is being used to bound the wastes.[25] However, the final process and it’s resulting waste have not yet been identified.
Each of the target phases have been formed and tested at laboratory scale.[69, 71]
No.
No.
No hazard evaluations have been performed.
NA, component testing is not applicable to GCF
A couple of waste forms with a single cooling schedule have been tested.[72]
Not all waste compositions or heat treatment schedules have been tested.
Models of the melt target in the CCIM have been performed.[27]
No.
No.
No.
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Table A.4. Glass-ceramic formulation criteria evaluation.
C# Y/N Criteria
Laboratory testing requirements derived from system requirements are
4.09
N
established?
4.10
Available components assembled into laboratory scale system?
Laboratory experiments with available components show that they work
4.11
N
together?
Analysis completed to establish component compatibility (Do components
4.12
N
work together)?
Science and Technology Demonstration exit criteria established (S&T targets
4.13
N
understood, documented, and agreed to by sponsor)?
4.14
N Technology demonstrates basic functionality in simulated environment?
Scalable technology prototypes have been produced (Can components be made
4.15
Y
bigger than lab scale)?
Draft conceptual designs have been documented (system description, process flow
4.16
diagrams, general arrangement drawings, and material balance)?
Equipment scale-up relationships are understood/accounted for in technology
4.17
development program?
4.18
Y Controlled laboratory environment used in testing?
4.19
N Initial cost drivers identified?
4.20
Integration studies have been started?
4.21
N Formal risk management program initiated?
4.22
Key manufacturing processes for equipment systems identified?
4.23
Scaling documents and designs of technology have been completed?
4.24
Key manufacturing processes assessed in laboratory?
4.25
N Functional process description developed. (Systems/subsystems identified)?
Low fidelity technology “system” integration and engineering completed in a
4.26
N
lab environment?
Mitigation strategies identified to address manufacturability/producibility
4.27
Y
shortfalls?
Key physical and chemical properties have been characterized for a range of
4.28
N
wastes?
A limited number of simulants have been developed that approximate the
4.29
N
range of waste properties?
Laboratory-scale tests on a limited range of simulants and real waste have
4.30
N
been completed?
4.31
N Process/parameter limits and safety control strategies are being explored?
4.32
N Test plan documents for prototypical lab- scale tests completed?
4.33
Y Technology availability dates established?
4.34
Y Are current regulations and policy established for disposal of the form?
4.35
Y Have waste form affecting process steps been identified?
4.36
N Has a detailed waste qualification plan been documented?
Have the range of chemistry and processing parameters for acceptable waste
4.37
N
form been identified and documented?
The relationships between major system and sub-system parameters are understood
5.01
on a laboratory scale?
5.02
Plant size components available for testing?
System interface requirements known (How would system be integrated into
5.03
N
the plant?)
5.04
N Preliminary design engineering begins?
5.05
N Requirements for technology verification established?
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Comments
No.
NA, GCF does not have components to assemble.
No.
No.
No.
No.
No larger melts than 100s of grams, but glass compositions are scalable.
NA, conceptual design is not applicable to GCF
NA, equipment scale-up has been binned in FMP for this plan.
Laboratory experiments have been successful.[69, 71, 72]
No.
NA, integration studies do not apply to GCF.
No.
NA, manufacturing of GCF is a combination of FMP and CCC.
NA, scaling is not applicable to GCF.
NA, manufacturing of GCF is a combination of FMP and CCC.
No.
No.
Mitigation strategy is to change composition and/or melter process, and/or cooling methods as described in Section 2.
No.
No.
No real wastes tests.
No.
No.
Based on program documents pilot in 2040.[23]
10 CFR 60 allows for commercial HLW disposal at Yucca Mountain. However, the current Administration policy is not to pursue Yucca Mountain.
These are the same as for HLW glass.[12, 13, 26]
No.
No.
NA, systems are not applicable to GCF.
NA, plant size is not applicable to GCF.
No.
No.
No.
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Table A.4. Glass-ceramic formulation criteria evaluation.
C# Y/N Criteria
Interfaces between components/subsystems in testing are realistic (bench top
5.06
N
with realistic interfaces)?
Prototypes of equipment system components have been created (know how to make
5.07
equipment)?
Tooling and machines demonstrated in lab for new manufacturing processes to
5.08
make component?
High fidelity lab integration of system completed, ready for test in relevant
5.09
environments?
Manufacturing techniques have been defined to the point where largest problems
5.10
defined?
5.11
N Lab-scale, similar system tested with range of simulants?
5.12
N Fidelity of system mock-up improves from laboratory to bench-scale testing?
5.13
Availability and reliability (RAMI) target levels identified?
Some special purpose components combined with available laboratory components
5.14
for testing?
Three dimensional drawings and P&IDs for the prototypical engineering-scale test
5.15
facility have been prepared?
Laboratory environment for testing modified to approximate operational
5.16
N
environment?
5.17
N Component integration issues and requirements identified?
Detailed design drawings have been completed to support specification of
5.18
engineering-scale testing system?
Requirements definition with performance thresholds and objectives
5.19
N
established for final plant design?
5.20
N Preliminary technology feasibility engineering report completed?
Integration of modules/functions demonstrated in a laboratory/bench-scale
5.21
N
environment?
5.22
N Formal control of all components to be used in final prototypical test system?
5.23
N Configuration management plan in place?
The range of all relevant physical and chemical properties has been
5.24
N
determined (to the extent possible)?
5.25
N Simulants have been developed that cover the full range of waste properties?
Testing has verified that the properties/performance of the simulants match
5.26
N
the properties/performance of the actual wastes?
Laboratory-scale tests on the full range of simulants using a prototypical
5.27
N
system have been completed?
Laboratory-scale tests on a limited range of real wastes using a prototypical
5.28
N
system have been completed?
5.29
N Test results for simulants and real waste are consistent?
5.30
N Laboratory to engineering scale scale-up issues are understood and resolved?
Limits for all process variables/parameters and safety controls are being
5.31
N
refined?
5.32
N Test plan for prototypical lab-scale tests executed - results validate design?
5.33
N Test plan documents for prototypical engineering-scale tests completed?
5.34
N Risk management plan documented?
5.35
N Is a program in place to qualify the waste form and production process?
Have all relevant physical and chemical properties been sufficiently well
5.36
N
determined and bounded to meet proposed disposal criteria?
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Comments
No.
NA, GCF does not have prototype equipment.
NA, tooling does not apply to GCF.
NA, integration of system is covered by FMP and CCC.
NA, manufacturing of glass-ceramic is FMP and CCC.
No.
No.
NA, RAMI is not applicable to GCF.
No.
NA, drawings and P&ID’s do not apply to GCF.
No.
No.
NA, drawings do not apply to GCF.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
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Table A.4. Glass-ceramic formulation criteria evaluation.
C# Y/N Criteria
Have the waste impacting process steps been demonstrated to function within
5.37
N
acceptable range?
5.38
Was the transportation and storage package been designed?
5.39
N Have release rate law models been established (for relevant environment(s))?
The relationships between system and sub-system parameters are understood
6.01
N at engineering scale allowing process/design variations and tradeoffs to be
evaluated?
6.02
Availability and reliability (RAMI) levels established?
6.03
Preliminary design drawings for final plant system are complete?
6.04
N Operating environment for final system known?
Collection of actual maintainability, reliability, and supportability data has been
6.05
started?
Performance Baseline (including total project cost, schedule, and scope) has
6.06
N
been completed?
Operating limits for components determined (from design, safety and
6.07
N
environmental compliance)?
6.08
N Operational requirements document available?
6.09
N Off-normal operating responses determined for engineering scale system?
6.10
N System technical interfaces defined?
6.11
N Component integration demonstrated at an engineering scale?
Scaling issues that remain are identified and understood. Supporting analysis is
6.12
complete?
6.13
N Analysis of project timing ensures technology will be available when required?
6.14
N Have established an interface control process?
6.15
N Acquisition program milestones established for start of final design (CD-2)?
6.16
Critical manufacturing processes prototyped?
6.17
Most pre-production hardware is available to support fabrication of the system?
6.18
N Engineering feasibility fully demonstrated (e.g., would it work)?
Materials, process, design, and integration methods have been employed (e.g., can
6.19
design be produced?)
Technology “system” design specification complete and ready for detailed
6.20
N
design?
6.21
Components are functionally compatible with operational system?
Engineering-scale system is high-fidelity functional prototype of operational
6.22
N
system?
Formal configuration management program defined to control change
6.23
N
process?
Integration demonstrations have been completed (e.g., construction of testing
6.24
N
system)?
6.25
N Final Technical Report on Technology completed?
6.26
Process and tooling are mature to support fabrication of components/system?
Engineering-scale tests on the full range of simulants using a prototypical
6.27
N
system have been completed?
6.28
N Engineering to full-scale scale-up issues are understood and resolved?
6.29
N Laboratory and engineering-scale experiments are consistent?
6.30
N Limits for all process variables/parameters and safety controls are defined?
6.31
N Plan for engineering-scale testing executed - results validate design?
6.32
N Production demonstrations are complete (at least one time)?
6.33
Have the transportation and storage systems been identified?
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Comments
No.
NA, transportation package does not apply to GCF.
No.
No.
NA, RAMI does not apply to GCF.
NA, drawings do not apply to GCF.
No.
NA, RAMI does not apply to GCF.
No.
No.
No.
No.
No.
No.
NA, scaling of GCF is covered under FMP and CCC.
No.
No.
No.
NA, prototypes for manufacturing do not apply to GCF.
NA, GCF does not include hardware.
No.
NA, design methods do not apply to GCF.
No.
NA, GFC does not include system components in a traditional sense.
No.
No.
No.
No.
NA, tooling is not applicable to GFC.
No.
No.
No.
No.
No.
No.
NA, transportation systems is not applicable to GFC.
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Table A.4. Glass-ceramic formulation criteria evaluation.
C# Y/N Criteria
Are performance assessment models available for the form/disposal
6.34
N
environment?
Has a preliminary performance assessment been done to determine the
6.35
N
acceptability of the waste form?

A.26

Comments
No.
No.
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Table A.5. Canister cooling and crystallization criteria evaluation.
C# Y/N Criteria
1.01
Y Back of envelope environment?
1.02
Y Physical laws and assumptions used in new technologies defined?
1.03
Y Paper studies confirm basic principles?
Initial scientific observations reported in journals/conference proceedings/technical
1.04
Y
reports?
1.05
Y Basic scientific principles observed and understood?
1.06
Y Know who cares about the technology, e.g., sponsor, funding source, etc.?
1.07
Y Research hypothesis formulated?
1.08

Y

Basic characterization data exists?

1.09
2.01
2.02
2.03
2.04

Y
Y
Y
Y
Y

Know who would perform research and where it would be done?
Customer identified?
Potential system or components have been identified?
Paper studies show that application is feasible?
Know what program the technology would support?

2.05

Y

An apparent theoretical or empirical design solution identified?

2.06
2.07
2.08
2.09
2.10
2.11
2.12
2.13
2.14

Y
N
Y
N
Y
Y
N
Y
N

2.15

N

2.16
2.17
2.18
2.19
2.20
2.21
2.22

Y
Y
Y
Y
Y
Y
Y

2.23

Y

2.24

N

2.25

Y

3.01
3.02
3.03
3.04

Y
Y
N
Y

3.05

Y

Basic elements of technology have been identified?
Desktop environment (paper studies)?
Components of technology have been partially characterized?
Performance predictions made for each element?
Customer expresses interest in the application?
Initial analysis shows what major functions need to be done?
Modeling & Simulation only used to verify physical principles?
System architecture defined in terms of major functions to be performed?
Rigorous analytical studies confirm basic principles?
Analytical studies reported in scientific journals/conference
proceedings/technical reports?
Individual parts of the technology work (No real attempt at integration)?
Know what output devices are available?
Preliminary strategy to obtain TRL Level 6 developed (e.g., scope, schedule, cost)?
Know capabilities and limitations of researchers and research facilities?
The scope and scale of the waste problem has been determined?
Know what experiments are required (research approach)?
Qualitative idea of risk areas (cost, schedule, performance)?
Have the range of waste species and waste loading for the waste form been
identified?
Are the general properties of the waste form well understood and published in
peer review journals?
Have experiments started with the goal of determining the mechanism for the release
of radionuclides?
Academic (basic science) environment?
Some key process and safety requirements are identified?
Predictions of elements of technology capability validated by analytical studies?
The basic science has been validated at the laboratory scale?
Science known to extent that mathematical and/or computer models and simulations
are possible?

September 2012

FCRD-SWF-2012-000152

Comments
Back of envelope for extreme cooling rates completed.[88]
Physical laws known and data already developed.[88]
An evaluation of the range of potential cooling rates complete by adding decay heat to CCC estimates.[88]
Reports on CCC models and on FRG glass cooling have been issued.[89-92]
Extensive understanding in cooling and crystallization on cooling exists. [79-81]
DOE-NE is the sponsor.[14]
The hypotheses are that we can reliably obtain the correct phase assemblages with the range of potential cooling environments.
The closest is the instrumented HLW glass canister.[90, 91, 93, 94] None had sufficient decay heat to validate that aspect. The FRG cans have surface temperature after
fully cooling.[89]
PNNL, INL, SRNL and LANL are all well suited to study this process.
DOE-NE is the customer and requested and funded this TMP.
Several potential unit operations were identified in Section 2.
Paper study resulted in the selection of this technology and cooling approach.[72]
The program supported is U.S. domestic reprocessing that hasn’t yet started.[23]
The design solutions are the uninsulated “free fall cooling,” the insulated “slow cooling,” and the furnace “reheat.” Canisters would be based on the standard Hanford,
WVDP, or universal “LaHague” canister.
The basic elements of the technology are the melter, the canister, the cooling system, and the waste form.
Only the most extreme condition paper study was performed (standard Hanford canister with 14 kW of waste). [88] Additional paper studies are required to meet TRL-2.
The crystallinity on the slowest extreme has been measured for a couple waste form compositions.[69, 71, 72]
Calculations of the full range of cooling schedules haven’t yet been performed.
The DOE-NE customer requested and funded this TMP.
The technology elements identified in this TMP.
The minimum cooling rate was simulated, but not the full range of cooling rates nor how cooling rates and composition impact crystallinity.
The system is the canister, the internal heat from decay and melting, and the crystals that form.
The initial testing has started, but rigorous analytical studies are not yet complete.
No.
For a single formulation, the extreme cooling does work.[72] This has not been integrated into a system.
Output is the temperature distribution in the canisters as functions of time and location.
This TMP lays out the general approach to achieve TRL-6.
The researchers at qualified institutions are well known along with their strengths and weaknesses/limitations.
The range of wastes to be treated have been roughly estimated by the four-corners study.[25]
A basic research is developed in this TMP.
This TMP describes the high risk areas. No quantitative analysis done yet.
A paper study was completed to analyze the range of waste compositions. These are not final as the separations processes and their resulting wastes aren’t yet known.
However, decay heat is the key aspect for the purpose of this technology.
No.
Product consistency tests have been performed for 3, 7, 28 days for a waste form fabricated with one cooling curve.[69]
Concept of the cooling and crystallization are sufficiently understood from a fundamental standpoint.[79-82]
Some of the requirements identified for HLW glass are the same as for this stream.
No analytical studies to validate element predictions.
The principles of a crystallizing glass and canister cooling curves have been demonstrated at full scale with other compositions.[85]
We know how to model the slow cooling and have started, but the modeling of crystal precipitation hasn’t started.
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Table A.5. Canister cooling and crystallization criteria evaluation.
C# Y/N Criteria
Preliminary system performance characteristics and measures have been
3.06
N
identified and estimated?
Predictions of elements of technology capability validated by Modeling and
3.07
N
Simulation (M&S)?
No system components, just basic laboratory research equipment to verify physical
3.08
Y
principles?
3.09
Y Laboratory experiments verify feasibility of application?
Predictions of elements of technology capability validated by laboratory
3.10
N
experiments?
3.11
Y Customer representative identified to work with development team?
3.12
Y Customer participates in requirements generation?
3.13
N Requirements tracking system defined to manage requirements creep?
Key process parameters/variables and associated hazards have begun to be
3.14
N
identified?
3.15
Y Design techniques have been identified/developed?
3.16
N Paper studies indicate that system components ought to work together?
3.17
Y Customer identifies technology need date?
3.18
N Performance metrics for the system are established (What must it do)?
3.19
Y Scaling studies have been started?
3.20
Y Current manufacturability concepts assessed?
3.21
Y Sources of key components for laboratory testing identified?
3.22
N Scientific feasibility fully demonstrated?
3.23

Y

Analysis of present state of the art shows that technology fills a need?

3.24
3.25
3.26

Y
N
N

3.27

N

3.28
3.29
3.30
3.31
3.32
3.33

Y
Y
Y
Y
N
N

4.01

N

4.02
4.03

N
Y

4.04

N

4.05

Y

4.06
4.07
4.08

N
N
N

4.09

N

4.10

Y

Risk areas identified in general terms?
Risk mitigation strategies identified?
Rudimentary best value analysis performed for operations?
Key physical and chemical properties have been characterized for a number of
waste samples?
A simulant has been developed that approximates key waste properties?
Laboratory scale tests on a simulant have been completed?
Specific waste(s) and waste site(s) has (have) been defined?
The individual system components have been tested at the laboratory scale?
Has the type of disposal environment(s) been defined?
Is a general strategy for waste form qualification been developed?
Key process variables/parameters been fully identified and preliminary hazard
evaluations have been performed?
Laboratory components tested are surrogates for system components?
Individual components tested in laboratory or by supplier?
Subsystems composed of multiple components tested at lab scale using
simulants?
Modeling & Simulation used to simulate some components and interfaces between
components?
Overall system requirements for end user’s application are known?
Overall system requirements for end user’s application are documented?
System performance metrics measuring requirements have been established?
Laboratory testing requirements derived from system requirements are
established?
Available components assembled into laboratory scale system?
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Comments
No.
No.
Physical principles were demonstrated at lab scale. No canister system has been tested.
Laboratory experiments verify the feasibility of slow cooling within the canister for waste simulants.[69, 71, 72]
Canister cooling measured only for low heat HLW glasses.[71, 91, 93, 94]
DOE-NE representative, Kimberly Gray, is involved with development team.
DOE will participate in requirements generation (when it begins).
No.
No.
Standard engineering packages will be used.
No.
Project documents plan for pilot facility in 2040.[23]
No.
Studies have started to pour glass-ceramic into progressively higher diameter canisters and simulate cool-down.[27]
Manufacturing methods are mature for HLW canisters (supplying to DWPF, WVDP, and now WTP).
Melters are available at INL, KHNP, CEA, KRI, CUA, and SIA Radon. All other testing available at PNNL.
No.
An evaluation of HLW glass limitations suggest that both chemical and heat limitations can be overcome by glass-ceramic. Further, it’s been shown at laboratory scale
that a direct, natural, cooling is sufficient to make the target phases.[69, 71, 72]
This TMP lists the general risk areas. No formal risk assessment has been performed.
No formal risk assessment has been performed.
No.
No.
A waste simulant and canister simulant have been developed.[24, 27]
Lab tests on the waste forms were completed and reported.[69, 71, 72]
A four-corners study is being used to bound the wastes compositions and is reliable for heat content.[25]
Canisters,[91] cooling of melt to form crystals,[72] and canister handling have all been tested.
No.
No.
No.
No.
One heat treatment schedule was tested with a few glass ceramic compositions.[69, 71, 72]
No.
A model was developed to simulate the impact of decay heat on canister cooling.[88] Another model is being developed to evaluate glass cracking on cooling (with decay
heat).[95]
No.
No.
No.
No.
Equipment has been fabricated to pour large canisters and slow cool them.[27]
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Table A.5. Canister cooling and crystallization criteria evaluation.
C# Y/N Criteria
Laboratory experiments with available components show that they work
4.11
N
together?
Analysis completed to establish component compatibility (Do components work
4.12
N
together)?
Science and Technology Demonstration exit criteria established (S&T targets
4.13
N
understood, documented, and agreed to by sponsor)?
4.14
Y Technology demonstrates basic functionality in simulated environment?
Scalable technology prototypes have been produced (Can components be made
4.15
N
bigger than lab scale)?
Draft conceptual designs have been documented (system description, process
4.16
N
flow diagrams, general arrangement drawings, and material balance)?
Equipment scale-up relationships are understood/accounted for in technology
4.17
N
development program?
4.18
Y Controlled laboratory environment used in testing?
4.19

Y

Initial cost drivers identified?

4.20
4.21
4.22
4.23
4.24
4.25

N
N
Y
N
Y
N

4.26

N

4.27

Y

4.28

N

Integration studies have been started?
Formal risk management program initiated?
Key manufacturing processes for equipment systems identified?
Scaling documents and designs of technology have been completed?
Key manufacturing processes assessed in laboratory?
Functional process description developed. (Systems/subsystems identified)?
Low fidelity technology “system” integration and engineering completed in a
lab environment?
Mitigation strategies identified to address manufacturability/producibility shortfalls?
Key physical and chemical properties have been characterized for a range of
wastes?
A limited number of simulants have been developed that approximate the range of
waste properties?
Laboratory-scale tests on a limited range of simulants and real waste have been
completed?
Process/parameter limits and safety control strategies are being explored?
Test plan documents for prototypical lab- scale tests completed?
Technology availability dates established?
Are current regulations and policy established for disposal of the form?
Have waste form affecting process steps been identified?
Has a detailed waste qualification plan been documented?
Have the range of chemistry and processing parameters for acceptable waste
form been identified and documented?
The relationships between major system and sub-system parameters are
understood on a laboratory scale?
Plant size components available for testing?
System interface requirements known (How would system be integrated into
the plant?)
Preliminary design engineering begins?
Requirements for technology verification established?
Interfaces between components/subsystems in testing are realistic (bench top
with realistic interfaces)?

4.29
4.30

N

4.31
4.32
4.33
4.34
4.35
4.36

N
N
Y

4.37

N

5.01

N

5.02

N

5.03

N

5.04
5.05

N
N

5.06

N

Y
N
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Comments
No.
No.
The general technology program is described in this TMP. Specific research exit criteria have not yet been agreed upon.
For the initial cooling schedule, the glass ceramic can be made without reheating.[72]
No.
No.
No.
Controlled cooling schedules to reproduce the high-heat canister centerline cooling has been performed at laboratory scale.[72]
The options are generally known, (natural cooling, insulated cooling, controlled cooling, or reheating). Equipment size and cost along with operating costs (including
maintenance) will likely drive the cost.
No.
No.
Canister manufacturing is a mature technology.
No.
Canister manufacturing is a mature technology.
No.
No.
Canister manufacturing is a mature technology.
No.
NA, CCC does not use simulants, but, rather glass from FMP which use simulants.
No real waste testing.
No.
No.
In program planning documents a 2040 pilot-scale operation is called for.[23]
NA, disposal policies do not apply to CCC.
Temperature schedule and the resulting phase assemblage and performance impacts.
No.
No.
No.
No.
No.
No.
No.
No.
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Table A.5. Canister cooling and crystallization criteria evaluation.
C# Y/N Criteria
Prototypes of equipment system components have been created (know how to
5.07
N
make equipment)?
Tooling and machines demonstrated in lab for new manufacturing processes to make
5.08
component?
High fidelity lab integration of system completed, ready for test in relevant
5.09
N
environments?
Manufacturing techniques have been defined to the point where largest problems
5.10
defined?
5.11
N Lab-scale, similar system tested with range of simulants?
5.12
N Fidelity of system mock-up improves from laboratory to bench-scale testing?
5.13
N Availability and reliability (RAMI) target levels identified?
Some special purpose components combined with available laboratory
5.14
N
components for testing?
Three dimensional drawings and P&IDs for the prototypical engineering-scale
5.15
N
test facility have been prepared?
Laboratory environment for testing modified to approximate operational
5.16
N
environment?
5.17
N Component integration issues and requirements identified?
Detailed design drawings have been completed to support specification of
5.18
N
engineering-scale testing system?
Requirements definition with performance thresholds and objectives
5.19
N
established for final plant design?
5.20
N Preliminary technology feasibility engineering report completed?
Integration of modules/functions demonstrated in a laboratory/bench-scale
5.21
N
environment?
5.22
N Formal control of all components to be used in final prototypical test system?
5.23
N Configuration management plan in place?
The range of all relevant physical and chemical properties has been determined
5.24
N
(to the extent possible)?
5.25
N Simulants have been developed that cover the full range of waste properties?
Testing has verified that the properties/performance of the simulants match the
5.26
properties/performance of the actual wastes?
Laboratory-scale tests on the full range of simulants using a prototypical
5.27
N
system have been completed?
Laboratory-scale tests on a limited range of real wastes using a prototypical
5.28
N
system have been completed?
5.29
Test results for simulants and real waste are consistent?
5.30
N Laboratory to engineering scale scale-up issues are understood and resolved?
Limits for all process variables/parameters and safety controls are being
5.31
N
refined?
5.32
N Test plan for prototypical lab-scale tests executed - results validate design?
5.33
N Test plan documents for prototypical engineering-scale tests completed?
5.34
N Risk management plan documented?
5.35
N Is a program in place to qualify the waste form and production process?
Have all relevant physical and chemical properties been sufficiently well
5.36
N
determined and bounded to meet proposed disposal criteria?
Have the waste impacting process steps been demonstrated to function within
5.37
N
acceptable range?
5.38
N Was the transportation and storage package been designed?

A.30

Comments
No prototypes made for the yet undefined system.
NA, tooling and machines do not apply to CCC. Canister manufacturing does not require any new equipment.
No.
NA, Manufacturing techniques do not apply to CCC. Canister manufacturing does not require any new equipment.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
NA, canisters will not be simulated.
No real waste tests.
No real waste tests.
NA, real or simulated wastes do not impact CCC.
No.
No.
No.
No.
No.
No.
No.
No.
No
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Table A.5. Canister cooling and crystallization criteria evaluation.
C# Y/N Criteria
5.39
Have release rate law models been established (for relevant environment(s))?
The relationships between system and sub-system parameters are understood
6.01
N at engineering scale allowing process/design variations and tradeoffs to be
evaluated?
6.02
N Availability and reliability (RAMI) levels established?
6.03
N Preliminary design drawings for final plant system are complete?
6.04
N Operating environment for final system known?
Collection of actual maintainability, reliability, and supportability data has
6.05
N
been started?
Performance Baseline (including total project cost, schedule, and scope) has
6.06
N
been completed?
Operating limits for components determined (from design, safety and
6.07
N
environmental compliance)?
6.08
N Operational requirements document available?
6.09
N Off-normal operating responses determined for engineering scale system?
6.10
N System technical interfaces defined?
6.11
N Component integration demonstrated at an engineering scale?
Scaling issues that remain are identified and understood. Supporting analysis is
6.12
N
complete?
6.13
N Analysis of project timing ensures technology will be available when required?
6.14
N Have established an interface control process?
6.15
N Acquisition program milestones established for start of final design (CD-2)?
6.16
Y Critical manufacturing processes prototyped?
6.17
Y Most pre-production hardware is available to support fabrication of the system?
6.18
N Engineering feasibility fully demonstrated (e.g., would it work)?
Materials, process, design, and integration methods have been employed (e.g., can
6.19
Y
design be produced?)
Technology “system” design specification complete and ready for detailed
6.20
N
design?
6.21
N Components are functionally compatible with operational system?
Engineering-scale system is high-fidelity functional prototype of operational
6.22
N
system?
6.23
N Formal configuration management program defined to control change process?
Integration demonstrations have been completed (e.g., construction of testing
6.24
N
system)?
6.25
N Final Technical Report on Technology completed?
6.26
Y Process and tooling are mature to support fabrication of components/system?
Engineering-scale tests on the full range of simulants using a prototypical
6.27
N
system have been completed?
6.28
N Engineering to full-scale scale-up issues are understood and resolved?
6.29
N Laboratory and engineering-scale experiments are consistent?
6.30
N Limits for all process variables/parameters and safety controls are defined?
6.31
N Plan for engineering-scale testing executed - results validate design?
6.32
N Production demonstrations are complete (at least one time)?
6.33
Have the transportation and storage systems been identified?
Are performance assessment models available for the form/disposal
6.34
N
environment?
Has a preliminary performance assessment been done to determine the
6.35
N
acceptability of the waste form?
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Comments
NA, release rate law does not apply to CCC.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
Canister manufacturing is a mature technology.
Canister manufacturing is a mature technology.
No.
Canister manufacturing is a mature technology.
No.
No.
No.
No.
No.
No.
Canister manufacturing is a mature technology.
No.
No.
No.
No.
No.
No.
NA, transportation and storage do not apply to CCC.
No.
No.
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Table A.6. Canister decon criteria evaluation.*
C# Y/N Criteria
Comments
1.01
Back of envelope environment?
1.02
Physical laws and assumptions used in new technologies defined?
1.03
Paper studies confirm basic principles?
Initial scientific observations reported in journals/conference proceedings/technical
1.04
reports?
1.05
Basic scientific principles observed and understood?
1.06
Know who cares about the technology, e.g., sponsor, funding source, etc.?
1.07
Research hypothesis formulated?
1.08
Basic characterization data exists?
1.09
Know who would perform research and where it would be done?
2.01
Customer identified?
2.02
Potential system or components have been identified?
2.03
Paper studies show that application is feasible?
2.04
Know what program the technology would support?
2.05
An apparent theoretical or empirical design solution identified?
2.06
Basic elements of technology have been identified?
2.07
Desktop environment (paper studies)?
2.08
Components of technology have been partially characterized?
2.09
Performance predictions made for each element?
2.10
Customer expresses interest in the application?
2.11
Initial analysis shows what major functions need to be done?
2.12
Modeling & Simulation only used to verify physical principles?
2.13
System architecture defined in terms of major functions to be performed?
2.14
Rigorous analytical studies confirm basic principles?
Analytical studies reported in scientific journals/conference proceedings/technical
2.15
reports?
2.16
Individual parts of the technology work (No real attempt at integration)?
2.17
Know what output devices are available?
2.18
Preliminary strategy to obtain TRL Level 6 developed (e.g., scope, schedule, cost)?
2.19
Know capabilities and limitations of researchers and research facilities?
2.20
The scope and scale of the waste problem has been determined?
2.21
Know what experiments are required (research approach)?
2.22
Qualitative idea of risk areas (cost, schedule, performance)?
Have the range of waste species and waste loading for the waste form been
2.23
identified?
Are the general properties of the waste form well understood and published in peer
2.24
review journals?
Have experiments started with the goal of determining the mechanism for the release
2.25
of radionuclides?
3.01
Academic (basic science) environment?
3.02
Some key process and safety requirements are identified?
3.03
Predictions of elements of technology capability validated by analytical studies?
3.04
The basic science has been validated at the laboratory scale?
Science known to extent that mathematical and/or computer models and simulations
3.05
are possible?
Preliminary system performance characteristics and measures have been identified
3.06
and estimated?
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Table A.5. Canister cooling and crystallization criteria evaluation.
C# Y/N Criteria
Comments
Predictions of elements of technology capability validated by Modeling and
3.07
Simulation (M&S)?
No system components, just basic laboratory research equipment to verify physical
3.08
principles?
3.09
Laboratory experiments verify feasibility of application?
Predictions of elements of technology capability validated by laboratory
3.10
experiments?
3.11
Customer representative identified to work with development team?
3.12
Customer participates in requirements generation?
3.13
Requirements tracking system defined to manage requirements creep?
Key process parameters/variables and associated hazards have begun to be
3.14
identified?
3.15
Design techniques have been identified/developed?
3.16
Paper studies indicate that system components ought to work together?
3.17
Customer identifies technology need date?
3.18
Performance metrics for the system are established (What must it do)?
3.19
Scaling studies have been started?
3.20
Current manufacturability concepts assessed?
3.21
Sources of key components for laboratory testing identified?
3.22
Scientific feasibility fully demonstrated?
3.23
Analysis of present state of the art shows that technology fills a need?
3.24
Risk areas identified in general terms?
3.25
Risk mitigation strategies identified?
3.26
Rudimentary best value analysis performed for operations?
Key physical and chemical properties have been characterized for a number of waste
3.27
samples?
3.28
A simulant has been developed that approximates key waste properties?
3.29
Laboratory scale tests on a simulant have been completed?
3.30
Specific waste(s) and waste site(s) has (have) been defined?
3.31
The individual system components have been tested at the laboratory scale?
3.32
Has the type of disposal environment(s) been defined?
3.33
Is a general strategy for waste form qualification been developed?
Key process variables/parameters been fully identified and preliminary hazard
4.01
evaluations have been performed?
4.02
Laboratory components tested are surrogates for system components?
4.03
Individual components tested in laboratory or by supplier?
4.04
Subsystems composed of multiple components tested at lab scale using simulants?
Modeling & Simulation used to simulate some components and interfaces between
4.05
components?
4.06
Overall system requirements for end user’s application are known?
4.07
Overall system requirements for end user’s application are documented?
4.08
System performance metrics measuring requirements have been established?
4.09
Laboratory testing requirements derived from system requirements are established?
4.10
Available components assembled into laboratory scale system?
4.11
Laboratory experiments with available components show that they work together?
Analysis completed to establish component compatibility (Do components work
4.12
together)?
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Table A.5. Canister cooling and crystallization criteria evaluation.
C# Y/N Criteria
Science and Technology Demonstration exit criteria established (S&T targets
4.13
understood, documented, and agreed to by sponsor)?
4.14
Technology demonstrates basic functionality in simulated environment?
Scalable technology prototypes have been produced (Can components be made
4.15
bigger than lab scale)?
Draft conceptual designs have been documented (system description, process flow
4.16
diagrams, general arrangement drawings, and material balance)?
Equipment scale-up relationships are understood/accounted for in technology
4.17
development program?
4.18
Controlled laboratory environment used in testing?
4.19
Initial cost drivers identified?
4.20
Integration studies have been started?
4.21
Formal risk management program initiated?
4.22
Key manufacturing processes for equipment systems identified?
4.23
Scaling documents and designs of technology have been completed?
4.24
Key manufacturing processes assessed in laboratory?
4.25
Functional process description developed. (Systems/subsystems identified)?
Low fidelity technology “system” integration and engineering completed in a lab
4.26
environment?
4.27
Mitigation strategies identified to address manufacturability/producibility shortfalls?
4.28
Key physical and chemical properties have been characterized for a range of wastes?
A limited number of simulants have been developed that approximate the range of
4.29
waste properties?
Laboratory-scale tests on a limited range of simulants and real waste have been
4.30
completed?
4.31
Process/parameter limits and safety control strategies are being explored?
4.32
Test plan documents for prototypical lab- scale tests completed?
4.33
Technology availability dates established?
4.34
Are current regulations and policy established for disposal of the form?
4.35
Have waste form affecting process steps been identified?
4.36
Has a detailed waste qualification plan been documented?
Have the range of chemistry and processing parameters for acceptable waste form
4.37
been identified and documented?
The relationships between major system and sub-system parameters are understood
5.01 Y
on a laboratory scale?
5.02 Y Plant size components available for testing?
System interface requirements known (How would system be integrated into the
5.03 Y
plant?)
5.04
Preliminary design engineering begins?
5.05 N Requirements for technology verification established?
Interfaces between components/subsystems in testing are realistic (bench top with
5.06 Y
realistic interfaces)?
Prototypes of equipment system components have been created (know how to make
5.07 Y
equipment)?
Tooling and machines demonstrated in lab for new manufacturing processes to make
5.08 N/A
component?
High fidelity lab integration of system completed, ready for test in relevant
5.09 N
environments?
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Comments

This is true only for the WTP low activity waste vitrification facility.[96]
No.
This is true only for the WTP low activity waste vitrification facility.[96]

NA, tooling does not apply to CD as the equipment are off the shelf.
No.
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Table A.5. Canister cooling and crystallization criteria evaluation.
C# Y/N Criteria
Manufacturing techniques have been defined to the point where largest problems
5.10 Y
defined?
5.11 Y Lab-scale, similar system tested with range of simulants?
5.12 N Fidelity of system mock-up improves from laboratory to bench-scale testing?
5.13 Y Availability and reliability (RAMI) target levels identified?
Some special purpose components combined with available laboratory
5.14 N
components for testing?
Three dimensional drawings and P&IDs for the prototypical engineering-scale test
5.15 Y
facility have been prepared?
Laboratory environment for testing modified to approximate operational
5.16 Y
environment?
5.17 N Component integration issues and requirements identified?
Detailed design drawings have been completed to support specification of
5.18 Y
engineering-scale testing system?
Requirements definition with performance thresholds and objectives established
5.19 N
for final plant design?
5.20 Y Preliminary technology feasibility engineering report completed?
Integration of modules/functions demonstrated in a laboratory/bench-scale
5.21 N
environment?
5.22 Y Formal control of all components to be used in final prototypical test system?
5.23 Y Configuration management plan in place?
The range of all relevant physical and chemical properties has been determined (to
5.24
the extent possible)?
5.25
Simulants have been developed that cover the full range of waste properties?
Testing has verified that the properties/performance of the simulants match the
5.26
properties/performance of the actual wastes?
Laboratory-scale tests on the full range of simulants using a prototypical system have
5.27
been completed?
Laboratory-scale tests on a limited range of real wastes using a prototypical system
5.28
have been completed?
5.29
Test results for simulants and real waste are consistent?
5.30
Laboratory to engineering scale scale-up issues are understood and resolved?
5.31
Limits for all process variables/parameters and safety controls are being refined?
5.32
Test plan for prototypical lab-scale tests executed - results validate design?
5.33
Test plan documents for prototypical engineering-scale tests completed?
5.34 Y Risk management plan documented?
5.35
Is a program in place to qualify the waste form and production process?
Have all relevant physical and chemical properties been sufficiently well determined
5.36
and bounded to meet proposed disposal criteria?
Have the waste impacting process steps been demonstrated to function within
5.37
acceptable range?
5.38
Was the transportation and storage package been designed?
5.39
Have release rate law models been established (for relevant environment(s))?
The relationships between system and sub-system parameters are understood at
6.01 N engineering scale allowing process/design variations and tradeoffs to be
evaluated?
6.02 Y Availability and reliability (RAMI) levels established?
6.03 Y Preliminary design drawings for final plant system are complete?
6.04 Y Operating environment for final system known?
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Comments

Systems tested with a range of different canisters for different applications. The previous TMP evaluated these.[96]
No.
This is true only for the WTP low activity waste vitrification facility.[96]
No.
This is true only for the WTP low activity waste vitrification facility.[96]
This is true only for the WTP low activity waste vitrification facility.[96]
No.
This is true only for the WTP low activity waste vitrification facility.[96]
No.

No.
This is true only for the WTP low activity waste vitrification facility.[96]
This is true only for the WTP low activity waste vitrification facility.[96]

This is true only for the WTP low activity waste vitrification facility.[96]

No.
This is true only for the WTP low activity waste vitrification facility.[96]
This is true only for the WTP low activity waste vitrification facility.[96]
This is true only for the WTP low activity waste vitrification facility.[96]
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Table A.5. Canister cooling and crystallization criteria evaluation.
C# Y/N Criteria
Collection of actual maintainability, reliability, and supportability data has been
6.05 Y
started?
Performance Baseline (including total project cost, schedule, and scope) has been
6.06
completed?
Operating limits for components determined (from design, safety and environmental
6.07 Y
compliance)?
6.08 Y Operational requirements document available?
6.09 Y Off-normal operating responses determined for engineering scale system?
6.10 Y System technical interfaces defined?
6.11 N Component integration demonstrated at an engineering scale?
Scaling issues that remain are identified and understood. Supporting analysis is
6.12 Y
complete?
6.13 Y Analysis of project timing ensures technology will be available when required?
6.14 Y Have established an interface control process?
6.15 Y Acquisition program milestones established for start of final design (CD-2)?
6.16 Y Critical manufacturing processes prototyped?
6.17 Y Most pre-production hardware is available to support fabrication of the system?
6.18 N Engineering feasibility fully demonstrated (e.g., would it work)?
Materials, process, design, and integration methods have been employed (e.g., can
6.19 Y
design be produced?)
6.20 Y Technology “system” design specification complete and ready for detailed design?
6.21 N Components are functionally compatible with operational system?
Engineering-scale system is high-fidelity functional prototype of operational
6.22 N
system?
6.23 Y Formal configuration management program defined to control change process?
Integration demonstrations have been completed (e.g., construction of testing
6.24 N
system)?
6.25 N Final Technical Report on Technology completed?
6.26 Y Process and tooling are mature to support fabrication of components/system?
Engineering-scale tests on the full range of simulants using a prototypical
6.27 N
system have been completed?
6.28
Engineering to full-scale scale-up issues are understood and resolved?
6.29
Laboratory and engineering-scale experiments are consistent?
6.30
Limits for all process variables/parameters and safety controls are defined?
6.31 N Plan for engineering-scale testing executed - results validate design?
6.32 N Production demonstrations are complete (at least one time)?
6.33
Have the transportation and storage systems been identified?
6.34
Are performance assessment models available for the form/disposal environment?
Has a preliminary performance assessment been done to determine the acceptability
6.35
of the waste form?

Comments
This is true only for the WTP low activity waste vitrification facility.[96]

This is true only for the WTP low activity waste vitrification facility.[96]
This is true only for the WTP low activity waste vitrification facility.[96]
This is true only for the WTP low activity waste vitrification facility.[96]
This is true only for the WTP low activity waste vitrification facility.[96]

This is true only for the WTP low activity waste vitrification facility.[96]
This is true only for the WTP low activity waste vitrification facility.[96]

No.

This is true only for the WTP low activity waste vitrification facility.[96]
No.
No.
This is true only for the WTP low activity waste vitrification facility.[96]
No.
No.
No.

No.
No.
NA, transportation does not apply to CD.
NA, performance models do not apply to CD.
NA, performance models do not apply to CD.

* A different set of questions were used to evaluate the technology readiness of canister decontamination process. The TMP was developed and reported for Hanford low-activity waste glass canisters.[96]

A.36

September 2012

Preliminary Technology Maturation Plan for
Immobilization of High-Level Waste in Glass-Ceramics
Table A.7. Planned activity to complete criteria.
C#
Criteria
1.01 Back of envelope environment?
1.02 Physical laws and assumptions used in new technologies defined?
1.03 Paper studies confirm basic principles?
1.04 Initial scientific observations reported in journals/conference proceedings/technical reports?
1.05 Basic scientific principles observed and understood?
1.06 Know who cares about the technology, e.g., sponsor, funding source, etc.?
1.07 Research hypothesis formulated?
1.08 Basic characterization data exists?
1.09
2.01
2.02
2.03
2.04
2.05
2.06
2.07
2.08
2.09
2.10
2.11

Know who would perform research and where it would be done?
Customer identified?
Potential system or components have been identified?
Paper studies show that application is feasible?
Know what program the technology would support?
An apparent theoretical or empirical design solution identified?
Basic elements of technology have been identified?
Desktop environment (paper studies)?
Components of technology have been partially characterized?
Performance predictions made for each element?
Customer expresses interest in the application?
Initial analysis shows what major functions need to be done?

2.12 Modeling & Simulation only used to verify physical principles?
2.13 System architecture defined in terms of major functions to be performed?
2.14 Rigorous analytical studies confirm basic principles?
2.15 Analytical studies reported in scientific journals/conference proceedings/technical reports?
2.16
2.17
2.18
2.19
2.20

Individual parts of the technology work (No real attempt at integration)?
Know what output devices are available?
Preliminary strategy to obtain TRL Level 6 developed (e.g., scope, schedule, cost)?
Know capabilities and limitations of researchers and research facilities?
The scope and scale of the waste problem has been determined?

2.21 Know what experiments are required (research approach)?
2.22 Qualitative idea of risk areas (cost, schedule, performance)?
2.23 Have the range of waste species and waste loading for the waste form been identified?
2.24 Are the general properties of the waste form well understood and published in peer review
journals?
2.25 Have experiments started with the goal of determining the mechanism for the release of
radionuclides?
3.01 Academic (basic science) environment?
3.02 Some key process and safety requirements are identified?
3.03 Predictions of elements of technology capability validated by analytical studies?
3.04 The basic science has been validated at the laboratory scale?
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MSA
Y
Y
Y
Y
Y
Y
Y
Characterize, estimate, and
simulate the wastes to be treated
Y
Y
Y
Y
Y
Y
Y
Preliminary engineering study
Y
Preliminary engineering study
Y
Y

FMP
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

Y
Y
Y
Y
Test the mixing, sampling, and
Y
analyses
Test the mixing, sampling, and
Y
analyses
Y
Y
Y
Y
TMP
TMP
Y
Y
Characterize, estimate, and
Characterize, estimate, and
simulate the wastes to be treated simulate the wastes to be treated
Y
Y
Y
Y
NA
NA
NA

NA

NA

NA

Y
Y
Test the mixing, sampling, and
analyses
Y

Y
Y
Melter and off-gas tests with
simulants
Y

GCF
Y
Y
Y
Y
Y
Y
Y
Y

CCC
Y
Y
Y
Y
Y
Y
Y
Y

CD
Y
Y
Y
Y
Y
Y
Y
Y

Y
Y
Y
Y
Y
Y
Y
Y
Y
Laboratory glass ceramic testing
Y
Y

Y
Y
Y
Y
Y
Y
Y
Preliminary engineering study
Y
Preliminary engineering study
Y
Y

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

Laboratory glass ceramic testing
Laboratory glass ceramic testing
Y

Preliminary engineering study
Laboratory glass ceramic testing
Preliminary engineering study

Y
Y
Y

Melter and off-gas tests with
simulants
Y
Y
TMP
Y
Characterize, estimate, and
simulate the wastes to be treated
Y
Y
Characterize, estimate, and
simulate the wastes to be treated
Laboratory glass ceramic testing

Y

Y
Y
Y
TMP
Y
Characterize, estimate, and
simulate the wastes to be treated
Y
Y
Characterize, estimate, and
simulate the wastes to be treated
Laboratory glass ceramic testing
Y
Y
Y
Laboratory glass ceramic testing
Y

Y
Y
Y
Laboratory glass ceramic testing
Y

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
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Table A.7. Planned activity to complete criteria.
C#
Criteria
3.05 Science known to extent that mathematical and/or computer models and simulations are
possible?
3.06 Preliminary system performance characteristics and measures have been identified and
estimated?
3.07 Predictions of elements of technology capability validated by Modeling and Simulation
(M&S)?
3.08 No system components, just basic laboratory research equipment to verify physical
principles?
3.09 Laboratory experiments verify feasibility of application?
3.10 Predictions of elements of technology capability validated by laboratory experiments?
3.11
3.12
3.13
3.14
3.15
3.16
3.17
3.18
3.19
3.20
3.21
3.22

Customer representative identified to work with development team?
Customer participates in requirements generation?
Requirements tracking system defined to manage requirements creep?
Key process parameters/variables and associated hazards have begun to be identified?
Design techniques have been identified/developed?
Paper studies indicate that system components ought to work together?
Customer identifies technology need date?
Performance metrics for the system are established (What must it do)?
Scaling studies have been started?
Current manufacturability concepts assessed?
Sources of key components for laboratory testing identified?
Scientific feasibility fully demonstrated?

3.23
3.24
3.25
3.26
3.27

Analysis of present state of the art shows that technology fills a need?
Risk areas identified in general terms?
Risk mitigation strategies identified?
Rudimentary best value analysis performed for operations?
Key physical and chemical properties have been characterized for a number of waste
samples?
3.28 A simulant has been developed that approximates key waste properties?
3.29 Laboratory scale tests on a simulant have been completed?
3.30
3.31
3.32
3.33
4.01

Specific waste(s) and waste site(s) has (have) been defined?
The individual system components have been tested at the laboratory scale?
Has the type of disposal environment(s) been defined?
Is a general strategy for waste form qualification been developed?
Key process variables/parameters been fully identified and preliminary hazard evaluations
have been performed?
4.02 Laboratory components tested are surrogates for system components?
4.03 Individual components tested in laboratory or by supplier?
4.04 Subsystems composed of multiple components tested at lab scale using simulants?
4.05 Modeling & Simulation used to simulate some components and interfaces between
components?
4.06 Overall system requirements for end user’s application are known?
4.07 Overall system requirements for end user’s application are documented?
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MSA
Y

FMP
Y

GCF
Y

CCC
Y

CD
Y

Preliminary engineering study

Preliminary engineering study

Preliminary engineering study

Preliminary engineering study

Y

Preliminary engineering study

Preliminary engineering study

Laboratory glass ceramic testing

Preliminary engineering study

Y

Y

Y

Y

Y
Test the mixing, sampling, and
analyses
Y
Requirements document
Requirements document
Y
Y
Preliminary engineering study
Y
Preliminary engineering study
Preliminary engineering study
Y
Y
Test the mixing, sampling, and
analyses
Y
Y
Risk mitigation report
Preliminary engineering study
Characterize, estimate, and
simulate the wastes to be treated
Characterize, estimate, and
simulate the wastes to be treated
Test the mixing, sampling, and
analyses
Y
Y
NA
Waste compliance plan
Preliminary design

Y
Melter and off-gas tests with
simulants
Y
Requirements document
Requirements document
Y
Y
Preliminary engineering study
Y
Requirements document
Preliminary engineering study
Y
Y
Melter and off-gas tests with
simulants
Y
Y
Risk mitigation report
Preliminary engineering study
Melter and off-gas tests with
simulants
Characterize, estimate, and
simulate the wastes to be treated
Melter and off-gas tests with
simulants
Y
Y
NA
Waste compliance plan
Preliminary design

Test the mixing, sampling, and
analyses
Y
Test the mixing, sampling, and
analyses
Preliminary engineering study

Melter and off-gas tests with
simulants
Y
Melter and off-gas tests with
simulants
Preliminary engineering study

Y
Laboratory glass ceramic testing

Requirements document
Preliminary design

Requirements document
Requirements document

Requirements document
Requirements document

Y

Y

Y

Y
Laboratory glass ceramic testing

Canister testing

Y
Y

Y
Requirements document
Requirements document
Y
Y
Preliminary engineering study
Y
Requirements document
Preliminary engineering study
Y
Y
Laboratory glass ceramic testing

Y
Requirements document
Requirements document
Y
Y
Preliminary engineering study
Y
Requirements document
Preliminary engineering study
Y
Y
Canister testing

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

Y
Y
Risk mitigation report
Preliminary engineering study
Laboratory glass ceramic testing

Y
Y
Risk mitigation report
Preliminary engineering study
Not in the cards

Y
Y
Y
Y
Y

Y

Y

Y

Y

Y

Y

Y
Y
Not in the cards
Waste compliance plan
Preliminary design
NA

Y

Y
Y
Not in the cards
Waste compliance plan
Preliminary design

Y
Y
Y
Y
Y

Canister testing

Y

Canister testing

Y

Y
Y

Preliminary engineering study

Y

Requirements document
Requirements document

Y
Y
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Table A.7. Planned activity to complete criteria.
C#
Criteria
4.08 System performance metrics measuring requirements have been established?
4.09 Laboratory testing requirements derived from system requirements are established?
4.10 Available components assembled into laboratory scale system?
4.11 Laboratory experiments with available components show that they work together?
4.12 Analysis completed to establish component compatibility (Do components work together)?
4.13 Science and Technology Demonstration exit criteria established (S&T targets understood,
documented, and agreed to by sponsor)?
4.14 Technology demonstrates basic functionality in simulated environment?
4.15 Scalable technology prototypes have been produced (Can components be made bigger than
lab scale)?
4.16 Draft conceptual designs have been documented (system description, process flow diagrams,
general arrangement drawings, and material balance)?
4.17 Equipment scale-up relationships are understood/accounted for in technology development
program?
4.18 Controlled laboratory environment used in testing?
4.19
4.20
4.21
4.22
4.23
4.24
4.25
4.26

Initial cost drivers identified?
Integration studies have been started?
Formal risk management program initiated?
Key manufacturing processes for equipment systems identified?
Scaling documents and designs of technology have been completed?
Key manufacturing processes assessed in laboratory?
Functional process description developed. (Systems/subsystems identified)?
Low fidelity technology “system” integration and engineering completed in a lab
environment?
4.27 Mitigation strategies identified to address manufacturability/producibility shortfalls?
4.28 Key physical and chemical properties have been characterized for a range of wastes?
4.29 A limited number of simulants have been developed that approximate the range of waste
properties?
4.30 Laboratory-scale tests on a limited range of simulants and real waste have been completed?
4.31 Process/parameter limits and safety control strategies are being explored?
4.32 Test plan documents for prototypical lab- scale tests completed?
4.33
4.34
4.35
4.36
4.37

Technology availability dates established?
Are current regulations and policy established for disposal of the form?
Have waste form affecting process steps been identified?
Has a detailed waste qualification plan been documented?
Have the range of chemistry and processing parameters for acceptable waste form been
identified and documented?
5.01 The relationships between major system and sub-system parameters are understood on a
laboratory scale?
5.02 Plant size components available for testing?
5.03 System interface requirements known (How would system be integrated into the plant?)
5.04 Preliminary design engineering begins?
5.05 Requirements for technology verification established?
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MSA
Requirements document
Requirements document
Integrated pilot testing
Integrated pilot testing
Integrated pilot testing
TMP

FMP
Requirements document
Requirements document
Integrated pilot testing
Integrated pilot testing
Integrated pilot testing
TMP

GCF
Requirements document
Requirements document
NA
Laboratory glass ceramic testing
Laboratory glass ceramic testing
TMP

CCC
Requirements document
Requirements document
Integrated pilot testing
Integrated pilot testing
Integrated pilot testing
TMP

Integrated pilot testing
Y

Integrated pilot testing
Y

Integrated pilot testing
Y

Integrated pilot testing
Y

Y
Y

Preliminary design

Preliminary design

NA

Preliminary design

Y

Test the mixing, sampling, and
analyses
Test the mixing, sampling, and
analyses
Preliminary engineering study
Integrated pilot testing
Risk mitigation report
Y
Preliminary design
NA
Preliminary design
Integrated pilot testing

Melter and off-gas tests with
simulants
Melter and off-gas tests with
simulants
Preliminary engineering study
Integrated pilot testing
Risk mitigation report
Y
Preliminary design
NA
Preliminary design
Integrated pilot testing

NA

Preliminary design

Y

Laboratory glass ceramic testing

Laboratory glass ceramic testing

Y

Preliminary engineering study
Integrated pilot testing
Risk mitigation report
NA
NA
NA
Preliminary design
Laboratory glass ceramic testing

Preliminary engineering study
Integrated pilot testing
Risk mitigation report
Y
Preliminary design
Y
Preliminary design
Canister testing

Y
Y
Y
Y
Y
Y
Y
Y

NA

Preliminary design

Y

Y

CD
Y
Y
Y
Y
Y
Y

Y

Characterize, estimate, and
simulate the wastes to be treated
Test the mixing, sampling, and
analyses
Test the mixing, sampling, and
analyses
Preliminary design
Test the mixing, sampling, and
analyses
Y
NA
Y
Waste Compliance Plan
Test the mixing, sampling, and
analyses
Integrated pilot testing

Characterize, estimate, and
Laboratory glass ceramic testing
simulate the wastes to be treated
Melter and off-gas tests with
Laboratory glass ceramic testing
simulants
Not in the cards
Laboratory glass ceramic testing

Laboratory glass ceramic testing

Y

Laboratory glass ceramic testing

Y

Laboratory glass ceramic testing

Y

Preliminary design
Melter and off-gas tests with
simulants
Y
NA
Y
Waste compliance plan
Melter and off-gas tests with
simulants
Integrated pilot testing

Preliminary design
Laboratory glass ceramic testing

Preliminary design
Canister testing

Y
Y

Y
Y
Y
Waste compliance plan
Laboratory glass ceramic testing

Y
NA
Y
Waste compliance plan
Laboratory glass ceramic testing

Y
Y
Y
Y
Y

NA

Integrated pilot testing

Y

Test the mixing, sampling, and
analyses
Preliminary design
Preliminary design
Preliminary design

Melter and off-gas tests with
simulants
Preliminary design
Preliminary design
Preliminary design

NA

Canister testing

Y

Preliminary design
Preliminary design
Preliminary design

Preliminary design
Preliminary design
Preliminary design

Y
Not in list
Preliminary design
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Table A.7. Planned activity to complete criteria.
C#
Criteria
5.06 Interfaces between components/subsystems in testing are realistic (bench top with realistic
interfaces)?
5.07 Prototypes of equipment system components have been created (know how to make
equipment)?
5.08 Tooling and machines demonstrated in lab for new manufacturing processes to make
component?
5.09 High fidelity lab integration of system completed, ready for test in relevant environments?
5.10 Manufacturing techniques have been defined to the point where largest problems defined?
5.11 Lab-scale, similar system tested with range of simulants?
5.12 Fidelity of system mock-up improves from laboratory to bench-scale testing?
5.13 Availability and reliability (RAMI) target levels identified?
5.14 Some special purpose components combined with available laboratory components for
testing?
5.15 Three dimensional drawings and P&IDs for the prototypical engineering-scale test facility
have been prepared?
5.16 Laboratory environment for testing modified to approximate operational environment?
5.17 Component integration issues and requirements identified?
5.18 Detailed design drawings have been completed to support specification of engineering-scale
testing system?
5.19 Requirements definition with performance thresholds and objectives established for final plant
design?
5.20 Preliminary technology feasibility engineering report completed?
5.21 Integration of modules/functions demonstrated in a laboratory/bench-scale environment?
5.22 Formal control of all components to be used in final prototypical test system?
5.23 Configuration management plan in place?
5.24 The range of all relevant physical and chemical properties has been determined (to the extent
possible)?
5.25 Simulants have been developed that cover the full range of waste properties?
5.26
5.27
5.28
5.29
5.30
5.31
5.32
5.33
5.34
5.35
5.36
5.37
5.38
5.39

MSA
Integrated pilot testing

FMP
Integrated pilot testing

Test the mixing, sampling, and
analyses
NA

Melter and off-gas tests with
simulants
NA

Integrated pilot testing
NA
Integrated pilot testing
Integrated pilot testing
Preliminary design
Test the mixing, sampling, and
analyses
Preliminary design

Integrated pilot testing
Y
Integrated pilot testing
Integrated pilot testing
Preliminary design
Melter and off-gas tests with
simulants
Preliminary design

NA
NA
Laboratory glass ceramic testing
Integrated pilot testing
NA
Melter and off-gas tests with
simulants
NA

Integrated pilot testing
NA
Integrated pilot testing
Integrated pilot testing
Preliminary design
Canister testing

Integrated pilot testing
Integrated pilot testing
Preliminary design

Integrated pilot testing
Integrated pilot testing
Preliminary design

Integrated pilot testing
Integrated pilot testing
NA

Integrated pilot testing
Integrated pilot testing
Preliminary design

Y
Integrated pilot testing
Y

Requirements document

Requirements document

Requirements document

Requirements document

Requirements document

Preliminary design
Integrated pilot testing
Integrated pilot testing
Preliminary design
Characterize, estimate, and
simulate the wastes to be treated
Characterize, estimate, and
simulate the wastes to be treated
Characterize, estimate, and
simulate the wastes to be treated
Integrated pilot testing

Preliminary design
Integrated pilot testing
Integrated pilot testing
Preliminary design
Laboratory glass ceramic testing

Preliminary design
Integrated pilot testing
Integrated pilot testing
Preliminary design
Laboratory glass ceramic testing

Y
Integrated pilot testing
Y
Y
Not in list

Characterize, estimate, and
simulate the wastes to be treated
Characterize, estimate, and
simulate the wastes to be treated
Integrated pilot testing

Characterize, estimate, and
simulate the wastes to be treated
Characterize, estimate, and
simulate the wastes to be treated
Integrated pilot testing

Not in list

Not practical

Not practical

Not practical

Not in list

NA
Integrated pilot testing
Preliminary design
Integrated pilot testing
Integrated pilot testing
Risk mitigation report
Waste compliance plan
Integrated pilot testing

Laboratory glass ceramic testing
Integrated pilot testing
Preliminary design
Laboratory glass ceramic testing
Integrated pilot testing
Risk mitigation report
Waste compliance plan
Laboratory glass ceramic testing

Laboratory glass ceramic testing
Integrated pilot testing
Preliminary design
Integrated pilot testing
Integrated pilot testing
Risk mitigation report
Waste compliance plan
Laboratory glass ceramic testing

Not in list
Not in list
Not in list
Not in list
Not in list
Y
Not in list
Not in list

Integrated pilot testing

Integrated pilot testing

Integrated pilot testing

Not in list

NA
Laboratory glass ceramic testing

Preliminary design
Laboratory glass ceramic testing

Not in list
Not in list

Preliminary design
Integrated pilot testing
Integrated pilot testing
Preliminary design
Characterize, estimate, and
simulate the wastes to be treated
Characterize, estimate, and
simulate the wastes to be treated
Testing has verified that the properties/performance of the simulants match the
Characterize, estimate, and
properties/performance of the actual wastes?
simulate the wastes to be treated
Laboratory-scale tests on the full range of simulants using a prototypical system have been
Test the mixing, sampling, and
completed?
analyses
Laboratory-scale tests on a limited range of real wastes using a prototypical system have been Not practical
completed?
Test results for simulants and real waste are consistent?
NA
Laboratory to engineering scale scale-up issues are understood and resolved?
Integrated pilot testing
Limits for all process variables/parameters and safety controls are being refined?
Preliminary design
Test plan for prototypical lab-scale tests executed - results validate design?
Integrated pilot testing
Test plan documents for prototypical engineering-scale tests completed?
Integrated pilot testing
Risk management plan documented?
Risk mitigation report
Is a program in place to qualify the waste form and production process?
Waste Compliance Plan
Have all relevant physical and chemical properties been sufficiently well determined and
Integrated pilot testing
bounded to meet proposed disposal criteria?
Have the waste impacting process steps been demonstrated to function within acceptable
Integrated pilot testing
range?
Was the transportation and storage package designed?
NA
Have release rate law models been established (for relevant environment(s))?
NA
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NA
NA

GCF
Integrated pilot testing
NA

CCC
Integrated pilot testing
Canister testing

NA

CD
Y
Y

NA

Preliminary design

N/A
Decon testing
Y
Y
Integrated pilot testing
Y
Decon testing
Y

Not in list
Not in list
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Table A.7. Planned activity to complete criteria.
C#
Criteria
6.01 The relationships between system and sub-system parameters are understood at engineering
scale allowing process/design variations and tradeoffs to be evaluated?
6.02 Availability and reliability (RAMI) levels established?
6.03 Preliminary design drawings for final plant system are complete?
6.04 Operating environment for final system known?
6.05 Collection of actual maintainability, reliability, and supportability data has been started?
6.06 Performance Baseline (including total project cost, schedule, and scope) has been completed?
6.07 Operating limits for components determined (from design, safety and environmental
compliance)?
6.08 Operational requirements document available?
6.09 Off-normal operating responses determined for engineering scale system?
6.10 System technical interfaces defined?
6.11 Component integration demonstrated at an engineering scale?
6.12 Scaling issues that remain are identified and understood. Supporting analysis is complete?
6.13 Analysis of project timing ensures technology will be available when required?
6.14 Have established an interface control process?
6.15 Acquisition program milestones established for start of final design (CD-2)?
6.16 Critical manufacturing processes prototyped?
6.17 Most pre-production hardware is available to support fabrication of the system?
6.18 Engineering feasibility fully demonstrated (e.g., would it work)?
6.19 Materials, process, design, and integration methods have been employed (e.g., can design be
produced?)
6.20 Technology “system” design specification complete and ready for detailed design?
6.21 Components are functionally compatible with operational system?
6.22 Engineering-scale system is high-fidelity functional prototype of operational system?
6.23 Formal configuration management program defined to control change process?
6.24 Integration demonstrations have been completed (e.g., construction of testing system)?
6.25 Final Technical Report on Technology completed?
6.26 Process and tooling are mature to support fabrication of components/system?
6.27 Engineering-scale tests on the full range of simulants using a prototypical system have been
completed?
6.28 Engineering to full-scale scale-up issues are understood and resolved?
6.29 Laboratory and engineering-scale experiments are consistent?
6.30 Limits for all process variables/parameters and safety controls are defined?
6.31 Plan for engineering-scale testing executed - results validate design?
6.32 Production demonstrations are complete (at least one time)?
6.33 Have the transportation and storage systems been identified?
6.34 Are performance assessment models available for the form/disposal environment?
6.35 Has a preliminary performance assessment been done to determine the acceptability of the
waste form?
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MSA
Integrated pilot testing

FMP
Integrated pilot testing

GCF
Integrated pilot testing

CCC
Integrated pilot testing

CD
Integrated pilot testing

Preliminary design
Preliminary design
Integrated pilot testing

Preliminary design
Preliminary design
Integrated pilot testing

NA
NA
Integrated pilot testing

Preliminary design
Preliminary design
Integrated pilot testing

Y
Y
Y

Preliminary design
Preliminary design
Integrated pilot testing

Preliminary design
Preliminary design
Integrated pilot testing

NA
Preliminary design
Integrated pilot testing

Preliminary design
Preliminary design
Integrated pilot testing

Y
Not in list
Y

Requirements document
Preliminary design
Integrated pilot testing
Integrated pilot testing
Preliminary design
Preliminary design
Preliminary design
Preliminary design
Y
Y
Integrated pilot testing
Y

Requirements document
Preliminary design
Integrated pilot testing
Integrated pilot testing
Preliminary design
Preliminary design
Preliminary design
Preliminary design
Y
Y
Integrated pilot testing
Y

Requirements document
Laboratory glass ceramic testing
Integrated pilot testing
Integrated pilot testing
Preliminary design
Preliminary design
Preliminary design
Preliminary design
NA
NA
Integrated pilot testing
NA

Requirements document
Laboratory glass ceramic testing
Integrated pilot testing
Integrated pilot testing
Preliminary design
Preliminary design
Preliminary design
Preliminary design
Y
Y
Integrated pilot testing
Y

Y
Y
Y
Integrated pilot testing
Y
Y
Y
Y
Y
Y
Integrated pilot testing
Y

Preliminary design
Integrated pilot testing
Integrated pilot testing
Preliminary design
Integrated pilot testing
Preliminary design
NA
Integrated pilot testing

Preliminary design
Integrated pilot testing
Integrated pilot testing
Preliminary design
Integrated pilot testing
Preliminary design
Y
Integrated pilot testing

Preliminary design
NA
Integrated pilot testing
Preliminary design
Integrated pilot testing
Preliminary design
NA
Integrated pilot testing

Preliminary design
Integrated pilot testing
Integrated pilot testing
Preliminary design
Integrated pilot testing
Preliminary design
Y
Integrated pilot testing

Y
Integrated pilot testing
Integrated pilot testing
Y
Integrated pilot testing
Preliminary design
Y
Integrated pilot testing

Integrated pilot testing
Integrated pilot testing
Integrated pilot testing
Integrated pilot testing
Integrated pilot testing
NA
NA
NA

Integrated pilot testing
Integrated pilot testing
Integrated pilot testing
Integrated pilot testing
Integrated pilot testing
NA
NA
NA

Integrated pilot testing
Integrated pilot testing
Integrated pilot testing
Integrated pilot testing
Integrated pilot testing
NA
NA
NA

Integrated pilot testing
Integrated pilot testing
Integrated pilot testing
Integrated pilot testing
Integrated pilot testing
NA
NA
NA

Not in list
Not in list
Not in list
Integrated pilot testing
Integrated pilot testing
Not in list
Not in list
Not in list
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Table A.8. Preliminary activity schedule and budget estimate.
Item
Criteria Satisfied
Subitem
MSA
FMP
GCF
CCC
Technology maturation plan
2.18, 4.13 2.18, 4.13 2.18, 4.13 2.18, 4.13
Preliminary engineering study
2.07, 2.09, 3.06, 3.07, 3.16, 3.18, 2.07, 2.09,
3.06, 3.07, 3.16, 3.18, 3.19, 3.26, 2.12, 2.14,
3.16, 3.18, 3.19, 3.26,
4.19
3.06, 3.07,
3.19, 3.26, 4.05, 4.19
3.16, 3.18,
4.05, 4.19
3.19, 3.26,
4.05, 4.19
Characterize, estimate, and
simulate waste to be treated
Initial waste estimates and
1.08, 2.20, 2.20, 3.28, 2.20, 2.23, 2.20, 2.23,
simulant recipes
3.28, 5.25
5.25
5.25
5.25
Actual waste characterization
3.27, 4.28, 4.28, 5.24
5.24
Simulant/actual waste
5.26
5.26
5.26
5.26
comparisons
Laboratory scale glass ceramic
testing
Initial reference formulation
2.12
Formulation and testing for initial
2.09, 2.13, 2.13, 2.24,
compositions (incl. LSM)
2.24, 3.03, 3.03, 4.18
3.10, 3.22,
3.27, 4.04,
4.11, 4.12,
4.18, 4.26,
4.32
Preliminary model development
3.07
(loading and heat models for cost
benefit analyses)
Variability study
4.28, 4.29, 4.28, 4.29,
5.11, 5.32
5.32
Final model development
4.37, 5.24, 4.37, 5.24,
6.09
6.09
Performance evaluation
5.36, 5.39 5.36, 5.39
Compare actual and simulant
4.30, 5.29 4.30, 5.29
Melter and off-gas testing with
simulants
Initial proof of principle
2.15, 3.03,
2.15
3.10, 3.29,
4.32
Scaling tests
3.22, 4.02,
4.17, 5.02
Off-gas functionality
4.04
Variability tests
3.27, 4.29,
4.37
Long-term run-by-wire
4.18
Design data needs
5.07, 5.14
Test the mixing, sampling, and
analyses
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Table A.8. Preliminary activity schedule and budget estimate.
Item
Criteria Satisfied
Subitem
MSA
FMP
GCF
CCC
Preliminary study based on
2.14, 2.15,
literature search
3.03
Laboratory scale tests of mixing, 3.10, 3.22,
sampling, and analyses
3.29, 4.02,
4.04, 4.17,
4.18, 4.29,
4.30, 4.32,
4.37, 5.02,
5.07, 5.14,
5.27
Canister testing
3.10, 3.22,
4.02, 4.04,
4.26, 4.32,
5.02, 5.07,
5.14
Decontamination system testing
Requirements document
Initial requirements document
3.12, 3.13, 3.12, 3.13, 3.12, 3.13, 3.12, 3.13,
3.18, 4.06, 3.18, 4.06, 3.18, 4.06, 3.18, 4.06,
4.07, 4.08 4.07, 4.08 4.07, 4.08 4.07, 4.08
Final requirements management
5.19, 6.08 5.19, 6.08 5.19, 6.08 5.19, 6.08
system
Risk management document
Initial risks identification
3.25
3.25
3.25
3.25
Final risk management system
4.21, 5.34 4.21, 5.34 4.21, 5.34 4.21, 5.34
Preliminary design
Conceptual design
4.01, 4.07, 4.01, 4.16, 4.01, 4.25, 4.01, 4.16,
4.16, 4.23, 4.23, 4.25, 4.31, 5.03, 4.17, 4.23,
4.25, 4.31, 4.27, 4.31, 5.04, 5.05, 4.25, 4.31,
5.03, 5.04, 5.03, 5.04, 5.20, 5.31 5.03, 5.04,
5.05, 5.13, 5.05, 5.13,
5.05, 5.13,
5.15, 5.18, 5.15, 5.18,
5.15, 5.18,
5.20, 5.31 5.20, 5.31
5.20, 5.31
Preliminary design
5.23, 6.02, 5.23, 6.02, 5.23, 6.06, 5.23, 5.38,
6.03, 6.05, 6.03, 6.05, 6.12, 6.13, 6.02, 6.03,
6.06, 6.09, 6.06, 6.09, 6.14, 6.15, 6.05, 6.06,
6.12, 6.13, 6.12, 6.13, 6.20, 6.23, 6.12, 6.13,
6.14, 6.15, 6.14, 6.15,
6.25
6.14, 6.15,
6.20, 6.23, 6.20, 6.23,
6.20, 6.23,
6.25
6.25
6.25
Integrated pilot testing
Construct test bed
4.10, 4.12, 4.10, 4.12,
5.17
4.10, 4.12,
4.26, 5.17 4.26, 5.17
5.17
Shake-out testing (budget in
4.11, 4.14, 4.11, 4.14, 4.14, 4.20 4.11, 4.14,
construct)
4.20, 5.09 4.20, 5.09
4.20, 5.09
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Table A.8. Preliminary activity schedule and budget estimate.
Item
Criteria Satisfied
Subitem
MSA
FMP
GCF
CCC
Design data needs
5.01, 5.06, 5.01, 5.06, 5.06, 5.12, 5.01, 5.06,
5.11, 5.12, 5.11, 5.12, 5.16, 5.21, 5.11, 5.12,
5.16, 5.21, 5.16, 5.21, 5.22, 5.27, 5.16, 5.21,
5.22, 5.30, 5.22, 5.27, 5.30, 5.33, 5.22, 5.27,
5.32, 5.33, 5.30, 5.32, 5.37, 6.01, 5.30, 5.32,
5.36, 5.37, 5.33, 5.36, 6.04, 6.07, 5.33, 5.37,
6.01, 6.04, 5.37, 6.01, 6.10, 6.11, 6.01, 6.04,
6.07, 6.10, 6.04, 6.07, 6.18, 6.21, 6.07, 6.10,
6.11, 6.18, 6.10, 6.11, 6.22, 6.27, 6.11, 6.18,
6.21, 6.22, 6.18, 6.21, 6.28, 6.29, 6.21, 6.22,
6.27, 6.28, 6.22, 6.27, 6.30, 6.31, 6.27, 6.28,
6.29, 6.30, 6.28, 6.29,
6.32
6.29, 6.30,
6.31, 6.32 6.30, 6.31,
6.31, 6.32
6.32
Waste compliance plan
Develop waste qualification
3.33
3.33
3.33
3.33
strategy
Issue WCP
4.36, 5.35 4.36, 5.35 4.36, 5.35 4.36, 5.35
Technology maturation plan
2.18, 4.13 2.18, 4.13 2.18, 4.13 2.18, 4.13
Preliminary engineering study
2.07, 2.09, 3.06, 3.07, 3.16, 3.18, 2.07, 2.09,
3.06, 3.07, 3.16, 3.18, 3.19, 3.26, 2.12, 2.14,
3.16, 3.18, 3.19, 3.26,
4.19
3.06, 3.07,
3.19, 3.26, 4.05, 4.19
3.16, 3.18,
4.05, 4.19
3.19, 3.26,
4.05, 4.19
Characterize, estimate, and
simulate waste to be treated
Initial waste estimates and
1.08, 2.20, 2.20, 3.28, 2.20, 2.23, 2.20, 2.23,
simulant recipes
3.28, 5.25
5.25
5.25
5.25
Actual waste characterization
3.27, 4.28, 4.28, 5.24
5.24
Simulant/actual waste
5.26
5.26
5.26
5.26
comparisons
Laboratory scale glass ceramic
testing
Initial Reference formulation
2.12
Formulation and testing for initial
2.09, 2.13, 2.13, 2.24,
compositions (incl. LSM)
2.24, 3.03, 3.03, 4.18
3.10, 3.22,
3.27, 4.04,
4.11, 4.12,
4.18, 4.26,
4.32
Preliminary model development
3.07
(loading and heat models for cost
benefit analyses)
Variability study
4.28, 4.29, 4.28, 4.29,
5.11, 5.32
5.32
Final model development
4.37, 5.24, 4.37, 5.24,
6.09
6.09
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Table A.8. Preliminary activity schedule and budget estimate.
Item
Criteria Satisfied
Subitem
MSA
FMP
GCF
CCC
Performance evaluation
5.36, 5.39 5.36, 5.39
Compare actual and simulant
4.30, 5.29 4.30, 5.29
Melter and off-gas testing with
simulants
Initial proof of principle
2.15, 3.03,
2.15
3.10, 3.29,
4.32
Scaling tests
3.22, 4.02,
4.17, 5.02
Off-gas functionality
4.04
Variability tests
3.27, 4.29,
4.37
Long-term run-by-wire
4.18
Design data needs
5.07, 5.14
Test the mixing, sampling, and
analyses
Preliminary study based on
2.14, 2.15,
literature search
3.03
Laboratory scale tests of mixing, 3.10, 3.22,
sampling, and analyses
3.29, 4.02,
4.04, 4.17,
4.18, 4.29,
4.30, 4.32,
4.37, 5.02,
5.07, 5.14,
5.27
Canister testing
3.10, 3.22,
4.02, 4.04,
4.26, 4.32,
5.02, 5.07,
5.14
Decontamination system testing
Requirements document
Initial requirements document
3.12, 3.13, 3.12, 3.13, 3.12, 3.13, 3.12, 3.13,
3.18, 4.06, 3.18, 4.06, 3.18, 4.06, 3.18, 4.06,
4.07, 4.08 4.07, 4.08 4.07, 4.08 4.07, 4.08
Final requirements management
5.19, 6.08 5.19, 6.08 5.19, 6.08 5.19, 6.08
system
Risk management document
Initial risks identification
3.25
3.25
3.25
3.25
Final risk management system
4.21, 5.34 4.21, 5.34 4.21, 5.34 4.21, 5.34
Preliminary design
Conceptual design
4.01, 4.07, 4.01, 4.16, 4.01, 4.25, 4.01, 4.16,
4.16, 4.23, 4.23, 4.25, 4.31, 5.03, 4.17, 4.23,
4.25, 4.31, 4.27, 4.31, 5.04, 5.05, 4.25, 4.31,
5.03, 5.04, 5.03, 5.04, 5.20, 5.31 5.03, 5.04,
5.05, 5.13, 5.05, 5.13,
5.05, 5.13,
5.15, 5.18, 5.15, 5.18,
5.15, 5.18,
5.20, 5.31 5.20, 5.31
5.20, 5.31
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Table A.8. Preliminary activity schedule and budget estimate.
Item
Criteria Satisfied
Subitem
MSA
FMP
GCF
CCC
Preliminary design
5.23, 6.02, 5.23, 6.02, 5.23, 6.06, 5.23, 5.38,
6.03, 6.05, 6.03, 6.05, 6.12, 6.13, 6.02, 6.03,
6.06, 6.09, 6.06, 6.09, 6.14, 6.15, 6.05, 6.06,
6.12, 6.13, 6.12, 6.13, 6.20, 6.23, 6.12, 6.13,
6.14, 6.15, 6.14, 6.15,
6.25
6.14, 6.15,
6.20, 6.23, 6.20, 6.23,
6.20, 6.23,
6.25
6.25
6.25
Integrated pilot testing
Construct test bed
4.10, 4.12, 4.10, 4.12,
5.17
4.10, 4.12,
4.26, 5.17 4.26, 5.17
5.17
Shake-out testing (budget in
4.11, 4.14, 4.11, 4.14, 4.14, 4.20 4.11, 4.14,
construct)
4.20, 5.09 4.20, 5.09
4.20, 5.09
Design data needs
5.01, 5.06, 5.01, 5.06, 5.06, 5.12, 5.01, 5.06,
5.11, 5.12, 5.11, 5.12, 5.16, 5.21, 5.11, 5.12,
5.16, 5.21, 5.16, 5.21, 5.22, 5.27, 5.16, 5.21,
5.22, 5.30, 5.22, 5.27, 5.30, 5.33, 5.22, 5.27,
5.32, 5.33, 5.30, 5.32, 5.37, 6.01, 5.30, 5.32,
5.36, 5.37, 5.33, 5.36, 6.04, 6.07, 5.33, 5.37,
6.01, 6.04, 5.37, 6.01, 6.10, 6.11, 6.01, 6.04,
6.07, 6.10, 6.04, 6.07, 6.18, 6.21, 6.07, 6.10,
6.11, 6.18, 6.10, 6.11, 6.22, 6.27, 6.11, 6.18,
6.21, 6.22, 6.18, 6.21, 6.28, 6.29, 6.21, 6.22,
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6.32
Waste compliance plan
Develop waste qualification
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Issue WCP
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