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Abstract – Systems Analysis is an important tool for guiding the development of an advanced fuel 

cycle.  The process of nuclear research, development, and demonstration takes a relatively long 

time, and can require a significant amount of expensive testing.  It is beneficial to minimize the 

amount of testing required, and systems analysis should be used as one of the first steps in down-

selecting technologies and streamlining the requirements. This paper discusses the application of 

systems analysis to advanced fuel cycle development, including using it is a tool for initial 

investigation of sets of technology options, as well for planning timelines for testing and down-

selection amongst sets of technology options.  The use of Technology Readiness Levels (TRLs) in 

fuel cycle development is explained, together with the connection between TRLs and systems 

analysis via requirements development.  TRLs applied to transmutation fuel development is used 

as an example; transmutation fuel development, including testing and qualification, is generally 

considered to be the most time-intensive process, from a technical point of view, in fuel cycle 

development, and can be the deciding factor in determining the shortest time possible for 

implementing an advanced fuel cycle. Using systems analysis to inform technology readiness 

levels provides a disciplined and informed process for advanced fuel cycle development  

I. INTRODUCTION 

Systems analysis is a key tool in the development of 
an advanced fuel cycle, allowing the consideration of a 
broad range of fuel cycle concepts while helping to 
minimize the amount of expensive testing needed. 
Systems analysis provides the set of tools needed to 
define program goals, to analyze credible technical 
options, and to ensure that the options are compatible and 
meet the program objectives.  

Systems Analysis is one of five campaigns in the US 
Advanced Fuel Cycle Initiative (AFCI) program; the 
other four campaigns are Transmutation Fuel, Separations 
and Waste Forms, Fast Reactors, and Safeguards (See 
Fig. 1).  The Systems Analysis campaign provides the 
integration of the campaigns, and must therefore work 
very closely with the other campaigns. 

After the announcement of the GNEP program, 
systems analysis activities were focused primarily on 
understanding the behavior and interactions in the 
systems most likely to be deployed in the near-term.  This 
included understanding the behavior and interactions in 
recycling systems that included recycling in light water 
reactors and fast reactors as well as those that use only 

fast reactors for recycle. This provided important 
information to the program, but did not use systems 
analysis it’s full potential as it was focused on a subset of 
possible options in terms of technologies and schedule 
and the results were used more in a confirmatory mode 
than in a predictive/strategic mode. 

Fig. 1  Systems Analysis is one of five campaigns in 
the US Advanced Fuel Cycle Initiative (AFCI)  

The AFCI program has recently undertaken an 
activity to investigate the potential options for closing the 
nuclear fuel cycle, without constraints on when the fuel 
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cycle must be ready for deployment, and considering 
repository options beyond just a Yucca Mountain type 
repository.  Systems analysis will guide these activities, 
and help the program focus on a manageable number of 
technology options.  The systems analysis strategy has 
been updated to support these activities, moving from a 
confirmatory tool to a more predictive/strategic tool.

II. SYSTEMS ANALYSIS STRATEGY 

Systems analysis can be used as a predictive/strategic 
tool, enabling a proactive approach to understanding the 
behavior of various fuel cycles and their impact on the 
associated policy choices.  The results of the analyses can 
be used to guide R&D and technology development, and 
to develop requirements for the various components of the 
system as well as requirements for the system as a whole.  
Results should also be used to inform policy decisions 
and changes to the regulatory structure that governs the 
nuclear fuel cycle.  Using systems analysis to its greatest 
advantage requires a strong integration with related 
programs and provides input to the wider issues 
associated with overall energy policy.  

The major activities that support this systems analysis 
strategy are described below. 

Investigation of fuel cycle technologies.  There are many 
options to closing the nuclear fuel cycle.  Many of them 
have been studied exhaustively, while others have 
received much less attention.  The first step in 
investigating fuel cycle technologies is to identify what 
the options are, and the advantages and disadvantages of 
each. This will require an evaluation of the sets of 
technologies that could be implemented to close the fuel 
cycle.  Existing information must be gathered and 
evaluated as to whether it is still pertinent – some 
evaluations may no longer be relevant because of new 
information or technology advances that didn’t exist when 
the evaluation was performed.  Systems analysis, with 

input from the other campaigns, will support the down-
selection of technology options based on existing and new 
information as it is developed.  This will be an ongoing 
effort, as new information becomes available.  To be 
meaningful and implementable, the investigation of a 
broader set of fuel cycle options must rely on a multi-tier 
modeling approach (discussed later) and must be 
performed in proper context with the overall energy 
policy choices.   

Linkage to nuclear energy programs.  It is important to 
assess the implications of the nuclear energy deployment 
on the fuel cycle options.  Such assessments should 
include/be cognizant of the advances in Light Water 
Reactors (LWR) such as ultra high burn-up fuels, as well 
as reactors that may see significant deployment in the 
future such as the high-temperature gas cooled reactor.   

Linkage to climate change.  Nuclear energy is essential to 
global reduction of greenhouse gas emissions.  From a US 
perspective, it is important to link the AFCI program (and 
nuclear energy in general) to a major initiative of the 
Obama Administration to reduce US greenhouse gas 
emissions to 1990 levels by 2020 and establish the US as 
a world leader in climate change.1  This linkage is 
important to establishing nuclear energy as essential to the 
future of the US and the world, and will be important to 
communicating the importance of the program to various 
stakeholders. 

Model development. The analyses will require the 
development of a set of tiered models (see Fig. 2), each 
tier with application to a different level of modeling.  
These models should be developed as generally as 
possible, to allow evaluation of various fuel cycle 
technology sets.  They should enable the evaluation of the 
fuel cycle systems, including providing cost information.  
A range of models will be needed: 

• High-level model(s) for quick turn-around requests 

Fig. 2  Systems analysis requires a set of tiered models, each with application to a different level of modeling.   
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(e.g., spreadsheets), which are appropriate for a high-
level cross-comparison of various options and for 
very innovative options where the technology 
knowledge isn’t adequate for detailed assessments 

• Model(s) for more detailed analyses when the high-
level analyses don’t provide enough information; 
results of these analyses will be used to develop 
system level requirements (VISION,2 the AFCI fuel 
cycle systems code is an example of this type of 
model) 

• Model(s) for component analysis (e.g. recycling 
facility loss fraction model), which will be used 
primarily to develop quantitative requirements for 
subsystems. 

 
These models should include explicit linkages, to models 
outside the AFCI program such as climate change models, 
transportation models, commodity models, finance 
models, and repository models. These linkages will 
enable the AFCI program to leverage model development 
outside the AFCI program, and help to create ties between 
the AFCI program and other related programs.   

Fig. 3.  Long –term radiotoxicity improvement with fast 
reactor recycle vs. once-through for various system loss 
rates.3 
 
Trade Studies.  There are topics that are relevant to a large 
subset or all of the sets of fuel cycle technologies that will 
be studied.  These topics will be investigated via trade 
studies.  Examples of these include the following, as well 
as many others. 
 
• Cost/benefit study of transmutation of minor 

actinides:  Recycling minor actinides is challenging, 
and the cost/benefit of recycling minor actinides 
depends on many factors including repository 
characteristics, reactor characteristics, as well as 
many others.    

• Systems Losses cost/benefit analysis:  Allowable 
system loss requirements should be developed with 
an understanding of the cost and benefit associated 
with meeting the requirement.  Fig. 3 shows how 

reducing system losses reduces long-term 
radiotoxicity relative to a once-through fuel cycle, 
however this analysis does not consider the cost 
associated with reaching these loss rates.   

• Cost/benefit study of fast reactor conversion ratio:  
The fast reactor conversion ratio affects all parts of 
the fuel cycle.  This study would provide information 
to support an informed decision on fast reactor 
conversion ratio.   

• Waste cost/benefit studies:  These studies focus on 
cost/benefit of various waste management options 
such as partitioning to support heat management 
(e.g., Cs/Sr removal and storage) 
 

Understanding/evaluating metrics and requirements. The 
multi-tiered systems analysis models will be used to 
develop requirements for the fuel cycle technologies both 
at a component level as well as at the system level.  Also 
the sensitivity coefficients for each set of metrics and 
requirements will be quantified.  AFCI program goals will 
be re-evaluated, taking into consideration advances in 
R&D.  For example, the 2005 Report to Congress4 
contained quantitative goals for processes losses.  These 
need to be reevaluated given advances in our 
understanding of fuel cycle technologies and metrics 
derived from different repository options.  Studies such as 
the losses study currently underway will help to inform 
this reevaluation, and will inform new/updated 
regulations. 
 

Requirements must guide R&D and technology 
development associated with the nuclear fuel cycle to 
ensure that the fuel cycle will meet the program 
objectives.  The Technology Readiness Level (TRL) 
concept (discussed in the next section) used in the 
different elements of the AFCI program are directly tied 
to the system-level and sub-system level requirements 
generated by the systems analysis activities.   
 

III. TECHNOLOGY READINESS LEVELS 
 

As discussed in the previous section, systems 
analysis is essential to requirements development.  
Requirements can range from systems-level requirements 
(e.g., technologies must be deployable within X number 
of years), to component-level requirements (e.g., fuel 
fabrication losses must be less than X% and fuel must 
achieve X% burnup).  (It is important to recognize that 
component-level requirements are typically tied to high-
level requirements).  Requirements can be fed into 
technology development activities via Technology 
Readiness Levels (TRLs).  The technology readiness level 
(TRL) process was developed and used by the US 
Department of Defense (DoD) to provide a quantitative 
assessment of the maturity of a given system relative to its 
full-scale deployment. Subsequently, NASA also 
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successfully used the TRL process to develop and deploy 
new systems.  Figure 4 illustrates a generic 9-step TRL 
concept as used by NASA.  The generic definitions for 
each step are as follows: 

 
1. Scientific research begins to be translated to applied 

R&D. 
2. Invention begins.  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. 

3. Active R&D is initiated.  This includes analytical 
studies and laboratory studies to physically validate 
analytical predictions of separate elements of 
technology. 

4. Integration of basic technological components for 
testing in laboratory environment.  Includes 
integration of ad hoc hardware in laboratory. 

5. Integration of basic technological components with 
realistic supporting elements for testing in relevant 
environment. 

6. Model or prototype system testing in relevant 
environment. 

7. Demonstration of prototype system in an operational 
environment at the engineering scale. 

8. End of system development.  Technology proven to 
work in operational environment at the engineering to 
full scale. 

9. Full scale application of technology in its final form 
of mission conditions.   
 

To illustrate how requirements and the TRL concept 
are used concurrently, transmutation fuel development is 
used as an example.  Transmutation fuel development is a 
critical part of the AFCI program.  Because the 
deployment of a new fuel form requires a lengthy and 
expensive research, development and demonstration 
program, applying the TRL concept to the transmutation 
fuel development program is very useful as a management 
and tracking tool.   
 

For AFCI, the generic TRL definitions are translated 
into definitions that are specific to typical development 
phases for a new fuel.5  There are two elements to 
assessing the maturity of a new fuel type in terms of 
readiness for deployment: 
 
1. Fabrication Process Maturity, which measures how 

well the fabrication process is understood and 
validated; and 

 
2. Fuel Performance Maturity, which measures how 

well the in-pile performance of the fuel is understood 
and validated. 

 
A TRL definition that provides a balance between these 
two elements is essential.  Having a very mature 
fabrication process tested at very large-scales for fuels 
with large uncertainties in its performance certainly does 
not make sense.  On the other hand, collecting a lot of 
performance data through large-scale testing without a 
mature definition of the fabrication process is equally 
unbalanced.  For each element, there are two attributes 
identified for assessing the TRL levels.  For each 
attribute, the distinct bins against which the state-of-
knowledge can be compared also are defined.  The 
attributes and the bins are discussed in detail in the 
following sub-section. 
 

III.A  Fabrication Process Maturity 
 

To gauge the maturity of the fabrication process, there are 
two important attributes that must be considered: 
 
1. Quality of Materials Used For Fabrication Process 

Development and Testing.  This attribute is broken 
into three bins to gauge the TRL. 

- Surrogate Materials – These are typically 
non-radioactive or less-radioactive materials 
with properties similar to the actual 
actinides.  The selection of a surrogate 
depends on the specific phenomenon of 
interest and the properties that are important 
to predict or duplicate the phenomenon as 
closely as possible without using actual 
actinide materials.   

Fig. 4.  Generic TRL Definitions 
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- Representative Materials from Stockpile – 
These are individually separated actinide 
elements that must be blended together for 
use in fuel fabrication experiments.  Quite 
often the physical form of these materials is 
not prototypic of what would be used as 
feedstock for fuel fabrication; thus, a non-
prototypic conditioning step would be 
necessary.  Also, the isotopic vectors for 
stockpile actinides are typically different 
than those obtained from the separation 
process using commercial spent nuclear fuel.  
Those differences must be accounted for in 
the fabrication testing as well.   

- Representative Materials from Separations 
Process – Ultimately, the fabrication process 
must be optimized using actinides recovered 
from the separation processes, co-
precipitated through a prototypic process 
and conditioned to be used as feedstock.  
This phase of the development process 
requires a coordinated effort between the 
separations and fuel fabrication campaigns.   

 
2. Quantity of Materials Used for Fabrication 

Process Development and Testing.  This parameter 
is broken into four categories to gauge the TRL.  
The quantity can be measured as batch size and/or 
throughput rate.   

- Bench-Scale Fabrication – dealing with 
gram quantities up to 100 g batch sizes 
(multiple pellets/slugs per year); 

- Laboratory-Scale Fabrication – dealing with 
kg quantity of batch-sizes with a equivalent 
throughput rate on the order of 10 kg TRU 
/year (multiple pins/year); 

- Engineering-Scale Fabrication – dealing 
with 1 – 10 kg quantity batch-sizes with an 
equivalent throughput rate on the order of 
100 kg TRU /year (a few assemblies/year);  

- Commercial-Scale Fabrication – dealing 
with batch-sizes that are the same order of 
magnitude as the engineering-scale batch 
sizes but at a throughput rates on the order 
of tons of TRU/year (a few hundred 
assemblies per year – core loads).   

 
III. B  Fuel Performance Maturity 

 
To gauge the maturity of fuel performance, there are two 
important parameters that must be considered: 
 
1. Test Environment to Determine Performance 

Parameters. This parameter is broken into six 
categories to gauge the TRL.  

- Fundamental Property Measurements – This 
category includes measurements of basic 
mechanical, thermal and chemical properties 
of samples fabricated through a 
representative process and that conform to 
defined specifications.   

- Out-of-Pile Testing – This category includes 
experiments conducted without using 
reactor/neutron irradiations but provide 
insight into the behavior of fuel and 
cladding.   

- In-Pile Testing in Representative Spectrum 
– These are neutron irradiation experiments 
with fission where the spectrum and/or flux 
levels and/or thermal boundary conditions 
are not prototypic of fast reactors.   

- Transient Testing – This category includes 
transient tests to mimic fuel behavior during 
design basis accidents.  The failure threshold 
determination also is covered under this 
category.  Full-size or partial size pins both 
before and after irradiation can be used in 
these tests.   

- In-Pile Testing in Prototypic Spectrum – 
These irradiations are done typically in a 
fast reactor where flux, spectrum and 
thermal effects are very similar to the actual 
reactor conditions for which the fuel is being 
qualified.  

- Reactor Operations – At this level, large 
quantities of already-licensed fuel are used 
in actual reactor operations.   

 
2. Size of Test Campaigns to Assess Performance 

Parameters.  This parameter is broken into four 
categories to gauge the TRL.  In addition to size, 
the test geometry and the cladding used in the 
testing campaigns also are of importance for these 
categories.   

- Samples & Rodlets – These are samples 
(pellets, short slugs, etc.) tested in the form 
of rodlets (on the order of 10 cm fuel 
height).  The testing may or may not include 
prototypic cladding and prototypic clad-
coolant interactions.  These tests are 
typically designed to look at specific 
issues/phenomena.   

- Pins – These tests are close to full-length 
pins with representative fuel heights and 
plenum volumes.  Prototypic clad materials 
are typically used in these tests. 

- Assemblies – These tests contain assemblies 
of prototypic design.  Lead test assemblies 
as well as limited number of assemblies 
used for partial core conversion are included 
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in this category.  Prototypic clad and 
assembly materials are used in these tests 

- Full-Core Assemblies  – At this level, the 
irradiation is no longer a test program but a 
operations program where the statistical and 
long-term reliability related issues are 
quantified for the fuel type and design of 
interest.   

 
III.C  TRL Definitions 

 
Full maturity requires long-term routine operations of 

commercial fabrication plant(s) supplying fuels to 
operating reactors.  At this point, adequate statistical data 
are available for fuel fabrication and performance, and the 
system is optimized within the constraints of the 
performance envelope.  This level of maturity is assigned 
a numerical score of 9 for the corresponding TRL.   
 

At the other end of the spectrum, when a new concept 
is proposed and it is shown that the concept is viable 
based on first principles assessment, a numerical score of 
1 is assigned for the corresponding TRL.   

 
Given the criteria, various activities required to 

achieve these goals are identified as a function of the 
technical elements, attributes and bins (discussed in 
Sections III.A and III.B).  The resulting TRLs are shown 
in Figs. 5 and 6, for the fabrication and performance 
elements, respectively. 
 

 

 
 

Fig. 5. TRL Binning for Fabrication Process Maturity 
 

 

 
Fig. 6.  TRL Binning for Irradiation Performance Maturity 
 
 

IV. RELATIONSHIP BETWEEN SYSTEMS 
ANALYSIS AND TECHNOLOGY READINESS 

LEVELS 
 

The TRL for a given fuel is not a function of the 
mechanical or chemical form of the fuel; the TRL 
depends on the performance requirements imposed on 
that fuel.  For instance, a fuel form (e.g. oxide pellets) 
may be very mature for low burn-up (e.g. 10%) but if the 
requirement is greater than 20% burn-up, the TRL would 
be very low.  A similar example can be developed for the 
fabrication technology.  If the losses are not important, 
the oxide fuel fabrication technology would be deemed 
very mature, but if the heavy metal losses during 
fabrication must be severely limited, the TRL for the 
fabrication processes are very low.   

 
At that point, the trade studies performed by the 

systems analysis campaign are very useful to evaluate the 
cost-benefit associated with each requirement.  If relaxing 
some of the requirement (e.g. burn-up) results in a shorter 
and less expensive development for the first prototype, a 
less stringent requirement may be desirable. 

 
Another example would be a trade between the 

requirements, which must again be guided by the systems 
analysis acivities.  For instance, if the amount of TRU that 
is sent to the repository is the parameter of interest, the 
losses to the repository can be minimized by (a) 
increasing the burn-up of the fuel so that it is recycled 
less, or (b) reducing the losses in each recycle.  By 
evaluating the TRL and development needed to enhance 
the burn-up performance and fabrication loss reduction, 
the systems analyses can trade one requirement against 
the other to optimize the development time with the 
aggregate system performance.    
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Sometimes, the trade-off must be performed at the 
higher system level instead of within one specific 
technology element.  Going back to the example about the 
losses, the separation and fuel fabrication losses must 
both be considered to evaluate the repository impact.  
There may be reasons to relax the requirements on the 
fuel fabrication losses (because it results in a very low 
TRL and risky development path) in favor of more 
stringent requirements on the separations technology 
where either the TRL is less sensitive to the requirement 
or the development path is less risky. 

 
Thus, as illustrated in these examples, the systems 

analysis is used as a tool to optimize the TRL and 
development strategies across the overall system.  An 
interactive evaluation between the technology developers 
and systems analysis performers is an essential part of 
achieving the desired system performance while 
minimizing the overall development time and cost.   

 
IV. CONCLUSIONS 

 
Systems analysis is an important tool for guiding the 

development of an advanced fuel cycle. An important 
element of systems analysis is the development of 
requirements, ranging from system requirements to 
component requirements.   However, such requirements 
must be optimized considering the cost-benefit, the 
Technology Readiness Level of the associated 
technologies, the research and development risk, and the 
cost and duration to achieve the required performance.   

 
Advanced fuel cycle technologies are at an early 

stage of development.  Considerable additional costly 
R&D is needed before they can be deployed at large-
scale.  Without a systematic evaluation of requirements 
against the TRL progression throughout the R&D phase, 
the technologies may never reach the deployment phase, 
or the cost of development may overwhelm the expected 
benefits at the end of the R&D phase.    
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