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Introduction

The purpose of this Software Requirements Specification (SRS) is to define the top-level
requirements for a Verifiable Fuel Cycle Simulation Model (VISION) of an Advanced
Fuel Cycle (AFC). This simulation application is intended to serve as a broad systems
analysis and study tool applicable to work conducted as part of the AFCI (including cost
estimates) and Generation IV reactor development studies. This is a “living document”
that will be modified over the course of the execution of this work element, but with
configuration control of the INL work package manager for AFCI Integrated Model
Development, in consultation with the INL work package manager for AFCI Economic
Benefits.

Need, Scope, and Purpose For VISION

There is a lack of validated and verified estimating models to support fuel cycle cost
analysis. Previous cost studies have failed to provide a complete economic accounting of
all the relevant fuel cycle costs (e.g., omission of D&D costs, refurbishment, or waste
forms) that comprise the overall life cycle costs of a facility. Such “partial” studies can
result in misleading conclusions. The goal of the VISION model is to establish a credible
systems basis for an AFC and to create a reference source for fuel cycle unit costs.

Scope of VISION

VISION will dynamically simulate an AFC from cradle to grave, including mining of raw
material to disposition of waste after electricity generation. It models the nuclear fuel
cycle and accounts for, or accommodates changes in process capability, including
transition from "design and construct to startup to equilibrium to final D&D" states as
well as material, capital, and operating costs. To accomplish this cradle to grave analysis,
VISION should simulate distinct fuel cycle activities, called modules, which represent
the various front-end fuel cycle, back-end fuel cycle, waste disposition, and
transportation functions.

Purpose of VISION

VISION is intended to be the AFCI system analysis simulation tool of the entire fuel
cycle (including cost estimates) to assist in evaluating and improving major fuel cycle
options against all four AFCI programmatic objectives — waste management,
proliferation resistance, energy recovery, and systematic fuel management (economics,
safety, at-reactor storage).

VISION is NOT intended to actually manage the fuel cycle. For example, there is no
intent to track each fuel assembly from each reactor, as might be required for actual fuel
management.

VISION will build upon the functionality contained in the Dynamic Model of Nuclear
Development (DYMOND) originally developed for the Generation IV Fuel Cycle Cross
Cut group. The VISION model will incorporate the DYMOND model and add (1)
isotopic flow control and decay, (2) additional recipes from transmutation analyses such
as VHTR with recycling, (3) simplified models for fuel separation and fabrication, (4)
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cost calculations, (5) uranium resources model, and (6) increased flexibility in transitions
and combinations of individual fuel cycle technologies.

The VISION model will be used to:

Quickly assess and evaluate, with reasonable accuracy, relative economic
differences in fuel cycle strategies and timing.
Understand issues and opportunities for keeping nuclear power an economically
competitive option;
Create an in-depth basis for understanding fuel cycle costs, their sensitivities and
uncertainty; and
Develop economic tools to evaluate creative solutions to make the nuclear fuel
cycle cost competitive.
Estimate a levelized cost of electricity.
Compare strategies — once-thru, single-pass, multi-pass thermal, thermal/fast
symbiotic, breeder.
Compare technologies — IMF vs. MOX, separation processing, reactor type.
Improve, but not optimize, scenarios.
Simulate feedback looks, e.g., the conversion of a UOX-capable to MOX-capable
reactor could be controlled by an algorithm involving the accumulation of
available MOX, the cost of the conversion, the downtime for the conversion, cost
of new reactors, etc.
Explore new ideas vs. established lines of thinking.
Conduct qualitative and quantitative comparisons of alternative fuel cycles with
respect to:

O resource requirements,
reactor types and mix,
sequencing and timing,
interim waste storage,
energy recovery,
proliferation resistance,
safety
waste streams, and
repository capacity and performance requirements.

O O O O O O O O

Typical, but by no means all, of the questions that may be answered with VISION
include:

What does it take to defer or reduce number of repositories? When? Cost?

How to reduce Pu inventory?

How to reduce transportation costs and numbers?

Should the US offer more fuel services?

How much Pu may be made or destroyed from a scenario? When? How much in
storage?



Users of VISION

There are two major groups of users anticipated for the VISION model. The user group
will have a direct bearing on the implementation of some of the requirements described in
the requirements section of this document.

Group 1: Composed of analysts, scientists, System Engineers, and model developers
internal to the AFCI project within the Department of Energy (DOE) and affiliated
National Laboratories or AFCI contractors. These users will be responsible for
developing the model, conducting theoretical “what-if” scenarios to test assumptions and
further refine alternatives, assessing the reliability and robustness of model results, and
making suggested changes to the model based on their studies. In general this class of
users will have access to internal versions of the model for testing, analysis and
experimentation.

Group 2: Composed of analysts, scientists, System Engineers, and Department of Energy
employees external to the AFCI project. These users will use a compiled or “locked”
version of the model to conduct analysis and “what-if”” scenarios within the published
functionality of the model. These users will have access to approved and published
versions of the software that have been through an established quality assurance process
that verifies and validates the model.

VISION is not intended for use by people unfamiliar with advanced fuel cycles, the
issues, terminology, and basic interrelationships.

High-Level Functionality

VISION will dynamically model an AFC from cradle to grave, including mining of raw
material to disposition of waste after electricity generation. To accomplish this cradle to
grave analysis, VISION should simulate distinct fuel cycle activities, called modules,
which represent the various front-end fuel cycle, back-end fuel cycle, waste disposition,
and transportation functions.

Each type of fuel cycle facility or activity is referred to as a module (see Figure 1). A
module represents a specific fuel cycle function that is separate but dependent on other
fuel cycle activities (e.g., the enrichment module is influenced by the enrichment required
by the fuel manufactured in the fuel fabrication module). The modules are assembled in
various ways to create different fuel cycle scenarios. The set of mass flow and economic
assessment modules must be divided into the following types:

¢ Front-end
Reactor
SNF storage
Recycling (separation, fabrication of recycled fuel, etc.)
Back-end modules
Transportation
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Figure 1. AFC Classes of Modules

Front-end Modules

The functionality of the front-end modules must include, but is not necessarily limited to,
the modules sketched in Figure 2. The associated functionality does not necessarily have
to be ultimately organized in this fashion (modules A, B, C1/C2, D1).
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Figure 2. Front-end Module Functionality

The front-end fuel cycle modules are generally related to commodity types of services
provided by commercial sources, hence “unlimited capacity” throughput.



Module

Module Name

Allow
limited
capacity?

General Description (NOTE, in VISION, these modules
have both non-economic and economic versions, thus
the descriptions are broader than only “cost”)

Natural Uranium
Mining and Milling

No

Includes the factors involving extraction of uranium
from the earth through production of uranium
concentrate in the form of U3;Og commonly known as
“yellowcake.” Module A needs to start with an initial
stock of conventional-pessimistic resources,
conventional-optimistic resources, or unconventional
resources. The values are user defined, the default
values shall be large (approximately infinity) so that
generally the model is unconstrained when it runs.

Conversion

Takes the mined U;Og concentrate and further purifies
and converted to a UFg solid in cylinders for feed to a
uranium enrichment plant.

C1

Enrichment
(Isotopic
Separation)

Uses the UFg solid in cylinders to enrich the % of U-
235 from 0.711% to the 3—5% typical of the enrichment
used for LWR fuel fabrication, or higher for typical
VHTR fuels. Module C1 can supply LEU to either
unirradiated fuel (module D1) or recycled fuel (module
D2).

C2

HEU Blend-down

No

U.S. and Russian government-owned highly enriched
uranium (HEU) blended down as a secondary supply to
meet demand for low enriched uranium (LEU).

Module C2 can supply LEU to either unirradiated fuel
(module D1) or recycled fuel (module D2). Module C2
needs to start with an initial stock (outside AFCI, user
defined, default=0) of existing HEU potentially
available for blend-down.

D1 (and 8
submodules)

Fuel Fabrication —
Unirradiated
(contact handled)

Yes

Uses chemical, ceramic/metallurgical, and mechanical
steps to take enriched UFg and convert it to finished
fuel assemblies.

Reactor Modules

The functionality of the reactor modules must include, but is not necessarily limited to,
the modules sketched in Figure 3. The associated functionality does not necessarily have
to be ultimately organized in this fashion (modules R1, R2), but must be able to
differentiate between thermal and fast reactors.
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Figure 3. Reactor Modules

Fecycled fuels  fei

Reactors are integral to the fuel cycle. Reactor/transmutation baseline cost data are
provided in Appendix C of the 2005 Advanced Fuel Cycle Cost Basis. The SNF storage
(Module E) and SNF packaging for transport and disposal (module H) are generally
located at reactor sites.

The reactor modules are always handled in the “limited capacity” fashion.

Module Module Name Allow General Description (NOTE, in VISION, these
limited modules have both non-economic and economic
capacity? versions, thus the descriptions are broader than only
“cost”)
R Reactor Always | Baseline data for future thermal and fast
(Thermal/Fast) reactors are based on Generation IV Roadmap
activity.

SNF Interim Storage Modules

When discharged from reactors, all fuels generate so much heat that they must be actively
cooled, hence “wet” interim storage. As fuels cool, they can be transferred to either
passively cooled (“dry”) storage or packaged for shipment elsewhere (Figure 4). (The
packaging module is covered elsewhere.) It is to be understood that “wet” does not
necessarily mean water. For example, sodium-reactor metal fuel is actively cooled by
placement in sodium, not water.
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Figure 4. Spent Nuclear Fuel Interim Storage Modules

Module Module Name Allow General Description
limited
capacity?

El Interim SNF Eventually | Pool storage (at reactor) of SNF from existing commercial
storage — reactor reactor operations. When fuel is sufficiently aged that
wet active cooling is no longer required, it can be transferred

to dry storage (module E2) or SNF packaging (module
G2) for shipment elsewhere.

E2 Interim SNF Eventually | Dry storage (at reactor) of SNF coming from reactor wet
storage — reactor storage and includes handling costs involved with transfer
dry from wet to dry storage. When it is moved, it goes to SNF

packaging (module G2) for shipment elsewhere.

Recycling Modules

The functionality of the recycling modules must include, but is not necessarily limited to,
the modules sketched in Figure 5. The associated functionality does not necessarily have
to be ultimately organized in this fashion (modules G2, F1/F2, E3, D2), but must be able
to differentiate between aqueous and pyrolytic separation. The recycle-fuel module (D2)
must be able to accommodate many types of input (enriched uranium, DU, BU, NpPu,
Am, Cm) and produce multiple types of recycle fuel. Unless the separation plant is co-
located with reactors, SNF must be packaged (module G2) before it can be shipped to
separation (or disposal).
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Figure 5. Recycle Modules

The recycle modules (D2, E3, F1 & F2, and G) are associated with reprocessing of the
fuel and may be provided by some combination of government and private sources.

Module Module Name Allow General Description (NOTE, in VISION, these modules
limited have both non-economic and economic versions, thus
capacity? the descriptions are broader than only “cost”)
D2 Fuel Fabrication — Yes Uses chemical, ceramic/metallurgical, and mechanical

recycled

steps to take fissile material from the back-end fuel
cycle to convert to finished fuel assemblies. In some
cases, all stages of fabrication require remote
fabrication, e.g., MOX-NpPuAm. In other cases, all
stages require glovebox but not full remote handling,
e.g., single-pass MOX-NpPu. In other cases, some
steps are contact, some are glovebox, and some are
fully remote, e.g., assemblies that blend UOX, IMF-
NpPu, and Am targets.
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Module Module Name Allow General Description (NOTE, in VISION, these modules
limited have both non-economic and economic versions, thus
capacity? the descriptions are broader than only “cost”)
E3 Recycled products Eventually | Storage of the actinide by-products produced from the
storage reprocessing of thermal reactor and fast reactor fuels.
Would typically be required to support blending needs.
Module E3 should start with an initial stock (outside
AFCI, user defined, default=0) of potentially available
weapons-grade Pu that could be added to the fuel cycle
system. Blending WG-Pu into new fuel would be
accounted for in module D2.
Fl1 Separation Yes Separation of SNF elemental components using
A aqueous process to support recycling of fissile
— Aqueous materials. Includes receipt of SNF through end-product
(Elemental .
. production.
Separation)
F2 Separation Yes Separation of SNF elemental components using a
— Pyrolviic pyrolytic process to support recycling of fissile
yroly materials. Includes receipt of SNF through end-product
(Elemental production.
Separation)
Gl HLW Eventually | Conditions the waste, provides interim storage of the
Conditioning, treated waste, and packages the HLW in preparation for
Storage, and transport to a repository. Module G1 is downstream of
Packaging separation and fuel fabrication.
G2 SNF Conditioning, | Eventually | Same as G2, but for unprocessed SNF instead of HLW.
Storage, and Module G2 is downstream of wet storage (module E2)
Packaging and dry storage (module E1).
Back-end Modules

Some of the back-end fuel cycle modules (I, L and M) are the responsibility of the
government as provided by the Nuclear Waste Policy (NWPA)'. Only a limited number
of these types of facilities would be built (Figure 6).

! Information on the NWPA can be found at http://www.ocrwm.doe.gov/ymp/about/nwpa.shtml.
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Figure 6. Back-end Modules
Module Module Name Allow General Description
limited
capacity?
Gl HLW Eventually | Conditions the waste, provides interim storage of the
Conditioning, treated waste, and packages the HLW in preparation for
Storage, and transport to a repository. Module G1 is downstream of
Packaging separation and fuel fabrication.
G3 LLW Conditioning, | Eventually | Mass flow e.g. for LWR with Zr clad fuels are to be
Storage, and disposed as LLW instead of GTCC or HLW.
Packaging
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Module Module Name Allow General Description
limited
capacity?
G4 GTCC Eventually | This is analogous to G1, G2, and G3 but for waste that
Conditioning, is GTCC at time of separation, e.g, Cs and Sr. Cs and
Storage, and Sr must either (a) be stored ~300 years to qualify for
Packaging near-surface disposal (module J) or (b) be disposed as
GTCC. Under current NRC rules, the only disposition
path for GTCC is geologic repository (module L)
I Long-Term Yes Long-term storage of SNF/HLW until shipped to a
Monitored geologic repository.
Retrievable Storage
J Near Surface Eventually | Engineered or trench disposal of LLW including waste
Disposal (LLW) and fill placement, and monitoring.
K1 Uranium Low Conversion, storage, and disposal of depleted UFs. In
Conversion, priority some scenarios, this material is later withdrawn to use
Storage, and in breeder fast reactors.
Disposition -
Depleted
K2 Uranium Low Conversion, storage, and disposal of burned uranium.
Condition, Storage, | priority In some scenarios, this is only a brief holding pad for
and Disposition - BU from separation (module F) to fuel fabrication
Burned (module D2). In other scenarios, this can be
“permanent” disposal (as can be DU in module K1)
with withdrawal decades later, if at all. Because of the
high cost of TRU storage in module E3, we do not store
burned uranium there; hence the need for a new BU
module.
L Geologic Yes Includes inception through closure for repository
Repository operations. VISION will keep the following streams
separate — SNF (which may be withdrawn later), HLW,
and GTCC.
M Other Disposal Yes Speculative SNF/HLW disposal alternatives to a deep
Concepts geologic repository, such as deep bore hole, and others.

Transportation Modules

The functionality of the transportation modules must include, but is not necessarily
limited to, the modules sketched in Figure 7. The associated functionality does not
necessarily have to be ultimately organized in this fashion (modules O and P), but must
be able to differentiate between low-level and high-level radioactive materials.

(" Transportation

-,

7 Transportation

e
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recycled fuel, etc)
[Module O]

~ e

Processes for Lowe-
Level Radioactive
Materials
(LLW, unirradiated
fuel, BU, DU, etc.)
[Module P

!

Figure 7. Transportation Modules
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The transportation modules (O and P) support the transport of new fuel, recycled fuel,
and shipment of SNF, HLW and low-level waste (LLW). Transportation of raw fuel to
the reactor is provided by the reactor owner/utility. SNF transportation from the reactor
to interim storage and the repository is the responsibility of the government. High-level
waste and LLW transportation resulting from recycling could be provided by some
combination of government and private sources.

Module Module Name Allow General Description
limited
capacity?
(0] Transportation for | Not Transportation of recycled irradiated fuel and SNF/HLW
High-Level applicable | per relative unit, includes handling not already included in
Radioactive interim storage. Includes required operations to condition
Materials and package the SNF for shipment to the repository,
interim storage, or to a reprocessing facility. NOTE: the
non-economic version of this module, without economics,
will assemble an estimate of all flows of classes of
materials, e.g., GTCC, HLW, SNF, recycled fuel.
P Transportation for | Not Transportation for new fuel, unirradiated materials, and
Low-Level applicable | LLW per relative unit, includes handling not already
Radioactive included in interim storage. NOTE: the non-economic
Materials version of this module will assemble an estimate of all
flows of classes of materials, e.g., unirradiated fuels, BU,
DU, EU, and LLW.
Assumptions

The following assumptions are made regarding the development and use of VISION:

e Existing models that satisfy all or part of the expectations and requirements
described in this document will be located and be used if possible.

® Some new development or modification of existing models will be needed to
satisfy all the requirements.

¢ The model needs to be developed or modified in time to help provide cost
comparisons for decisions anticipated in 2007.

¢ The model will be distributed and used beyond the INL.

¢ The model will be of sufficient quality to pass independent external (external to
the INL) review for compliance with requirements and for technical soundness.

Requirements

The following section describes the team’s/customer’s requirements for VISION. These
requirements are divided into six major subject areas. Priority for each requirement is
indicated by a 1, 2, or 3 designations.
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Software Quality

The model identified in this SRS has been evaluated in accordance with the Software
Management procedures of the INL (MCP-550). Based on that evaluation the VISION is
classified as a “Level D” or “Deferrable” software application. The application does not
meet the criteria specified for a higher classification level. Data in the deferrable class, if
lost, can affect individual performance, but would not affect INL mission success.
Applications in this class have no requirement to be back on-line within a specified
period of time.

Quality Documentation

Software classified at a level D requires a minimal Software Management Plan (SMP) be
completed. The following documents will be prepared for this model:
A. Software Management Plan (SMP), which will include:
e Software Quality Assurance Plan (SQAP)
e Software Configuration Management Plan (SCMP)
Software Requirements Specification (SRS)
Software Platform Evaluation
Planning and Design Basis (sometimes called a Design description for software or
DDS)
E. User documentation

onw

Optional software application documentation that may include a requirements traceability
matrix (RTM).

Performance Testing

Performance testing will be in accordance with the software quality assurance plan and
the software test plan. Presentations and publications for external communication using
data or results from VISION will require peer review before submittal.

Verification and Validation

Verification and validation refers to the process of determining whether the requirements
for a system or component are complete and correct, the products of each development
phase fulfill the requirements or conditions imposed by the previous phase, and the final
system or component complies with specified requirements. Verification evaluates the
system or component to determine if it satisfies specified requirements. Validation
evaluates the system or component for proof of correctness.
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