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ABSTRACT

The Waste Stream Analysis (VSA) Model
is used by the Department of Energy to model
the time and location dependent properties
of the nuclear waste stream in the Federal
Waste Managements System and at utility
spent fuel storage facilities. WSA can
simulate a vide variety of FWMS configura-
tions and operating strategies and can
select and sequence spent fuel for optimal
efficiency in the FWMS while minimizing ad-
verse impact on the utility sector. WSA
tracks each assembly from the time of dis-
charge to ultimate geologic disposal includ-
ing all shipping cask and waste package
loadings and both at-reactor and FWMS con-
solidation. WSA selects the highest
capacity shipping cask or waste package that
does not violate external dose rate or heat
limitations for a group of spent fuel as-
semblies to be containerized.

INTRODUCTION

The Office of Civilian Radioactive Waste
Management (OCRWM) has the responsibility
for managing the ultimate disposal of the
nation's spent nuclear fuel and high level
radioactive waste. To execute this national
priority, OCRWM needs accurate information
about the quantity and characteristics of
the nuclear waste expected to be received
into the Federal Waste Management System
(FWMS). The Waste Stream Analysis (WSA)1

model was developed to address this concern.
WSA has two major applications: (i) to sup-
port the Office of Systems Integration as
part of the Systems Integrated Modeling Sys-
tem (SIMS) and provide the capability for
evaluating alternative strategies for con-
trolling the characteristics of the nuclear
waste to improve performance objectives of
the FWMS; and (ii) to support OCRWM program
offices and facility and package designers
by developing information about the charac-
teristics of the waste stream under alterna-
tive operating assumptions.

This paper presents (1) an overview of
the Waste Stream Analysis Model and (2) a
number of key results from a set of coor-
dinated SIMS runs, which illustrates both
the impact of waste characteristics on sys-
tem performance and the ability to control
waste characteristics by use of selection
and sequencing strategies.

MODEL OVERVIEW

The Waste Stream Analysis Model
provides the capability to characterize the
nuclear waste stream and evaluate impacts of
a wide range of operating conditions on the
FWMS. WSA simulates the movement of nuclear
waste (spent fuel, high level waste, and ac-
tivated metals) through the major elements
of the FWMS based on a preselected set of
operational strategies. For spent fuel, a
direct link to the Energy Information
Administration's (EIA) Assembly Tracking



System2 (ATS) facilitates the tracking of
each assembly from the time it is discharged
from the reactor to the time it is ul-
timately emplaead in a geologic repository.
WSA can select from a list of available
shipping casks and waste packages the ones
that will match the radiological and physi-
cal characteristics of the spent fuel, and
track the movement of the selected shipping
casks and packages. The model can charac-
terize spent fuel inventories, movements and
containerization in terms of fuel type, bur-
nup, age, heat, individual isotopes, gammas,
and neutrons.

The WSA modeling System consists of
three major components, each of which can be
operated independently:

(1) Simulation Model

The simulation model schedules and
tracks the movement and containeriza-
tion (e.g. shipping cask, waste
package, consolidation) of each as-
sembly through the FWMS. The simula-
tion model selects and sequences fuel
activity according to user-defined set
of rules based on waste characteris-
tics, reactor acceptance rights, and
facility throughput rates. Containers
are selected to match the radiological
characteristics of the fuel using the
design characteristics of the con-
tainr rs. The simulation model creates
a very detailed spent fuel activities
data base.

(2) Optimization Model

The optimization model uses linear
program techniques for selecting and se-
quencing fuel to minimize the number of
shipments from each reactor for a given
cask fleet- The linear program includes
acceptance rights and models radiologi-
cal dose rate functions of each cask for
both uniform and non-uniform loadings.

(3) Statistical Analysis and Reporting
Sytem.

The statistical analysis and reporting
system consists of several hundred
programs and report programs for analyz-
ing the spent fuel activities data base
and producing statistical reports in
both tabular and graphic format. The
statistical analysis and reporting sys-

tem has direct library linkages to the
detailed radiological and physical data
in the ORNL Characteristics Data Base3

(CDB) and the assembly-by-assembly data
in the EIA RW-8594 data base. Inventory,
movtaent, radiological, etc. reports can
be produced for spent fuel in both con-
tainerized (e.g., shipping cask, waste
packages) or uncontainerized form at any
point in the FWMS.

WSA is flexible with respect to select-
ing and sequencing fuel to be picked up from
the reactors. Fuel selection can be based <
on age (oldest, youngest), heat, form
(consolidated, intact), location (in pool,
in dry storage), the radiological charac-
teristics of a cask fleet, etc., while
respecting reactor acceptance rights or
granting priority for pool storage problems
or decommissioning. The user can specify
transportation mode between facilities and
whether unit trains are utilized. VSA simu-
lates fuel handling and packaging at the
repository and MRS, if included in the sys-
tem. Fuel may be packaged intact and/or
consolidated at either either facility and
the packages may be tailored to assembly
types and/or heat ranges. VSA also has
several options for managing MRS storage.

The general containerization
capability, i.e., the selection of shipping
casks and waste packages, is one of the most
powerful features of WSA. In the simulation
model, WSA chooses containers based upon a
user-specified priority. WSA puts a group
of assemblies to be containerized in the
highest priority container available to the
assembly-group type that does not violate
heat or dose rate specifications of the con-
tainer. WSA will derate a user-specified
priority container if none of the available
containers can be fully loaded without ex-
ceeding container design limits. Waste
package heat specifications are evaluated at
the time the waste package is emplaced,
which may be different than the time it is
packaged. That is, WSA determines when each
batch of fuel is scheduled for emplacement
prior to packaging the fuel.

The WSA optimization model fully in-
tegrates fuel selection and sequencing with
the physical and radiological characteris-
tics of an available set of casks. The
linear program schedules assemblies to maxi-
mize the use of high capacity casks (i.e.,
reduce the number of shipments from each



reactor/pool) by minimizing the radiological
underloading of individual cask shipments.
The linear program takes advantage of the
benefits of non-uniform loading in large
rai l casks, in which cooler fuel i s loaded
in the periphery ring and hotter fuel i s
loaded in the interior ring, thus increasing
the burnup and age spectrum that can be ac-
commodated by the cask. The l inear program
determines which assemblies should be
selected to receive additional cooling time
for use in the cask periphery.

WSA has several algorithms for
parametricly representing cask dose rates
for both uniform and non-uniform fuel load-
ing. The algorithms use interpolation
parameters for both gamma and neutron dose
rate contributions, which are s t a t i s t i c a l l y
estimated from cask design data. The inter-
polation techniques are applicable to both
vendor design data and scoping-model ( e . g . ,
CAPSIZE / KWIKDOSE5) derived data.

DATA

The major data inputs for WSA are the
spent fuel discharges from commercial
nuclear reactors and the spent fuel physical
and radiological characteristics. Histori-
cal discharges are collected from the
utilities on Form RW-859; projected dis-
charges are obtained from ElA's disaggregate
forecasts, published annually in the World
Nuclear Fuel Cvcle Requirements6. Spent
fuel data elements include the reactor from
which the spent fuel is discharged, the dis-
charge date and burnup, the initial enrich-
ment , and the type of fuel.

Physical and radiological characteris-
tics are obtained from Characteristics Data
Base maintained by Oak Ridge National
Laboratory. Physical characteristics in-
clude assembly length, width, cladding
material, etc. Radiological characteristics
are derived from ORIGIN II and include heat,
photons and neutron source terms, and weight
and curies for over 350 isotopes.

SPENT FUEL ACTIVITIES DATA BASE

The main WSA selection, sequencing, and
containerization model creates a detailed
assembly movement and containerization file,
which forms the data base for the report
programs. The file contains all pertinent

information to characterize each assembly
from the time it is discharged from the
reactor. A unique record exists for each
batch of fuel, where a batch of fuel is a
group of assemblies with identical charac-
teristics that have the same in-reactor his-
tory and move as a unit through the waste
management system, e.g., same shipping
casks and waste packages.

RELATIONSHIP TO OTHER SIMS M0D2LS

The SIMS system currently consists of a
systems description and operating assump-
tions capability and three models: WSA, SOL-
MOD (an operating logistics model), and
SECAM (a cost model). WSA is the lead model
in the SIMS group of models and provides in-
formation to both SOLMOD and SECAM. S0LM0D
uses the spent fuel activities file
described above to obtain a schedule of
shipping cask loadings at each reactor and
the characteristics of the fuel in in-
dividual casks. In addition, a number of
specialized reports, e.g., consolidation ac-
tivity at the MRS, heat distribution of the
waste packages emplaced at the repository,
etc., are passed to SOLMOD and COST.

REPORTS

The WSA statistical analysis and
reporting system is a large collection of
standardized reports that summarize the
spent fuel activities data base at various
levels of detail in both tabular and graphic
form. Some report programs operate on a
single data base derived from a specific set
of operating conditions and assumptions.
Other programs compare statistics from mul-
tiple WSA runs derived from different
operating conditions and assumptions.
Detailed WSA data are also available on
electronic media.

WSA reports can generally be grouped
into two categories: summation reports and
statistical distribution reports. Examples
of summation reports are the annual amount
of BWR or PWR fuel received by the MRS, the
annual amount of spent fuel picked up from
individual spent fuel pools, the annual
amount of spent fuel receiving priority
pickup for decommissioning, the annual num-
ber of loadings for each type of shipping
cask, etc. Statistical distribution reports
range from simple annual means to annual



distribution at various levels of aggrega-
tion. Distributional reports include bur-
nup, age, assembly length, heat at emplace-
ment and integral heat. Additional dis-
tributional reports covsr neutrons, photons
for 18 gamma energy ranges, and curies for
over 350 isotopes. Distributional reports
can be referenced to the spent fuel as-
semblies processed during a specific year
(e.g., the heat distribution of the fuel
received into the FWMS during a specific
year), or spent fuel containers (e.g., the
heat distribution of waste packages at time
of emplacement).

COMPUTER ENVIRONMENT

WSA is written in a combination of PAS-
CAL, SAS, and FORTRAN, and is installed on
the Department of Energy / Energy Informa-
tion Administration (DOE/EIA) IBM mainframe
computer. Typical run time for the simula-
tion model is between 25 and 30 seconds,
depending on the complexity of the case
being modeled.

SIMS EXERCISE

The SIMS Exercise7 completed in April
1989 demonstrated the capability of the SIMS
models to simulate in detail three FWMS con-
figurations specified by the System Descrip-
tion Capability of the SIMS system. The Ex-
ercise cases are:

(1) An integrated MRS that consolidates 95
percent of the spent fuel received and
operates on a FIFO strategy. Spent fuel is
selected on an oldest first basis. Pickups
begin in 2000.

(2) A storage only MRS that operates on a
LIFO strategy. Spent fuel is selected on
an oldest first basis. Pickups begin in
2000.

(3) A repository-only system in which spent
fuel is selected to provide a levelized in-
tegrated heat at the repository, while
still adhering to reactor oldest-first ac-
ceptance rights. Pickups begin in 2003.

The remainder of this paper presents
selected results from the SIMS Exercise to
illustrate the types of analysis that can be
produced by the WSA model. Since the pickup

schedule for Cases 1 and 2 are identical,
comparisons of characteristics at pickup are
illustrated for cases 1 and 3 only.

AT-REACTOR STORAGE

The earlier pickups in Case 1 and 2
reduce the amount of spent fuel at reactor
sites relative to Case 3. To quantify the
amount of additional at-reactor storage
needed, it is assumed the utilities maintain
a full-core reserve in each spent fuel pool
and place the overflow in dry storage. The
dry storage casks remain at the reactor,
i.e., they are not transportable. Figure 1
compares the dry storage capacity require-
ments in metric tons of uranium for Cases 1
and 3. In Case 1, the new storage capacity
levels off in 2006 to about 4300 metric
tons. The later pickup schedule in Case 3
results an additional 4000 MTU of at-reactor
storage capacity, with new storage capacity
requirements continuing through 2011.

AT-REACTOR TRANSPORTATION

Design of an efficient cask fleet to
transport the spent fuel from the reactors
to either the MRS or the repository is a
major challenge facing OCRWM. Knowledge of
both the radiological and physical charac-
teristics of the fuel at time of shipment is
a primary input for both the cask design and
cask fleet selection process. Cask desig-
ners must insure that both cask heat and
dose rate limitations are not violated.
Figure 2 illustrates the average heat
(watts/MTU) at pickup for Cases 1 and 3. In
Case 1, oldest fuel first was selected for
pickup, which is essentially the same as
picking up the coldest fuel first. As il-
lustrated in Figure 2, the annual average
heat starts off low and shows a steady rise
over time. The annual average heat
decreases somewhat after 2020 as partially
burned final cores start being received into
the FWMS. The blended rule for selecting
spent fuel in Case 3, while still respecting
oldest-first allocation rights, produces a
fairly constant or levelized annual heat
distribution. This could improve cask fleet
utilization by reducing the annual extreme
average, annual temperature fluctuations,
which are characteristic of the oldest-first
selection rule. It should be noted,
however, that a detailed analysis of the



heat distribution within each year (not il-
lustrated) is needed to properly quantify
potential benefits.

Knowledge of assembly dimensions is very im-
portant, since shipping casks are weight
limited. For example FWR fuel is generally
shorter and hotter than BWR. An issue
before OCKWM is whether it is to select a
single cask type with different baskets that
can carry both BWR and PWR fuel or to design
separate casks for each type of fuel. A
single cask type would mean unused axial
space for most PVR fuel and significant
over-shielding for most BWR fuel. Figure 3
shows the assembly length distributions for
all fuel to be received in the FWMS for the
cases analyzed in the SIMS Exercise, and
shows the type and transverse dimension of
the most important fuels. The dominant fuel
types are the 159.8 inch by 8.4 3 inch PWR
assemblies and the 176.2 inch by 5.44 inch
BWR assemblies.

EMPLACEMENT CHARACTERISTICS

The levelized selection criteria of Case 3
produces relatively stable annual radiologi-
cal characteristics. Because there was no
MRS in Case 3, the fuel was emplaced shortly
after it was picked up and the characteris-
tics at pickup are the same as the charac-
teristics at emplacement. The difference in
the emplacement characteristics between Runs
1 and 2 are due to the management of the MRS
silo storage. In Run 2, after silo storage
is filled all fuel is sent to the repository
as it is received. Silo storage is emptied
after the MRS stops receiving fuel from the
reactors. The fuel being emptied from silo
storage is very old and this is reflected by
the severe drops in heat and radioactivity
after 2022. In Run 1, all fuel rotated
through silo storage on a first-in, first-
out basis. Consequently the repository"
received fuel from the MRS on an oldest-
first sequence. Over most of the time
horizon, the characteristics of Case 1 tend
to follow those of Case 2, albeit with a
time lag.

Spent fuel age at emplacement for all three
cases is shown in Figure 4. While most
radiological characteristics show annual
stability over time for Case 3, the average
age shows an upward trend. This results
from the carefully crafted blending algo-
rithm used to levelize the radiological

characteristics. Due to utility trends in
increased burnup, earlier discharged fuel
tends to be cooler than later discharged
fuel of the same age. To compensate for
this difference, some of the old, cold fuel
is postponed until the hotter fuel is
scheduled to be picked up. Blending the
younger, hotter fuel with the older, colder
fuel produces the desired level statistics.

Repository areal requirements are determined
by a complex interaction of thermal-rise
restrictions of the waste package itself,
the near-term interaction of adjacent waste
packages, and longer term thermal rises over
a broad area. Two important measures of
merit are the heat at emplacement (Figure 5)
and the long term integrated heat deposition;
(Figure 6). It should be noted that burnup
is a good proxy for the long-term integrated:
heat since the effect minor age difference
at emplacement are marginal in comparison to
long time periods. These figures again show
the levelized effects of Case 3 in com-
parison to the low-to-high trends of Cases 1
and 2.
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