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Several computer software tools are available for
evaluating nuclear power program scenarios and the
economics of alternative fuel cycles. However, their
capability to evaluate the impacts on waste management
options is limited. The main purpose of the Nuclear Waste
Assessment System for Technical Evaluation (NUWASTE)
is to evaluate the impacts of different fuel cycle options on
the radioactive waste streams that will be produced
through the end of the century; assuming only present
light water reactor (LWR) technology is available. This
includes consideration of the following options for
managing spent nuclear fuel (SNF) and high-level
radioactive waste (HLW): 1) dry storage, 2) disposal in a
geologic repository, 3) reprocessing and MOX and/or
UOX fuel fabrication from recycled material for use in
LWRs, and 4) any combination of the above. For the
reprocessing options, only first cycle SNF assemblies are
reprocessed; second cycle UOX fuel assemblies and first
cycle MOX fuel assemblies are either disposed in a
geologic repository or placed in dry storage. NUWASTE
is based on a material-balance analysis that quantifies the
demand for fissile material for use in the U.S. LWR fleet,
the production and accumulation of SNF, and the HLW,
and other wastes generated from reprocessing. More than
60 individual isotopes are tracked.
This paper describes the methodology and
assumptions that comprise the basis for NUWASTE, as
well as the results of preliminary scenarios that have been
evaluated.

I.

INTRODUCTION

The mission of the Nuclear Waste Technical Review
Board (NWTRB) is to independently review the technical
validity of U. S. Department of Energy (DOE) activities
regarding the management and disposal of SNF and HLW
generated by the commercial nuclear industry and DOE’s
own activities. To assist with this, the NWTRB has
developed a software tool that assesses the consequences
of implementing various nuclear waste disposition
options. This paper describes and illustrates the capability
of this tool. It should be noted that any results presented
in this paper are for presentation purposes only and do not
represent a recommendation by the NWTRB of any
particular approach.
II. STRUCTURE
The existing United States LWR fleet and nuclear
fuel discharged volumes through 2009 serves as the initial
condition. Three alternative future nuclear generation
capacity scenarios are used to project future SNF
discharges:
1) existing nuclear power plants only,
2) existing plus the 28 additional plants for which
license applications have been submitted to the Nuclear
Regulatory Commission (NRC)
3) sufficient new plants to maintain the present
nuclear generation capacity.
NUWASTE is based on a material balance analysis
that tracks the masses of SNF and over 60 individual
isotopes on a yearly basis. OrigenARP 5.1.01 is used to

determine the isotopic content of the discharged SNF
assemblies, and a simplified algorithm is used to
determine the required isotopic content for the assemblies
fabricated from the separated material. Either fresh or
recycled uranium can be used for the fabrication of UOX
assemblies. MOX assemblies are fabricated from recycled
plutonium with uranium from one of six sources:
1) fresh uranium tails
2) fresh unenriched uranium
3) fresh enriched uranium
4) recycled uranium tails
5) recycled unenriched uranium
6) recycled enriched uranium.

In addition to the individual isotope masses,
NUWASTE reports the reduction in the amount of natural
uranium required, number of assemblies fabricated from
recycled material, number of waste packages required,
reduction in repository size, and volumes of low level and
greater than class C waste generated.
A functional flowchart of NUWASTE is shown in
Figure 1. There are approximately 50 variables that can be
adjusted to define a specific scenario, such as average
assembly burnup and enrichment, cask capacities, and
allowable assembly age for reprocessing and disposal.
The start dates for operation of reprocessing and geologic
repository facilities, and their capacities, can be varied.

Note:
Reprocessing takes priority over disposal in the
assembly selection process
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Figure 1 - NUWASTE Functional Flowchart
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III. SINGLE SCENARIO EVALUATION
NUWASTE records approximately 85 parameters on
a yearly basis and these can be displayed as tabular or
graphic reports. Some of the reports show the overall
mass and assembly flow through the entire process, while
others provide detailed results of numbers and types of
assemblies that are reprocessed and disposed, numbers
and composition of assemblies fabricated, and masses and
types of wastes produced.

Figure 2 shows the mass balance of a hypothetical
scenario based on NUWASTE results. This report
includes the total number of fuel assemblies that are
reprocessed and disposed; the number of first and second
cycle UOX assemblies, and the number of MOX
assemblies, that are fabricated; and the total mass of waste
products, including fresh and recycled tails, solid and
gaseous fission products and minor actinides, and low
level waste. It also shows the reduction in the number of
repository waste packages and the reduction in natural
uranium that would result from reprocessing.

Figure 2 - Total System Material Balance

Figure 3 displays the mass of SNF discharged and the
masses of SNF and HLW processed on an annual basis,
plus the total number of dry storage casks required and
the cumulative mass of SNF discharged.

Figure 3 - Scenario Summary
Figures 4, 5 and 6 are examples of the many tabular
reports available; the majority of these reports provide
results on a yearly basis.
Figure 4 shows the number and mass of assemblies
reprocessed each year along with the masses of the major
uranium and plutonium isotopes separated. This data is
used to calculate the composition of second cycle UOX
and first cycle MOX assemblies.

Figure 4 - Annual Reprocessing History

Figure 5 displays the total mass of each waste
product isotope separated. Approximately 0.1% of the
plutonium and uranium is assumed to be carried over with
the other actinides due to incomplete separation. In
general, the gases that are released during separation are
not carried along with the solids and are not considered in
the calculation of the volume of vitrified HLW produced.
Figure 6 shows the number and 235U enrichment of
first cycle uranium assemblies fabricated; number and
235
U enrichment of second cycle uranium assemblies
fabricated; and the number, plutonium percent, plutonium
quality, uranium percent, and 235U enrichment of MOX
assemblies fabricated. The 235U enrichment of the second
cycle UOX assemblies must be increased due to the
presence of 236U in the separated uranium mass. The
method for calculating the 235U enrichment needed for
second cycle UOX assemblies is based on data in the
open literature1 that provides the relationship between the
236
U concentration and the 235U enrichment necessary to
compensate for the presence of 236U. The calculation
method for the MOX assemblies is based on data found in
the open literature2,3 that provides the relationship
between plutonium quality and concentration.
Figure 5 – Fission Product and Minor Actinide Wastes

IV. COMPARISON OF MULTIPLE SCENARIOS
NUWASTE has built-in functions that allow
comparison of scenarios to determine the sensitivity of
particular criteria to changes in the scenario assumptions,
such as reprocessing start time and capacity. After each
scenario is run, approximately 100 parameters are
archived for later evaluation. A report generator is
provided within NUWASTE that allows filtering, sorting,
and defining those parameters to include in both tabular
and graphic reports. The tabular report can display up to
10 different parameters. The graphic reports allow
comparison of a single variable for multiple scenarios.
For graphic reports, the raw data is normalized to one and
a bar graph is generated to display the normalized data,
where negative numbers indicate a less desirable choice.
Figure 8 shows the bar graph for the “Mass Natural
Uranium Used”.

Figure 6 - PWR Yearly Assembly Fabrication History
Figure 7 shows the masses of some other waste
products that are calculated by NUWASTE. These
include fresh and recycled uranium tails, solid and
gaseous fission products, and minor actinides.

Figure 8 - Example of Normalized Results of a Single
Variable
NUWASTE also includes a function that enables
evaluation of up to seven criteria at once, selected from a
list of approximately 60 criteria. Reported results include
minimum, maximum, and average values for each
selected criterion. A different weighting factor can be
applied to each criterion. NUWASTE normalizes each
criterion to one, multiplies the result for each criterion by
the appropriate weighting factor, adds the corresponding
results, and divides the totals by the sum of the weighting
factors. An example of this evaluation is provided in
Figure 9.
Figure 7 - Waste Products Created

SNF steadily increases as a function of time, as does the
number of dry storage casks required. Figure 11 displays
the number of dry storage casks that are required each
year. At the end of the century, this totals approximately
13,000, containing 165,000 MTHM of used nuclear fuel.
This result is put into perspective by noting that the
licensed capacity of the Yucca Mountain repository was
expected to be limited to 63,000 MT of commercial SNF.

Figure 9 - Example of Multiple Criteria Evaluation

V. SAMPLE EVALUATION
There are numerous combinations of independent
variables upon which to base an analysis to investigate the
consequences of adopting different SNF and HLW
management options for the U.S. LWR fleet for the
foreseeable future. In order to illustrate the flow and
accumulation of materials, four scenarios based on
plausible parameters and capacities have been analyzed
using NUWASTE. They are:
1) no repository, no reprocessing, and 60 GWd/MT
burnup
2) a repository available in 2040 with an operating
capacity of 3,000 MT/year, no reprocessing, and
60 GWd/MT burnup
3) a repository available in 2040 with an operating
capacity of 3,000 MT/year, reprocessing available
in 2030 with an operating capacity of 1,500
MT/year, and 60 GWd/MT burnup
4) same as 3) but with 40 GWd/MT burnup.

Figure 10 - Scenario 1 - Cumulative Results

All of these scenarios assume operation of the present
reactor fleet plus 28 planned nuclear power plants.
A discussion of pertinent results for these scenarios
follows, based on an evaluation of the masses of SNF
discharged and in interim storage as a function of time,
the peak number of dry storage casks required, and the
reduction in demand for natural uranium as a result of
reprocessing. Because of the adverse effects of the
buildup of even uranium and plutonium isotopes in LWR
fuel, MOX and UOX fuel assemblies derived from
reprocessed material are burned only once and then stored
or disposed.
Scenario 1 is considered the base case for comparison
to the other scenarios. As shown in Figure 10, the mass of

Figure 11 - Scenario 1- Annual Results
Scenario 2 includes a repository starting operations in
2040 with a capacity of 3,000 MT/year. The effect of an
operating repository is illustrated by the results for
Scenario 2 in Figure 12. This shows that the mass of SNF
in storage would peak at 122,000 MT in 2040, and then
decrease steadily to zero in 2095. The number of dry
storage casks peaks at 7,500, equivalent to 76,500 MT, in
2048. The uranium requirement for this scenario is
illustrated in Figure 13, which shows that 750,000 MT of
natural uranium would be required.

Figure 14 - Scenario 3 - Cumulative Results
Figure 12 - Scenario 2 - Cumulative Results

Figure 13 - Scenario 2 - Annual Results

Figure 15 - Scenario 3 – Annual Results

In Scenario 3, reprocessing commences in 2030 with
a capacity of 1,500 MT/year. As shown in Figure 14, the
number of dry storage casks peaks in 2042 at 5,900
equivalent to 76,500 MT and the mass of SNF in storage
peaks in 2039, at approximately 110,000 MT. This is less
than the 122,000 MT in Scenario 2 because reprocessing
reduces the quantity of SNF requiring storage. The effect
of recycling plutonium in MOX fuel, and reprocessed
uranium in UOX fuel, can be seen in Figure 15 as a
reduction in the demand for natural uranium since the
fissile value in these recovered materials is realized as
fuel. The reduction in demand for natural uranium is
approximately 10%, integrated over time, compared to
Scenarios 1 and 2. It is to be emphasized that the size of
the reduction is dependent on the timing and capacity of
the reprocessing facility, the burnup of the SNF, and the
demand for future fuel assemblies.

Finally, Scenario 4 shows the effect of limiting
burnup to 40 GWd/MT, instead of 60 GWd/MT. The net
effect of this lower fuel burnup is illustrated in Figure 16,
which shows that the total mass of SNF discharged is
approximately 210,000 MT, compared to 165,000 MT in
the previous scenarios. As would be expected,
discharging fuel with a lower burnup increases the
uranium requirement. The number of dry storage casks in
this scenario peaks at approximately 8,200 in 2043. The
mass of SNF in storage peaks at 140,000 MT in 2039,
compared to 109,000 MT in Scenario 3. The reduction in
uranium requirement is 14%, as shown in Figure 17. This
additional reduction in natural uranium requirement is due
to:
1) the higher residual enrichment in the SNF
discharged
2) the reduction in even uranium and plutonium
isotopes that act as absorbers in recycled fuel

Figure 16 - Scenario 4 - Cumulative Results
Table I provides a summary of the pertinent scenario
results. On the basis of the scenarios evaluated here, it can
be seen that:
1) the cumulative mass of SNF would exceed the
expected licensed capacity of the Yucca Mountain
repository for each scenario
2) repository disposal and reprocessing would reduce
the peak quantity of dry storage casks required by
over 50%

Scenario
1
2
3
4

Fuel
Burnup
PWR/BWR
(GWd/MT)
60/60
60/60
60/60
40/40

Figure 17 - Scenario 4 - Annual Results
3) reprocessing would reduce the natural uranium
requirement by about 10%
4) reducing the fuel burnup from 60 to 40 GWd/MT
would increase the peak quantity of dry storage
casks required by about 38% and increase the
natural uranium requirement by about 18%.

Table I –Summary of Scenario Results
Peak Dry Storage
Repository
Reprocessing
Start Date/
Start Date/
Change
Casks
MT
Capacity (MT) Capacity (MT)
(%)
N/A
N/A
12,750 165,000
N/A
2040/3,000
N/A
7,500
97,000
-57
2040/3,000
2030/1,500
5,900
76,500
-54
2040/3,000
2030/1,500
8,200
102,000
+38

VI. CONCLUSION
NUWASTE offers considerable capability and
flexibility in evaluating potential scenarios for managing
SNF and HLW in the U.S. The way the system has been
designed, makes it possible to evaluate the waste
management implications of alternative fuel cycle
options, both individually and comparatively. The
NWTRB intends to utilize NUWASTE to evaluate

Natural Uranium
Requirement
(MT)
750,000
750,000
670,000
790,000

Change
(%)
N/A
0
-10
+18

plausible options in an effort to better understand and
communicate the potential implications for managing
SNF and HLW and present the results to interested
parties. Future enhancements of NUWASTE are being
considered, including adding advanced reactor
technologies, disposition of DOE-owned SNF and HLW,
and transportation requirements.
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