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ABSTRACT

This report is a preliminary survey and analysis of the five primary types of
commercial nuclear power reactors currently in use around the world today.
Annual plutonium discharge rates from these reactors are estimated based on a
simple methodology that uses limited but readily available spent fuel burnup data
and reactor operating characteristics collected from a several nuclear reactor
databases. Selected commercial reactor operating and nuclear core characteristics
are also presented for each reactor type.

In addition to the commercial reactor survey, a materials test reactor survey
was also conducted to identify reactors of this general type with core power
ratings > 1.0 MW. Over 100 material test reactors and research reactors fall into
this category. Fuel characteristics and associated quantities of spent fuel from
these reactors are also provided herein.
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Plutonium Discharge Rates and Spent Nuclear Fuel
Inventory Estimates for Nuclear Reactors Worldwide

1. Introduction

All spent nuclear fuel (SNF) can be considered a potential proliferation and security risk. High-
enriched fuels remain high-enriched even after burnup. Low-enriched fuels breed plutonium. All spent
fuels contain radioactive fission products which, if dispersed, can produce an environmental and health
disaster. Whether the threat comes from illicit procurement for nuclear weapons or radiological dispersion
devices, spent nuclear fuel needs to be inventoried, stored securely, and routinely monitored.

Typically, the larger the stored inventory the greater the security risk, but even small vulnerable
inventories can present major cause for alarm. Nuclear reactors, the sole producers of spent nuclear fuel,
are located throughout the world and come in a variety of designs and sizes (core power rating). Higher
power reactors (>100 MW) that operate continuously, for example commercial reactors, produce the
greatest quantities of spent fuel. Lower power reactors (1-100 MW) that operate with relatively high
capacity factors, such as material test reactors or isotope production reactors, can also generate significant
quantities of spent fuel, but usually not on the scale of commercial reactors. Other low power reactors (<1
MW), such as neutron science research reactors or training reactors, which operate sporadically, tend to
produce relatively small quantities of spent fuel and often keep their SNF in-core for added reactivity and
safe storage.

Because spent fuel is produced from a variety of reactor types, the spent fuel inventories vary just as
widely and even more so, since many reactors have stored inventories from past cores with different
enrichments and fuel form. Although a survey and an assessment of spent fuel inventories worldwide is
an extensive task, there are existing reactor fuel databases to assist in such assessments. For example,
there are the PRIS [1], VISION [2], RRDB [13], and VISTA [4] databases; databases we have used for
our survey here. This preliminary report attempts to address two tasks:

e Develop a survey of power reactor types worldwide in relation to SNF plutonium content and perform
nuclear fuel calculations based on burnup. The reactor types were to be prioritized by plutonium
content.

e Determine how many materials test reactors (MTRs) there are in the world, what type of fuel they
use, and how much spent fuel they have in inventory.

The report is divided into two sections, one for each task. For both tasks, it is apparent that additional
effort could provide substantially more detail beyond the limited scope of this preliminary assessment.






2. Power Reactor Survey

The first task surveyed commercial power reactor types worldwide in relation to SNF and plutonium
content. Fuel depletion calculations were performed and plutonium mass discharge rates developed along
with plutonium isotopic masses for each commercial reactor type.

The PRIS database [1] was used to identify all of the operating commercial reactors around the world
in 2011. Some assumptions were made, based on design similarities, in grouping of some of the
identified commercial reactors. For example, VVERs (vodo-vodyanoi energetichesky reactors) also
known as WWERSs (water-water power reactors), a Russian pressurized water reactor design were placed
in the PWR group, because these reactors are pressurized light water reactors. Canada deuterium uranium
(CANDU) reactors make up the bulk of the PHWR group and although India’s pressurized heavy water
reactors have some design differences, they were placed naturally into the PHWR group. In addition,
GCRs include both the single Magnox reactor with advanced gas-cooled reactors (AGRs) fleet in the
United Kingdom (U.K.), as both Magnox and AGRs are gas-cooled, graphite-moderated reactors.
Therefore, the 427 commercial reactors worldwide (Table 1) can be categorized into just five groups:

1. Pressurized Water Reactors (PWR)

2. Boiling Water Reactors (BWR)

3. Pressurized Heavy Water Reactor (PHWR)

4. Reaktory Bolshoi Moschchnosti Kanalny (RBMK)

5. Gas-Cooled Reactors (GCR).

Table 1. Commercial reactors by type, country, and number.
Country PWR BWR PHWR RBMK GCR
Argentina 2
Armenia 1

Belgium 7

Brazil 2

Bulgaria 2

Canada 18
China 13 2
Czech Republic 6

Finland 2 2

France 58

Germany 7 2

Hungary 4

India 2 18
Iran 1

Japan 24 26

Korea 19 4
Mexico 2

Netherlands 1

Pakistan 2

Romania 2




Country PWR BWR PHWR RBMK GCR
Russia 17 15

Slovakia 4

Slovenia 1

South Africa 2

Spain 6 2

Sweden 3 7

Switzerland 3 2

Ukraine 15

United Kingdom 1 15
United States of America | 69 35

TOTAL 270 80 47 15 15

It should be noted that there is a sixth commercial reactor type that could be added to our list, namely
the fast reactor or fast breeder reactor. A single fast breeder reactor (FBR), the BN-600 in Russia, is
operational and producing electricity today. However, with only a single location, we have chosen not to
include this reactor type in this preliminary report.

Over the past 50 years, there have been a many evolutionary and design variants of the five identified
reactor types above; reactors that were built, run, and produced saleable electricity. It is interesting and
somewhat surprising that despite the large number of evolutionary and variant designs, commercial
reactors worldwide have converged to just the five groups identified above.

Once we had grouped the reactor types, the next step was to acquire SNF burnup and reactor
operating information for a typical reactor in each of the five commercial reactor groups and then to
develop a simple burnup methodology that can use these burnup and reactor power data to estimate
plutonium content in the SNF discharged and from this estimate plutonium production rates from this
typical reactor. If we knew the burnup and power level for each of the 427 reactors listed in Table 1, a
total worldwide plutonium production rate from commercial reactors could be estimated. This has not yet
been done, due to the need to first find these data in the databases or published public domain literature.
Another interesting task would be to develop a spatial database using a geographical information system
to plot commercial reactors (and material test, research, and training reactors) on a world map and
correlate plutonium production rates and current SNF inventories to each reactor site.

2.1 Methodology

An approximate methodology has been developed here specifically to estimate plutonium content in a
spent fuel inventory from a commercial power reactor. The methodology needs very little input
characterization data and uses characterization data that is usually readily available in the databases or in
the public domain. For example, characterization information may include: reactor power, fuel burnup,
initial loading, fuel residency time, fraction of core re-load, thermal efficiency, and capacity factor. In
addition, the methodology requires end-of-cycle (EOC) isotopic mass fractions in order to estimate
plutonium discharge rates. EOC isotopic mass fractions are, surprisingly, readily available for the five
commercial power reactor types. Mass fraction data are also readily available for a variety of fuel burnups
which then allows us to interpolate/extrapolate between these specific burnup data sets to generate
approximate mass fractions at any burnup. These data are then sufficient to estimate plutonium mass
content in discharged SNF, along with reactor power or reload plutonium production rates. The estimation
methodology is described below in more detail.




The estimation methodology developed for this task is straightforward and can be used effectively to
obtain very reasonable spent fuel inventory estimates. The first step is to estimate the total initial heavy
metal mass in the reactor core at beginning-of-cycle (BOC). There are a couple of paths to obtain the
BOC initial heavy metal inventory depending on the available characterization data. Since our goal is to
estimate the EOC heavy metal mass in the discharge fuel, which is unknown at this point, we assume that
the total BOC heavy metal mass inventory is equal to the total EOC heavy metal mass. This mass
equation is an approximation, but a very reasonable approximation especially for commercial power
reactors, since the bulk of the low-enriched EOC fuel is still U-238. The total EOC heavy metal mass is
then multiplied by the EOC isotopic mass fractions to obtain the uranium and plutonium isotopic masses
in the discharge inventory. The approximation, using the BOC rather than the EOC heavy metal mass
inventory, as mentioned, is quite accurate since the BOC and EOC heavy metal masses only differ by 2-
3% for low-enrichment cores, such as in the commercial power reactors. The methodology is slightly
conservative in that it then tends to over-predict the discharge isotopic masses.

It should be noted that the methodology can be refined later, if desired, to provide slightly more
accurate estimates as follows. The EOC heavy metal mass can be re-estimated by subtracting the mass of
depleted U-235 and U-238 from the BOC heavy metal mass inventory. The new EOC heavy metal mass
can then be multiplied by the mass fractions to obtain new, more accurate discharge isotopic masses. This
procedure can be iterated until the masses converge. For our purposes here, we simply equate the
estimated total BOC to the EOC heavy metal mass with no iteration. Future work may add refinement.

To verify that the methodology is reasonable and to show how the methodology works, a benchmark
problem is provided in Appendix A. This problem has been developed using a commercial PWR core and
a 17 x 17 fuel rod assembly (Westinghouse design). Appendix A also includes two examples showing
how the methodology can be applied with limited and different pieces of characterization data.

211 Assumptions

In order to estimate plutonium content of the SNF from the typical reactor in each reactor group, we
made the following general assumptions in our analysis.

e A single typical average fuel burnup value is assumed for each typical reactor in each of the five
commercial groups.

e Fuel burnup has a linear relationship with reactor power.
e A capacity factor of 90% is assumed for all reactors.

e  Cycle times (fuel residency) for the five reactor types vary from approximately 1-4.5 years.
Plutonium content and production rates are based on the reactor’s typical cycle time and then scaled
to 1-year or annual plutonium discharge rate in order to provide comparative basis.

e Reactor plant thermal efficiency is based on typical reported values for each reactor type.

2.2 Results

The reactor characterization information and calculated plutonium discharge rates are presented in
this section by reactor type. Reactor and fuel parameters used in the estimation of isotopic plutonium
discharge rates are briefly discussed along with details of the reactor core, assembly, rod, and fuel design.

221 Pressurized Water Reactors (PWR)

PWRs are the most widely used commercial reactor type in the world and represent approximately
63% of all commercial reactors worldwide. These reactors use pressurized light water (H,O) for both
coolant and moderator. The fuel is comprised of cylindrical uranium dioxide (UQO,) pellets clad in a
Zircaloy-4 tube which forms a fuel rod. Fuel rods are arranged into a square array of typcially 17 x 17
fuel rods which form an assembly. PWRs are typically refueled every 1.5 years, replacing 1/3 of the core
every cycle, which results in a fuel residence time of 54 months. PWR burnup has effectively doubled
since early commercial usage, resulting in increases in enrichment [2]. Current limitations on burnup



levels of PWR fuel are based on the potental for cladding degradation due to irradiation, oxidation, and
hydrogenation. Relevant data for PWRs are shown in Table 2.

Table 2. Typical PWR characterization data [3] [4] [6].

Fuel Type Uo,

Fuel Rod Diameter 9.5 mm

Fuel Rod Length 3.66 m
Cladding 0.57 mm

Fuel Pellet Diameter 8.2 mm

Fuel Pellet Length 13.5 mm
Active Fuel Length 3.6m

Mass of UO, in Core ~101 MT
Burnup 45-50 MWd/kgU
Enrichment 4.0 wt% U-235
Fuel Assembly 17 x 17 array

For the typical PWR representing the PWR commercial reactor group, we have assumed a core power
of 1,000 MWe PWR, thermal efficiency of 33%, capacity factor of 90%, fuel residency time of 4.5 years,
refuel cycle length of 1.5 years, and an average fuel burnup of 45 MWd/kgU. EOL SNF mass fractions
are given in Table 3 along with the calculated isotopic plutonium mass. The isotopic mass fractions in
Table 3 are from the VISION database [2] and are in good agreement with data from the International
Atomic Energy Agency Nuclear Fuel Cycle Simulation System (VISTA) [4] [8].

Table 3. PWR isotopic mass fractions and plutonium mass production rates.

Mass Produced Annual Mass Plutonium
Plutonium Mass per 1.5 Years Production Fraction
Isotope Fraction (kg) (kg) (%)
Pu-238 2.3E-4 6.9 4.6 2.1
Pu-239 5.57E-3 167.4 111.6 51.1
Pu-240 2.73E-3 82.0 54.7 25.1
Pu-241 1.58E-3 47.5 31.7 14.5
Pu-242 7.8E-4 23.4 15.6 7.2
Pu-244 2.51E-8 7.5E-4 5.0E-4 0.0
Total 327.2 218.2 100.0
2.2.2 Boiling Water Reactors (BWR)

BWRs are the second most widely used commercial reactor type in the world and represent
approximately 19% of all commercial reactors worldwide. These reactors use pressurized light water
(H,0) and steam for both coolant and moderator. The fuel is comprised of cylindrical UO, pellets clad in
a Zircaloy-2 tube which forms a fuel rod. Fuel rods are arranged into a square array of typcially 8 x 8 fuel
rods which form an assembly. BWRs, like PWRs, are typically refueled every 1.5 years, replacing 1/3 of
the core every cycle, which results in a fuel residence time of 54 months. BWR burnup, although
typically slightly lower than PWRes, is still in the 45-50 MWd/kgU range [5]. BWR burnup has also
effectively doubled since early commercial usage, resulting in increases in enrichment [2]. Relevant data
for BWRs are shown in Table 4.



Table 4. Typical BWR characterization data [2] [3] [5].

Fuel Type Uo,

Fuel Rod Diameter 12.27 mm

Fuel Rod Length 39m

Cladding 0.813 mm Zircaloy-2
Fuel Pellet Diameter 10.4 mm

Fuel Pellet Length 10.4 mm

Active Fuel Length 3.88 m

Mass of UO, in Core ~156 MT
Burnup 45-50 MWd/kgU
Enrichment 4.0 wt% U-235
Fuel Assembly 8 x 8 array

For the typical BWR representing the BWR commercial reactor group, we have assumed a core
power of 1,000 MWe BWR, thermal efficiency of 33%, capacity factor of 90%, enrichment of 3.8%, fuel
residency time of 4.5 years, refuel cycle length of 1.5 years, and an average fuel burnup of 45 MWd/kgU.
EOL SNF mass fractions are given in Table 5 along with the calculated isotopic plutonium mass. The
isotopic mass fractions in Table 5 are from the VISION database [2] and are in good agreement with data
from VISTA [4] [8].

Table 5. BWR isotopic mass fractions and plutonium mass production rates.

Mass Produced Annual Mass Plutonium
Plutonium Mass per 1.5 Years Production Fraction
Isotope Fraction (kg) (kg) (%)
Pu-238 1.98E-04 6.6 4.4 2.3
Pu-239 4.09E-03 136.4 90.9 46.9
Pu-240 2.54E-03 84.7 54.5 29.1
Pu-241 1.12E-03 37.4 24.9 12.8
Pu-242 7.79E-04 26.0 17.3 8.9
Pu-244 2.30E-08 7.7E-4 5.1E-4 0.0
Total 291.1 194.1 100.0

2.2.3 Pressurized Heavy Water Reactors (PHWR)

PHWRs are the third most widely used commercial reactor type in the world and represent
approximately 11% of all commercial reactors worldwide. The CANDU is the dominant PHWR design.
These reactors use pressurized heavy water (D,0) for both coolant and moderator. The fuel is comprised
of low-enriched cylindrical uranium dioxide (UO,) pellets clad in a Zircaloy-4 tube which forms a fuel
rod. CANDU-6 reactors typically consist of 380 fuel channels that are 6 m long and can hold 12 fuel
assemblies [2] [4]. The fuel in the core is comprised of cylindrical fuel pellets inside fuel rods. A fuel
bundle or assembly consists of 37 fuel rods arranged in three concentric rings about a single center rod.
The inner ring consists of 6 rods, the middle 12 rods, and the outermost ring 18 fuel rods. The CANDU
reactor has online refueling. The thermal efficiency for a 600 MWe CANDU-6 reactor is approximately
29.3% [3]. Relevant data for PHWRs are shown in Table 6.



Table 6. Typical PHWR characterization data [2] [3] [4].

Fuel Type, typical U0,

Fuel Rod Diameter 13.1 mm

Fuel Rod Length 0.495 m

Cladding 0.42 mm Zircaloy-4
Fuel Pellet Diameter 12.2 mm

Fuel Pellet Length 16.4 mm

Active Fuel Length N/A

Mass of UO, in Core ~98.4 MT

Burnup 7.0 MWd/kgU
Enrichment 0-1.7 wt% U-235
Fuel Assembly 37 fuel rods in three concentric rings
Fuel Assembly Length 500 mm

The plutonium content in PHWR SNF is approximated by using the mass fractions provided in the
VISTA report and the following assumptions: the fuel is naturally enriched and has an in-core residency
time of 1 year, the PHWR is a 600 MWe plant with 29.3% thermal efficiency, and the fuel has a 7
MWd/kgU burnup.

For the typical PHWR representing the PHWR commercial reactor group, we have assumed a core
power of 600 MWe PHWR, thermal efficiency of 29.3%, capacity factor of 90%, natural uranium
enrichment of 0.7%, fuel residency time of 1.0 years, and an average fuel burnup of 7.0 MWd/kgU. For
comparison purposes, since CANDU reactors refuel online and has a fuel residency time of 1 year, it is
assumed that in 1.5 years the discharge mass is simply 1.5 times the annual discharge. EOL SNF mass
fractions are given in Table 7 along with the calculated isotopic plutonium discharge rate. The isotopic
mass fractions in Table 7 are from VISTA [4].

Table 7. PHWR isotopic mass fractions and plutonium mass production rates.

Mass Produced Annual Mass Plutonium
Plutonium Mass per 1.5 Years Production Fraction

Isotope Fraction (kg) (kg) (%)
Pu-238 3.33E-06 0.5 0.3 0.1
Pu-239 2.66E-03 380.4 253.6 69.2
Pu-240 9.58E-04 137.0 91.3 24.9
Pu-241 1.81E-04 25.9 17.3 4.7
Pu-242 3.94E-05 5.6 3.7 1.0
Pu-244 - - - 0

Total 549.4 366.3 100.0

2.2.4 Reaktory Bolshoi Moschchnosti Kanalny (RBMK)

RBMKs are tied with GCRs as the fourth most widely used commercial reactor type in the world and
represent approximately 3.5% of all commercial reactors worldwide. The RBMK is a Soviet-era reactor,
also known as a pressure-tube graphite reactor (PTGR) and is graphite moderated and light-water-cooled.
In addition to the reactor power generation capability, the reactor was also designed with the capability to
breed plutonium. The RBMK-1000 uses graphite blocks containing 1693 zirconium alloy-lined fuel
channels that house water-cooled fuel rods to produce steam for power production. The graphite blocks
are cooled with an 80/20 mixture of helium and nitrogen gas. The RMBK has excess reactivity that is



controlled in the axial and radial directions by hundreds of control rods that regulate the power and shape
the neutron flux throughout the reactor core, in addition to a mixture of burnable poison in the fuel.

The RBMK-1000 uses UO, fuel intermixed with the burnable poison erbium oxide (Er,Os) for
reactivity control [5] [6]. An erbium oxide concentration of 0.41 wt% is typically used with 2.6 wt% U-
235 enrichment. The RBMK operates with online refueling. RBMK-1000 fuel assemblies consist of 18
fuel rods arranged in two concentric rings. The inner ring consists of 6 fuel rods and the outer ring 12 fuel
rods. The RMBK-1000 has a thermal core power output of approximately 3200 MWth and an electrical
power output of 1,000 MWe. Relevant data for RBMKs are summarized in Table 8.

Table 8. Typical RBMK characterization data [4] [5] [6].

Fuel Type uo,

Fuel Rod Diameter 13.6 mm

Fuel Rod Length 3.64 m

Cladding 0.85 mm Zr-1%Nb
Fuel Pellet Diameter 11.5 mm

Fuel Pellet Length 15 mm

Active Fuel Length 7 m (2 x 3.43m)
Mass of UO, in Core ~218 MT

Burnup 20 MWd/kgU
Enrichment 1.8-2.6 wt% U-235
Fuel Assembly 18 fuel rods in two concentric rings
Fuel Assembly Length 10.014 m

An average RBMK-1000 fuel burnup is around 20 MWd/kgU, depending on the fuel enrichment [3].
Typical residence time is on the order of 1,100 days [4]. These values are in reasonable agreement with
assumptions made in the VISTA report that are used to approximate mass fractions of RBMK SNF.
VISTA makes the following assumptions to calculate the mass fractions for RBMK SNF: 20 MWd/kgU
burnup, 3-year in-core residency time, initial enrichment of 2.4% U-235, and a capacity factor of 90%.
Since the RBMK is refueled online, it is assumed that since the fuel has a 3-year residency time, after 1.5
years, half of the core has been removed.

For the typical RBMK reactor representing the RBMK commercial reactor group, we have assumed a
core power of 1,000 MWe, thermal efficiency of 31.25%, capacity factor of 90%, enrichment of 2.4%,
fuel residency time of 3.0 years, refuel cycle length of 1.5 years, and an average fuel burnup of 20
MWd/kgU. EOL SNF mass fractions are those given in Table 9 as calculated by VISTA [4].

Table 9. RBMK isotopic mass fractions and plutonium mass production rates.

Mass Produced Annual Mass Plutonium
Plutonium Mass per 1.5 Years Production Fraction
Isotope Fraction (kg) (kg) (%)

Pu-238 2.26E-05 1.8 1.2 0.5
Pu-239 2.55E-03 199.8 133.2 54.2
Pu-240 1.55E-03 121.5 81.0 32.9
Pu-241 4.36E-04 34.2 22.8 9.3
Pu-242 1.50E-04 11.7 7.8 3.2
Pu-244 - - 0.0 0




Total

369.0 | 246.0

100.0

2.2.5

Gas-Cooled Reactors (GCR)

GCRs are tied with RBMKSs as the fourth most widely used commercial reactor type in the world and
represent approximately 3.5% of all commercial reactors worldwide. GCRs are graphite-moderated
reactors that use natural uranium metal or uranium dioxide as fuel [11]. There are two well-known types
of GCRs: (1) the Magnox reactor and (2) the advanced gas-cooled reactor (AGR). The Magnox reactor
is essentially a large graphite pile cooled by CO, gas. Capacity factors for these reactors were reported to
be between 92-99% [9]. The Calder Hall Magnox Generating Station produced 184 MWe and had a
thermal efficiency of 23%. The core consisted of 1696 fuel channels; 6 fuel rods per channel [9]. The
average in-core residency time for these reactors was approximately 1.0 years [4].

The AGR is the successor to the Magnox reactors in the U.K. There are 14 AGRs in operation today.
The AGR is also graphite moderated and CO, cooled; a thermal reactor with a thermal efficiency of
approximately 40.7%. A typical thermal power rating for these reactors is 1,623 MWth, which produces
approximately 660 MWe [10]. AGRs have online refueling. The core consists of 332 fuel channels; 8§ fuel
rods per channel. The fuel rods are arranged with 3 concentric rings of fuel rods. The inner ring consists
of 6 fuel rods, the middle ring 12 fuel rods, and the outer ring 18 fuel rods. Relevant data for GCRs are

shown in Table 10.

Table 10. Typical GCR characterization data [4] [8] [9] [10] [11].

Magnox AGR
Fuel Type U metal U0,
Fuel Rod Diameter 54 mm 14.5 mm
Fuel Rod Length 1.016 m 1.036 m
Cladding magnesium alloy 0.38 mm stainless steel
Fuel Pellet Diameter 29.2 mm 14.5 mm
Fuel Pellet Length N/A N/A
Active Fuel Length N/A 900 mm
Mass of U Metal in Core 120 MT 123 MT
Burnup 5.6 MWd/kgU 20 MWd/kgU
Enrichment Natural 0.7 wt% U-235 2.2-2.7 wt% U-235
Fuel Assembly 1 cast metal bar 36 rods, 3 concentric rings

For the typical GCR representing the GCR commercial reactor group, we have assumed a core power
of 1,623 MWth, thermal efficiency of 40.7%, capacity factor of 90%, fuel residency time of 1.0 years, and
an average fuel burnup of 20 MWd/kgU. EOL SNF mass fractions are those given in Table 11 as

calculated by VISTA [4].

Table 11. GCR isotopic mass fractions and plutonium mass production rates.

Mass Produced Annual Mass Plutonium
Plutonium Mass per 1.5 Years Production Fraction

Isotope Fraction (kg) (kg) (%)
Pu-238 2.67E-05 1.1 0.7 0.5
Pu-239 2.77E-03 110.0 73.3 53.8
Pu-240 1.71E-03 67.7 45.1 33.1
Pu-241 4.55E-04 18.0 12.0 8.8
Pu-242 1.95E-04 7.7 5.1 3.8
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Pu-244 - - - -

Total 204.5 136.3 100.0

2.2.6 Conclusion

Results from a preliminary survey of commercial nuclear reactors around the world reveal a total of
427 reactors producing electricity in 2011. From these 427 reactors, five distinct types of commercial
reactors emerge based primarily on moderator/coolant/fuel characteristics and core design. All are
thermal reactors. Only one commercial fast reactor operates today and we have chosen to add this reactor
and reactor type at a later date.

In our survey we have gathered both spent fuel and reactor core information on the five types of
commercial power reactors. These data were then used in a simple methodology to estimate plutonium
production rates based on refuel cycle times and then scaled to a 1-year or annual basis in order to
compare plutonium production rates between the five reactor types. This also required us to select a
typical reactor with typical operating and burnup characteristics which might be representative of the
entire group. Several reactor databases were used to collect these data.

Plutonium mass production rates were then calculated based on the “typical” reactor for each reactor
type. Table 12 lists the five commercial reactor types evaluated along with the fraction of the total
commercial reactors each type represents, the typical reactor electric power output, the annual plutonium
mass discharge rate, and the Pu-239 weight fraction in the discharged plutonium mass or the spent fuel
plutoniuim grade.

Table 12. Annual plutonium mass discharge rates by reactor type.

Reactor Fraction of Core Power Annual Pu Plutonium Grade
Type Commerical Electric Discharge Pu-239 Content
Reactors (%) (MWe) (kg) (wWt%)
PHWR 11.0 600 366.3 69.2
RBMK 3.5 1000 246.0 54.2
PWR 63.0 1000 218.2 51.1
BWR 19.0 1000 194.1 46.9
GCR 3.5 660 136.3 53.8

Based on our calculated results, the PHWR produces and discharges substantially more plutonium
than the other four reactor types. This is probably due primarily to the softer neutron spectrum in the
PHWR, but fuel residency time and core power also likely contribute. The PHWR also has the highest
Pu-239 content in the spent fuel discharge, or an incredible 70% Pu-239, and nearly 75% combining the
two fissile isotopes Pu-239 and Pu-241. RBMKSs would be second in plutonium mass discharge rate,
followed by PWRs, BWRs, and GCRs.

More detailed depletion analyses could be performed to verify the plutonium mass fractions we extracted
from the databases and the calculated plutonium discharge rates using our simple methodology. Higher
fidelity depletion calculation results could also identify key reactor and burnup parameters that could have
significant impact on plutonium discharge rates for these five reactor types.
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3. Materials Test Reactor Survey

The second task surveyed research reactors to determine how many materials test reactors (MTRs)
there are in the world, what type of fuel they use, and how much spent fuel they have in inventory.

Our MTR survey used the IAEA Research Reactor Database [13] and discovered a total of 703
research reactors worldwide. The list of research reactors includes MTRs, isotope production reactors,
neutron science research reactors, and training reactors, both operational and shutdown. For this initial
survey, we selected those reactors with core powers greater than 1.0 MW. The database produced 106
research reactors designated as operational, in temporary shutdown, or under construction. All 106
reactors are listed in Appendix B.

MTRs are typically designed to test reactor fuels and materials, but many produce industrial and
medical radio-isotopes. MTRs can operate over a wide power range (0.1-250 MW) and sustain relatively
high capacity factors (20-70%). Thus, high-power, high-capacity factor MTRs have the potential to
produce and accumulate significant quantities of SNF. A few notable high-power MTRs include:

250 MW Advanced Test Reactor (ATR) — Idaho National Laboratory, USA,

85 MW High Flux Isotope Reactor (HFIR) — Oak Ridge National Laboratory, USA,
50 MW Belgium Reactor-2 (BR2), Mol, Belgium,

50 MW Japan Material Testing Reactor (JMTR), Japan,

45 MW High Flux Reactor (HFR), Petten, Netherlands,

25 MW Halden Boiling Water Reactor, (HBWR), Halden, Norway,

20 MW South African Fundamental Atomic Reactor Installation (SAFARI-1), Pelindaba, South
Africa,

10 MW Light Water Reactor-15 (LVR-15), Czech Republic,

10 MW Budapest Research Reactor (BRR), Budapest, Hungary, and

5 MW Argentine Reactor-3 (RA-3), Argentina.

Several of these MTRs use high-enriched uranium (HEU) fuel, and because of the high initial
enrichment these MTRs will not produce significant quantities of plutonium. However, because all high-
enriched SNF has the potential to remain high-enriched (>20 wt% U-235) even after discharge, SNF from
these reactors always remains a potential security risk. Since most MTRs worldwide are going to low-
enriched uranium (LEU) fuel, high-power, high-capacity factor MTRs will now begin to produce
significant quantities of reactor-grade plutonium.

Many of the 106 research reactors on our list operate at either relatively low continuous power or in
pulsed mode. These reactors can have a variety of different applications which include:

e Neutron scattering experiments,
e Neutron radiography,
e Neutron activation analysis [17].

Research reactors due to their relatively low power and sporadic operation accumulate relatively low
burnup and therefore produce relatively lower quantities of SNF. Most research reactors simply keep their
reactivity-expended fuel rods or elements in-core, moved to the core periphery or stored in racks on the
periphery of the reactor tank. Here the spent fuel rods/elements remain indefinitely and thus pose only a
minimal risk due to theft [17]. The level of risk increases for high-enriched fuel. Typically these reactors
have relatively small SNF inventories.

3.1 Methodology

Information on research reactor SNF fuel inventories is limited. The ITAEA collects information from
research reactors around the world using questionnaires sent to JAEA member states through a
representative at each reactor site and through a network of representatives at the reactor sites. This
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information is collected and uploaded into the IAEA Research Reactor Database (RRDB) [13]. SNF
information that is collected is loaded into another database, access to which is controlled and generally
not publicly available.

For this task, the RRDB was used as our primary source of information. Research reactors (106) with
>1 MW core power ratings were identified and characterization information on each of these reactors
was extracted, which included: reactor location, fuel type, thermal power level, flux intensity, and reactor
usage/application. Information on spent fuel inventories was only available in summary form.

3.1.1  Assumptions

The main assumptions for this study were core power ratings of > 1.0 MW and a reactor status
corresponding to (1) operational, (2) under construction, or (3) temporarily shutdown condition.
Permanently shutdown reactors were not included although follow-on work may include these reactors in
order to status the associated SNF inventories.

3.2 Results

Results of this study are given in the extensive data table of Appendix B. The 106 research reactors
identified are located in 41 different countries, the majority of which are in the United States, Russia, and
China. A variety of fuel types are used, the most prevalent being UO,, U;0g, and U;Si, (uranium
silicide). Of the 106 research reactors, 48 are material test reactors, 78 have the capability to perform
neutron experiments, and 77 produce medical and industrial radio-isotopes. Future work on Appendix B
will fill in the burnup and enrichment column data.

Access to the spent fuel inventories of the 106 research reactors was not possible due to access
limitations and time constraints. However, the following cumulative SNF element/assembly data shows
the status of fuel elements/assemblies associated with research reactors around the world [13]:

e 61,048 fuel assemblies in storage
e 24268 fuel assemblies in-core

e 44,015 in industrialized countries
e 17,033 in developing countries

e 20,630 HEU assemblies

e 40,418 LEU assemblies.

The majority of spent fuel assemblies currently in-storage are stored securely in industrialized
countries. The IAEA data shows that the United States typically supplied enriched fuel for reactors in
North America and in the Asia-Pacific region. Russia supplied most of the enriched fuel in Eastern
Europe. It is interesting to note that HEU outweighs LEU in North America, whereas the reverse is true
in Western Europe. It is also worth noting that a significant fraction of Russian-origin HEU was
originally enriched to approximately 40% as compared with United States-origin HEU which was
originally enriched to 90% or more, according to IAEA reports [14] [16].

Appendix C shows the relative number and distribution of research reactor spent nuclear fuel
assemblies from U.S., Russian, or other sources by global region. Table C-1 shows where research
reactor spent fuel assemblies are located by region, according to their U-235 enrichment. Specific
information on exact numbers of fuel assemblies and where they are stored exist in some cases, but the
information is considered sensitive and is not publicly available. The most specific information found is
shown in Appendix D. These data represent actual spent fuel inventory data available in early 1993 and
projected production for the following ten years for aluminum-based and TRIGA fuel assemblies of U.S.
origin. It estimates that 106 research reactors in 41 countries will have an inventory of approximately
22,700 irradiated aluminum-based and TRIGA fuel assemblies initially containing about 19,200 kg of
enriched uranium as of January 2006.
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For SNF inventory, half of the operational research reactors are actually less than 100 kW and will
operate with a lifetime core, resulting in no spent fuel generation at least until these reactors are
permanently shut down. Research reactors present special challenges in the back-end of the fuel cycle
because many different reactor designs using a large variety of fuel types have been built, often for
special purposes. These include the management of experimental and exotic fuels with no reprocessing
route, and a significant number of fuel assemblies that failed in their reactors, or were subsequently
corroded in wet storage [15].

3.2.1 Conclusion

Based on our survey, some general conclusions can be drawn. There are more research reactors (703)
than commercial reactors (427) worldwide. The larger number of research reactors and their multi-
purpose applications require and use a large variety fuel types, element/assembly geometries, core power
ratings, and operating modes. Hence, the SNF inventories generated by these reactors will vary in
quantity and plutonium content, dependent primarily on the fuel enrichment and energy output (MWd).
With proper permissions and granting of higher levels of access to restricted reactor database information,
more detailed information related to reactor enrichment, burnup, and stored SNF inventories can
potentially be obtained from IAEA and other sources.

Again as with the commercial reactors, an interesting future task would be to develop a spatial
database using a geographical information system to plot material test, research, and training reactors on a
world map and correlate stored SNF inventories and SNF generation rates to each reactor site.
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Appendix A
Methodology to Estimate EOC Reactor Isotopic
Plutonium Discharge Mass

Benchmark Problem

The assumed commercial power reactor for the benchmark problem here is an older Westinghouse
pressurized water reactor (PWR) with 17x17 fuel assemblies. The following data is assumed to be given:

(1) Core power: 1,150 MWe

(2) Thermal efficiency: 33.7%

(3) Burnup: 33,000 MWd/MTU
(4) No. of assemblies: 193 assemblies/core
(5) No. of fuel rods: 264 rods/assembly
(6) BOC uranium: 1,769.11 g/rod

(7) Core fraction re-load: 50%

(8) Capacity factor: 80%

(9) Fuel residence time: 3 years

From these data the initial or BOC total heavy metal core loading can be estimated as follows:

(1,769.11) gU/rod * (264) rods/assembly * (193) assemblies/core = 90.140 MTU

The BOC total heavy metal core loading can also be estimated starting with the fuel discharge burnup
as follows:

(1 MTU/33,000 MW D) * (1.0 MW ,/0.337 MW,) * (1,150) MW /core * (365.25) days/year *
(3.0) fuel residence time * (0.80) capacity factor = 90.647 MTU

The two ways of calculating the BOC total heavy metal uranium core loading are in good agreement.

The next step involves the EOC isotopic mass fractions. Typically, these mass fractions must be
derived from detailed depletion calculations, but for our methodology we would simply use the mass
fractions from the open literature for a specific reactor and fuel burnup. The mass fractions [MF] used in
the benchmark problem here and the mass fractions values that follow are actually calculated from a
detailed depletion calculation using a fuel burnup of 35,000 MWd/MTU for the Westinghouse PWR
reactor. The total EOC heavy metal mass is calculated from the detailed depletion calculation to be
86.914 MT. Note the slight difference in burnups between the detailed depletion calculation (35,000
MWd/MTU) and the Westinghouse PWR specifications listed above (33,000 MWd/MTU). The
difference is small and should not be a significant concern.

Selected EOC isotopic mass fractions derived from the detailed depletion calculation:

[MF]"* =0.0088285
[MF]"** =0.9743000
[MF]™ = 0.0067884
[MF]™* =0.0023648
[ME]™*' =0.0013425
[MF]™* = 0.0006108

Discharge EOC isotopic mass inventory estimates:
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I. For the detailed depletion calculation:
(Core fraction re-load) * [MF] * (EOC total heavy metal core loading) = Discharge mass inventory
(0.50) * [MF]"** * (86.814) MTU = 0.3837 MT U-235
(0.50) * [MF]"**® * (86.914) MTU  =42.340 MT U-238
(0.50) * [MF]™* * (86.914) MTU = 0.2950 MT Pu-239
(0.50) * [MF]™** * (86.914) MTU =0.1028 MT Pu-240
(0.50) * [MF]™**' * (86.914) MTU = 0.0583 MT Pu-241
(0.50) * [MF]™** * (86.914) MTU = 0.0265 MT Pu-242

IL. For the present developed methodology:
(Core fraction re-load) * [MF] * (BOC total heavy metal core loading) = Discharge mass inventory
(0.50) * [MF]"** *(90.14) MTU = 0.3979 MT U-235
(0.50) * [MF]"*® * (90.14) MTU  =43.9117 MT U-238
(0.50) * [MF]™** * (90.14) MTU  =0.3060 MT Pu-239
(0.50) * [MF]"** * (90.14) MTU  =0.1066 MT Pu-240
(0.50) * [MF]™** * (90.14) MTU = 0.0605 MT Pu-241
(0.50) * [MF]™** * (90.14) MTU  =0.0275 MT Pu-242

Comparing cases I and II above, it is apparent that our methodology (Case II) here does indeed
produce very reasonable and slightly conservative discharge inventory estimates relative to the much
more sophisticated depletion calculation for this commercial Westinghouse PWR.

In addition to the benchmark problem above verifying that our methodology is accurate, two
additional PWR examples are given here to show how given minimal characterization data for a
commercial reactor, characterization data acquired in the public domain, can be used to estimate burnup
discharge isotopic mass inventories. The first example uses three pieces of characterization data and the
second example just two along with the EOC mass fractions. The point is that the two examples utilize
different and minimal information to still produce accurate Pu-239 discharge mass at re-load.

EXAMPLE #1:

Given: Fuel Burnup: 45,000 MWd/MTU
Given: Core Power: 1,000 MWe

Given: Fuel Residence Time: 4.5 years

Analysis:

(1 MTU/45,000 MW D) * (1.0 MW,/0.37 MW,) * (1,000) MW /core * (365.25) days/vear * (4.5)
fuel residence time * (0.90) capacity factor = 88.845_ MTU

Analysis:
(1/3) * [MF]"%° * 88.845 MTU = (1/3) * (0.00513) * (88.845) = 0.152 MT Pu-239 (discharge at
re-load)

Assumption: [MF]"** =0.00513 (found in public domain)
Assumption: Core Re-load = 1/3 (found in public domain or typical of PWR)
Assumption: Capacity Factor = 90% (found in public domain or typical of PWR)



EXAMPLE #2:
Given: Fuel Burnup: 45,000 MWd/MTU
Given: BOC UQ, Loading: 102 MT

Analysis:  (102) MT UO, * (0.88) mass U/mass UO, = 89.76 MTU (initial BOC heavy metal uranium)
Analysis:  (1/3) * [MF]™*° * 89.76 MTU = (1/3) * (0.00513) * (89.76) = 0.153 MT Pu-239 (discharge
at re-load)

Assumption: [MF]™** =0.00513 (found in public domain)
Assumption: Core Re-load = 1/3 (found in public domain or typical of PWR)

Other simple examples can be derived from these two examples for different given pieces of
information.
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Appendix B
High Power Research Reactors with Materials Test
Capabilities
Appendix B contains information for the 106 research reactors that are listed in the IAEA Research
Reactor Database for research reactors with core power ratings > 1.0 MW. The spreadsheet information

includes: reactor type, fuel type, enrichment, fuel origin, clad material, reflector/coolant/moderator
material, and reactor application.

B-1



B-2



i 1918\ A A i A i " JEIIVY
X X 147 ST3ST oza Anean OlIVIV | Je1em Aneay | eissny ‘vsn oIV IV-N 8'€S TL6T/T/L | |euonesado Anesn 2ouely H4H
X X X YTITS vT3Le 29 J91M 148N Ja1eM 243N St 196T/6/TT | leuonesado ||ood uldjuel |spueliayiaN H4H
X X X L9 SIT307T ST3ST a9 1918y | Aol IV Ja1eM Y31 vsn 80€N S8 S96T/1/8 | leuonesado juey vsn HIdH
X X X ov ST3LT ERAE] 2 1218 Y8 | AojlY IV J218M Y81 eulyd Xwvn 143 6L6T/L2/TT | |euonesado juel eulyd H134H

1918\ Jaiem
X /PMIN OF ¥T380 ELN oza iz 1218\ Aneay zon oz 6561/62/9 | leuonesado Aemion YMEH

Aneay Aneay

£e i . 1218/ 3Y3r 1218\ Y3r euonesad 00, -
X X X 903 '6z:008 | 7F0C EERY oza M 481 M Y81 o€ S661/8/C | [euol o |0od [qnday OYVNVH
X X €135C €130°€ anydels | 1a1em Y3 NY HYZ ‘OZH vsn HYzZN T 6961/92/7 | |euonesado : vsn A
: : ) MYVIN VOIYL 1¥21901039 419
X X 0z ¥r3s vT3g oza J1eM s | Aoy v J1em AnesH | NOLVYN3 XvzIsn oz ¥00Z/t/€  |leuonesado |0od Auewias 1A
X X ST3€E . SS'IN wnipos 5y auoN (0yva) epul oN+2Nd ov S861/8T/0T | [euonesado |1apaaug ised elpu| ylad
\Aze} Iy auoN ot ¥96T/T/T | leuonelado | 1S¥NE LSV4 vsn o
i ) JLIHM (¥g4) 1S¥Nng 1SV4
€1 vT3ILT K] 29 seo ‘OzH iz OTH ‘o8 eissny 43 TL6T/T/T | |euonesado juel uelsyyezey T9M3
X X X L'T9 ¥132T ¥138C 29 4218 M Y8 | Aol IV Ja18M Y8 eissny 44 L66T/L7/TT | |euonesado |ood 1dA33 z-H¥13
umopInys
X 0z €T39°€ €T36°T OTH Jeemaydn | Aoy v Ja1eM Y3 eissny 4 1961/8/C Aesodway | YMMIVEL 1dA33 T-H¥13
X . . oca 191EM J 1918\ AneD) eul euonesad ‘o1eMm elas -

X X S00 WITY | FIVTT | e fnean z 1eM H 6] zon ST 266T/LT/T | leuonesado Anean a8y V1VS-S3

i K 1918\ A 4 J 1918\
X X X €T35SV ¥T38°T oza e oIV IV | 491em Areay elpu| 00T S861/8/8 | leuonesado Anean elpu| VANYHA

B umopinys
X X €T35SV ¥T30°T 29 ‘OzH  |4e18M 3481 J918M 1y S T96T/L2/L | 4 1ei0dws " |ood 929319 (1-4¥9) soLi¥yoW3Ia
[EEY
Buipeo|
ssajulels
X SiusIsne is4l4 Joy zon S9 0T0Z/T2/L |leuonesadQ |1apaaigised|  eulyd 41
IN-D zo(n ‘nd)
X X X 09 0TOZ/€T/S |leuonesadQ ||ood utyuel| — eulyd YYD
X LT3ST ¥T36T anydels | 1218/ Y3 SS Ja1eM Y31 aouesy zon 14 €96T/1/T | [euonetado |00d 2ouely [EE:1%)
X X X 0s Y1301 ¥135C OTH @8  [421eM Y8 | Aojiv v Ja1eM 243N eissny Iv-zon (0)¢ 656T/57/€ | leuonesado [ yMm>duel | AseSuny | OLDV3Y "SI 1S3dvang
X X X 0s vT30L ST30T ?g 4218 M Y8 | Aol IV 28 ‘OtH vsn Aojiv Iv-n 00T 1961/62/9 | leuonesado yuel wnigjag z-ye
X 900 1130 3ot anydein ay Aojy v anydess auez [eI9A N 1EN 14 956T/11/S |leuonesado | anydels wnigjag 148
. . zondn
X X LT ST3SE ¥130C 5y eN pinbi 5y auoN eissny zon 09 1002/2T/6 | leuonesadQ |4opaaigises|  eissny 09-¥089
X S9 €T3V ¥130C 29 J91em s [ Aoy v J91eM 1481 ot Jeuonesado |ood Auewiag 1I-438
saje|d [an4
X X o€ v138T vT398 a9 4218 M Y8 | Aol IV J918/M Y81 vsn sprunwnpy 052 L961/2/L | |euonesado juel vsn UiV
X €130 T30 3uoN 4218/ 348N SsS J218M 1481 vsn 14 L96T/T/9 | |euonelado | ¥dIV VOIYL vsn piuow)
) i ) HOLIV3Y "S3H MO NNV
]

X X X 0T> T30T €130T OZH J218/M 1481 SS HYZ ‘OZH vsn H¥zNn 1 796T/T/T | |euonesado sevwvony| YD VOIYL I¥¥4Y

uononpoid Umucmz‘:_‘_wmxm_ Sunsay ok Jewuayy M adAp

Se4-xn| 10323}49! ue|o0; adA] pe Jo3e13po| u18u juawiydrug adAj jen. aieq Ayjeanu sme: Anuno awen A
adojos| uosnaN s|ela1e|\ |a8esany dnuing (P -xn|4 EEIEEL ) L PEID BT =D © g A=) ‘Jamod |ewayl = 2Es s Jopeay TR N




21ydeig

X X X ov vT3ILT €130 ‘0za J1eM B | Aojiv v J91eM 348N vsn S 8S6T/17/L |leuonesddo juel vsn HO3L “LSNI "SSYIN 1I-4LIN
NE]
X X X 09-0% ¥130°€ ¥130°S OTH ‘@8 [ 421eM 48 | Aoy v 28 ‘OtH eissny on 00T 996T/T/2T | leuonesado ::Ew\_ooﬁ eissny TINHIN
OzZH .
X X 97 130T VIISE | oydesy | M wdn | Aol Iv OZH ‘28 eissny zon 0€ ¥£61/81/¢T | |euonesado |00d pue|od VIYYIN
Il
- g ayyded 1938/ Y381 ‘ euonelsad, 022040 -
X X €T38T €T3ty ydeio M 481 5y HYZ ‘OZH vsn H¥zN 4 Looz/z/s |1 O | yuvin vorL W TH-YIN
X SS T EER4 OTH ‘28 [4218M Y8 | Aojlv IV J91eM Y81 elssny zon ot LS6T/v7/6 | leuonesado [ YMM fueL 734 ST-YA1
: i yd K 3 umopinys
X X €T359 €1309 auydes [ 1a3eM Y317 Ja1eM Y31 S ¥961/52/9 Aseiodwa) juel Ny
X X €138EC | vTISYT |auydelo ‘ag | taem ysi Ja1eM Y3 S pauueld ||0od ulyuel| uepiof HLHr
. P XvzIsen .
X X X S€ €13.8 €T3L Iv ‘@nydesn | 121em ysiT | Aojiy v Ja1eM 243N vsn % XTYSOEN S€ S961/87/T | |euonesado l00d ueder -yl
OTH XVeISEN umopnys
g B 1938/ Y31 Ao 1938/ 3YSI 00, uede -
X 0€ yI3Iv'T ¥r3ILT ‘020 ‘8 M 2481 IV IV M 2481 vsn 8 XIV8OEN 0z 066T/ce/e Asesodwal |0od i WE-HYr
5 umopinys pajood
X ST307 ss eN pinbr SUON ovt 17239, 2444 Aesodway | eN1seq ueder OoAOf
X X X 0s vT307 T30 Iv-29 1218 Y3 | AojlY IV Ja1eM 48N vsn Xvzisn 0s 8961/0¢/€ | |euonesado juel ueder HLAT
1918\
X X X € ET3VE €130C oza fnean [\ 1918/ Aneay ADINN zon 4 996T/1/21 | |euonesado quel AemioN 11.d33r
X X X ov ¥rae ¥T30°G | OZH D ‘2@ [4a1eM Y81 29 ‘OZH ST 996T/¢z/v | leuonesado |ood elssny INZ-AAI
umopinys ssn
v vL6T/T/T Aseiodwa) |ood eissny WT-AYI
X X 0s €T3CT IEER 1218 M Y3 | Aol IV Ja1eM 4N elssny 9 £96T/2¢/L |leuonesado | Lyl ‘lood elssny 1141
g g ozH 1918 YSr 1938 YSI /1/ umopanys ‘oo, ereg|n: -
X €T3C¢€ ETITE | ydein M 2481 M 431 4 T96T/1/6 | fies0duway | 181 190d 1es|ng VI40S-LY1
©310)
X ov ETIVT IERA anydels | 1a1epm Y3 J21eM Y81 elssny 8 S96T/ST/8 | leuonesado | Lyl ‘lood Joougnday NYda-Lyl
umopinys
X X X [543 vT3IST ¥130C 29 4218 M Y8 | Aol IV 191 3481 eissny ot 1861/87/8 Aesoduiay | LH1190d eAqn T-181
ST €TIEY €138 |ad ‘29 ‘OzH [4218M 3N | Aoy | Ja1eM Y81 eissny ST £961/92/S |leuonesado | 1yl ‘jood elssny 1y1
1918\ 4 d J91e\
Anean 191 Aneay 9z €96T/1/¢T | |euonetado Aeay |2es| -yl
X 0s €T30°G €130 anydein ay Aojv v Ja1eM YN vsn V- XN S 0961/91/9 | |euonesado |ood |9eus| -4yl
X X X 0s €138 IEER 2 1218 M4SN | Aol IV Ja18M 481 eissny 1v-z0oN 8 T86T/1/8 |leuonetado | 1y| ‘|ood elssny 8-l
. . . XveISen
X X X 0€ YIIET €139 |28 ‘auydeso| s21emyd | Aoy IV J218M Y81 izelg 8 XIV8OEN S LS6T/9T/6 | leuonesado |0od zeig TH-V3l
. . 3 b 3 umopinys
X X ¥T3IGT €ET30T usysduny | eN pinbn Ja18/M Y81 4 LLBT/OE/TT Aresoduiay | 1SUNE 1S4 | eissny WzZ-yg1
sep
vz €T3C €135, anydels wnijaH 2 anydels 2ouely zon 0€ 866T/11/0T | |euonesado dwsy ydiH ueder HLIH
q sen
ot 0002/12/TT | |euonesado dway yBiH eulyd OT-¥LH
ASINZ8°0 . _
X X 15 <3er3ry| EHI0F 29 ‘OzH  [4218M 43N 4218 Y81 4 €961/5¢/v | leuonelado |ood spueliayieN HOH
uononpoid Umucmz‘:_‘_wmxm_ Sunsay ok Jewuayy M adAp
Se4-xn| 10323}49! ue|o0; adA] pe Jo3e13po| u18u juawiydrug adAj jen. aieq Ayjeanu sme: Anuno
adojos| uosnaN s|ela1e|\ |a8esany dnuing (P -xn|4 EEIEEL ) L PEID BT =D © g A=) ‘Jamod |ewayl = 2Es s Jopeay TR




X X ¥T36C ¥r3aee OTH 28 | 4238 Y81 Ja1eM Y81 o€ £861/67/L |leuonesado | YL ‘lood | eisauopuj SV9-954
a1ydeis
X X 8T €T3ST €135C ozh ‘g | M wsn | Aoy Iv Ja18/M Y31 vsn X1VZISEN 1 T961/85/v | leuonelado |0od |e8n1iog 14y
X X €55 ¥130T YTITCT |ouydess ‘ag | 1a1emydn | Aojv v Ja1eM 43N vsn 80€N ot 8861/0¢/11T | |euonesado |00d niad 0T-d¥
X X X 44 €T30°€ €130 |28 ‘@uydeso|121emyB | Aol v J21eM Y8 vsn XveIsen 4 ¥961/82/L | |euonesado |0od vsn JSN ANV1SI 3aOHY ISNIY
X X X w €T30°S €130 29 J1eM s | Aoy v J218M 481 eissny V- XN S ¥£6T/€T/0T | |euonesado |ood Ay T-HO3Y
uol13dNIISU0) Z1IMOYOH
X X ST3T EEE a9 J21eM 1481 J218M 1y 00T 00d uldjuel | @duely
4 . Japun ! ! S3INrYOLOV3IY
X X X 154 €T36'S ¥T3IST OTH J21eM Y81 Y Ja1eM Y81 elssny zon 9 SL6T/0T/T | |euonesado |0od elssny 9-184
X X 154 €T3LS ET3VL OZH ‘@8 | 4218M 248N Y Ja1eM 1y eissny zon L ¥86T/T/ZT | leuonesado |ood elssny z/oT-184
X X X f:14 IEERA €738 anydess  [121em s [ Aojy v J918M 481 vsn Iv-zon ot £96T/L1/S | |euonesado |0od eunuadly €vy
0€ pauueld 100d eunuasly 01-vY
. . yvISINd
X 0s [4% K4 €T3ITT |29 ‘auydess|iaemaysn | Aoy |v Ja1eM Y3 vsn zon T 2L6T/T/T | |euonelado “00d vsn AINN 3LV1S "J'N ¥V1SINd
€T3vC yTIVT anydels | 1a1epm Y3 5Y HYZ ‘OTH eulydy T 066T/1/8 |leuonesado | HYZN ‘|00d eulyd ONISTNd Y¥dd
uoidNIIsu0)
X X X 6301 635 oza Ja1eM 48N SS Ja1eM YN eissny zon 00T €86T/v7/T1 Japun Juel eissny lid
. e . ANOD . .
X X X ot €130°€ ETIEE OZH J218/M 1481 SS HYZ ‘OZH vsn 1 SS6T/ST/8 | leuonesado sy o SN AINN "3LV1S NN3d ¥S8d
OtH
X X €T359 vT3LT anydess J1eM s | Aoy v Jo1eM Y8 | Bulyd ‘vsn Xveisn ot S96T/12/2T | leuonesado lood uelshied T-4dvd
X X €131 €T30T anydels | 1218/ Y8 5y HYZ ‘OZH vsn H¥zN T £961/8/€ | |euonelado ! vsn JNNO
SYVIN VOIYL 31V1S NOD3HO ‘YISO
X X X 09 ¥139C vr3Le 29 Jo1eM Y81 v J918/M Y81 vsn Xveisen oL 9961/8/6 | leuonesado |ood 2duely SI¥ISO
X X 0€ ¥T30°€E YT3I0€E oza Ja1eM Y8 Ja18M Y8 aduely vT 0861/61/71 | |euonesado |00d aduely 33HdYO
X X IERA%4 ¥T3I0€ oza Ja1eM Y31 v Ja1eM 2y XZISEn 0z 9002/21/8 | |euonesado |0od |ensny 1vdo
OtH
X X [A%E 147 €190°S anydess J1eM s | Aoy v J21eM Y8 | eunuadly T 686T/vz/€ | leuonesado |ood eLasly ¥NN
OtH
X X X 1130C E130T | ydeis | M N SS HYZ ‘OZH vsn HY¥zN T 296T/T/T | leuonesado [ANOD VOIYL vsn *NINN N8V SYX3IL ¥DSN
B . . 4918 M A a FESEIN
X X X ¥T30°T ¥T30% | OTH'Oza fnean Ja1eM AresH SET LS6T/€/TT | |euonesado Anean epeue) NY¥N
. . 10¥d
LT €ETILT €T391 OZH 4338/ Y381 ¥z Ja1eM 431 eulyd S 686T/€/TT | |euonesado Suneay eulyd S-4HN
i i 1918\ A A q 191\
X oL ¥130¢ Y130 oza fneon oIV IV | J31em Areay vsn Iv-zon 0z £96T/L/TT | |euonesado e vsn usaN
X X 34 ¥130T 1309 |anydess ‘ag|11em s | Aojv v Ja1eM 481 vsn Xwn ot 996T/€T/0T | |euonetadQ ||ood ulyuel vsn [MNOSSIN
’ i i ’ ) 40 "AINN ¥¥NIN
*13U0d
X X GUT+s Gz €130 ¥T130°T anydess  [u21emysn [ Aojiv v J218M 1481 vsn Xeisen € 6S6T/v/v | leuonesado | LN ‘j0od | epeued AINN 3LSYINDN ¥NIN
X 54 YTIvT €130°8 2 Ja1emays | Aojv v 4218/ Y81 eulyd S 1661/2/€ | |euonetado |ood eulyd LN
uononpoid Umucmz‘:_‘_wmxm_ Sunsay ok Jewuayy M adAp
Se4-xn| 10323}49! ue|o0; adA] pe Jo3e13po| u18u juawiydrug adAj jen. aieq Ayjeanu sme: Anuno
adojos| uosnaN sjetdie|Nl |aSesany dnuing R -Xnj4 PR SIHEED LR B B0 © g SEE ‘4amod |ewsayy o BEe i 103083y JHIER)




*UOI1JB1IP UOJINBU pUE ‘BUlI911EIS UOJIINBU ‘SISAjeU. UoNeAdE uoinau ‘AydesSolpes uosnau sapnjaul >

‘sisAjeue uoljeAnlde uoiinau pue AydesSoipeds 1oy uoljesado J01deal Je|nSalil pue uolelnp 1oys o) sdnuing Jamo| ay3 ‘uononpo.id adojosi pue uoljeipe.) [eualew Joy sdnuing Jaysiy ay] ‘suonedijdde ,s1010ead ay) 199|424 aJay sdnuing Sulhien Ajppim ay] ‘q

's9seqe}ep 2Jnd3s 0} SS320€ [BUOIIPPE SaJINbaJ Ing ‘SISIXa elep Juawydlug e

X X 0z IERSS v1381 OtH Ja1eM Y31 Aojlv I J91eM 1481 eissny ST ¥96T/¢/0T | |euonesado | YMM yuel elssny SL-YMM
X X X 09 ¥1301T Y13€C °g 4218/ 1481 Aojv v J91eM 43N eissny on 0T 656T/0T/6 | (euonesado [ YMMJuel | ueisiiagzn ANINHSYL INS-4MM
X X X o€ v13L0 vTact OtH @8 [ 421eM 1431 Aojv v Ja1eM YN elssny Iv-zon 0T 0961/2/2T |euonesado | YMM Yuel aulenn AIDI N-4MM
X X X 14 v13IST Y1307 o9 Ja1eM YN Ja1eM 343N 8T 6S6T/67/TT |leuonesado | YMM uel elssny W-4MM
X X X 8T €T391 YT3Ive OCH Ja1eM Y31 Aojv Iv Ja1eM YN elssny Iv-zon 9 £96T/22/0T | |euonesado |ood ueisypjezey V.1V VNV 1-4MM
X X crioy crioL OzH JareM ySn SS J918/M 1481 vsn HYzZN T T96T/ET/€ | leuonesado |ANOD VOIYL vsn AINN
‘a1ydesn ) ) ) 1S NOLONIHSYM ¥NSM
adAio101d
X X N1/PMIAN 000ST Y1351 €T3S OCH Ja1eM YN iz Ja1em ysn eissny won 00z S96T/1/L |euonesado “ume eissny 0SIA
X €T30€ €T3Te ayydets | ua1em Y31 SS HYZ ‘OTH vsn HYzZN T 1961/92/€ |euonesado [ANOD VOIYL vsn NISNODJSIM "AINN YNMN
ST [AER4] €T3V ozH 1o1em s | Aoy Iv 1918 3481 vsn T SL6T/t/T | |euonesado |00d vsn TEMOT
‘a1ydeln ) ) ) "SSYIN"AINN ¥TAIN
X X 0T €T30T €T30°€ auydets | 918 Y81 SS HYZ ‘OTH vsn HYzZN 4 0661/02/T | |euonesado 1 vsn LERNERIRE LA LR
) ) ) MYVIN VOIYL N NVT1320N/SIAVA IN
X 0€ €T3071 €T30€ OCTH ‘038 | 4218M 14317 Aojlv v 4218/ 1481 eulyd con T ¥96T/T/0T | |euonesadQ |s9.0) z-|ood eulyd "AINN VNONISL
: K anydeu 4938 Y31 ‘ euonesad uejie -
X X Lz €13871T €TIATE Iydesg M Y31 HYZ ‘OTH 4 LL6T/L/TT ||euol o SUVIN VOIYL p yL TIN/T-HYL
R R OcH
vT30T €T3ITE ‘aqydeso 421/ Y31 4218/ Y31 S L96T/T/1T |euonesado |00d ued| dL
I
3 : ayydeu 1918 El) ‘ euonelsad Aje: -
X X 14 €130°C €T3LT Hydeso 1B Y31 SS HYZ ‘OZH vsn HYzN 1 096T/TT/9 |leuon o SUVIN VOIuL 1] T-24 VOIuL
I
X X 0z €T30T €T30T auydets | 918 Y81 SS HYZ ‘OTH vsn T 7861/87/9 | leuonesado JHYVIA VOINL eishejely (d1¥) 1LVdSNd VOI¥L
: g anydeu 1338 Y31 ! euonesad 021%3
X X oT €TITE €T3I€E lyaets M Y31 HYZ ‘OTH T 896T/8/TT | leuol (] SUVIN VOIYL IX3N HIDIRYIA VOIYL
X X 3 EIMTT | €13TS Ot |ioemuan| s HYZ ‘OZH vsn HYZN ¢ 961/6T/0T | leuonesado ! eisauopuy SIS
‘auydelo : ’ MUVIN VOIuL| ‘Il YUVIN VOIHL
[}
X X 0€ €T138¢ €136, auydets | 1918 Y31 SS HYZ ‘OTH vsn HYzZN € 986T/v1/6 |leuonesado SUVIN VOIL ysape|sueg 11 IUVIA VOIRL
OTH I
- . 1918 El) ‘ - euoneJsad, g
X X X €T387 €T3LT spydels 1B Y31 SS HYZ ‘OZH vsn HYzZN T 266T/CT/€ | leuon o JHVIA VOINL vsn SVX3L ‘AINN 1l VOIYL
X X X na10e v13¢€9 vI3€e 24 Ja1eM Y3 008 HYZ ‘OtH vsn HYZN T 0861/2/T |euonesado 2109 eluewoy | 3Y0I SS - 11S3LId Il VOIHL
-0Z ‘N3H 0S-0% ) AOTODNI ) 1ena VOIYL )
X R OtH Ja3e M S ‘ /€T/! euolesad EuiD
X X ¢r3io09 €139°¢ apydeso M Y31 SS HYZ ‘OCH vsn HYzZN [4 T96T/€T/v | |euol O [ANOD VOIML ‘uemiey YOHL
X ov T30t €130'9 |og ‘auydes | Jarem y3n Aoyl v 4918/ Y81 eulydy € 6£61/82/9 |leuonesado lood eulyd 00€-¥Y¥dS
X 15 €TITT €T30v |ouydelo ‘ag | eemysn | Aoy v 1918 1y8N eulyd S ¥961/02/2T | |euonesado |00d eulyy VI ¥ds
j [EEN
X X X LE ST30C ST3 0§ OCH "#9 Ja1e M 3yBN SS J21eM Y31 eissny zwon 00T 1961/0T/T |euonesado aunssald eissny €-NS
ouely / xaveisen
X X SS v138C vTave °g 1218 M Y81 Aoy | Ja3eM YN (014 S96T/8T/€ euoneladQ ||00d Ul yuel | edLyy yinos -1V
: v . eJ1Y Ynos 8 X1V80€EN 18t/ ! ! ! v 5
uononpoid Umucmz‘:_‘_wmxm_ Sunsay ok Jewuayy M adAp
Se4-Xn| 1032943 ue|oo; adAj pey Jo3eapo ui8u juawyouuy adAy |an aieq Anjeonu snje: Asuno
adojos| uosnaN s|ela1e|\ |a8esany dnuing (P -xn|4 EEIEEL ) L PEID BT =D © g A=) ‘Jamod |ewayl = 2Es s Jopeay TR




Appendix C

Distribution of Research Reactor Spent Fuel by Origin,
Region, Enrichment and Number of Assemblies

Appendix C gives the number and distribution of research reactor spent nuclear fuel

elements/assemblies from U.S., Russian or other sources by global region. In addition, Table C-1 shows

where research reactor spent fuel assemblies are located by region and uranium enrichment.
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Table C-1. Research reactor distribution by region, enrichment, and number of assemblies.
Region Enrichment No. of Assemblies in Region Enrichment No. of Assemblies in
(wt% U-235) storage (wt% U-235) storage
Africaand | 10 37 10 887
the
Middle 19.9 58 18 288
East 45 177 19.7 417
93 189 19.8 1,266
Subtotal 461 19.9 481
Asia 0 662 20 18
0.2 225 23 122
0.7 22 36 383
1.5 345 45 66
1.9 131 46 112
2 441 60 1,450
2.3 20 70 89
3 308 80 87




Region Enrichment No. of Assemblies in Region Enrichment No. of Assemblies in

(wt% U-235) storage (wt% U-235) storage

90 1037 90 28

93 146 93 1,331

Subtotal 9,003 93.1 7
Eastern 2 6,692 932 90
Europe 1737 2 Subtotal 3,492

4.4 13 Pacific Subtotal 0

5 100 Western 0.7 19,089

6 68 Europe 17775 308

10 1,019 22 210

19.7 2 3.5 73

19.9 3 5 3

36 4,765 7.5 813

36.5 23 8.8 180

36.6 87 9.5 35

45 106 10 1,120

80 1,180 19 52

89.3 20 19.5 3

90 4,537 19.7 34

93 11 19.8 537

Subtotal 18,628 19.9 2,442
Latin 19.7 5 20 5
America  Tgg 3 36 2.112

19.9 113 375 77

20.1 18 44.5 5

80 22 45 51

90 45 50 1

Subtotal 216 80 121
North 0.7 542 85 43
America "¢ 40 89.8 1

18 18 90 34

18.3 263 93 1,875

19.5 9 93.1 24

19.7 114 Subtotal 29,248

19.8 635 Total 61,048

19.9 257

69 7

70 151




Appendix D

Estimates of Aluminum-Based and TRIGA Irradiated
Fuel Inventories — U.S. Origin

Appendix D represents actual spent fuel inventory data available in early 1993 and projected
production for the following ten years. It estimates that 104 research reactors in 41 countries will have an
inventory of approximately 22,700 irradiated aluminum-based and TRIGA fuel assemblies initially
containing about 19,200 kg of enriched uranium of United States Origin as of January 2006. Inventory

reported is not based on fuel assemblies.

Table D-1. Estimates of Irradiated Fuel Inventories of Foreign and Research and Test Reactors using

Aluminum-based and TRIGA Fuels Containing Uranium of USA origin as of 2001.

Country HEU Spent Fuel HEU Spent Fuel LEU Spent Fuel LEU Spent Fuel
Inventories - Weight (kg) Inventories - Weight (kg)
Number Number

Argentina 238 49.4 0 0
Belgium 1359 554.8 0 0
Brazil 43 7.5 48 37.2
Canada 1222 617.3 889 2208
Chile 58 11.9 0 0
France 763 831.7 486 1189
Germany 900 184.7 104 156.7
Greece 154 27.1 12 12.3
Indonesia 0 0 90 107.2
Iran 29 0 0 0
Israel 127 27.8 0 0
Italy 117 21.4 33 21.7
Japan 1420 717.5 833 1355.4
Netherlands 993 403.5 68 143.8
Pakistan 82 15.9 0 0
Peru 0 0 0 0
Portugal 2 3 50 40.1
South Africa 50 9.8 0 0
South Korea 0 0 70 133.6
Taiwan 69 9.7 58 56.7
Thailand 31 53 0 0

* Data compiled from “Foreign Research Reactor Irradiated Nuclear Fuel Inventories Containing HEU
and LEU of United States Origin,” ANL/RERTR/TM-22, pp. 22-23, J. E. Matos.
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