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According to the Plutonium Management and Disposition Agreement, which was signed
in 2000 and amended in 2010, Russia and the United States agree to dispose of 34
tons of excess weapon plutonium each. Russia plans to use the plutonium as fuel in
its sodium-cooled fast reactors BN-600 and BN-800. This article analyzes BN-800 core
models with and without breeding blankets for the plutonium isotopic vector in spent
fuel, plutonium production in breeding blankets, breeding ratios for different plutonium
concentrations in fuel, and possible annual material throughput. It finds that any spent
fuel in the core contains less than 90 wt% plutonium-239, but using breeding blankets
the reactor can be configured to be a net producer of plutonium, even with a breeding
ratio below one, and that plutonium produced in blankets will be weapon-grade.

INTRODUCTION

In 1998, U.S. president Bill Clinton and Russian president Boris Yeltsin re-
leased a joint statement offering to withdraw 50 metric tons (MT) of plutonium
each from their respective military stockpiles.1 It was agreed that this pluto-
nium should be rendered unusable for nuclear weapons either by irradiation
in existing commercial reactors or by immobilization.2

In 2000, Russia and the United States agreed on the “Plutonium Manage-
ment and Disposition Agreement” (PMDA). The agreement defined the task
in detail, including the obligation for both sides to dispose of 34 MT each of
their respective stockpiles. According to the original disposition agreement the
United States planned to immobilize about a fourth and irradiate the rest as
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mixed plutonium-uranium oxide (MOX) fuel in light-water reactors. Russia
chose a pure reactor based elimination using VVER-type light-water reactors
and the BN-600 fast reactor.3

In 2010, the two countries negotiated an amendment to the original
PMDA,4 because of technical problems, construction delays, legal disputes, and
for financial reasons.5 Both sides agreed to postpone the start of their dispo-
sition efforts to 2018, and reduced the required disposition rate to 1.3 MT per
year. The amendment allows Russia to dispose of weapons plutonium in the
BN-800 fast reactor as well as the BN-600. This replaces the option to use the
VVER and enables Russia to integrate plutonium disposition in its long term
nuclear energy strategy by establishing a closed nuclear fuel cycle with fast
breeder reactors.6

The amendment further includes special provisions to prevent new pro-
duction of plutonium in both fast reactors while they are used to dispose of
weapon-grade plutonium: the BN-800 has to be operated with a breeding ratio
below one; no reprocessing of fuel (manufactured with disposition plutonium
and irradiated in the reactor) nor of the radial blanket of the BN-800 is allowed
until all the excess plutonium is disposed.7 However, two exceptions exist un-
der the condition that they do not result in accumulation of new separated
weapon-grade plutonium by itself or in combination with other materials. Rus-
sia is allowed to reprocess spent uranium fuel assemblies used in the BN-600
and to reprocess 30 percent of those BN-800 fuel assemblies that contained
plutonium other than disposition plutonium prior to irradiation. This is sup-
posed to be for research purposes aiming at closing the nuclear fuel cycle.8

For plutonium disposition efforts, the BN-800 will be used in burn mode.
But with different core configurations, it could be used as a breeder reactor,
to produce more plutonium than it consumes. Calculating the quantities
and specific isotopics of plutonium disposed and/or produced in this reactor
will make it possible to clarify to what extent plutonium disposition in the
BN-800 will help to irreversibly reduce plutonium stockpiles. Many results
from calculating the BN-800 will be applicable for the BN-600 as well.

After a short description of the BN-800 construction history and current
status, the following section summarizes information about the design and
fuel composition as used for the neutronic model of the BN-800. The software
“MCMATH,” which is used for burnup calculations, is presented in the section
“Calculation System,” including the definition of breeding ratios used in the
calculations.

The “Results” section addresses four issues, the change of the plutonium
isotopic vector in the core for PMDA specified minimum burnup levels,9 the
plutonium production in the breeding blankets, the breeding ratio of the re-
actor, and finally possible plutonium throughput of excess weapon-grade plu-
tonium in the BN-800 as well as the net plutonium reduction. In the conclu-
sion, the article discusses these results in light of the plutonium disposition
framework between the United States and Russia and final conclusions will
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be drawn regarding the plutonium production potential of the BN-800 beyond
this agreement.

HISTORY OF THE BN-800

Efforts in Russia to establish a closed nuclear fuel cycle using sodium-cooled
fast breeder reactors date back to the 1950s and 1960s culminating in the
construction of the BN-600 at Beloyarsk Nuclear Power Plant, operated since
1980. Its successor, the BN-800 reactor, is based on a similar design, con-
struction of which started in 1984 at Beloyarsk Nuclear Power Plant and
at the South-Ural Nuclear Power Plant. However, after the Chernobyl acci-
dent in 1986, construction stalled due to lack of funding10 and because fast
breeder reactors were not economically competitive with Russia’s light water
and graphite moderated thermal reactors at the time.

In 1997 the construction license of the BN-800 was renewed. Within the
“Program of Development of Nuclear Power in the Russian Federation for
2000–2005 Period and up to 2010” authorized by the Russian Government,11

construction restarted in 2002 with several improvements compared to the
1980s design.12

In 2010 Russia’s new federal program “Nuclear Power Technologies of
a New Generation for Period of 2010–2015 and With Outlook to 2020” the
BN-800 is considered as a first of a kind plant intended to be a key element
in the strategy to develop and demonstrate a closed nuclear fuel cycle.13 A
2007 article reported a total cost of 60 billion ruble, approximately $2.4 billion
at the time.14

First criticality was achieved in June 2014.15 The initial fuel loading
mainly consists of uranium oxide fuel, only a quarter of the core is filled with
MOX. The form of the MOX fuel is partly pellets and partly vibrocompacted,
coming from different origins. In the future, most of the MOX fuel is planned to
be produced at the Mining and Chemical Combine (MCC) Zheleznogorsk. It is
expected that the reactor will switch to complete MOX cores in 2015 or 2016.16

Table 1: BN-800 general core geometry (International Atomic Energy Agency,
“Fast Reactor Database 2006 Update,” IAEA-TECDOC-1531, Vienna, Austria, 2007).

Parameter Value

Number of fuel elements 211+156+198
Number of blanket elements 90
Number of control elements 30
Height of fissile column 880 mm
Height of lower axial blanket 350 mm
Lattice pitch 100 mm
Can thickness 2.75 mm
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Figure 1: General core geometry layout structure. a) shows the vertical section of one fuel
element and b) a horizontal cross section of the total core. There is no blanket placed
above the active zone, only below. The numbers refer to the refueling of the elements
in batches. One batch consists of all fuel elements replaced at the same time.

CORE CHARACTERISTICS

The BN-800 is a sodium-cooled fast breeder reactor. The geometric core model
used in this article is mainly based on the core description in the Fast Reactor
database of the International Atomic Energy Agency (IAEA).17 The reactor has
a gross electricity production of 864 MWe and a thermal power of 2100 MWt.18

The core consists of 565 hexagonal fuel elements that are loaded with mixed
oxide fuel, separated into three zones with different plutonium contents to
achieve a more homogeneous flux distribution in the core. Recently, there have
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Table 2: Geometry information for fuel and blanket elements in the core
(International Atomic Energy Agency, “Fast Reactor Database 2006 Update,”
IAEA-TECDOC-1531, Vienna, Austria, 2007).

Element Design Fuel Blanket

Number of pins per element 127 37
Outer pin diameter 6.6 mm 14 mm
Cladding thickness 0.4 mm 0.4 mm

been discussions about whether to have only one or two zones,19 but this has
not been considered in the following model. Fuel element and core dimensions
are listed in Table 1, a sketch of the core and an individual fuel element are
shown in Figure 1.

There are 30 elements containing control and safety rods in the core. Ra-
dial breeding can take place by inserting 90 breeding blanket elements around
the core. The design does not include an upper axial blanket, but does have a
lower axial blanket.

Fuel element characteristics are listed in Table 2. For the depletion calcu-
lation, each fuel element is treated as a homogeneous material mixture calcu-
lated from the original geometry and materials.

The three zones with different plutonium contents can be seen in Fig-
ure 1b. Elements containing regulating or safety rods are both shown as
control elements. For the calculations, it has been assumed that no control
elements have been inserted in the core.20

The initial reactor design proposes reactor-grade plutonium as fuel. No
isotopic vector is given in the IAEA database, hence a generic vector for
spent light water reactor fuel with a burnup of about 30 megawatt days
per kilogram heavy metal (MWd/kg HM)21 has been assumed.22 The iso-
topic vector is shown in Table 3. The table also shows a typical isotopic

Table 3: Isotope vector for weapon-grade and reactor-grade plutonium.

238Pu 239Pu 240Pu 241Pu 242Pu

Reactor-grade plutonium 1.80 59.00 23.00 12.20 4.00
Weapon-grade plutonium 0.01 93.80 5.80 0.13 0.02

Note: Reactor-grade plutonium data as in NEA Nuclear Science Committee, Physics of
Plutonium Recycling, Plutonium Recycling in Pressurized-water Reactors, a Report, Vol-
ume II (Paris, France: Nuclear Energy Agency, Organisation for Economic Co-Operation
and Development, 1995), weapon-grade plutonium data as in National Research
Council Panel on Reactor-Related Options for the Disposition of Excess Weapons
Plutonium, Management and Disposition of Excess Weapons Plutonium: Reactor-
Related Options (Washington, DC: The National Academies Press, 1995), http://www.
nap.edu/openbook.php?record id=4754.
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Table 4: Materials and their densities as used in the core model.

Material Density (g/cm3)

Fuel MOX 8.60
Cladding and structure ChS-68 steel 7.75
Blanket Uranium dioxide 9.70
Coolant Sodium 0.84

Note: The given density for the fuel is the “smeared density of fuel with fuel assumed to
occupy whole space inside the cladding tube,” similarly for the blanket, from Interna-
tional Atomic Energy Agency, Fast Reactor Database 2006 Update, IAEA-TECDOC-1531
(Vienna, Austria, 2007), 57, 59. A density for austenitic steel for an average cladding tem-
perature has been assumed, see International Atomic Energy Agency, Thermophysical
Properties of Materials For Nuclear Engineering: A Tutorial and Collection of Data, (Vienna,
Austria, 2008). To calculate the Sodium density, an average coolant temperature of 450◦C
has been assumed. The density was calculated using an empirical formula (Jacques
Rouault et al., “Sodium Fast Reactor Design: Fuels, Neutronics, Thermal-Hydraulics, Struc-
tural Mechanics and Safety,” in Handbook of Nuclear Engineering, ed. D. G. Cacuci (New
York: Springer, 2010), 2354).

vector for weapon-grade plutonium. It is assumed that Russian weapon-grade
plutonium has a higher plutonium-239 content, but the exact initial plutonium
composition that will be used to fuel the BN-800 is not published. Even if Rus-
sia would have stockpiles of plutonium with higher plutonium-239 fractions,
the country would be allowed to blend this plutonium with other material ac-
cording to the PMDA.

According to the IAEA Fast Reactor Database, the inner zone consists of
211 fuel elements with a plutonium content of 19.3 percent (low enrichment
zone, LEZ).23 It is surrounded by 156 fuel elements with 21.9 percent pluto-
nium content (medium enrichment zone, MEZ) and another 198 elements with
a content of 24.5 percent (high enrichment zone, HEZ).

To keep reactor characteristics similar to a reactor-grade model, in this ar-
ticle the plutonium content was reduced in a way that the average fission cross
section of the new weapon-grade plutonium fuel is nearly equal to a reactor
fueled with the generic reactor-grade plutonium fuel. An average content of
weapon-grade plutonium of 20.2 percent has been calculated, giving values of
17.8 percent, 20.2 percent, and 22.7 percent for the different zones.24

The blanket element geometry described in Table 2 only applies to the ra-
dial blanket whereas for the axial blanket, the same geometry as the fuel ele-
ments is assumed. If the blankets are not used, they are replaced by sodium.25

Cladding and reflector material is ChS-68 steel.26 The materials are summa-
rized and their densities given in Table 4. The temperature is set to 1200 K for
the fuel elements and breeding elements and to 600 K for the rest of the core.

A reactor power of 2100 MWt and a cycle length of 420 full power days
(FPD) for every fuel element has been modeled. Every 140 FPDs a third of the
core is replaced with fresh fuel elements. Hence three different core batches
were modeled. Figure 1 shows the different batches by assigning numbers 1, 2,
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Table 5: Minimum burnup values as agreed on in the Plutonium Management and
Disposition Agreement.

HM atoms fissioned

Unit % HM MWd/kg HM

Fuel Element, comissioning period 3.9 36.4
Fuel Element, main operation 4.5 42.1
Batch, comissioning period 5.0 46.7
Batch, main operation 6.0 56.1

and 3 according to the period after which every element is replaced by a fresh
fuel element.

Axial blankets, if present, are replaced together with fuel elements. Radial
blankets are assumed to have an irradiation time of 840 days.

Irradiation simulations begin with a full core of fresh fuel. More than three
full reactor cycles (1400 days in total) were simulated to let the reactor reach
an equilibrium operation mode. Results for fuel element depletion were taken
from the period when all core areas had been refueled at least twice. If radial
blankets were present, the first batch was irradiated only for 420 days. Results
for blanket compositions were calculated starting at this time.

The average final burnup proposed in the literature is 66 MWd/kg HM.
According to the PMDA, different minimal burnup values should be reached
before withdrawal of elements from the core. During a two-to-three year com-
missioning period, lower values are allowed. During normal (main) operation,
it is expected that higher burnup values can be achieved. The agreed values
are shown in Table 5.

CALCULATION SYSTEM

Burnup Calculations: MCMATH
The burnup calculations for this article are done using MCMATH, which

couples Mathematica with Monte Carlo N-Particle eXtended (MCNPX) Code.27

MCMATH was developed since 1998 at the Technische Universität Darm-
stadt’s IANUS group for depletion calculations related to light water reactors,
fast reactors, and fusion reactors.28 While several other depletion codes exist,
the use of MCMATH has benefits regarding the specific task considered in this
article29 because not only averaged conversion ratios but also time dependent
conversion ratios for specific materials or cells can be extracted from this data
set.
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Extensive validations of MCMATH have been carried out, using other com-
puter codes with different methods and nuclear cross-section data. For thermal
reactors, results were compared to a OECD/NEA benchmark.30 It consisted of
nine participating groups, among them the U.S. Oak Ridge National Labora-
tory and the French Commissariat à l’ènergie atomique. For the main pluto-
nium isotopes, the results of these different systems and MCMATH generally
showed differences of only 3–5 percent and comparison with other benchmarks
showed similar results.31

MCMATH was also validated against different sodium-cooled fast reac-
tor models.32 Benchmark participants had to calculate different properties of
these models, among them the change in isotopic composition, based on burnup
calculations. Regarding absolute plutonium-239 contents and plutonium-239
fractions, MCMATH results for one model were always inside of a standard
deviation of the mean of all benchmark participants, and for a second reactor
model MCMATH matched the mean. The end-of-life content for all plutonium
isotopes combined was close to the mean of results produced with other codes
in the benchmark.

Conversion Ratio
An important quantity for the BN-800 plutonium disposition capabilities

is its breeding ratio (or conversion ratio, CR). If CR > 1, the reactor is called a
breeder, because it produces more fissile material than it consumes. The con-
version ratio is also referred to as breeding ratio (BR), often both terms are
used synonymously.

One definition for CR uses the ratio of masses of fissile materials in the
reactor. The numerator is the net balance (Mtot

t2 − Mtot
t1 ) plus the amount that

has been destroyed Mtot
destruction in the same period by the neutron-absorption

processes fission, radiative capture and (n, xn) processes. The denominator is
just the amount that has been destroyed.

CR = Mtot
t2 − Mtot

t1 + Mtot
destruction

Mtot
destruction

= Mtot
t2 − Mtot

t1

Mtot
destruction

+ 1 (1)

It is important to note that even if the conversion ratio can be calculated
using masses, mass production rates of reactors and conversion ratios are dif-
ferent quantities.33

The quantity Mtot
destruction of a reactor over burnup is difficult to derive. In-

stead of using mass ratios, a more general definition of conversion ratios can
be given as a ratio of the average production and destruction rates of fissile
isotopes:34

CR = Rproduction

Rdestruction
(2)
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The results are equivalent to the first equation. Numerator or denomina-
tor of Equation (1) divided by the length of the period (t2−t1) are the respec-
tive average production or destruction rates. MCMATH gives time and space
dependent rates, from which the average rates are derived as follows

Rproduction =

∫
Vr

t2∫
t1

d�rdtRproduction(�r, t)

Vr(t2 − t1)
(3)

Similarly for Rdestruction. For the time-and space-dependent destruction rate
of fissile isotopes, MCMATH uses the following equation

Rdestruction(�r, t) = ∑
i∈AFi

⎛
⎝

∞∫

0

dE(σi
f (�r, E, t)

⎞
⎠

+ ∑
i∈AFi

⎛
⎝
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0

dEσi
a(�r, E, t)φ(�r, E, t)Ni(�r, t)

⎞
⎠

+
∑

i∈DFi

λiNi(�r, t)

(4)

where AFi are the fissile nuclides that can be fissioned or undergo other neu-
tron reactions (all fissile materials), DFi are the fissile nuclides that decay.
For fissile material production the different possible ways of producing fissile
isotopes have to be added.

In addition to the more general average conversion ratios, one can calcu-
late time dependent conversion ratios, conversion ratios for specific isotopes,
or specific reactor regions.

RESULTS

The following results are obtained from burnup calculations using MOX with
weapon-grade plutonium as defined above in Table 3. Unless otherwise noted,
results show data obtained for an equilibrium cycle, where the core contains
one third of fresh fuel elements at the start of the cycle. Each fuel element is
treated as a homogeneous material mixture calculated from the original geom-
etry and materials.

Fuel Elements
Figure 2 shows the development of the plutonium-239 fraction in the simu-

lated model. The solid line shows the fraction of plutonium-239 averaged over
all three zones of one refueling batch. Starting with the initial weapon-grade
plutonium composition, the plutonium-239 fraction drops to 84.6 percent af-
ter 420 full power days. Additional calculations show that breeding blankets
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Figure 2: Plutonium-239 fraction in fuel over burnup. Averaged for one refueling batch
(solid), and averaged for fuel elements from three zones with different plutonium content
respectively, LEZ (17.8 percent plutonium in MOX, dotted line), MEZ (20.2 percent, - -) and
HEZ (22.7 percent, -·-). Vertical lines for minimum batch average at x = 46.7 MWd/kg HM and
x = 56.1 MWd/kg HM and for minimum fuel element average at x = 36.4 MWd/kg HM and x =
42.1 MWd/kg HM during commissioning and during main operation respectively.

have only a minor impact on the plutonium-239 fraction in core fuel elements.
The fraction remains slightly higher (e.g., 86.6 wt% instead of 86.5 wt% at a
burnup of 56.1 MWd/kg HM). During commissioning of the reactor, a mini-
mum average burnup of 46.7 MWd/kg HM is required by the PMDA before
discharging the batch. This corresponds to an average 87.6 wt% plutonium-
239 (Table 6). For the main operation, the PMDA specifies a burnup level of
56.1 MWd/kg HM before discharge of a batch of disposition fuel elements re-
sulting in a plutonium-239 fraction of 86.3 wt% according to our model.

Although the PMDA only specifies a minimum batch-average discharge
burnup, single fuel elements are exposed to different flux levels and burnup
conditions depending on their position in the reactor core. The elements in
the zone with the lowest plutonium content (LEZ) reach very high burnup be-
yond 80 MWd/kg HM at end of life (EOL, 420 full power days). Accordingly
LEZ has the lowest plutonium-239 fraction at EOL, but still above 80 percent
which no longer meets the usual definition of weapon-grade material. How-
ever, the plutonium-240 fraction remains much lower than in spent fuel from
light water reactors. Overall, the plutonium-239 fraction is still closer to typi-
cal weapon grade than reactor-grade plutonium compositions, typically 60 per-
cent plutonium-239. Zones with high and medium plutonium content (HEZ



198 Kütt, Frieß, and Englert

Table 6: Plutonium isotopic composition calculated for a batch of fuel elements
and for the zone with highest initial plutonium content (HEZ) in the core periphery
at the minimum burnup required by the PMDA and at end of life (EOL). The last
column gives the total plutonium mass balance in percent.

Burnup 238Pu 239Pu 240Pu 241Pu 242Pu 240/239 Pu Bal.
Unit MWd/kg HM wt% wt% wt% wt% wt% %

Batch (Commissioning) 46.7 0.04 87.6 11.5 0.63 0.05 0.13 −6.4
Batch (Main operation) 56.1 0.05 86.3 12.6 0.76 0.06 0.15 −7.5
Batch (EOL, 420 FPD) 69.4 0.06 84.6 14.2 0.96 0.08 0.17 −9.
HEZ (Commissioning) 36.4 0.03 89.5 9.8 0.44 0.04 0.11 −6.5
HEZ (Main operation) 42.1 0.03 88.8 10.5 0.5 0.04 0.12 −7.5
HEZ (EOL, 420 FPD) 56.6 0.04 87. 12.1 0.67 0.05 0.14 −9.8

and MEZ) have a burnup of only 56.6 and 60.9 MWd/kg HM resulting in com-
parably higher plutonium-239 fractions of 87 percent and 86 percent (Figure 2
and Table 6).

According to the PMDA agreement, fuel elements should not be removed
before a burnup of 36.4 MWd/kg HM is reached during the commissioning
stage or 42.1 MWd/kg HM during main operation. Comparing fuel elements
from the fuel zones at these thresholds, fuel elements with the highest ini-
tial plutonium content (HEZ) have the highest plutonium-239 fraction as they
are exposed to the lowest flux in the outer core regions, hence less pluto-
nium is burned. Therefore upon discharge in HEZ the plutonium-239 frac-
tion is still 89.5 wt% and 88.8 wt% respectively. MEZ fuel elements have a
slightly lower plutonium-239 fraction and LEZ only 1–2 percent less. Compar-
ing the batch average to the different zones it is clear that the main contri-
bution to the isotopic shift results from the comparably high burnup of LEZ
fuel elements in the core. The PMDA requirement of a fraction of plutonium-
240 and plutonium-239 greater than 0.1 is met, independent of the original
plutonium fraction. In the model, a discharged batch would have a 240 to
239 ratio of 0.17. According to a report by the U.S. Department of Energy,
a chief engineer of the BN-800 has estimated the same ratio for discharged
batches.35

Besides rendering the excess plutonium inaccessible and reducing the at-
tractiveness of the isotopic composition, plutonium disposition in a reactor
could also reduce the overall amount of plutonium. At the end of a reactor
cycle, the elements in HEZ contain nearly 10 percent less plutonium compared
to fresh fuel (last column of Table 6).

For an initial isotopic composition of plutonium containing more than
98 percent plutonium-239, simple estimates suggest that the curve for the
plutonium-239 does not change its gradient. One can safely conclude there-
fore that a very good estimate of the plutonium-239 content can be derived by
adding or removing simple offsets to the results presented in this section.
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Breeding Blankets
The blanket elements in the radial blanket zone (see Figure 1) can be

loaded into and removed from the reactor independent of the fuel reloading
strategy in the reactor core during shutdown. The buildup of actinides and
fission products in the blanket elements is analyzed over an irradiation pe-
riod of a maximum of 840 full power days (Figure 3 and Table 7). Initially
no plutonium exists in the blanket. After 204 days about 1 wt% of all heavy
metal in the blanket is super grade weapon plutonium with an isotopic vec-
tor of 98.1 wt% plutonium-239. After 420 days, the typical EOL for core fuel
elements, the plutonium content doubles. If left in the reactor for 840 days, it
reaches nearly 4 wt% of all heavy metal. Even after such a long irradiation
period the produced plutonium is 93.6 wt% plutonium-239.

Compared to the fuel elements in the core, the fraction of fission prod-
ucts in the breeding blanket elements remains much lower. After 840 FPD,
only 1.1 wt% fission products are contained in the heavy metal (Figure 3).
Fuel elements in the core contain 7 wt% fission products after discharge (420
FPD). The activity due to cesium-137 in the blanket after 840 FPD would be
1.26 × 1012 Bq/kg HM, compared to more than 8 × 1012 Bq/kg HM in spent
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fractions of the total heavy metal inventory. The solid and dashed line show the
plutonium-239 and the total plutonium content respectively. The accumulation of fission
products in the breeding blanket is given as well (-·-). For comparison the dotted line shows
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Table 7: Plutonium isotopic composition for the blankets. The last two columns give
the fraction of plutonium and of fission products per ton heavy metal. The last row
shows a mixture of core, axial blanket (after 420 days) and half of the radial
blanket (after 820 days).

238Pu 239Pu 240Pu 241Pu 242Pu Pu/HM FP/HM
Unit wt% wt% wt% wt% wt% wt% wt%

Radial blanket
204 days 0.01 98.1 1.81 0.04 < 0.01 1.00 0.16
420 days 0.02 96.5 3.36 0.12 < 0.01 1.98 0.41
840 days 0.05 93.6 6.03 0.3 0.01 3.65 1.1

Axial blanket, 420 days
separated 0.01 97.5 2.49 0.04 < 0.01 1.57 0.23

Both blankets
mixed with fuel 0.05 86.3 12.6 0.78 0.07 11.6 4.79

core fuel. The lower fission product fraction in the blanket elements results
in a lower radiological barrier, and hence enables easier reprocessing of the
breeding blankets.

The radial blanket zone of the BN-800 as proposed in the IAEA Fast Re-
actor database is relatively small (one row); other reactor designs have much
larger breeding zones. After 840 days of irradiation, the 90 breeding elements
combined hold a total of 240 kg plutonium, enough material for 30 nuclear war-
heads (assuming the IAEA significant quantity criterion of 8 kg of plutonium
for a weapon).

The specifications of the BN-800 in the IAEA Fast Reactor database in-
clude an axial blanket below the active core, none above. To estimate pluto-
nium production in the axial blanket the region below the active part of the
fuel rods is filled with uranium. It is assumed that the axial blanket is inte-
grated into the fuel elements and will be replaced whenever the related fuel
rods are replaced, hence they are irradiated for 420 FPD. After irradiation the
axial blanket would then contain on average 1.57 percent plutonium in heavy
metal, and only 0.23 percent fission products (see Table 7). The isotopic vector
of the plutonium is weapon-grade with 97.5 wt% plutonium-239 in the mixture.

The PMDA does not specify any minimum irradiation time for blankets.
However if fuel elements would be withdrawn upon meeting their minimum
burnup requirements but before the full irradiation time of 420 FPD (as al-
lowed under the agreement), axial blankets would be withdrawn as well. In
this case, they would contain less plutonium, but with a plutonium-239 frac-
tion higher than 97.5 wt%.

Under the PMDA Russia is not allowed to reprocess radial blankets until
the end of the agreement. Axial blankets are not explicitly mentioned in the
agreement. However, during future discussions Russia could seek to mix the ir-
radiated blankets with irradiated spent fuel before reprocessing. The last row
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of Table 7 shows the isotopic composition of such a mixture. The composition is
calculated based on reactor core and axial blankets after an irradiation time of
420 FPD, mixed with half of the radial blanket irradiated for 840 FPD. A dou-
ble irradiation time of the radial blanket has been assumed, hence every time
one full reactor would be discharged only half of the blanket would be removed
from the reactor. The result would be plutonium with 86.3 wt% plutonium-
239 and 12.6 wt% plutonium-240, not weapons-grade any more. However, com-
pared to reprocessed light water reactor plutonium it could still be considered
an attractive weapon material. While the assumption on irradiation periods
and discharge times are theoretical and could differ in reality, the data given
in the table gives a good indication of possible plutonium fractions in case of
core-blanket-mixing.

Breeding Ratio of the Reactor
The breeding ratio is calculated based on the ratio of production and

destruction of four major fissile isotopes (plutonium-239, plutonium-241,
uranium-235, uranium-233) according to Equation 4. Using the reactor model
presented earlier with breeding blankets inserted into the periphery, the
breeding ratio for several refueling cycles was calculated. In such a configu-
ration the reactor will be a burner with a breeding ratio of only 0.81. Without
blankets, the breeding ratio drops to 0.57. The time dependent breeding ratio
varies around the average value as shown in Figure 4. At the beginning of life,
the breeding ratio starts close to zero as only plutonium-240 can be turned
into a fissile material immediately, while the production path via uranium-
238 is limited by the required two subsequent decay processes with half-lifes
in the order of days. Due to this, the production rate of plutonium-239, and
subsequently the breeding ratio, increases quickly in the beginning. After ev-
ery 140 days a third of the core will be replaced and a larger dip can be seen.
The smaller irregularities are a result of the numerical method and the use of
continuous functions to interpolate the change in material compositions dur-
ing depletion calculation. The requirement of the PMDA to keep the breed-
ing ratio below one would be met by reactor configurations with and without
blankets.

The effect of different plutonium contents (plutonium fraction of 15 per-
cent, 18 percent to 25 percent and 27 percent) in MOX fuel on the breeding
ratio for a reactor model with blankets and a reactor model without blankets
has been analyzed.36 The results are summarized in Figure 5. As expected, the
reactor with breeding elements has a higher breeding ratio. The breeding ratio
increases with decreasing plutonium content for two reasons. Less plutonium
in MOX results in a higher uranium-238 content, increasing the amount of
fertile material in the reactor. With a lower plutonium content, less fissile ma-
terial is in the core. To achieve a pre-defined constant thermal power output,
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Figure 4: Average and time dependent conversion ratios for BN-800 with and without
breeding blankets during equilibrium cycle. Two subsequent fuel element cycles are shown
to account for a full blanket irradiation. Graphs are cut off below selected values to increase
clarity.

Figure 5: Conversion ratio over different plutonium fractions in the fresh fuel.
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Table 8: Material throughput in the reactor for core and blanket per year. There is a
small net production of plutonium in general, but considering only fissile plutonium
isotopes (plutonium-239 and plutonium-241), there is a destruction of more than
100 kg per year. For the calculation, a capacity factor of 80 percent has been
assumed.

Pu tot Pu fiss 238Pu 239Pu 240Pu 241Pu 242Pu
Unit kg/a kg/a kg/a kg/a kg/a kg/a kg/a

Start-up core 2,572 2,421 0.26 2,418 150 3.4 0.52
Reload 1,794 1,689 0.18 1,686 104 2.3 0.36
Discharge core 1,641 1,418 0.88 1,404 221 13.8 1.18
Core balance −153 −271 0.70 −282 116 11.4 0.82
Discharge

Radial blanket 84 78.4 0.04 78.1 5 0.25 < 0.01
Axial blanket 78 76.1 < 0.01 76.1 2 0.03 < 0.01

Annual total balance 9 −116 0.76 −128 124 11.7 0.83

a higher flux has to be achieved in the core. Thus between the 15 percent and
27 percent plutonium fraction, the flux in the reactor core varies by a factor of
up to 1.4. Higher neutron flux together with the higher fraction of uranium-
238 results in a higher production rate of plutonium-239. The destruction rate
should not be affected by the higher fraction, hence the increase in breeding
ratio with lower plutonium content.

The assumption of a plutonium fraction of 20.4 percent for the model re-
sults in excess reactivity and suggests that it is possible to reduce the overall
plutonium fraction in the core. Such measures would increase the breeding ra-
tio to over 0.9 (with breeding blankets). However higher breeding ratios are
unlikely unless the reactor configuration would be changed. No geometry mod-
ifications of the BN-800 have been studied.

Annual Fuel Loading and Discharge
The PMDA requires Russia to process 1.3 MT of disposition plutonium per

year (reduced from the earlier agreed 2 MT per year target). Using the results
from the discussion above, it would in theory seem possible to use 1.79 MT of
plutonium per year in the BN-800 alone, if it were only fueled with disposition
plutonium (Table 8). On average 2.09 fuel batches are loaded into the core per
year considering a cycle length of 420 FPD and a reactor load factor of 0.8.37

Radial blanket elements are irradiated for 840 FPD, the annual production
figures are about 35 percent of the total blanket inventory.

At start-up, the core, not yet in equilibrium state, contains 2.57 MT of plu-
tonium. This is slightly less than specified in the IAEA Fast Reactor database,
due to the higher plutonium-239 content in the weapon-grade plutonium.
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While 1.79 MT of plutonium could be used as fuel every year, the spent fuel
assemblies still contain 1.64 MT of plutonium when they are removed from
the core. The axial and radial blankets would each account for a production of
about 80 kg of plutonium per year. This results in a total annual net produc-
tion of 9 kg of all plutonium isotopes. While the positive balance makes the
reactor a net plutonium production reactor, the number is too small compared
to uncertainties of depletion calculations and depends sensitively on reactor
parameters. But clearly, using the BN-800 with a full set of blankets would at
no time lead to a significant reduction of plutonium stockpiles. Having a pos-
itive plutonium balance and a breeding ratio below 1 is not a contradiction;
as mentioned before, the breeding ratio only accounts for production of fissile
isotopes. For the fissile plutonium isotopes there is a large reduction per year
taking place, more than 100 kg of fissile isotopes get fissioned or converted to
plutonium isotopes with even mass numbers.

CONCLUSION

Neutron transport and depletion calculations to assess the weapon plutonium
disposition capabilities of the Russian BN-800 fast breeder reactor show that
only very limited amounts (up to 10 percent) of the initial plutonium will be
consumed in the core fuel elements during the irradiation cycle. Much of the
plutonium consumed by fission events will be replaced by breeding reactions
in-situ from the uranium in the MOX fuel elements.

The weapon-grade plutonium isotopic composition will be changed to non-
weapon grade plutonium with a plutonium-240 to plutonium-239 ratio of more
than 0.1 for all fuel elements and batches, if the minimum burnup require-
ments are met and assuming that the initial plutonium composition contains
roughly 94 percent plutonium-239. Breeding blankets will produce significant
amounts (approximately 162 kg per year) of super-grade weapon plutonium
with concentrations of more than 2 wt% in the heavy metal after one typical
core reload pattern of 420 full power days. Additionally, the radiation barrier
from fission products produced in the blankets will be much lower than in the
fuel. Even with breeding blankets, the reactor model shows a breeding ratio
below 1. Calculations showed that several other reactor configurations (e.g.,
lower plutonium content in MOX) could be used while keeping the breeding
ratio below the required level of 1. In the model, while the breeding ratio was
only 0.81, the reactor produces a small net amount of plutonium due to the
shift from fissile plutonium isotopes to isotopes with even atomic numbers.

The reactor, if operated with breeding blankets, will inevitably produce
new weapon-grade plutonium contained in the irradiated blanket elements.
Separation of blanket material is currently not planned. However, as reac-
tors have several-decade-long lifetimes, and since the BN-800 is a key ele-
ment in Russia’s strategy to establish a closed nuclear fuel cycle, weapon grade



Plutonium Disposition in the BN-800 Fast Reactor 205

plutonium reprocessing and handling might occur in the future raising ques-
tions about proliferation issues.

According to the model presented, the BN-800 has a total capacity to be
loaded with 1.79 MT of plutonium in MOX fuel per year. This is significantly
more than what is agreed upon in the PMDA (1.3 MT per year). Although
Russia will use the reactor for its research program on a closed nuclear fuel
cycle, some of this capacity could be used to increase the rate of plutonium
disposition or even reduce plutonium stockpiles from other countries, given
that the necessary MOX fuel fabrication capacities are installed.

For the purpose of disposing of stockpiles of weapon-grade plutonium with
MOX fuel, irreversibility should be the main priority. This would imply not us-
ing blankets at all in the reactor to avoid the production of new weapon-grade
plutonium, but using the reactor as a pure burner. It would still breed pluto-
nium in the core, but this would remain in spent fuel. Further research should
be carried out to assess the feasibility of running the Russian fast reactors
without any breeding blankets. While not part of the current PMDA, other
disposition options like immobilization could be technically better suited for
irreversible reduction of stockpile weapon plutonium. Other reactor based op-
tions, like inert matrix fuels, could achieve much higher plutonium reductions,
however these fuels are currently not actively being developed.

Quicker start of U.S. measures to dispose of plutonium might reduce Rus-
sian ambitions in plutonium breeding. However further delays might open up
new rounds of negotiations, which might include discussions regarding possi-
ble permission to reprocess spent fuel. Finally, it should be mentioned that in
addition to the disposition of military plutonium, more tasks await considera-
tion regarding civilian stockpiles, for example in Japan and the United King-
dom. Findings in this article might be applied to these and other more general
discussions of plutonium disposition, for example in fast reactors that have no
blankets on design basis.
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