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ABSTRACT 
The various aspects of sodium cooled fast reactor utilization for solving the problem of effective utilization of long-

lived radioactive wastes (minor actinides and fission products) are considered in this report. It was investigated some 
principal schemes of fast reactor fuel cycle: the minor actinides burning in special cores, fuel of which doesn't contain 
uranium-238, and minor actinides and fission products burning in special irradiation devices, located out of a core. It is 
also considered the concept of advanced fast reactor of increased safety working effectively in a closed fuel cycle. 

INTRODUCTION 
Fast power reactors, due to their nuclear spectrum 

peculiarities, are able to effectively burn transplutonium 
nuclides having threshold fission cross-sections. These 
nuclides – minor actinides (MA) along with plutonium 
isotopes define essentially a long-lived activity of wastes 
of the nuclear power, operating mainly in open fuel cycle. 
Different ways exist for there waste utilization in fast 
reactors. Three possible principal schemes may be 
considered: 

– fast reactors with improved cores are included to 
a closed fuel cycle together with thermal reactors 
and provide a complete burning of the actinides 
produced; 

– MA, separated from thermal reactor spent fuel, 
are burned in special irradiation devices in fast 
reactors; 

– MA, separated from thermal reactor spent fuel, 
are burned in specialized fast reactors-burners. 

The efficiency of these schemes is considered and 
compared in the report by the fuel cycle parameters. 

The consideration is performed on the basis of BN-
800 reactor. By improved cores are meant the cores 
designed for actinide efficient burning. It is known that for 
efficient actinide burning one can use the FR cores with 
oxide fuel having increased plutonium content, 
surrounded by non-breeding blankets. However, the 
highest actinide burning efficiency can be obtained in 
cores with fuel without uranium-238 replaced by an inert 
matrix. Just this type core is considered in the report. MA 
burning in special devices can be carried out, generally 
speaking, in any cores. 

This report considers the traditional BN-800 reactor 
cores with mixed fuel, but with a steel radial blanket. A 
core with fuel not containing uranium-238 is likely the 
basis for specialized fast reactor. This type core is 
considered in the given report for BN-800 reactor, as an 

example, and its difference from the first core consist in 
utilization of a fuel with maximum possible MA content. 

The utilization problem for nuclear power long-lived 
wastes, primarily actinides, is defined by the existing 
nuclear power structure, a prevalence in it of thermal 
reactor and the lack of a closed fuel cycle with the use of 
fast reactors. Assuming that fast reactors will prevail in 
the future nuclear power the problem of long-lived wastes 
connected with actinides will essentially simplify. The 
report presents a conception of fast power reactor based 
on nitride fuel and its fuel cycle parameters.  

UTILIZATION OF BN-800 TYPE 
REACTOR WITH URANIUM-FREE FOR 
ACTINIDE BURNING 

By now rather wide studies have been carried out on 
analysis choosing different fuel compositions without 
uranium-238 replaced by an inert matrix. Compositions 
based on zirconium carbide, aluminium nitride, 
magnesium oxide etc. are considered. In the given 
studies, a composition based on magnesium oxide was 
considered. A core based on fuel without uranium-238 
has some specific features. First and foremost the 
elimination of uranium-238 provides a negative sodium 
void reactivity effect (SVRE) value for the core, and this 
is a doubtless advantage of this type cores. At the same, 
Doppler-effect value decreases noticeably, which in 
traditional cores is defined by uranium-238. Partially the 
Doppler-effect can be restored by introduction into the 
fuel composition of resonance absorbers, the best of 
which are iron, niobium and tungsten. The elimination 
of uranium-238 leads also to essential increase in 
reactivity loss rate due to burn-up which in turn leads to 
decreased time between reloading. 

However, the most sensitive disadvantage of this type 
cores is a large difference in power of fresh and spent sub-
assembly (SA), which increases essentially the power non- 



 

 

uniformity. In designing a core based on fuel free of 
uranium-238 for BN-800 reactor, the latter problem was 
solved in the following way: a core consisting of two 
subzones with different plutonium content (similar to zones 
of low and high enrichment in traditional reactors), was 
divided into ten concentrical subzones (five in each subzone 
with different plutonium content), and a reloading was 
performed through external subzones by reloading SA from 
periphery to core center forming an equalized power field. 
In this case a 50% fuel burn-up corresponds to the best 
power field equalization. The increase in fuel burn-up, 
which is possible for fuels with inert matrices, will lead to 
increase in the power field non-uniformity and will require a 
larger core volume. In the core under consideration, a 
specific feature of BN-800 reactor SA design was 
conserved, consisting in availability of a sodium plenum 
above the core to decrease SVRE. The fuel of this core may 
contain up to 15% MA with retention a zero SVRE value. 
The major BN-800 reactor parameters with fuel free of 
uranium-238 are presented in table 1.  

TABLE 1. Major BN-800 reactor parameters with fuel 
free of uranium-238 

 Parameter Value 
1 Nominal (rated) power, MW(e)  800 
2 SA number in the core  

including: first subzone/second subzone  
565 

145/420
3 Fuel composition  (Pu, 

MA)O2 
MgO 

4 Fuel effective density, g/cm3 4.5 
5 Actinide (Pu, MA) content in fresh fuel, 

g/cm3 (85%Pu, 15%MA) 
 

1.6 
6 SVRE in the core, %∆k/k ∼ 0 
7 Doppler-effect in the core, %∆k/k -0.235 
8 Reactivity change rate, %∆k/k/1months 3.5 
9 Time between reloading, months 3.0 

10 Max linear power, W/cm  500 

The parameters presented can be improved in 
choosing the core for specialized reactor. The core variant 
presented has been chosen reasoning from existing 
limitations in BN-800 reactor (control and safety rods 
number, core volume etc.). 

The BN-800 reactor with the core considered above 
can fulfill functions of a reactor-burner of plutonium and 
minor actinides. We consider here a simple model of 
nuclear power system functioning, consisting of thermal 
reactors VVER-1000 and fast reactors of BN-800 type. In 
this model BN-800 reactors consume plutonium together 
with minor actinides, which are extracted from VVER spent 
fuel and are mixed with plutonium and minor actinides, 
which are extracted from BN-800 spent fuel. Table 2 
presents actinide content in spent fuel of VVER type 
reactors [1].  

The dynamics of fuel cycle parameter changing was 
studies for two decay time periods of fast reactor spent 
fuel: Tex=1 yr and Tex=3 yr. 

TABLE 2. Quantity of actinides produced in spent fuel of 
thermal reactors, kg/GW(e) 

 
Isotope 

 
Uranium fuel 

Uranium-
plutonium fuel 

(30%) 
Total  235  385 
Pu238 

Pu239 

Pu240 

Pu241 
Pu242 

2.8 
121.7 
53.2 
27.5 
12.8 

6.8 
160.1 
96.7 
56.9 
31.8 

Np237 7.1 11.2 
Am241 
Am242 
Am243 

6.4 
.006 
2.6 

8.0 
.03 
9.1 

Cm242 
Cm244 
Cm245 

 – 
1.0 
 – 

.05 
4.0 
.2 

The calculations have shown that in the coarse of 
recycling a smooth increase in minor actinide content in 
the fuel takes place – from ∼7% (initial loading of fuel 
from VVER) to 10-13% in a quasistationary regime. The 
latter establishes in approximately 25 cycles. The fuel 
parameters in a quasistationary regime are presented in 
table 3.  

In the nuclear power model considered, one BN-800 
type reactor with fuel free of uranium-238 can utilize 
plutonium and minor actinides produced in 2.6 VVER-
type reactors. 

TABLE 3. Established isotopic composition of fast 
reactor fresh fuel, (kg/t) 

Isotope Тex= 1 year Тex= 3 
years 

Pu238 

Pu239 

Pu240 

Pu241 
Pu242 

46.6 
249.0 
358.7 
80.2 

118.6 

53.5 
250.1 
358.3 
67.9 

119.0 
Np237 17.1 17.8 
Am241 
Am242 
Am243 

47.2 
3.0 

46.6 

62.1 
3.5 

43.7 
Cm242 
Cm244 
Cm245 

0.6 
28.3 
5.3 

0.06 
20.1 
4.0 



 

 

MINOR ACTINIDE BURNING IN 
IRRADIATION DEVICES LOCATED IN 
THE RADIAL BLANKET 

Burning of radioactive wastes of the nuclear power 
(minor actinides and fission products (FPs)) in special 
irradiation devices (IDs) located outside the core has 
some essential advantages: the effect of these devices on 
the core neutronic parameters decreases greatly, a 
possibility for long-term irradiation appears etc. However, 
the irradiation process in these devices will be meaningful 
only if a radiotoxicity of the remaining after irradiation 
nuclides is essentially less than that of initially introduced 
wastes. All this imposes the restrictions on burning 
process. 

Let us consider the aspects connected with 
transmuting process of MAs. In this case the ID may 
contain americium, since its quantity exceeds essentially 
the accumulation of other dangerous nuclides. 

Fig.1 presents the radioactivity change of ID with 
americium after irradiation for different americium burn-up. 
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FIGURE 1. Radiotoxicity change for non-irradiated and 
irradiated americium 

One can see that only a very deep target burn up 
(more 90%h.a.) with allow a decrease in waste 
radiotoxicity, as compared with the case when all 
americium is wasted, and for essential waste radiotoxicity 
decrease, a burn-up more than 95%h.a. should be reached. 

What is the way to reach so high burn-up in 
irradiation devices located in the radial blanket, where a 
neutron flux is much less, as compared with the core? The 
simplest way – an increase in irradiation time. 
Unfortunately, to reach this burn-up, the irradiation time 
should be more than 50 years. Clearly, in the conditions of 
modern reactor technologies this situation is not realistic. 

However, if to pay attention to the fact that the actinide 
interaction cross-sections in a thermal spectrum are one order 
higher, as compared with fast spectrum, an idea appears to 
develop IDs with a large moderator content. 

The detailed calculation studies [2] have shown a 
principal possibility to reach high americium burn-up with 
irradiation time ∼10 – 15 years. True, it requires that the 
moderator fraction in the irradiation devices be ∼10 times 

higher the loaded americium fraction. In this case, for 
example such IDs (90 items), loaded to BN-800 reactor 
radial blanket, would allow to burn-up to 60 kg americium 
per year thus solving the problem of actinide radiotoxicity 
decrease. Notice that this americium quantity is 
accumulated annually in approximately seven VVER-
1000 reactors, and for utilization of americium 
accumulated in the nuclear power of Russia (installed 
power 21.2 GW(e)), three BN-800 reactors with a 
modified radial blanket would be needed.  

Similar IDs can be used also for efficient utilization 
of the most long-lived FPs, such as Tc99, I129, Pd107,Cs135 

etc. These waste quantity in spent fuel of nuclear reactors 
in also essential. For example, approximately 26 kg Cs135, 
~18 kg Tc99, ~11 kg Pd107 etc will be unloaded annually 
from BN-800 reactor.  

Surely, the radiotoxicity of FPs is much lower than 
the radiotoxicity of MAs, however, from the other side 
their chemical properties allow them to migrate in the 
earth more quickly than actinides. This aspect is a motive 
for performance the studies in FP transmuting possibility. 

A homogeneous recycling of FPs in BN-800 reactor fuel 
allows an annual destruction not more than 5% of loaded 
quantity, which from economical standpoint is hardly advisable. 
A homogeneous recycling in thermal reactor fuel is impossible 
because of essential degradation of the reactor neutronic 
parameters3. Therefore, the most acceptable method for FP 
transmuting remains their burning in IDs located in the radial 
blanket. Taking into account the fact that the capture cross-
sections for practically all FPs have a maximum in the thermal 
or close to thermal region, the moderator introduction IDs, 
similar to americium case, would allow an essential increase in 
the FP transmuting efficiency. The studies performed have 
shown that when introducing the moderator quantity 10 times 
more than that of loaded FPs, one may reach 80% transmuting 
of Tc99 and Pd107, 70% transmuting of I129 and 50% – Cs135. The 
activity change of IDs regarding non-irradiated targets as a 
function of time is presented in fig.2. 
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FIGURE 2. Irradiation devices activity change regarding 
non-irradiated targets 

A splash of the ID activity during irradiation is 
defined by creation of short-lived nuclides. The activity of 



 

 

these nuclides decreases rather quickly, and in 30-50 years 
the irradiation device activity will be defined by a non-
burned part of the initial FP. Notice that with this burn-up 
an absolute quantity of transmuted FPs will be small due 
to their low loading into ID.  

The increase in FP loading for the sake of decrease in 
moderator fraction leads to increase in absolute consumption of 
FPs, however, in this case the transmuted FP fraction decreases. 
This fraction decrease leads to that a rather large quantity of FR 
remains in the ID, and repeated reprocessing of these devices 
will be needed for subsequent involvement of the remaining 
FPs into the next irradiation cycle. This reprocessing can lead to 
an essential increase in non-returned losses.  

Thus the choosing one or other scheme for FP 
transmuting should be dictated by the chosen strategy for 
nuclear power fuel cycle.  

The considered aspects of utilization special devices, 
containing large quantities of moderator, for the purposes 
of efficient transmuting the radiation wastes of the nuclear 
power have shown a principal possibility for decreasing 
these waste radiotoxicity. However, this requires a large 
time of irradiation in these devices (10-15 years), and by 
now the possibilities of existing reactor materials to 
operate in these extreme conditions have not yet proved.  

A POSSIBILITY ASSESSMENT FOR MA 
UTILIZATION IN A SPECIALIZED CORE 
OF BN-800 TYPE REACTOR WITH THEIR 
MAXIMUM CONTENT IN THE FUEL 

The preceding conceding consideration has shown 
that in the case of repeated recirculation of plutonium fuel 
with 7% MA through the core with fuel free of 
uranium-238, BN-800 reactor utilizes ∼45 kg MA per 
year. This corresponds to MA production per year in 2,6 
VVER-1000 reactors. In this case MA quantity in the fuel 
is monotonically increasing, tending to a quasistationary 
state at a level of ∼14%. 

How much the MA content in fresh plutonium fuel 
being loaded to BN-800 reactor can be increased? The 
answer to this question depends on study results of many 
factors. The results [3] were presented radiation 
parameters and heat release calculations for fresh fuel, 
which essentially influence the technological process for 
fuel manufacture. Here we note the most important 
neutronic parameter – SVRE value. The calculations 
performed show that for the core considered an allowable 
MA content in the fuel from the standpoint of providing 
zero SVRE value amounts ∼15%. 

The studies in dynamics of a fuel cycle with 15% MA 
content in fresh fuel indicate that MA level in a 
quasistationary state will be ∼18%. The organization of this 
fuel cycle will allow the MA utilization per year ∼2.0 times 
more, as compared to the fuel cycle with 7% MA content, that 
is in this case ∼90 kg MA per year will be utilized. 

Thus, the variant considered is probably limiting for 
the core with plutonium fuel. MA burning efficiency can 

be increased when using the fuel on the basis of U235. The 
calculations performed show that a zero SVRE value for 
this fuel is retained at addition 35% MA. In this case the 
MA burning efficiency increases additionally 1.9 times, as 
compared with the previous case and will amount ∼170 
kg/yr. Consequently, BN-800 reactor core with a fuel on 
the basis of uranium-235 allows to serve from ∼10 
VVER-1000 reactors. 

It is interesting to note that in a quasistationary state 
the minor actinide fraction decreases up to ∼16%. Table 4 
present the calculation results for compositions of 
unloaded fuel at reactor make-up by fuel (85% Pu, 15% 
MA) and fuel (65% U-235, 35% MA). One can note that 
the plutonium composition, which is generated in the 
second case from uranium-235, contains a very large 
quantity of plutonium-238. 

TABLE 4. Unloaded fuel composition at reactor make-up 
by fuels on the basis of Pu and U235 (kg/t) 

 Fuel 
Isotopes 85%Pu, 15%MA 65%U235, 

35%MA 
U234 0.18 2.90 
U235 - 36.96 
U236 - 29.99 
Np237 7.23 10.11 
Pu238 4.65 8.62 
Pu239 41.57 1.67 
Pu240 24.09 2.35 
Pu241 7.41 0.26 
Pu242 5.48 0.81 
Am241 6.39 2.88 
Am242m 0.19 0.15 
Am243 2.13 1.94 
Cm243 0.03 0.01 
Cm244 0.58 1.00 
Cm245 0.05 0.15 
Cm246 - 0.07 

A CONCEPTION OF ADVANCED FAST 
REACTOR AND ITS FUEL CYCLE 

The fast reactor operation in regime of repeated fuel 
recycling doesn’t lead to essential accumulation of MA. An 
equilibrium MA level is in the limits of ∼0.5% regarding to the 
whole fuel (or 5% regarding to plutonium), and, therefore, all 
produced actinides are utilized in a fast reactor. A wide-scale 
implementation of fast reactors in the future nuclear power 
would allow an essential simplification of the high-active 
actinide accumulation problem. An advanced fast reactor 
should meet major requirements of the future nuclear power, 
which briefly consist in providing good economics allowing the 
competitiveness with other type reactors, high safety and low 
ecological loads of the fuel cycle. Some researchers in Russia 
propose to use for these purposes a fast reactor with lead 



 

 

coolant [4]. At the same time the existing experience in fast 
reactors with sodium coolant and the studies performed by now 
in this field define a possibility for an advanced sodium coolant 
reactor in near future. This type reactor with have excellent 
inherent safety features, which will provide a passage of beyond 
design basis accidents without core destruction. This reactor 
core will have zero SVRE and reactivity margin for burn-up 
values. A nitride fuel will be used, enriched by N15 isotope. 
Maximum fuel burn-up will be 15-20% h.a. and a time between 
reloadings – 2 years. Taking into account that the existing 
nuclear power has produced a large quantity of plutonium, 
probably, it will be not necessary to have high breeding rates of 
nuclear fuel in future fast reactors.  

For this reason, the requirement BR≅1 will be sufficient, 
or internal BR≅1, when using non-breeding (steel) blankets. 
An internal BR means the breeding in the core itself. The 
provision IBR≅ 1 allows the organization of a fuel cycle 
without separation of plutonium from uranium in the course 
of chemical reprocessing. The fission products removed 
during fuel chemical reprocessing are replaced by equal 
quantity of uranium-238. This fuel cycle allows the fast 
reactor functioning without additional make-up during its life-
time. In this case, the absence of separated plutonium at all 
stages of the fuel cycle reliably protects it against proliferation 
and the use for military purposes. Table 5 presents major 
parameters for advanced fast reactor with sodium coolant. 

TABLE 5. Structure parameters of advanced reactor core 

Electric (thermal) reactor power, MW  1600 (4200)
Temperature at reactor inlet/outlet, °C  390 / 510
Equivalent core radius, cm  249.1 
Core height, cm 77.0 
Sodium plenum height, cm  50.0 
Number of SA in the core 600 
Fuel UN15-PuN15

Effective fuel density, g/cm3 11.5 
Average fuel burn-up, % h.a. 10. 
Max fuel burn-up, % h.a.  ~15. 
Fuel life-time, yr (eff. days) 5.5 (1650)
Duration of interloading interval, months 10 
SA flat-to-flat dimension ×wrapper 
thickness, mm 

 
184×2.5 

Number of fuel pins in SA  331 
Fuel pin diameter×clad thickness, mm 8.6×.55 
Max linear power of fuel pin Ql

max, W/cm 390 
Volume fraction: – fuel  .48 
 – steel  .21 
 – sodium  .31 
Plutonium content in fuel, LEZ/HEZ,% 11.9 / 15.5
Plutonium content in the core, t.  9.98 
Reactivity loss due to burn-up ρburn, % ∆k/k 0.06  
SVREr, % ∆k/k  -0.20 
Qv

max, W/cm3, LEZ/HEZ  425 / 425 
Ômax, 1016n/cm2s, LEZ/HEZ  .437 / .481
Breeding index IBR  1.067 

Table 6 presents isotope compositions for two 
options of fresh fuel (with and without separation of 
actinides), as well as the isotope composition established 
in the process of repeated fuel recycling.  

TABLE 6. Fresh fuel isotope compositions with 
separation (1) and without separation (2) of actinides and 

the established isotope composition 

Isotope Fresh 1 Fresh 2 Established 
 Pu238 
 Pu239 
 Pu240 
 Pu241 
 Pu242 
 Np237 
 Np239 
 Am241 
 Am242m 
 Am243 
 Cm242 
 Cm244 
 Cm245 

 
56.5 
24.8 
12.8 
 5.9 

1.19 
51.74 
22.64 
11.70 
5.45 
3.02 

- 
2.72 

- 
1.11 

- 
0.43 

- 

1.07 
58.2 
29.5 
4.32 
2.90 
0.49 
0.11 
1.10 
0.07 
1.15 
0.07 
0.87 
0.15 

Note that the latter is practically independent on the 
fresh fuel composition and establishes in ∼10 cycles, 
minor actinides being established more quickly (in ∼5 
cycles), as compared with plutonium isotopes 240-242. 
Total minor actinide quantity (including plutonium-238) 
doesn’t exceed 5% of the plutonium isotope quantity. 

CONCLUSION 
The introduction of fast reactors-breeders into the 

nuclear power with fuel without uranium-238 replaced by 
an inert matrix allows the organization of a practically 
free of waste fuel cycle with complete utilization of 
actinides produced in the nuclear power. In this case, two 
BN-800 reactors with the cores considered will allow the 
fuel utilization of plutonium and MA in spent fuel of 
approximately five VVER-1000 reactors. An effective 
MA utilization can be also carried out in specialized 
irradiation devices located in a fast reactor radial blanket. 
One BN-800 reactor with located in the first row of radial 
blanket irradiation devices with americium (90 items) 
allows the annual utilization of 60 kg MA, thus servicing 
seven VVER-1000 reactors. The efficient MA utilization 
method can be also realized in a specialized core, 
containing high-enriched uranium (90% uranium-235) and 
essential addition of MA (35-45%). This type core, not 
going beyond the safety limitations, allows the utilization 
of ∼170 kg MA per year, thus servicing from ∼10 VVER-
1000 reactors.  

Further studies in substantiating these technologies 
are of practical interest. A wide-scale fast reactor 
implementation in the future nuclear power would 
essentially simplify the problem under consideration due 
to specific features of these reactors fuel cycle. 
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