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  Problems of the contemporary nuclear power

• Safety
• Nonproliferation
• 235U resources

• Nuclear fuel cycle closing
• Radwaste handling
• Minor actinides incineration
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Trends to overcome the problems

To create the inherently safe fast 
reactor with closed   nuclear fuel 
cycle
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Advantages of Molten Salt Reactor

• It is inherently safe
• There is no fuel elements fabrication and utilization
• There are no restrictions on the fuel burning depth
• The closed nuclear fuel cycle is essentially simplified
 Additionally - for Fast MSR:
• There is no restrictions of the fuel resources 
• The natural way of the minor actinides incineration 
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Technical Meeting on the Status of Molten Salt 
Reactor Technology (Vienna 31.10. – 03.11.2016)



• 36 participants +10 IAEA staff;
• 16 countries: 
•  Canada
•  China
•  Czech
•  EU
•  France
•  India
•  Indonesia
•  Italy
•  Japan
•  The Netherlands
•  Russian Federation
•  Switzerland
•  Turkey
•  United Kingdom
•  USA
•  Venezuela
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Fast Molten Salt Reactor with U-Pu Fuel

L.I. Ponomarev
  A.A.Bochvar High Technology Research Institute of Inorganic Materials, Moscow

• Problems of the contemporary nuclear power
• Preferences of molten salt reactors
• Fast neutron spectrum vs thermal one
• U-Pu vs Th-U fuel cycle

• Solubility of PuF3  in the eutectic LiF-NaF-KF

•  U-Pu FMSR
• FMSR-burner of Am

Vienna_2016
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          MSR fuel and neutron spectrum

• Traditionally Th-U MSR fuel is considered and it is reasonable for the 
thermal neutron spectrum: in this case Th-U fuel has advantages in 
comparison with U-Pu fuel.

• But for the breeding and MA incineration the fast neutron spectrum is 
preferable.

• Neutron balance of U-Pu fuel with the fast spectrum is essentially more 
attractive in comparison with Th-U fuel.

• Fast neutron spectrum in liquid fuel is formed  if the concentration of 
heavy elements (Th, U, Pu) in molten salt is ≥ 10 at.%.
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Th-U fuel vs U-Pu fuel
  Thermal spectrum (0.025 eV) Fast spectrum (2 MeV)

ν α η δ ν α η δ

235U 2.43 0.167 2.07 1.07 2.67 0.09 2.38 1.38
238U - - - - 2.64 5.9* 0.45 -0.55

239Pu 2.88 0.358 2.12 1.12 3.18 0.025 3.10 2.10
232Th - - - - 2.41 12.5* 0.18 -0.82
233U 2.49 0.085 2.29 1.29 2.67 0.041 2.56 1.56

       *Taking into account neutron inelastic scattering on 238U and 232Th     

                

η = 1/(1+ α) 

 

δ =  η – 1  

α = σc/σf
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PuF3 solubility (mole %)
Тm, °С

Temperature, °С Ref.

550 600 650

67LiF-33BeF2 460 0,31 0,45 0,88 Barton et al., 1958

66,7LiF-33,3BeF2 460 0,39β 0,58 0,83 Barton, 1960

17,5LiF-56,5NaF-26BeF2 505 1,56 1,56 2,80 Barton, 1960

15LiF-58NaF-27BeF2 480 1,33 1,94 2,89 Ignatiev et al., 2006 

70LiF-10BeF2 -20UF4 - 1,27 1,70 2,48 Thoma, 1958

72LiF-16BeF2-12ThF4 - 1,17 1,78 2,57 Bamberger et al., 1970

75LiF-20BeF2 -5ThF4 - - 2,88 - Iyer et al., 1973

75LiF-5BeF2-20ThF4 -- -- 2,9 3,8 Sood et al., 1975

75LiF-5BeF2 -20ThF4  - - 3,16 3,98 Ignatiev et al., 2012 
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PuF3 solubility (mole %) in molten salts

Salt
 (mole %)

Tmelt. ºC

Temperature.  ºC

Ref.
550 600 650 700

    LiF–BeF2

(67-33)
460 0.31 0.45 0.84 − Barton, 

1958

LiF–NaF–BeF2

(15-58-27)
480 1.33 1.94 2.89  Ignatiev at al.,

2006

LiF–NaF–KF
(46.5-11.5-42)

454 6.8 12.7 21.2 31.1
RIAR, VNIITF,

2013

47



           Actinides solubility in FLiNaK
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Consequences
• The extremely high PuF3 solubility in FLiNaK allows to combine 

three ideas:
        liquid nuclear fuel;
        fast neutron spectrum;
        U-Pu fuel cycle.

• This experimental fact opens the way for the development of the 
fast molten salt reactor with the closed U-Pu fuel cycle as well as 
the effective reactor-burner of Am.

• In the case of success U-Pu FMSR can solve the main problems of 
the contemporary nuclear power. 49



Power, MWth 3200

Volume, m3 21,2

Specific power, W/cm3 150

Average neutron flux, cm-2s-1 1015

Initial fuel loading U/Pu/Am, Cm, tons 68,5/ 15/ 0

Equilibrium fuel U/Pu/Am, Cm, tons 68,6/20,9/1,4

  UF4 /PuF3 equilibrium concentration, mole % 21/7

Pu/Am, Cm equilibrium concentration, mole % 7,0/ 0,5

Fraction of delayed neutrons, β% 0,34

Void coefficient, dkef /(dρ/ρ) - 0,06

Temperature coefficient [d kef /(dρ/ρ)]∙ [(dρ/ρ)/ dT], K-1 -2,4 ∙ 10-5

Fast molten salt reactor with U-Pu fuel (U-Pu FMSR) 
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Transition of U-Pu FMSR to the equilibrium mode

• In the equilibrium mode 
the Pu production rate is 
equal to the rate of its 
burning, i.e. reactor 
consumes 238U only.

• The initial loading:

 0.13 235U + 0.87 238U.

 • Equilibrium fuel:

UF4 – 22 mole %,

PuF3 - 7 mole %. 



         Joint solubility of UF4 and PuF3
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   Parameters of FMSR vs the lead cooled FR
Parameter FMSR BREST-1200

 Reactor power Wb,   MWth 3200 2800

Full loading U/Pu/MA,  t 68.6/21/1.4 60/5.7

UF4, mole % 21 -

MAF3, mole %
7 -

Specific power,  W/cm3 150 143

Volume  of reactor V,  m3 21.2 19.5

Radius/height of reactor,  cm 150/300 238/110

Effective fuel density,  g/cm3 3.1 3.4

53



Minor actinides incineration

• There are no problems with minor actinides in U-Pu FMSR: 
    the concentrations of Np, Am and Cm do not exceed 0.4 mole %;
• There are problems with  minor actinides in the spent fuel storages: 

one year spent fuel production of one 1GWe power plant after 30 
year storage contains   ̴ 20 kg Am. All the world spent fuel (  ̴ 300 000 
tons) contains   ̴ 6 000 tons of Am.  

• Due to the extremely high solubility of AmF3 in LiF-NaF-KF 
U-Pu FMSR-burner based on FLiNaK can solve effectively 
the problem of Am incineration from the spent fuel storages.       
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                  FMSR  MA-burner

Using the new results on the solubility PuF3 and AmF3 the calculations of 

the subcritical MSR-burner have been performed.
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Efficiency: 
qAm ~ 300 kg 
Am/year∙GWth;

Pu consummation: 
ε = Pu / Am ≈ 0;

Transmutation time: 
 = QAm/qAm ≈ 20 years;

QAm  is Am mass in the 
equilibrium mode. 1 – neutron spectrum by MSR-burner;

2 − neutron spectrum by fast reactor.



                       Parameters of FMSR-burner

Power,  MWth 1650 495

Accelerator power,  MW a) 10 3

Subcriticality,  k b) 0.01 0.01

Average neutron flux,  cm-2s-1 2.21015 2.21015

Height /radius,  m 1.74/0.94 1.16/0.63

Fuel salt loading,   m3 
     active core
     first loop
     regeneration loop

8.27
4.74
3.3
0.2

2.48
1.42
1.0
0.06

Transuranium part,  mole % 14 14

Fuel loading total,  tons 
U/Np/Pu/Am, Cm

10.7
0.05/0.01/5.26/5.39

3.21
0.014/0.003/2.31/1.61

Pu/Am, Cm:  loading 0.975 1.75

                     feeding 0. 0.59

Rate of Am burning,  kg/year 520 98

Normalized rate burning, Am kg / yearGWth ~300 ~200

Time of the initial loading burning, in, years 21 33

a) The neutron multiplication is ≈ 20.
b) At the subcriticality k = 0.03 the accelerator power is 3 times more.
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Fuel composition of U-Pu FMSR (at. %)
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                          Lanthanides solubility in FLiNaK
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Co-precipitation of U and Nd from LiF-NaF-KF

59

Element   Na2O stoichiometry to total amount of metals, %

 
Ref. in FLiNaK

(mole %)
80

precipitation, %
200

precipitation, %
800

precipitation, %

U
Nd

1.57
2.06

45
85

84
97

72
97



Fuel cycle closing

The method of the actinide and lanthanide oxides co-precipitation 
with stoichiometric Na2O stress:

                       UF4 + 2 Na2O → UO2 + 4 NaF;

               2 NdF3 + 3 Na2O → Nd2O3 +6 NaF

was suggested for the U-Pu FMSR hot spent fuel cleaning from 
lanthanides. 
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FMSR fuel cycle economics evaluation

• Due to the absence of solid fuel elements fabrication and utilization 
the price for the fuel cycle closing can be reduced by 3-4 times.

• The amount and price of the construction elements burial are 
reduced several times.
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Main publications of U-Pu FMSR conception

Degtyarev, A.M. and Ponomarev, L.I. (2012) “LiF-NaF-KF Molten salt reactor 
with a fast neutron spectrum”, Atomic Energy, vol. 112(6), pp. 451-453. 

Degtyarev A., Myasnikov A., Ponomarev L. (2015) “Molten salt fast reactor with  
  U-Pu fuel cycle”, Progr. Nucl. Energy, vol. 82, pp. 33-36. 

Ponomarev L.I. and Fedorov Yu.S. (2015)  “U-Pu Fast Molten Salt Reactor and its 
Fuel Cycle”, Proc. GLOBAL-2015, Sept.20-24, 2015, Paris, France, paper 5336.

Degtyarev A.M., Kolyaskin O.E., Myasnikov A.A., Ponomarev L.I., Karmanov 
F.I., Seregin M.B., Sidorkin S.F. (2013) “Molten salt subcritical transplutonium 
actinide incinerator”, Atomic Energy, vol. 114 (4), pp. 225-232. 
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                Problems of U-Pu FMSR

The problems of U-Pu FMSR are common to all MSR ones:
• Safety and maintenance need the special attention and probably the 

revision of safety criteria developed for the solid fuel reactors;
• The new construction materials resistant to the fast neutron irradiation 

and corrosion with the fuel composition at high temperature   ̴700˚C 
should be developed.

• All these problems are common also for all MSR projects with Th-U fuel, 
and the years of experience in this field could be (and must be) used in U-
Pu FMSR development.
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                           Задачи 

• Расчёт равновесного режима U-Pu БЖСР c топливом из хранилищ ОЯТ.
• Расчёт подкритического БЖСР-сжигателя Am без мишени.
• Выбор схемы теплоотвода и тепло-гидравлический расчёт БЖСР. 

• Исследование диаграммы состояния топливной композиции FLiNaK-UF4-PuF3. 

• Измерения режимов растворимости смеси UF4-PuF3 в LiF-NaF-KF.

• Измерения растворимости PuF3 в эвтектике 0,504NaF-0,216KF-0,280UF4               (Tm = 
490˚C).

• Разработка схемы переработки горячего ОЯТ БЖСР.
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