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Molten salt reactors

Starting from the fifties, many different liquid fuel nuclear
reactors have been studied (and some built).

Single fluid or two fluid (fuel & blanket)
Moderated or fast
Breeder, converter or burner
...

All the different designs allow (& require) to continuously
inject/extract material from the fluid fuel.
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MSFR - Molten Salt Fast Reactor [1] [2]

The concept seems very promising... but there is very little experience

[1] E. Merle-Lucotte et al., Launching the Thorium Fuel Cycle with the Molten Salt Fast Reactor,
ICAPP, 2011.

[2] M. Brovchenko et al., Preliminary safety calculations to improve the design of Molten Salt Fast
Reactor, PHYSOR, 2012.
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MSFR - Molten Salt Fast Reactor [1] [2]

EURATOM 7th FP

EVOL project
Evaluation and Viability of Liquid Fuel

Fast Reactor System

Fast spectrum reactor

Molten salt: liquid fuel

Fissile & fertile isotopes
dispersed in a molten fluoride
mixture

The concept seems very promising... but there is very little experience

[1] E. Merle-Lucotte et al., Launching the Thorium Fuel Cycle with the Molten Salt Fast Reactor,
ICAPP, 2011.

[2] M. Brovchenko et al., Preliminary safety calculations to improve the design of Molten Salt Fast
Reactor, PHYSOR, 2012.
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On-line fuel reprocessing

Gaseous and not-soluble
(metallic) fission products are
removed by gas bubbling

Other fission products are
continuously removed by
chemically reprocessing small
amount of fuel salt

The reactivity of the system is
controlled by insertion/removal
of Uranium

Incineration of TRU is often
considered
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Fuel isotopic evolution

Few codes were developed to study the fuel (and blanket) isotopic evolution in
molten salt reactors, based both on deterministic and Monte Carlo approaches
(e.g., [3], [4], [5], ...)
Sometimes, various approximations are present:

Lumped fission products

Simplified decay chains for FPs
Inaccurate extraction of FPs

No continuous reprocessing
(batch extraction) Inaccurate isotopic evolution

No reactivity adjustment Inaccurate BR / U233 production calculation

or the code is not openly available

[3] H. F. Bauman et al., ROD: A Nuclear And FUEL-CYCLE Analysis Code For Circulating-Fuel
Reactors, ORNL-TM-3359, 1971.
[4] A. Nuttin et al., Potential of Thorium Molte Salt Reactors: detailed calculation and concept
evolution with a view to large scale energy production, Progress in Nuclear Energy, Vol. 46, No. 1,
pp. 77-99, 2005.
[5] C. Fiorina et al., Preliminary analysis of the MSFR fuel cycle using modified-EQL3D procedure,
Proceedings of the 2012 20th International Conference on Nuclear Engineering , 2012.
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Modified Bateman equation

dNi
dt =

∑
j

Nj φ · σj→i −
∑
j

Ni φ · σi→j +
∑
j

Njλj→i − Niλi +∑
j

Njλ
repro
j→i − Niλ

repro
i

Simple (and simplified) example: 232Th

dN232Th
dt = −N232Th φ · σ232Th

n,g + ...+∑
j

Nj φ · σf + N23xU · λreprocrit + ...

Th232 is injected in the fuel to replace fissioned isotopes.

Some Thorium is continuously replaced with Uranium (or viceversa) to
ensure the criticality of the system.
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Burnup Matrix

Reprocessing “reaction rates” are added in the fuel and blanket burnup matrices.
Any element is removed according to its particular removal efficiency (to be
provided as input for all the FPs).

In order to keep the HM molar concentration constant, removed FPs are
replaced with Lithium isotopes and fissioned isotopes are replaced with feed
material (EVOL benchmark specification).

MakeBurnMatrix.c
[...]
if (((long)RDB[nuc + NUCLIDE_Z] < first_hm_z) && ((long)RDB[nuc + NUCLIDE_Z] >= first_fp_z))
{
repro_lambda = element_lambda[((long)RDB[nuc + NUCLIDE_Z])]*element_eff[((long)RDB[nuc + NUCLIDE_Z])];

vec[i] = vec[i] - repro_lambda;
vec[lithium_id] = vec[lithium_id] + repro_lambda;

}
[...]

if ((yld = (long)RDB[rea + REACTION_PTR_FISSY]) > VALID_PTR)
{

/***** Fission *************************************************/
[...]
vec[refill_id] = vec[refill_id] + br*rr*refill_fraction[eqlmc_i];
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Reactivity adjustment

At each sub-step, the keff is calculated through the one-group XS
plus a keff /kinf correction factor.

If the system is not critical, a new Uranium removal/injection rate
is guessed and the sub-step isotopic evolution is calculated again.

The iteration is continued until a user-defined tolerance is reached.
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Reactivity adjustment

The keff /kinf correction factor is calculated at every steps and
interpolated between them (i.e., like the one-group XS).

For each main burning step, the fuel matrix exponential is
computed several tens or hundreds of times.

Using CRAM, criticality iteration is relatively fast.
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Equilibrium calculation

If the reprocessing rates and the feed material (e.g.
232Th) are kept constant, a MSR will eventually
reach an equilibrium isotopic composition that does
not depend on the initial fuel composition.

The equilibrium state of a MSR is often studied to
analyse the general reactor behaviour.
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Equilibrium calculation

5 to 8 MC runs are enough to converge
(at least in FAST reactors).
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MSFR modelling in SERPENT

Thermal power: 3 GW

Fuel salt initial composition:
LiF − ThF4 − UF4 or
LiF − ThF4 − (Pu −MA)F3
Blanket salt initial composition: LiF − ThF4
Ni-based alloy for vessel and reflectors

Gaseous & insoluble FPs extraction with time
constants ∼ tens of seconds (30s in the
reference scenario)

Few liters of salt reprocessed each day (40l in
the reference scenario)

– – –

50 · 106 neutron histories for equilibrium calc.

10 · 106 neutron histories for transient calc.

MPI = 6, OMP = 5, 1000+100 cycles

URES activated only for main isotopes

opti mode = 3
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Plutonium & Uranium
Comparison with ERANOS-based EQL3D (developed at PSI and modified at
POLIMI for MSRs) - Same reprocessing rate in both cases.
Solid lines: EQL3D/ERANOS – Dots: modified SERPENT

Good agreement for all major Pu isotopes
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Plutonium & Uranium
Comparison with ERANOS-based EQL3D (developed at PSI and modified at
POLIMI for MSRs) - Same reprocessing rate in both cases.
Solid lines: EQL3D/ERANOS – Dots: modified SERPENT

Discrepancy in 232U inventory under investigation
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Reactivity adjustment

The SERPENT modified version is able to calculate the fissile injection rate
needed to maintain the criticality of the system.

Even if the MSFR at nominal reprocessing rates behaves as a very good breeder, ∼ 150 kg of Uranium

need to be inserted in the first months due to 233Pa build-up

slide 12/24 Manuele Aufiero - POLIMI SERPENT modification for MSRs fuel isotopic evolution

mailto:manuele.aufiero@mail.polimi.it


The problem
SERPENT modification

Some MSFR results

Approach to equilibrium
Effect of reprocessing
Cross-sections sensitivity

233U production

Cumulative extraction of Uranium from the fuel and the blanket.

In th first ∼ 20 y, high Uranium production rate in the fuel is reached. First doubling time is ∼ 25 y.

After FPs build-up and Pu depletion, Uranium is mainly extracted from the blanket.
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Converion ratio

The equilibrium CR can be approximated with: CR∗ =
rcapt,Th232

−rcapt,Pa233
rabs,U233

Break-even point (isobreeder) at ∼ 3 liters of fuel reprocessed per day.

slide 14/24 Manuele Aufiero - POLIMI SERPENT modification for MSRs fuel isotopic evolution

mailto:manuele.aufiero@mail.polimi.it


The problem
SERPENT modification

Some MSFR results

Approach to equilibrium
Effect of reprocessing
Cross-sections sensitivity

Doubling time

∼ 5 tons of 233U needed to start a new MSFR.

slide 15/24 Manuele Aufiero - POLIMI SERPENT modification for MSRs fuel isotopic evolution

mailto:manuele.aufiero@mail.polimi.it


The problem
SERPENT modification

Some MSFR results

Approach to equilibrium
Effect of reprocessing
Cross-sections sensitivity

Decay Heat
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JEFF vs ENDF: 233U production

Huge difference in the fuel cycle prediction between JEFF-3.1 and ENDF/B-VII.
Solid lines: JEFF-3.1 – Dashed line: ENDF/B-VII

Good agreement for the Uranium production only in the blanket.
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JEFF vs ENDF: equilibrium CR
From JEFF-3.1 to ENDF/B-VII, break-even reprocessing rate prediction
doubles.

[6] X. Doligez, Influence du retraitement physico-chimique du sel combustible sur le comportement du
MSFR et sur le dimensionnement de son unité de retraitement, 2010.

slide 18/24 Manuele Aufiero - POLIMI SERPENT modification for MSRs fuel isotopic evolution

mailto:manuele.aufiero@mail.polimi.it


The problem
SERPENT modification

Some MSFR results

Approach to equilibrium
Effect of reprocessing
Cross-sections sensitivity

JEFF vs ENDF: doubling time

Doubling time prediction

First doubling time [years] (TRU-started)
Reprocessing rate JEFF-3.1 ENDF/B-VII Diff. [%]
20 [l/day] 27.8 68.3 +145
40 [l/day] 25.2 51.2 +103
80 [l/day] 23.9 45.0 +87

Eql. doubling time [years]
Reprocessing rate JEFF-3.1 ENDF/B-VII Diff. [%]
20 [l/day] 46.3 171 +270
40 [l/day] 40.9 119 +190
80 [l/day] 38.7 102 +165
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233U Fission to capture ratio

Good agreement between the libraries almost everywhere...
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233U Fission to capture ratio

...NOT in the MSFR energy spectrum region.
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233U Fission to capture ratio

Simple research on the EXFOR database... something missing?
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233U Capture XS

From ENDF/B-VI to ENDF/B-VII, 233U capture XS was renormalized in this
region to fit experimental data.
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Open issues / What’s next?

The modification of the burnup matrix for online fuel
reprocessing may introduce non-real eigenvalues.

One-group, spectrum-averaged < ν · Σf > is not
reconstructed. TO DO

Predictor-corrector is excellent in most cases. When performing quite long burn
steps at BOL, only one corrector step is not sufficient.

Convergence check used in equilibrium calculation was extended to transient
cases: one predictor & multiple corrector.

Automatic time stepping seems a better idea and is now under evaluation.
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Multiphysics modelling
This work is part of a greater effort carried out at POLIMI on multiphysics
modelling for MSRs (coupled neutronics, fluid dynamics, heat transfer &
delayed neutron precursors transport).

SERPENT: XS generation, delayed neutron parameters, decay heat parameters,
neutron diffusion modules validation + fuel isotopic evolution.
[7] L. Luzzi et al., Multi-Physics Approach to the Modelling and Analysis of Molten Salt Reactors,
Nova Science Publishers, 2011.
[8] A. Cammi et al., A multi-physics modelling approach to the dynamics of Molten Salt Reactors,
Annals of Nuclear Energy, 2011.
[9] M. Aufiero et al., Multi-physics modelling of the Molten Salt Fast Reactor using OpenFOAM, 7th
OpenFOAM Workshop, 2012.
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Working force on molten salt reactors @POLIMI

We are available for collaborations...
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[10] R. Sanzio et al., La Scuola di Atene, Musei Vaticani, Roma, 1510?.

QUESTIONS? SUGGESTIONS?
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