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Abstract: Nuclear technologies have the potential to play a unique role delivering
low carbon energy for a future net-zero society. However, for the long-term
success, nuclear will need to deliver innovative solutions as proposed in
iMAGINE. One of the key challenges for the envisaged highly integrated nuclear
energy system is the need for a demand driven salt clean-up system. The work
described provides an insight into the interplay between a potential salt clean-up
system and the reactor operation in a dynamic approach. The results provided
will help to optimize the parameters for the salt clean-up process by delivering a
dynamically calculated priority list identifying the elements with high influence
on reactor operation. The integrated model is used to investigate the ideal time
for the initiation of the clean-up as well as the effect of different throughput
through the clean-up system on criticality as well as on the concentration of the
elements in the reactor salt. Finally, a staggered approach is proposed with the
idea to phase in the chemical clean-up processes step by step to keep the reactor
critical. The results provide an essential step for the progress of iMAGINE as well
as the basis for the inter disciplinary work required to bring iMAGINE into real
operation.
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Introduction

Nuclear energy has a very unique role in a sustainable energy future,
since it is the only currently available net-zero technology which can
assure 24/7 availability and controllability while delivering massive
amounts of low carbon energy on demand to support a net zero society.
However, to deliver on a large-scale demand, as it would be required to
have a substantial influence on future energy supply, it would be of high
importance to improve the sustainability of the technology, see [1]. A step
which has already been envisaged several times in the past, when aiming
to close the fuel cycle to reduce the environmental impact and improve
the fuel utilization [2]. To meet these challenges in a highly innovative,
integrated approach, we have proposed the iMAGINE concept, which

© 2022 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202207.0434.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 July 2022 d0i:10.20944/preprints202207.0434.v1

aims at using molten salt fast reactors in conjunction with an integrated
salt clean-up system. The proposed system will operate on spent nuclear
fuel and has the potential to deliver waste management [3] and power
production [4] in one process much more efficiently than classical closed
fuel cycle approaches [5]. In contrast to the historic approaches, this new,
integrated approach offers the prospect of a single holistic solution
delivering an innovative energy production system as well as a highly
sustainable waste management process [5, 6], delivering on the negative
aspects of nuclear [1]. This offers the prospect of delivering energy supply
and waste management in a closed fuel cycle reactor system, avoiding the
classical extensive fuel cycle as well as the double strata approach
proposed for waste management [7]. However, to deliver on these ideas,
the use of molten salt reactors is only one part, the other is to establish a
completely new thinking regarding the clean-up system, avoiding the
separation of fissile material and replacing it by a strictly demand driven
approach for long term reactor operation. Up to now, even in MSR
technologies the proposed processes are still based on separating fissile
materials, as in MSRE [8]. This is still proposed in newer approaches [9,
10] and even in the processes proposed for EVOL [11, 12]. For iMAGINE
a completely different approach, which could be called “reverse”
reprocessing is envisaged and under development. The aim is to keep all
actinides, in the salt, while separating selected elements which prevent
the reactor from long term operation. This avoids not only proliferation
issues, it offers in addition new element specific conditioning
opportunities which will help to reduce the final disposal challenge.
Although we propose a completely different solution, it does not mean
that all developments need to be new, separation approaches which exist
and are relevant, e.g., those exploiting the nature of the hot molten salt
medium to generate, release and separate gaseous and volatile fission
products will still be utilised [13, 14].

The first essential step is to be able to develop the required processes
and to do that the relevant elements must be identified, which cause the
largest decrease criticality and thus worsen the required breeding after a
certain time of operation. In a first step the analysis was based on the
criticality effect of the fission products in spent fuel from LWRs [15]. In a
second step, the fission product accumulation in the MSFR operation and
the related criticality effect was studied [16]. However, all these studies
were based on static calculations to a certain burnup and the MSFR study
was based on a classical burnup study without considering the release of
volatile fission products during operation.

In this work, we now address these challenges through a dynamic
modelling of the molten salt reactor operation which incorporates the
release of gaseous and volatile fission products as well as the feeding of
fertile material. The aim is to tackle the following questions as basis for a
future optimization of the salt clean-up system based on elementwise
separation of fission products following the reverse reprocessing
approach: Which elements should be removed first? How much
separation is needed? When is the ideal time to start the salt clean-up? Is
the effect of separating different elements cumulative? The study of these
questions will give a robust starting point for the development and
optimization of the salt clean-up process as required to harvest the
opportunities given by the iMAGINE approach. Each of the steps
described will follow in the main part after the description of the
modelling approach and the used code.
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Code, Model and Methods

For the simulations, the HELIOS code system versions: HELIOS 2.03
with the internal 173 group library [17]. The code is a 2D spectral code
with wide unstructured mesh capabilities and a transport solver, based
on the collision probability method [18] and a newer extension based on
the Method of Characteristics [19]. The general model is based on the
EVOL benchmark configuration [20] which is transferred to a volume
corrected 2D HELIOS model (see Figure 1). The model has been adopted
for an as close as possible reproduction of the 3D structure and the
relations between the different materials. Furthermore, the benchmark
model has been extended to represent in addition the outer structures,
the 16 heat exchanger pipe arrangement for a better representation of the
real geometry. The leakage in the third dimension is introduced into the
calculation through the insertion of a buckling correction available in
HELIOS (BSQ: 0.00002). This value has been fixed by a comparison of 2D
and 3D calculations within the EVOL benchmark exercises [21]. Using
this setting a k of ~1.005 is required for a pseudo 3D ket of 1.0. The leakage
in radial direction is directly modelled through vacuum boundary
conditions.

The salt system chosen for iMAGINE is based on NaCl-UCL-
UCL with the eutectic composition 42.5%-17.0%-40.5%, more detailed
discussion of the data of the salt system and the ratio behind the choice is
given in [22], the blanket area is filled with sodium, while the protector is
based on B4C. The core size of model has been adopted to a radius of 287.5
cm and a U-235 enrichment of 11.06% which is slightly different to
POLARIS due to the consideration of the axial leakage, see discussion
above. This is required to take the different salt composition into account
while keeping the system critical. The used data is based on the results of
two earlier studies [22, 23] based on SCALE/POLARIS [24].
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Figure 1: Volume corrected 2D HELIOS model of the molten salt reactor.
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The HELIOS code is an industrial standard software which is
designed to perform the neutron transport calculation, the burn up
calculation, and if requested the cross section preparation in the whole
system or in defined calculation areas under the consideration of the
boundary conditions set for the unit cell. Originally, the HELIOS code
has been written for the simulation of solid structured fuel assemblies,
thus the possibility of online refueling and online reprocessing is not
foreseen. To deal with these special features required for the simulation
of molten salt reactors a PYTHON script has been developed [25], which
is based on the special features of the HELIOS package. All input data,
which does not change during the whole reactor operation, is stored in a
so-called expert input. The changing material configuration is fed into the
system through a user input which is re-written in every cycle using a
PYTHON script. Within each of the cycles 5 burnup steps are calculated
through HELIOS. The expert input and the updated user input are
merged in the pre-processor AURORA [26], which creates the updated
input for the HELIOS run used for the determination of the neutron flux
distribution and the burnup of the materials. The results are finally
evaluated at the end of each cycle in the post-processor ZENITH [27]. On
the one hand, here it is decided which elements are reduced or increased
to which extent. On the other hand, which isotopes will be fed back into
the next, new user input which is created with the help of the PYTHON
script (see Figure 2). Theoretically, it would be possible to simulate a
molten salt reactor precisely by using small time steps in this calculation
loop. In a real MSR two different time scales for the salt cleanup can be
observed, based on two different processes, the helium bubbling for
gaseous and volatile fission products with a comparably short acting
time, and the online salt cleanup for the dissolved fission products with
a significantly longer acting time. To improve the modelling of both
procedures a new strategy has been developed, based on the use of a
reduced burnup per cycle (5 GWd/tHM and 10 GWd/tHM using five
burnup steps in HELIOS), coinciding with a full removal of gaseous and
volatile fission products the elements 18, 35, 36, 53, 54, 85 are not carried
forward through ZENITH), while the dissolved fission products can be
removed, based on a cleaning efficiency providing the opportunity to set
this efficiency elementwise for all considered elements.
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Figure 2: Description of the calculation cycle for the simulation of a MSR, based on the HELIOS package.

The use of the described process has already been validated and
used in several peer- reviewed publication [25, 28, 29, 30]. However, the
modelling and simulation quality will be significantly improved due to
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the new code version and the increased computational power which
allow now the use of the 173 energy group cross section set instead of the
47 group set in the earlier publications.

However, due to the characteristics of HELIOS, some
approximations still have to be accepted. There is no fuel salt movement,
thus an undesired burnup distribution arises during each of the
calculation cycles, while the materials are only re-distributed when a new
user input is defined. HELIOS is a LWR code and a LWR spectrum is used
for the weighting of the master libraries inside each energy group.
However, this error will be significantly reduced compared to earlier
publications, since the number of energy groups is tripled, thus the width
of each energy group has significantly reduced. Comparisons with other
codes in the EVOL benchmark [21], in a fast reactor isotope accumulation
test against SERPENT [31], as well as comparisons with SCALE/POLARIS
[22,32] have shown good agreement. This is what is currently available in
terms of modelling techniques and solvers; therefore, to judge the
reliability of the results, a real reactor physics experiment for molten salt
reactors would be required as discussed in [32].

The approximations and the use of the HELIOS code package seem
to be adequate for the approximation level required for this kind of long-
term investigation of isotope accumulation to support the development
of a clean-up system. The results of the influence of different elements on
the system criticality has been evaluated against earlier publications [15,
16].

The accumulation of isotopes is evaluated through a row of
calculations of the system using the described dynamic calculation which
incorporates the effect of the removal of the gaseous and volatile fission
products as given above. All other fission products are left in the system
and the accumulation is observed in 10 GWd/tHM steps.

This is followed by a more sophisticated evaluation of the effect of
the partial removal of different fission product elements to observe the
potential increase in criticality compared to the reference case as well as
the increase in the final burnup achievable through the removal of a
specific element. The same approach is used to investigate the effect of
the initiation of the fission product clean-up and the effect of different
separation efficiencies, representing a different throughput of salt
through the clean-up system. In the next step, this approach is used to
investigate the effect of the separation of different fission product
elements in parallel. In a final approach the fission product removal is
applied in a staggered way, where the clean-up of one additional fission
product is initiated every time the criticality of the test system is
approaching k=1. For all cases the fission product accumulation of
specific elements will be analyzed in addition to get a deeper insight into
the influence of the clean-up system on the fission product accumulation
and a potential asymptotic limit of accumulation.

Results and Discussion
Criticality effect of fission products

Generally, the criticality of a molten salt reactor is characterized
through two different effects, the amount of fissile materials, which can
be changed through burning and breeding effects or feeding, and the
amount of neutron absorbers — fission products, which will accumulate
due to burnup and can be reduced through salt clean-up. Figure 3
indicates the difference in the opportunities given through the use of a
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molten salt system. The red curve indicates the criticality behaviour, as it
would be the case in a classical, solid fuelled reactor. In this calculation,
all fission products are kept in the system, the calculation ran as one
normal continuous calculation over the whole burnup period. In contrast,
the blue curve is calculated using the above described script with a cycle
length of 10 GWd/tHM. After each cycle the gaseous and volatile fission
products the elements 18, 35, 36, 53, 54, 85, are eliminated from the system
and the fuel is uniformly redistributed in the core. This first comparison
already demonstrates the role of the dynamic simulation for the
investigation of the long-term operation. While the continuous run
including all fission products produced and no re-distribution of the
materials leads to an improved breeding of materials in the beginning as
well as a sharp drop in the criticality caused by the fission products (red
curve), the dynamic simulation behaves much more stably. This
difference is caused by the use of all fissile material in a comprehensive
way (fuel does not stay in outer areas where it does not receive sufficient
neutron flux) as well as due to the removal of the gaseous and volatile
fission products through the script (blue curve). In the blue curve each
result of each HELIOS burnup step is shown, indicated by the increase of
criticality through the 5 steps in one cycle and the followed drop in
criticality caused through the redistribution of the material when the new
input is generated through the PYTHON script.
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Figure 3: Direct calculation without Uranium refill and all fission products in (typical lattice calc) versus MSR with scripted
restart and deletion of volatile fission products (18,35,36,53,54,85)

As a starting point for the dynamic analysis, a continuous run to a
burnup of 300 GWd/tHM has been performed to get an overview on the
accumulation of fission products during burnup which is used to rank
the fission products based on their concentration in ppm. The results have
been produced on the full isotope set available in HELIOS leading to the
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ranking given below given in Error! Reference source not found. and
Error! Reference source not found..

The results of this calculation coincide well with earlier simulations
based on the use of SCALE/Polaris [16], leading to the same ranking of
the concentrations, even when considering that the initial enrichment is
slightly different and the POLARIS model itself is much more limited
than the HELIOS model. However, the evaluation of the differences is
only for some elements in very good agreement, while some elements
show reasonably large differences of up to almost 30% in the worst case.
Anyway, we should keep in mind that the results are for 100 GWd/tHM.
This level of burnup is already almost the double of a standard LWR
burnup which is the normal level for the validation of such codes. The
deviations show the clear demand for experimental investigation,
essential for the validation of the codes for molten salt reactor application
for the future when higher precision M&S results are required for
detailed design considerations. For the current level of the study to
support the development of separation technologies with the required
basic data, the quality of the results and the coincidence of the ranking of
the elements with the highest concentrations is very meaningful, even if
the absolute number may deviate.

Table 1. Fission product elements followed through the HELIOS simulation with
the concentrations appearing after different accumulated burnup states of the salt
without clean-up and comparison of the results to POLARIS results published in

[16].
Element Concentration at 100 Concentration at 200 Concentration at 300 POGLVIV\ZE&OO Difference at 100
GWd/tHM [ppm] GWd/tHM [ppm] GWd/tHM [ppm] [ppm]i16] GWd/tHM

Zr 4151 7459 10554 4491 8%
Mo 3808 7222 10286 3890 2%
Ru 2748 5967 9180 2512 -9%
Nd 2988 5662 8242 3122 4%
Pd 1602 4543 8108 1139 -29%
Cs 2998 5323 6935 3061 2%
Ba 1386 3424 6131 1309 -6%
Ce 1976 3696 5361 1944 -2%
La 865 1655 2396 999 15%
Sm 690 1495 2308 663 -4%
Pr 865 1587 2181 904 5%
Rh 724 1390 1833 696 -4%
Sr 926 1383 1752 1067 15%
Te 456 953 1437

Tc 792 1200 1330 894 13%
Y 518 834 1102 471 -9%
Rb 408 661 864

Cd 104 353 811

Ag 110 285 482

Gd 46 180 422

Sn 86 196 313

Eu 63 142 233 53 -16%
Se 74 135 189
Pm 82 89 102 89 9%
Sb 22 38 47

Dy 2 7 23

In 8 14 20

Tb 2 4 11

Nb 8 8 8
Ge 1 2 2
As 0 0 1
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Ho 0 0 0

The criticality effect of the accumulation of each of the followed-up
fission product elements of Error! Reference source not found., is
analysed in Error! Reference source not found.. For this analysis a direct
calculation has been performed without any fission product removal as
well as a reference calculation has been performed using the script and
the removal of the gaseous and the volatile fission products. The
reference calculation has then been re-ran including the the removal of
5% of the selected fission product element at the end of each 10 GWd/tHM
cycle. The detailed analysis of the criticality effect, the criticality gain at
the end of life of the reference case has been evaluated, see second
column. In addition the cycle simulation has been continued until the
stopping criterion k < 0.995 was approached. Through interpolation the
achievable burnup for the specific case has been determined, the third
column and the result are compared to the reference solution to
determine the burnup gain which can be achieved compared to the
reference case, column 4. The five leading, most influential fission
product elements have been identified and marked in bold for the
graphical analysis following in Figure 4. For comparison of the gained
results with the earlier published static POLARIS calculations, the
ranking of the elements of the earlier calculations is given in the last
column. As observed before, the main elements coincide very well
between both simulation results, but the ranking is slightly different with
the main difference in the ranking of Pd which achieves in the HELIOS
calculation a higher concentration resulting in this second analysis step
in a stronger influence on criticality.

In general, these results indicate that the major influence on
criticality up to a burnup of 200 GWd/tHM is concentrated on a
comparably small number of 9 elements. The influence of the remaining
other elements seems to be limited, but could increase with longer
operation and a higher amount of energy produced.
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Table 2. Criticality gain, target burnup, and burnup gain achieved through
removal of 5% of the specific fission product in after every 10 GWd/tHM burnup

step.
criticality change at EOL  Achieved target Burnup increase due to Ranking based on non-
of reference case burnup [GWd/tHM element removal [GWd/tHM] dynamic POLARIS calc. [16]
direct 75.2
ref 204.9 0.0

ref-Ru 502 245.6 40.7 1
ref-Mo 444 239.7 34.9 2
ref-Pd 408 238.4 33.5 5
ref-Cs 348 2314 26.5 3
ref-Nd 335 230.3 25.5 4
ref-Tc 301 227.2 223 7
ref-Sm 294 227.0 22.1 6
ref-Rh 229 221.9 171

ref-Zr 169 2171 12.2

ref-Pr 57 208.9 4.0

ref-Eu 56 208.8 4.0

ref-Ce 44 208.0 3.1

Ref-Ba 36 207.4 2.5

ref-Ag 35 207.3 24
ref-Pm 35 207.4 2.5

ref-La 28 206.8 1.9

ref-Rb 21 206.3 1.5

ref-Gd 21 206.3 14

ref-Cd 19 206.2 1.3

ref-Sr 17 206.0 1.2

ref-Y 12 205.7 0.8

ref-Se 4 205.1 0.2

ref-Sn 4 205.1 0.3

ref-Te 4 205.1 0.3

ref-Sb 4 205.2 0.3

ref-Nb 2 205.0 0.1

ref-In 2 205.0 0.2

ref-Tb 1 204.9 0.1

ref-Dy 1 204.9 0.035

ref-S 0 204.9 0

ref-Ge 0 204.9 0.002

ref-As 0 204.9 0.003

ref-Ho 0 204.9 0.0004

The more detailed graphical analysis of the influence of the fission
products on the long term operation is given in Figure 4 with the analysis
of the criticality curve and the potential criticality gain achievable
through the cleaning out of 5% of specific fission products at the end of
each of the 10 GWd/tHM cycle through the script. In contrast to Figure 3,
in Figure 4 only the weighted average criticality of each burnup cycle is
evaluated and shown as a dot to improve the readability. This approach
leads to a much smoother curve, compared to the presentation of all
intermediate results within the cycles. The graphical analysis indicates
that the influence of the fission product clean-up is very low in the
beginning, which can be explained with the limited content of each of the
fission product elements, thus the reduction by 5% does not have a strong
influence until a significant amount if fission products is produced. This
observation lead to the next steps of the investigation; a) what influence
can we expect when the fission product clean-up would be initiated at a
point where a considerable of the specific element is allowed to
accumulate? b) will the effect of starting later maybe reduce to a kind of
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asymptotic limit, which would mean there will be no major penalty for
starting the clean-up later in the operation of the reactor.
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Figure 4: Effect on criticality caused by cleaning 5% of different fission product elements with the strongest influence on
criticality, based on a simulation using 10 GWd/tHM steps for the scripted calculation

The investigation of the effect of initiation of the clean-up system at
different stages of operation is given in Figure 5 with the comparison of
a set of calculations with the clean-up system initiated from begin on, as
well as at a burnup of 50 GWd/tHM and at 100 GWd/tHM, while all
calculation are compared to the reference case (blue curve). The
observation on the very low influence of the clean-up in the early stage of
the operation taken above, is confirmed in Figure 5. There is a slight
advantage in the maximum achieved criticality for the case of the
initiation of the clean-up at the start of the system (red curve), but the
difference in the final burnup and the criticality at the end of the
observation period is very limited compared to the case with the initiation
of the clean-up at 50GWd/tHM (grey curve). The later imitation at 100
GWd/tHM yields a slightly smaller final burnup (yellow curve), but the
gaps seems to close rapidly which leads to the expectation that on the
longer term operation the influence of the initiation of the clean-up has a
limited influence and we will observe an asymptotical behaviour.
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Figure 5: Effect on criticality caused by different initiation of the clean-up system on the example of Ruthenium separation,
based on a simulation using 10 GWd/tHM steps and a 5% reduction of the Ruthenium content at each step

This observation is supported by the analysis of fission product
concentration in the system, as analysed in Figure 6 for Ruthenium. The
general Ruthenium concentration in the system increases in a slightly
exponential manner in the reference case without any clean-up (blue
curve). The reduction of the Ru content is very limited in the beginning,
up to 50 GWd/tHM, since the overall amount of Ru is still very limited,
evenif clean-up is already initiated (red curve). The initiation of the clean-
up in the step after 50m GWd/tHM (grey curve) leads to a stronger
reduction in the first steps, since the concentration has already grown to
a certain level. At the end of the observation period, the results of the
initiation at 0 and at 50GWd/tHM have almost converged, red and grey
curve. The later initiation (yellow curve) leads to a higher final
concentration, but the difference between to the other results reduces
over time. This supports the conclusion that with longer operation the
effect of the initiation of the clean-up system will anneal. Based on this
observation, we can get to the conclusion, that there should be an ideal
time point to start the clean-up. This time point will be a result of the
accumulation of the fission product, the criticality effect, the efficiency of
the chemical process, dependent on the concentration, and maybe the
design volume for the clean-up stream. The cleaning of 5% of the volume
after each calculation cycle, here 10 GWd/tHM, is just to be seen as a
model for a future continuous clean-up system. However, in the current
case the Ru concentration is still growing, even if the clean-up is initiated.
It will possibly achieve some asymptotic value, but obviously after a
much longer time than the observed one. Based on this observation, it
seems logical to investigate the influence of the cleaning stream amount
in a next step.
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Figure 6: Development of the Ruthenium concentration as produced in HELIOS during the reactor operation investigating
the effect of the time of the start of salt clean-up withdrawing each time 5% of the elementary concentration

The analysis of different clean up volumes is given in Figure 7
(influence on criticality) and Figure 8 (influence on element
concentration). Obviously has the clean-up volume a clear influence on
the criticality curve and as expected increasing the clean-up volume leads
to a higher criticality peak, but the effect seems to be far from linear. The
gain from no clean-up to 5% volume being cleaned is ~ 40 GWd/tHM, the
gain between 5 % and 10 % volume is ~ 25 GWd/tHM. Another doubling
of the clean-up stream gives again about 25 GWd/tHM, the step from 20%
to 50% finally, gives only ~20 GWd/tHM. Thus, we face another
optimization problem, again. Especially, in this case where the gain is
absolutely not linear with the salt clean-up stream. The detailed look into
the development of the elementary concentrations of Ru, resulting from
the different clean-up streams (Figure 8) helps to get a deeper
understanding of the criticality and burnup effect when correlating them
with the development of the Ru concentrations. It seems, the strongest
reduction/change in the Ru content in one step is achieved through in the
step from no clean-up to the 5 % volume case, which correlates to the
achieved burnup increase, compared to the last scheme. The reduction in
the other cases seem to be slightly lower e.g. for the step from 5 to 10%
and from 10 to 20% which deliver about the same reduction and the same
burnup increase, while the last step 20 to 50% leads to the lowest absolute
reduction and the lowest burnup increase. In general, all cases seem to
tend to a asymptotic value for the Ru content with a lower amount for the
higher volumes in the clean-up system, which seems to be logical.
However, the asymptotic value could be correlated to the ideal point to
start the clean-up process, with the view that a clean-up system with a
lower volumetric capacity should be started later. This could maybe lead
to another optimization approach, using a slightly larger system with
stronger breeding, while accepting a higher fission product content in the
core versus a smaller core with less breeding and a stronger clean-up
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system — this will be a question of balancing the economics of the process,
the cost of the reactor and the source term in the core versus the cost of
the clean-up system and the source term in the clean-up system.

"—a— ref
1.012
0 | ref-Ru 5%
1.01 —a— ref-Ru 10%

1.008 v !T—v— ref-Ru 20%
1.006 ] /f Addy ; —o— ref-Ru 50%
1004 - ‘\}\ \ :
1.002 N \\,\

0.99:3 - / -\\ v\X \
0.996 - f A\ \ ‘&
0.994 - J \ \ \

0.992

keff [']

0 I 100 I 200 I 300
Burnup [GWd/tHM]

Figqure 7: Effect on criticality caused by different reduction efficiencly of the clean-up on the example of Ruthenium separation,
based on a simulation using 10 GWd/tHM steps and an initiation of the clean-up system after 50 GWd/tHM
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Figure 8: Development of the Ruthenium concentration as produced in HELIOS during the reactor operation investigating
the effect of different percentage of the concentration at each step of the calculation

Following the optimization of the separation on the hand of a single
fission product element, the next is now to look into the effect of the
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separation of different elements as analysed in Error! Reference source
not found.. The most interesting and important point here will be to
investigate the additivity of the effect of the separation of different
elements. For this, the reference case will be calculated several times, each
time separating one element more, first Ru, then Ru and Mo, followed by
Ru, Mo, and Pd, and finally Ru, Mo, Pd, and Cs, see Figure 9. The results
show not only that the effect is additive, it seems even that the effect of
cleaning out additional element seems to be slightly self-amplifying since
the burnup gain of the last steps is clearly larger than in the one of the
early steps which is surprising, since the elements which are separated
first have the strongest criticality effect following Error! Reference source
not found.. This effect should be investigated in more detail as soon as a
clean-up strategy is developed in collaboration with the specialists for
nuclear chemistry. Currently, the case is still a bit artificial due to the
comparably high ket which is achieved and would not be useful in a
molten salt reactor which ideally should not rely on an active control
system, e.g. by relying on control rods, since the system can be controlled
through temperature feedbacks [23] and through the feeding/clean-up
stream. If this operational regime is achieved, there is another problem to
be thought about using the current calculation approach, in the current
mode of calculation relying on criticality normalization, the breeding will
be under estimated, since the normalization artificially reduces the
neutron source. However, to be able to deal with all these inter connected
effects, a much more comprehensive neutronic/thermal hydraulic
coupled modelling & simulation approach will have to be developed for
the operational simulation of a molten salt reactor which allows
controlling the feeding streams, the consideration of the clean-up stream
composition and the potential criticality control due the thermal feedback
effects in a dynamic way.
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Figure 9: Development of the system criticality over burnup, considering the stepwise separation of different elements at 50
GWd/tHM with a 20% rate of salt being cleaned every step, based on a simulation using 10 GWd/tHM steps
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The consequences of the clean-up on the elementary concentrations
of the observed fission products is given in Figure 10. A more detailed
analysis shows that there is definitively still some optimization potential
which should be leveraged in collaboration with the nuclear chemists, e.g.
when observing the concentrations which are built up due to burnup.
Maybe it would be the easiest and the most efficient approach to work on
the elements with the highest concentration first. Thus in this case Mo
could be cleaned first instead of tackling Ru; thus it is maybe too straight
forward to think that only the criticality effect of an element is should be
used to make the decision on the sequence for the clean-up and the
decision for the time to initiate the cleaning of a specific element. A
deeper look into Figure 10 indicates that the separation of Pd seems to be
a bit early compared to other elements since the elementary concentration
is significantly lower when the clean-up is initiated which will maybe
make the chemical processes less efficient. There should some other
variables be considered in the optimization, e.g. which element can
easiest be separated with the least technical effort or cost, which
concentration should be accumulated before it is efficient to start the
chemical processing to assure substantial separation rates. Thus, it gets
clear at this point again, there is extensive optimization potential which
has to be leveraged in close collaboration between reactor physics
modelling and simulation and the nuclear chemists who develop the
clean-up processes.
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Figure 10: Development of the fission product elementary content over burnup as produced in HELIOS, considering the
stepwise separation of different elements at 50 GWd/tHM with a 20% rate of salt being cleaned every step, based on a
simulation using 10 GWd/tHM steps

One of the core challenges as of the current calculation scheme is
shown in Figure 11, it is with this scheme based on the script almost
impossible to keep the fissile and fertile material content constant in the
core without applying an integration scheme which would slow down
the whole process substantially. When operating the reactor core which
is initially based on pure Uranium fuel, the fissile component (U-235) will
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burn out after some time and will be replaced by Plutonium. This process
will consume a part of the fertile U-238 which has to be replaced after
each step. However, since the Uranium consumption is not constant, the
refill can only be approximated as long as it is not iterated. The use of a
constant amount of depleted Uranium makeup leads to a slight variation
in the overall heavy metal content, see Figure 11, which seems to be
acceptable for the current status of the work which still has to be seen as
scoping the opportunities. To get a better representation would require
the coupled reactor physics and chemical engineering modelling tool
which has already been mentioned above. In addition, it has to be kept in
mind that all performed calculations are lattice calculations, which means
the results will have to be normalized using a real reactor power which is
not yet determined. Thus, there is no way to determine at this point the
real, physical volume which will be demanded for the salt clean-up.
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Figure 11: Change in the elementary content of heavy metals over burnup for the simulation based on using 10 GWd/tHM
steps and an initiation of the clean-up system after 50 GWd/tHM as shown above.

Concluding from the too high rise of the criticality in the approach
shown in Figure 9, a more reasonable and maybe promising approach for
the development is given in Figure 12 and Figure 13, a stepwise start-up
of the cleaning system for different elements. The idea of this approach is
to operate the reactor until the criticality falls below unity, every time this
happens an additional element will be added to the list of elements to be
clean out of the fuel by 20% at the end of each cycle. Thus, the calculation
now operates on the reference case without clean-up as a start. After 180
GWd/tHM, the Ru clean-up is initiated, at 240 GWd/tHM the Mo clean-
up is initiated, at 350 GWd/tHM the Pd clean-up is initiated, at 540
GWd/tHM, the Cs clean-up is imitated, and at 700 GWd/tHM the Tc
clean-up is initiated, leading to the final burnup of ~890 GWd/tHM. This
staggered approach helps to limit the excess reactivity which has to be
compensated through material exchange through the feeding system
otherwise.
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Figure 12: Development of the system criticality over burnup, considering the staggered separation of elements every time the
system falls below criticality, based on a simulation using 10 GWd/tHM steps and a clean-up of 20% of the salt after each
cycle.

Analysing the elementary contents in Figure 13 indicates the
stepwise initiation of the different element clean-up approaches. The
concentration of the specific elements grow almost linearly until the
initiation of the clean-up and falls then rapidly following the initiation of
the clean-up system. The final asymptotic value achieved using this
approximation model will finally only depend on the production rate. A
more realistic, sophisticated simulation including a chemical process
model would maybe allow to produce a closer to reality result, where the
chemical separation rate and maybe different flow rates through the
clean-up system will be possible and allow a different level of
optimization. One of the optimization parameters which comes to mind
first would be to have in all cases a reasonably high content of the element
to be separated, but the amount which would be ideal will depend on the
chemical process and the efficiency of the separation, thus even this
amount could be element specific and should thus be subject of a
discussion and optimization between reactor physics, nuclear chemistry,
and process engineering.
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Figure 13: Development of the fission product elementary content over burnup, considering the stepwise separation of different
elements, based on a simulation using 10 GWd/tHM steps and an initiation of the clean-up system after 50 GWd/tHM

The most important outcome of this simulation is anyway, it will be
possible to start the reactor without having the salt clean-up operating
from first criticality, since the elements have first to accumulate to a
reasonably high concentration, before a real chemistry based clean-up
should be initiated. Finally, there will be a strong demand for a close
interaction between the specialists to leverage the optimization potential
which will be essential to get a cost optimized solution for this
challenging problem.

Closing the study with a final, reactor physical view into the
problem is given by the analysis of the evolution of the fissile material
content of the reactor system, Figure 14, the figure clearly demonstrates
the change of the leading fissile material from U-235 to Pu. The very tiny
feed of U-235 through the depleted Uranium in the U-235 curve is only
visible in the inserted detail. However, this tiny feed is responsible such
that the U-235 content will never achieve an asymptotic level of 0. In
contrast, the Pu curves are completely smooth which reflects that there is
no change in the Pu production and consumption inserted via the script,
only through the internal breeding processes. The Pu production is in the
beginning almost completely dominated through Pu-239, with increasing
operational time the production of the higher Pu isotopes becomes
significant leading to a Pu vector with 2% Pu-238, 66% Pu-239, 27% Pu-
240,3% Pu-241,2% Pu-242 at the end of the observation period. However,
only Pu-239 has achieved the asymptotic value at the end of the period
which means with longer operational time the Pu-239 share will be
reduced.
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Figure 14: Isotopic inventories over burnup, considering the staggered separation of elements every time the system falls below
criticality, based on a simulation using 10 GWd/tHM steps and a clean-up of 20% of the salt after each cycle.

Conclusions

Nuclear energy has a very unique role in a sustainable energy future,
since it is the only currently available net-zero technology which can
assure 24/7 availability and controllability while delivering massive
amounts of low carbon energy on demand to support a net zero society.
However, to deliver on a large scale demand, substantial innovation
would be required, not only in the reactor development, but also in the
handling of the fuel within the fuel cycle. The iMAGINE concept delivers
exactly on these challenges. Besides the use of a molten salt fast reactor
operating in self sustained breeding the other key challenge is the
development of a strictly demand driven salt clean-up process, based on
reverse reprocessing. To develop this process a substantial input from
reactor physics is required which has been delivered in this work through
the dynamic simulation of the molten salt fast reactor operation with
consideration of the salt clean-up process.

The major poisoning elements have been identified as Ru, Mo, Pd,
Cs, Nd, and Tc which almost coincides with the concentrations of fission
product element, besides Zr which appears in large concentration
without having a strong influence on criticality. The concentrations and
criticality effects calculated in the dynamic manner using HELIOS
coincide to a large extent with earlier results gained with POLARIS which
gives some confidence into the results, especially when considering the
slightly different models. The evaluation of different starting times for the
clean-up system has shown that the final result is only marginally
dependent on the initiation time which leads to the conclusion that it will
be worth to wait until a sufficient concentration of the specific element
has been accumulated to allow a more efficient separation process. The
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investigation of different clean-up amounts has shown that there will be
finally an asymptotic amount achieved which is dependent on the
amount of salt which is cleaned at a specific time and that thus the clean-
up stream and the initiation of the clean-up could be optimized to work
always on a comparable concentration for the clean-up. In the next step it
has been shown that the effect of cleaning out different elements is
cumulative and can achieve significant effect on criticality, even more
than the criticality that can easily be compensated through the feedback
effect due to temperature changes. This led to the final investigation
which demonstrated that a staggered initiation of the separation of
different elements could be a promising approach which could even be
very helpful when designing a first small scale demonstrator since it
would allow to extend the chemical processes required for the salt clean-
up step by step while still holding the reactor critical. In addition, the
analysis of the fission product content has shown that it is maybe
promising to optimize the sequence of the separation of different
materials on the concentrations and not only on the criticality effect — this
could support the efficiency of the chemical separation processes.

In general, the work has shown the requirement for the dynamic
simulation of the interaction between the clean-up system and the reactor
operation. Only in this interconnected modelling and simulation
approach it is possible to investigate the detailed effects of the clean-up
on the reactor operation to get to an optimal solution. A follow up study
should evaluate the start-up of the reactor using Pu as a fissile material,
as it is available in the UK [33] to allow a deeper insight into potential
differences and the effects on the demand for the clean-up. For the longer
term it would be essential to develop a toolset for the coupled operational
analysis which would allow to investigate the role of the feedback effect
on the operation of a molten salt reactor with integrated salt clean-up,
ideally with an automatic determination of the feeding streams.
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