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Abstract

Predicting the amount of waste produced from a fusion povest s vital to assess the likely environmental
impact, disposal costs, and also to satisfy nuclear regnglatinventory simulations are ideally suited to
this task because they can be used to evolve in time, via nicafigrsolving the ordinary differential rate
equations, the chemical composition of reactor materim#h during operation, when exposed to neutron
irradiation, and afterwards, during post-operation dectlye radiological response of the time-evolving
material composition can then be used to assign a waste tolasactor components. Waste assessment
has been performed for designs of the European demonstiadwer plant (DEMO) concept using the
FISPACT-II inventory simulator, and using extensive Mofterlo simulations of the neutron irradiation
fields as input. The masses in each waste class (defined hsibW§EA infrastructure) have been charted in
time for in-vessel components (including the divertor atahket), ex-vessel regions such as the coils, and
for the reactor vacuum vessel (VV). Comparisons are madedeet the waste-class masses generated for
different tritium breeding blanket concepts. Typical potidns include the observation that the majority of
the VV will become low-level waste within 100 years, whilapia-facing components and tritium breeding
units will remain classified as intermediate-level wasteldager. The waste classification implications of
sub-dividing the large VV is considered, highlighting tretgntial benefits, for waste disposal and recycling
prospects, of being able to separate low activity regiorss@@mponent from more active regions.

Keywords: DEMO fusion reactor, inventory simulations, radioactivaste assessment, neutron irradiation

1. Introduction

The conceptual designs of a demonstration fusion powet PI#EMO) are evolving as a result of the
influence of different factors including changes in the ustinding of the physics associated with the burn-
ing fusion plasma, technological improvements, variatiothe timetable for construction, and a changing
political landscape. The impact of these design changebenradiological response of power plant com-
ponents, including the likely environmental and dispossits of radioactive waste, must be continuously
assessed to ensure that the eventual reactor design neetstlired targets and limits.

Radiological responses, including activity, decay head, adose rate, for a particular DEMO reactor
model are typically predicted using an integrated simafaicheme involving Monte-Carlo-based neutron
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Figure 1: Toroidal cross-sections of the DEMO model for @ HCPB breeder blanket concept; (b) HCLL; and (c) WCLL. The
a,b,c labels in (a) correspond to the cells considered irihiree plots of figure 2. The colouring identifies the time v during
which each cell is predicted to satisfy the limits to be dféexs$ as low-level waste (as opposed to intermediate). Nwethe large
homogenized cells in the model, particularly in the blaried divertor, can lead to (conservative) over-predictibaativation and
hence the “time-to-LLW”, which can only be properly preeitin a full-realistic design of in-vessel components. $eemain text
for further details.

transport calculations to define neutron-irradiation Seldhich are then fed into an inventory code to quan-
tify the resulting time evolution in material compositian@ hence activity). An important output from these
studies is the time-evolving masses of radioactive wasteitarassociated classification, which are needed
for the planning of waste disposal and recycling strategietuding the economic and environmental costs.
In this paper we present some of the latest waste clasgificatid quantification results from the Euro-
pean DEMO design programme, focussing on in-vessel cormi®ii/Cs) and the reactor vacuum vessel
(VV). This work follows on from the extended study presenitefil], where the computational infrastruc-
ture to automatically and consistently track the evolutibmwaste masses in a complex reactor design was
first developed. Comparisons are made between waste dassifi of components in DEMO designs with
different tritium-breeding blanket concepts, and the ptiéimprovement in waste mass evolution through
heterogeneous radial division of large components sudheag¥ (as suggested in [1]) are discussed.
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Figure 2: Waste and recycling classification evolution oé¢hdifferent cells of the Vacuum Vessel (VV) in the HCPB aeptadesign:
(a) the fifth layer of the interspace in the lower region of tlutboard VV; (b) the outer shell in the lower outboard VV; gelithe
inner shell of the inboard equatorial VV. The labels in figieeindicate the approximate position of each cell in the ggom The
horizontal dashed lines in each plot are the category lifoitd LW and PRM, and the solid curves show the radiologicapmnse
(activity or dose) of the cell as a function of time. Where dlaéid curves cross (go below) the dashed lines determirgesttange in
waste or recycling classification of the cell, which is sfgg by the changing background colour of the plots. The tifner@ss-over
to LLW and PRM are estimated from the curves and given in edmth $ee the main text for more details.

2. Computational approach

The waste classification analysis begins with simulatediptiens of the spatial variation in neutron
irradiation fields for a DEMO reactor design. The neutromggort code MCNP (version 6.1 [2]) was
used to transport0'® neutrons, using the same variance reduction techniquessasiloed in [1], through
a geometry for each of three different tritium breeding @pts. The baseline DEMO design used in the
present work was created from the CAD model of the “EU DEMO12(3, 4] design created in 2015 as
part of the European DEMO design studies program [5]. Theahloas a toroidal major and minor radii of
9.1 m and 3.1 m, respectively, and is designed to have a fysiaer of 2037 MW [3]. In particular, this
model is different from the 2014 EU model used for the calioires in [1], which makes direct comparison
to those results difficult. The CAD conversion results in aBNP geometry split up into “cells” enclosed
by surfaces of various kinds.

This base model was modified as part of the European programisygecify three different tritium-
breeder blankets concepts [6]: a Helium-Cooled ceramiteeBed of Be and LiSiO, (HCPB) [7]; a
Helium-Cooled system with liquid Lithium-Lead (HCLL) [8nd a Water-Cooled, liquid Lithium-Lead
system (WCLL) [9]. Even though the total thickness, whichies poloidally, of the breeder zone was the
same for each concept, the specific geometric make-up, aroe Ineaterial composition, of the interior of the
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Figure 3: Nuclide contributions to activity in the blankeebder-zone in the (a) HCPB and (b) WCLL. Each plot is theayeresult
across all cells of the tritium-breeding zone in each conhcBpe total activity curve is shown, together with curvestf® contributions
from important radionuclides. The total + ~ activity limit for material to be considered as LLW is showasha horizontal, blue,
dashed lineNote that it has been assumed that tritiutHl) is completely removed from the breeder-zone during djmerdor shortly

after) and so there is no contribution from it in these pldtsis is too conservative, as some will surely remain, buaittet modelling

of the detritiation process of the breeder zone is requgarécisely quantify the remainder.

blanket modules varies between the three concepts as & eésulditional optimisation. A fourth breeder
concept — a Dual-Cooled system with a self-cooling liquithlLim-Lead and helium cooling elsewhere
(DCLL) — is also part of the European programme (see [6]),thigt was not considered here. Figure 1
shows toroidal cross sections through the three DEMO cdnmmegels (the associated waste classification
colouring is discussed below). Notice that the blanket nieslof the HCLL concept (figure 1b) have
significantly more detail (heterogeneity) compared to tteeotwo, although in all cases the level of detail
in these highly-activated regions is relatively modeshét stage (the potential implications of this will be
discussed later).

For these studies the MCNP models were modified further tesitigate how the waste classification
profile might be changed by increasing the spatial resaiytieterogeneity) in the modelling of the Vacuum
Vessel (VV) — as suggested previously in [1] (section 3.3)e Vacuum Vessel (VV) originally consisted
of three layers — 60 mm thick inner and outer shells of purel86@N)-1G stainless steel (see [1] for the
composition specification) surrounding an “interspacefposed of a 60% by volume SS316 and 40%
water mix, which varies in thickness from 48 cm at the inboagdator, to 1 m at the outboard equator.
In the refined model this interspace was subdivided radiatly 10 equally-spaced layers with the same
material composition. This radial sub-division of the V\hdae seem clearly in the toroidal cross-sections
of the three DEMO geometries shown in figure 1.

The MCNP calculations produce estimates via statistidiédsa(with errors for in-vessel cells typically
less than 5% after0'° histories) of the neutron flux spectrum that each cell in #aengetry will experience
during reactor operation. In the next step each spectrunmuged in an inventory simulation to predict the
evolution in chemical composition (and hence activity)f imaterial in a particular cell during DEMO reac-
tor operation and subsequent end-of-life (EOL) decay agollThe FISPACT-1I [10] inventory code system
was used in conjunction with the EAF-2010 [11] data librampi@ining neutron-energy dependent reaction
cross sections and radioactive decay schemes for unstadlides. The material (taken from the composi-
tion definitions in the MCNP models) in each cell was exposettié associated neutron flux and spectrum
according to the planned two-phase, 22-year operatioeales® for the European DEMO (see [12, 1] for



further details). Since the waste mass analyses descridded lalso include contributions from replaced
components, additional inventory simulations were pentext for those cells contained within components
that are planned for replacement during the DEMO life-cycldese additional simulations tracked the
inventory history of cells exposed to only a part of the ofiereal scenario (e.g. just phase 1).

An automated post-processing system has been developedftom the waste classification analysis
using these set of inventory simulation results, which tbelwes were generated by an automated tool
that cycles over all cells in each geometry. The post-pingextracts the activity as a function of time
(during operation and beyond EOL) for each cell in a modeiyedts this into a waste (and recycling) class
evolution, and performs a variety of summing operationgtigbate the mass of the cell to the appropriate
class totals for specific reactor components (VV, blankegrtbr, etc.). The mass of each cell was computed
from the material densities and MCNP-calculated volumes; &dditional results for a cell that is part of a
component replaced during DEMO operation are processdtisame way, but with appropriate shifts in
time.

The waste categorization used is based on the IAEA cladsificaystem [13] and defined according to
the limits specified in UK regulations [14]. Non-active wag$NAW) is material with an IAEA clearance
index [15] of less than 1. A material is Low-level waste (LL\W)poth its a-producing activity is below
4 MBq kg~! and if the sum of its3 and~ activity is less than 12 MBq kg'. Otherwise a material was
considered to be intermediate-level waste (ILW). An addil assessment was made of the potential re-
cyclability of a component — material was considered to bemttally recyclable (PRM) if the contaet
dose rate calculated by FISPACT-II [10] was below 2 mSV,lwhich is an estimate of the level at which a
material could be manipulated by personnel via “shieldedszon” [16].

Note that the above classification system is not expectezpt@sent the actual limits that will be applied
to a future DEMO reactor. The results from the waste anapsiformed using these limits are intended as
guidelines as to what could be expected, and to inform thedudevelopment of DEMO designs under the
expectation that improvements in waste production undgicthssification system would also be beneficial
under the eventual requirements in a country hosting a DEMZep plant.

Another important consideration here concerns the hagdifrtritium (3H) produced in the breeding
blankets or from unburnt fuel, which will permeate througbstin-vessel components. Such considerations
are beyond the scope of the present work,buits automatically included in analysis of cells where itlwil
be produced via nuclear reactions — i.e. if it is producednduan inventory simulation for a cell then its
activity would contribute to the subsequent decay-coadind waste evolution of that cell. For the majority
of cells there is no consideration of whether or not suchutritwill be removed; except for the blanket
tritium-breeder zones, where it is assumed that tritiunhlsélcompletely removed during reactor operation
(or shortly afterwards).

3. Resultsand discussion

Figure 2 demonstrates the evolution in waste and recyclasgification according to the above limits
for three typical cells of the VV behind the blanket moduléshee HCPB DEMO concept. Each plot
shows time evolution curves far activity, 5 + ~ activity, and contacty dose rate for the cell, and the
corresponding waste/recycling category limits (as hariabdashed lines). The background of the plot is
coloured according to the classification at a particulaagid¢tne (the x-axis) following DEMO EOL. For
the fifth (middle) layer of the interspace in the lower outltb®V (see labelling in figure 1a), figure 2a
shows that the cell is initially (immediately after final DEMshutdown) highly activated and thus classed
as ILW. However, they dose rate (green curve) quickly falls, and within one dayntta¢erial in the cell is
PRM. The cell subsequently becomes LLW after around 20 dhgie@y cooling when thg + ~ activity



of the material falls below the 12 MBq kg limit shown by the dashed blue line (taeactivity is never
significant). At very long timescales — greater than 300 yedhe predictions suggest that the material will
even be classifiable as NAW, which is a relatively rare o@nee for in-vessel cells.

In figure 2b, on the other hand, for the outer shell of the loaetboard VV, the reclassification to
LLW (after around 2 years) comes before the material is ptedito be recyclable (around 6 years), and
the material never becomes NAW on the 1000-year timesdaike riggion may suffer additional activation
relative to region (a) because of closer proximity to thesdior and lower port). For the highly-exposed
inner shell of the inboard equatorial VV, whose waste evoluis shown in figure 2c, the situation is even
worse — the material in the cell is predicted to never meettfieria to become LLW within 1000 years,
although it is PRM after around 80 years.

The automated post-processing scheme developed for thikisallows the time limits for reclassification
to be readily computed for all cells in the geometry. The iaabslices of each DEMO concept shown in
figure 1 are coloured according to the predicted time windduring which the individual cells shown in
the plot (a subset of the total in the models) will decay sigfitty to meet the criteria to be considered
as LLW. For replaced components in the divertor and blan&gions, the colouring corresponds to the
“time-to-LLW" of the final replacement.

Differences can be seen in the predicted time to LLW in mgjatfithe blanket module cells. For WCLL
(figure 1c) the majority are predicted to become LLW on the t0B00-year timescale, whereas for both
HCPB and HCLL most blanket module cells are expected to nerial/ beyond the 1000-year limit of
the simulations. This is generally caused by minor varmatiothe amount of residudlC s-activity in
the blanket module materials:*C is primarily produced via (n,p) reactions on tH& in Eurofer steel
(containing 0.045 weight % nitrogen, which forms nitrideattare stable at high temperature and increase
strength) and its production rate is strongly influencedngylbcal variation in neutron flux spectrum in the
three DEMO concepts. Figure 3 shows a side-by-side congpadéthe average activity across all cells
of the blanket breeder-zone in the HCPB and WCLL models. @iptfor the WCLL, shows a residual
14C activity that is below (on a logarithmic scale) the LLWW4+ ~y-activity limit. Meanwhile, for HCPB in
figure 3a, the*C activity is just above this limit and so, according to theseste classifications, the blanket
is, on average, ILW for the entirety of the 1000-year simiatat!*C has a half-life of 5715 years). However,
these results are sensitive the level of heterogeneitya@k-of) in the MCNP model. As we demonstrate
below in the analysis of results for a heterogeneous VV, a fiesolution in the model (perhaps reflecting
the realistic division of a component into different maaéregions) can reduce the severity of the predicted
waste classifications. In this context, figure 1 presenta@wative over-estimation of the waste picture.

Note that there is an additional contribution in the HCPR figure 3a) fron?3°Pu and®®*™U produced
from the 0.004 weight % uranium impurity in beryllium. In $htase the blanket modules would also exceed
the a-activity limits for LLW (the nuclides are both emitters). As with**C, the specific UK LLW limit
is only just exceeded and alternative waste regulatiombaps for a purpose-built DEMO waste repository,
could produce a different set of predictions.

There are also differences in the time-to-LLW values of tiverdor, despite the fact that the divertor is
the same in all three geometries. The results show that thedgions of the divertor take longer to become
LLW in the HCLL and WCLL concepts compared to HCPB. This résui the overall waste classification
prospects of the entire divertor being worse in those foroases — whereas the entire divertor becomes
almost 50% LLW after 100 years in the HCPB case, the divestatill more than 50% ILW after a 1000
years in the other two concepts. This illustrates how thalleavironment around a component — in this
case the blanket modules next to the divertor — can subtlyentle the neutron field it is exposed to, and
hence its activity. Again it is the specific amount'd€ produced in the homogenized, bulk divertor regions
(primarily from (n,p) reactions ot*N) that causes the difference; in the HCPB model the avefaptivity



is below the 12 MBq kg' LLW limit, while in the others it is above (and in the case of WC only just
above). In this situation alternative waste regulatiostuiding a specific limit fof4C might provide a more
meaningful prediction of the severity of the waste produced

Another observation from figure 1 is the wide variation ingito-LLW for the different layers of the VV
—in particular in the new layers of the sub-divided VV infgase. This suggests that the more heterogeneous
radial profile of the VV has resulted in a significant changthmwaste classification of the VV as a whole.
This is confirmed by the waste-class mass evolution of the Wthe different DEMO concepts shown in
figure 4. This figure shows the evolution in ILW, LLW, and NAW sta mass from the total VV as a function
of time, both during DEMO operation and beyond EOL. Also shawm the plot for each DEMO concept
(figures 4a-c) is the ILW mass evolution produced using thgral VV geometry, without the sub-division
of the interspace. Note that the results from [1], which a@snsidered a more homogeneous VV design,
cannot be used for comparison because of differences ingbelibe model used for that work, and so
the “ILW-orig” curves shown in figure 4 come from additionahsilations based on the EU-DEMO1-2015
design used here. Average neutron spectra were computeddbrpoloidal interspace VV region using a
volume-weighted sum (equivalent to the method used by MQGbEf ifor tally averages [2]), followed by
the same inventory simulations and post processing apdigdlividual interspace layers.

The difference between the ILW mass evolution using thegmie®¥V design and the original, more
homogeneous one (ILW-orig) is remarkable. In all three DEMDcepts, the original geometry leads to
the prediction that the VV remains around 80% ILW for morenti®0 years (and for HCLL more than
200), while with the heterogeneous interspace all three &ésaround 50% LLW within 100 years of decay
cooling. These results suggest that there could be a signiflenefit, in terms of the amount of ILW to
process (for recycling or disposal), if it was possible, e@eful VV design, to plan for the separation of
the VV into higher and lower activity radial regions, rattiean a scheme where the entire VV is mixed and
homogenized prior to further processing.

Finally, from figure 4d we see that the decay cooling of the \évies between the three DEMO concepts.
This is due to the different shielding characteristics efiifanket designs and material compositions, which
causes, for example, the total flux experienced by the imbegquatorial VV inner shell to vary by more
than an order of magnitude between the three concepts:latdduasl.0 x 10 n cm~2 s~! behind the
HCLL blanket (the highestR.0 x 103 for HCPB, and only6.5 x 102 in the WCLL concept. This relative
comparison is repeated in other poloidal regions and leatfetresult shown in the figure, where the WCLL
VV becomes 50% LLW after less than 10 years, closely follotwe80% LLW after just over 10 years in the
VV behind the HCPB blanket. The HCLL result is somewhat wovdgere the VV takes almost 50 years to
decay cool to majority LLW.

4. Summary

A combination of neutron transport (neutronics) and ingensimulations have been used to perform de-
tailed waste classification analyses for variants of a Eeso@EMO design with different tritium-breeding
blanket options, using a guideline classification systegetdan the IAEA system with UK limits.

The simulations suggest that a water-cooled lithium-lI8&€I L) concept produces a shorter decay-
cooling period before the blanket modules are classifiablew-level waste (LLW), although even in that
case it takes more than 100 years. However, the designs didhket modules (and other components)
suffer from a lack of heterogeneity (detail), and theseltesubased on the large homogenized cell volumes
— could be a conservative overestimation of the actual gg\wfrwaste class as a function of time.

The specific optimisation of the blanket modules for eachcephproduces differences in the activity
produced in the divertor, due to the local variation in nentfields from the nearby blanket modules and



resultant change in concentration of long-lived radioied. The bulk divertor in the WCLL and helium-
cooled lithium-lead (HCLL) concepts is more activated aad hA longer time-to-LLW than in a helium-
cooled pebble-bed (HCPB) design.

In both the blanket and divertor the results show that thg-iemm activity and hence waste classifica-
tion is largely determined, in all concepts, by the specifimant of 1*C produced via (n,p) reactions on
the main isotope of nitrogerd{V, which has been purposefully added to the material conipasif the
otherwise low-activation Eurofer steel to improve its matical and thermodynamic properties. This result
highlights that even small levels of impurities could haigngicant impact on the severity of radioactive
waste produced in DEMO. However, even in the worst caseptigelived*C activity in a component only
exceeds the ILW limit applied here by a small margin (relativ the much higher activity at decay times
of less than 100 years), and it is unlikely that this alone dawecessitate a different processing route in a
future “DEMO-waste repository” compared to material whv@'*C activity is just below the ILW limit.

Meanwhile, the HCLL blanket design (as currently optimizddes not offer as much protection for
the Vacuum Vessel (VV) as either WCLL or HCPB, resulting ighrer activity and a longer decay-cooling
period before the cells of the VV are predicted to become LLW.

Radial sub-division of the VV significantly improves the weaslassification predictions, producing a
VV that is more than 50% low-level waste within 100 years émelless of blanket choice), compared to
remaining around 80% intermediate-level waste on thatdtake when the VV is homogenized.
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Figure 4: Evolution of waste mass from the Vacuum Vessel (¥6v)three DEMO designs with different tritium breeding cepts.

The red background regions represent the envisaged apetdt (red time-axis labels) of DEMO, with a single-stepaph-1 (p1)
separated from phase-2 (p2) by a 1-year maintenance peied packground) for blanket and divertor replacement. spiiither

broken-up by two 8-month maintenance periods for additidiertor replacements. See [1] for a fuller explanatiorthef schedule.
The remaining grey background region is the EOL decay cgabiat to 1000 years (blue time-axis labels). Vertical grite§ are
included for 10, 50, 100, 200, and 500 years of decay cooResults are shown for (a) HCPB, (b) HCLL, and (c) WCLL, whit§ (
shows a direct comparison of the ILW mass from all three cptsce(a-c) also include the equivalent ILW mass analysit risults

from calculations performed with the original un-divide® Vhterspace (labelled as “ILW-orig”). The horizontal life(d) is for 50%

of the total VV mass, which is the same in all three conceptisirgan indication of the expected time for the VV to decapicto an

average of LLW. See the main text for further explanation.
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