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Abstract

Predicting the amount of waste produced from a fusion power plant is vital to assess the likely environmental
impact, disposal costs, and also to satisfy nuclear regulators. Inventory simulations are ideally suited to
this task because they can be used to evolve in time, via numerically solving the ordinary differential rate
equations, the chemical composition of reactor materials,both during operation, when exposed to neutron
irradiation, and afterwards, during post-operation decay. The radiological response of the time-evolving
material composition can then be used to assign a waste classto reactor components. Waste assessment
has been performed for designs of the European demonstration power plant (DEMO) concept using the
FISPACT-II inventory simulator, and using extensive MonteCarlo simulations of the neutron irradiation
fields as input. The masses in each waste class (defined using the IAEA infrastructure) have been charted in
time for in-vessel components (including the divertor and blanket), ex-vessel regions such as the coils, and
for the reactor vacuum vessel (VV). Comparisons are made between the waste-class masses generated for
different tritium breeding blanket concepts. Typical predictions include the observation that the majority of
the VV will become low-level waste within 100 years, while plasma-facing components and tritium breeding
units will remain classified as intermediate-level waste for longer. The waste classification implications of
sub-dividing the large VV is considered, highlighting the potential benefits, for waste disposal and recycling
prospects, of being able to separate low activity regions ofa component from more active regions.

Keywords: DEMO fusion reactor, inventory simulations, radioactive waste assessment, neutron irradiation

1. Introduction

The conceptual designs of a demonstration fusion power plant (DEMO) are evolving as a result of the
influence of different factors including changes in the understanding of the physics associated with the burn-
ing fusion plasma, technological improvements, variationin the timetable for construction, and a changing
political landscape. The impact of these design changes on the radiological response of power plant com-
ponents, including the likely environmental and disposal costs of radioactive waste, must be continuously
assessed to ensure that the eventual reactor design meets the required targets and limits.

Radiological responses, including activity, decay heat, and γ-dose rate, for a particular DEMO reactor
model are typically predicted using an integrated simulation scheme involving Monte-Carlo-based neutron
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Figure 1: Toroidal cross-sections of the DEMO model for (a) the HCPB breeder blanket concept; (b) HCLL; and (c) WCLL. The
a,b,c labels in (a) correspond to the cells considered in thethree plots of figure 2. The colouring identifies the time interval during
which each cell is predicted to satisfy the limits to be classified as low-level waste (as opposed to intermediate). Note that the large
homogenized cells in the model, particularly in the blanketand divertor, can lead to (conservative) over-prediction of activation and
hence the “time-to-LLW”, which can only be properly predicted in a full-realistic design of in-vessel components. See the main text
for further details.

transport calculations to define neutron-irradiation fields, which are then fed into an inventory code to quan-
tify the resulting time evolution in material composition (and hence activity). An important output from these
studies is the time-evolving masses of radioactive waste and its associated classification, which are needed
for the planning of waste disposal and recycling strategies, including the economic and environmental costs.

In this paper we present some of the latest waste classification and quantification results from the Euro-
pean DEMO design programme, focussing on in-vessel components (IVCs) and the reactor vacuum vessel
(VV). This work follows on from the extended study presentedin [1], where the computational infrastruc-
ture to automatically and consistently track the evolutionof waste masses in a complex reactor design was
first developed. Comparisons are made between waste classification of components in DEMO designs with
different tritium-breeding blanket concepts, and the potential improvement in waste mass evolution through
heterogeneous radial division of large components such as the VV (as suggested in [1]) are discussed.

2



10-20

10-15

10-10

10-5

100

105

1010

10-4 10-3 10-2 10-1 100 101 102 103
10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

1
day

1
wk

4
wk

6
m

1
y

10
y

100
y(a)

ac
tiv

ity
 (

B
q/

kg
)

co
nt

ac
t γ 

do
se

 r
at

e 
(S

v/
hr

)

decay time (years)

ILW
ILW+PRM
LLW
LLW+PRM
NAW
β+γ activity
α activity
γ dose rate
PRM Sv/hr limit
α Bq/kg LLW limit
β+γ Bq/kg LLW limit

PRM after ~10 hours
LLW after ~20 days

10-15

10-10

10-5

100

105

1010

10-4 10-3 10-2 10-1 100 101 102 103
10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

1
day

1
wk

4
wk

6
m

1
y

10
y

100
y(b)

ac
tiv

ity
 (

B
q/

kg
)

co
nt

ac
t γ 

do
se

 r
at

e 
(S

v/
hr

)

decay time (years)

PRM after ~6 years
LLW after ~2 years

10-5

100

105

1010

10-4 10-3 10-2 10-1 100 101 102 103
10-4

10-3

10-2

10-1

100

101

102

103

1
day

1
wk

4
wk

6
m

1
y

10
y

100
y(c)

ac
tiv

ity
 (

B
q/

kg
)

co
nt

ac
t γ 

do
se

 r
at

e 
(S

v/
hr

)

decay time (years)

PRM after ~80 years
LLW after ~>1000 years

Figure 2: Waste and recycling classification evolution of three different cells of the Vacuum Vessel (VV) in the HCPB concept design:
(a) the fifth layer of the interspace in the lower region of theoutboard VV; (b) the outer shell in the lower outboard VV; and(c) the
inner shell of the inboard equatorial VV. The labels in figure1a indicate the approximate position of each cell in the geometry. The
horizontal dashed lines in each plot are the category limitsfor LLW and PRM, and the solid curves show the radiological response
(activity or dose) of the cell as a function of time. Where thesolid curves cross (go below) the dashed lines determines the change in
waste or recycling classification of the cell, which is signified by the changing background colour of the plots. The time of cross-over
to LLW and PRM are estimated from the curves and given in each plot. See the main text for more details.

2. Computational approach

The waste classification analysis begins with simulated predictions of the spatial variation in neutron
irradiation fields for a DEMO reactor design. The neutron transport code MCNP (version 6.1 [2]) was
used to transport1010 neutrons, using the same variance reduction techniques as described in [1], through
a geometry for each of three different tritium breeding concepts. The baseline DEMO design used in the
present work was created from the CAD model of the “EU DEMO1 2015” [3, 4] design created in 2015 as
part of the European DEMO design studies program [5]. The model has a toroidal major and minor radii of
9.1 m and 3.1 m, respectively, and is designed to have a fusionpower of 2037 MW [3]. In particular, this
model is different from the 2014 EU model used for the calculations in [1], which makes direct comparison
to those results difficult. The CAD conversion results in an MCNP geometry split up into “cells” enclosed
by surfaces of various kinds.

This base model was modified as part of the European programmeto specify three different tritium-
breeder blankets concepts [6]: a Helium-Cooled ceramic Pebble-Bed of Be and Li4SiO4 (HCPB) [7]; a
Helium-Cooled system with liquid Lithium-Lead (HCLL) [8];and a Water-Cooled, liquid Lithium-Lead
system (WCLL) [9]. Even though the total thickness, which varies poloidally, of the breeder zone was the
same for each concept, the specific geometric make-up, and hence material composition, of the interior of the
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Figure 3: Nuclide contributions to activity in the blanket breeder-zone in the (a) HCPB and (b) WCLL. Each plot is the average result
across all cells of the tritium-breeding zone in each concept. The total activity curve is shown, together with curves for the contributions
from important radionuclides. The totalβ + γ activity limit for material to be considered as LLW is shown has a horizontal, blue,
dashed line.Note that it has been assumed that tritium (3H) is completely removed from the breeder-zone during operation (or shortly
after) and so there is no contribution from it in these plots.This is too conservative, as some will surely remain, but detailed modelling
of the detritiation process of the breeder zone is required to precisely quantify the remainder.

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

For these studies the MCNP models were modified further to investigate how the waste classification
profile might be changed by increasing the spatial resolution (heterogeneity) in the modelling of the Vacuum
Vessel (VV) – as suggested previously in [1] (section 3.3). The Vacuum Vessel (VV) originally consisted
of three layers – 60 mm thick inner and outer shells of pure SS316L(N)-IG stainless steel (see [1] for the
composition specification) surrounding an “interspace” composed of a 60% by volume SS316 and 40%
water mix, which varies in thickness from 48 cm at the inboardequator, to 1 m at the outboard equator.
In the refined model this interspace was subdivided radiallyinto 10 equally-spaced layers with the same
material composition. This radial sub-division of the VV can be seem clearly in the toroidal cross-sections
of the three DEMO geometries shown in figure 1.

The MCNP calculations produce estimates via statistical tallies (with errors for in-vessel cells typically
less than 5% after1010 histories) of the neutron flux spectrum that each cell in the geometry will experience
during reactor operation. In the next step each spectrum wasused in an inventory simulation to predict the
evolution in chemical composition (and hence activity) of the material in a particular cell during DEMO reac-
tor operation and subsequent end-of-life (EOL) decay cooling. The FISPACT-II [10] inventory code system
was used in conjunction with the EAF-2010 [11] data library containing neutron-energy dependent reaction
cross sections and radioactive decay schemes for unstable nuclides. The material (taken from the composi-
tion definitions in the MCNP models) in each cell was exposed to the associated neutron flux and spectrum
according to the planned two-phase, 22-year operational scenario for the European DEMO (see [12, 1] for
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further details). Since the waste mass analyses described below also include contributions from replaced
components, additional inventory simulations were performed for those cells contained within components
that are planned for replacement during the DEMO life-cycle. These additional simulations tracked the
inventory history of cells exposed to only a part of the operational scenario (e.g. just phase 1).

An automated post-processing system has been developed to perform the waste classification analysis
using these set of inventory simulation results, which themselves were generated by an automated tool
that cycles over all cells in each geometry. The post-processing extracts the activity as a function of time
(during operation and beyond EOL) for each cell in a model, converts this into a waste (and recycling) class
evolution, and performs a variety of summing operations to attribute the mass of the cell to the appropriate
class totals for specific reactor components (VV, blanket, divertor, etc.). The mass of each cell was computed
from the material densities and MCNP-calculated volumes. Any additional results for a cell that is part of a
component replaced during DEMO operation are processed in the same way, but with appropriate shifts in
time.

The waste categorization used is based on the IAEA classification system [13] and defined according to
the limits specified in UK regulations [14]. Non-active waste (NAW) is material with an IAEA clearance
index [15] of less than 1. A material is Low-level waste (LLW)if both its α-producing activity is below
4 MBq kg−1 and if the sum of itsβ andγ activity is less than 12 MBq kg−1. Otherwise a material was
considered to be intermediate-level waste (ILW). An additional assessment was made of the potential re-
cyclability of a component – material was considered to be potentially recyclable (PRM) if the contactγ
dose rate calculated by FISPACT-II [10] was below 2 mSv h−1, which is an estimate of the level at which a
material could be manipulated by personnel via “shielded hands-on” [16].

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

Another important consideration here concerns the handling of tritium (3H) produced in the breeding
blankets or from unburnt fuel, which will permeate through most in-vessel components. Such considerations
are beyond the scope of the present work, but3H is automatically included in analysis of cells where it will
be produced via nuclear reactions – i.e. if it is produced during an inventory simulation for a cell then its
activity would contribute to the subsequent decay-coolingand waste evolution of that cell. For the majority
of cells there is no consideration of whether or not such tritium will be removed; except for the blanket
tritium-breeder zones, where it is assumed that tritium will be completely removed during reactor operation
(or shortly afterwards).

3. Results and discussion

Figure 2 demonstrates the evolution in waste and recycling classification according to the above limits
for three typical cells of the VV behind the blanket modules of the HCPB DEMO concept. Each plot
shows time evolution curves forα activity, β + γ activity, and contactγ dose rate for the cell, and the
corresponding waste/recycling category limits (as horizontal dashed lines). The background of the plot is
coloured according to the classification at a particular decay time (the x-axis) following DEMO EOL. For
the fifth (middle) layer of the interspace in the lower outboard VV (see labelling in figure 1a), figure 2a
shows that the cell is initially (immediately after final DEMO shutdown) highly activated and thus classed
as ILW. However, theγ dose rate (green curve) quickly falls, and within one day thematerial in the cell is
PRM. The cell subsequently becomes LLW after around 20 days of decay cooling when theβ + γ activity
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of the material falls below the 12 MBq kg−1 limit shown by the dashed blue line (theα activity is never
significant). At very long timescales – greater than 300 years – the predictions suggest that the material will
even be classifiable as NAW, which is a relatively rare occurrence for in-vessel cells.

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

The automated post-processing scheme developed for this work allows the time limits for reclassification
to be readily computed for all cells in the geometry. The toroidal slices of each DEMO concept shown in
figure 1 are coloured according to the predicted time windowsduring which the individual cells shown in
the plot (a subset of the total in the models) will decay sufficiently to meet the criteria to be considered
as LLW. For replaced components in the divertor and blanket regions, the colouring corresponds to the
“time-to-LLW” of the final replacement.

Differences can be seen in the predicted time to LLW in majority of the blanket module cells. For WCLL
(figure 1c) the majority are predicted to become LLW on the 100to 300-year timescale, whereas for both
HCPB and HCLL most blanket module cells are expected to remain ILW beyond the 1000-year limit of
the simulations. This is generally caused by minor variation in the amount of residual14C β-activity in
the blanket module materials.14C is primarily produced via (n,p) reactions on the14N in Eurofer steel
(containing 0.045 weight % nitrogen, which forms nitrides that are stable at high temperature and increase
strength) and its production rate is strongly influenced by the local variation in neutron flux spectrum in the
three DEMO concepts. Figure 3 shows a side-by-side comparison of the average activity across all cells
of the blanket breeder-zone in the HCPB and WCLL models. Plot(b), for the WCLL, shows a residual
14C activity that is below (on a logarithmic scale) the LLWβ + γ-activity limit. Meanwhile, for HCPB in
figure 3a, the14C activity is just above this limit and so, according to thesewaste classifications, the blanket
is, on average, ILW for the entirety of the 1000-year simulation (14C has a half-life of 5715 years). However,
these results are sensitive the level of heterogeneity (or lack-of) in the MCNP model. As we demonstrate
below in the analysis of results for a heterogeneous VV, a finer resolution in the model (perhaps reflecting
the realistic division of a component into different material regions) can reduce the severity of the predicted
waste classifications. In this context, figure 1 presents a conservative over-estimation of the waste picture.

Note that there is an additional contribution in the HCPB plot (figure 3a) from239Pu and235mU produced
from the 0.004 weight % uranium impurity in beryllium. In this case the blanket modules would also exceed
theα-activity limits for LLW (the nuclides are bothα emitters). As with14C, the specific UK LLW limit
is only just exceeded and alternative waste regulations, perhaps 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 the divertor, despite the fact that the divertor is
the same in all three geometries. The results show that the bulk regions of the divertor take longer to become
LLW in the HCLL and WCLL concepts compared to HCPB. This results in the overall waste classification
prospects of the entire divertor being worse in those formercases – whereas the entire divertor becomes
almost 50% LLW after 100 years in the HCPB case, the divertor is still more than 50% ILW after a 1000
years in the other two concepts. This illustrates how the local environment around a component – in this
case the blanket modules next to the divertor – can subtly influence the neutron field it is exposed to, and
hence its activity. Again it is the specific amount of14C produced in the homogenized, bulk divertor regions
(primarily from (n,p) reactions on14N) that causes the difference; in the HCPB model the averageβ activity
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is below the 12 MBq kg−1 LLW limit, while in the others it is above (and in the case of WCLL, only just
above). In this situation alternative waste regulations including a specific limit for14C might provide a more
meaningful prediction of the severity of the waste produced.

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

The difference between the ILW mass evolution using the present VV design and the original, more
homogeneous one (ILW-orig) is remarkable. In all three DEMOconcepts, the original geometry leads to
the prediction that the VV remains around 80% ILW for more than 100 years (and for HCLL more than
200), while with the heterogeneous interspace all three VVsare around 50% LLW within 100 years of decay
cooling. These results suggest that there could be a significant benefit, in terms of the amount of ILW to
process (for recycling or disposal), if it was possible, viacareful VV design, to plan for the separation of
the VV into higher and lower activity radial regions, ratherthan 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 VV varies between the three DEMO concepts.
This is due to the different shielding characteristics of the blanket designs and material compositions, which
causes, for example, the total flux experienced by the inboard equatorial VV inner shell to vary by more
than an order of magnitude between the three concepts: calculated as1.0 × 1014 n cm−2 s−1 behind the
HCLL blanket (the highest),2.0× 1013 for HCPB, and only6.5× 1012 in the WCLL concept. This relative
comparison is repeated in other poloidal regions and leads to the result shown in the figure, where the WCLL
VV becomes 50% LLW after less than 10 years, closely followedby 50% LLW after just over 10 years in the
VV behind the HCPB blanket. The HCLL result is somewhat worse, where the VV takes almost 50 years to
decay cool to majority LLW.

4. Summary

A combination of neutron transport (neutronics) and inventory simulations have been used to perform de-
tailed waste classification analyses for variants of a European DEMO design with different tritium-breeding
blanket options, using a guideline classification system based on the IAEA system with UK limits.

The simulations suggest that a water-cooled lithium-lead (WCLL) concept produces a shorter decay-
cooling period before the blanket modules are classifiable as low-level waste (LLW), although even in that
case it takes more than 100 years. However, the designs of theblanket modules (and other components)
suffer from a lack of heterogeneity (detail), and these results – based on the large homogenized cell volumes
– could be a conservative overestimation of the actual severity of waste class as a function of time.

The specific optimisation of the blanket modules for each concept produces differences in the activity
produced in the divertor, due to the local variation in neutron fields from the nearby blanket modules and
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resultant change in concentration of long-lived radionuclides. The bulk divertor in the WCLL and helium-
cooled lithium-lead (HCLL) concepts is more activated and has a longer time-to-LLW than in a helium-
cooled pebble-bed (HCPB) design.

In both the blanket and divertor the results show that the long-term activity and hence waste classifica-
tion is largely determined, in all concepts, by the specific amount of14C produced via (n,p) reactions on
the main isotope of nitrogen (14N , which has been purposefully added to the material composition of the
otherwise low-activation Eurofer steel to improve its mechanical and thermodynamic properties. This result
highlights that even small levels of impurities could have significant impact on the severity of radioactive
waste produced in DEMO. However, even in the worst cases, thelong-lived14C activity in a component only
exceeds the ILW limit applied here by a small margin (relative to the much higher activity at decay times
of less than 100 years), and it is unlikely that this alone would necessitate a different processing route in a
future “DEMO-waste repository” compared to material wherethe14C activity is just below the ILW limit.

Meanwhile, the HCLL blanket design (as currently optimized) does not offer as much protection for
the Vacuum Vessel (VV) as either WCLL or HCPB, resulting in higher 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 waste classification predictions, producing a
VV that is more than 50% low-level waste within 100 years (regardless of blanket choice), compared to
remaining around 80% intermediate-level waste on that timescale when the VV is homogenized.
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Figure 4: Evolution of waste mass from the Vacuum Vessel (VV)for three DEMO designs with different tritium breeding concepts.
The red background regions represent the envisaged operation life (red time-axis labels) of DEMO, with a single-step phase-1 (p1)
separated from phase-2 (p2) by a 1-year maintenance period (grey background) for blanket and divertor replacement. p2 is further
broken-up by two 8-month maintenance periods for additional divertor replacements. See [1] for a fuller explanation ofthe schedule.
The remaining grey background region is the EOL decay cooling out to 1000 years (blue time-axis labels). Vertical grid lines are
included for 10, 50, 100, 200, and 500 years of decay cooling.Results are shown for (a) HCPB, (b) HCLL, and (c) WCLL, while (d)
shows a direct comparison of the ILW mass from all three concepts. (a-c) also include the equivalent ILW mass analysis that results
from calculations performed with the original un-divided VV interspace (labelled as “ILW-orig”). The horizontal linein (d) is for 50%
of the total VV mass, which is the same in all three concepts – giving an indication of the expected time for the VV to decay-cool to an
average of LLW. See the main text for further explanation.
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