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Abstract
In the absence of official standards and guidelines for nuclear fusion plants, fusion designers
adopted, as far as possible, well-established standards for fission-based nuclear power plants
(NPPs). This often implies interpretation and/or extrapolation, due to differences in structures,
systems and components, materials, safety mitigation systems, risks, etc. This approach could
result in the consideration of overconservative measures that might lead to an increase in cost
and complexity with limited or negligible improvements. One important topic is the generation
of radioactive waste in fusion power plants. Fusion waste is significantly different to fission
NPP waste, i.e. the quantity of fusion waste is much larger. However, it mostly comprises
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low-level waste (LLW) and intermediate level waste (ILW). Notably, the waste does not
contain many long-lived isotopes, mainly tritium and other activation isotopes but
no-transuranic elements. An important benefit of fusion employing reduced-activation
materials is the lower decay heat removal and rapid radioactivity decay overall. The dominant
fusion wastes are primarily composed of structural materials, such as different types of steel,
including reduced activation ferritic martensitic steels, such as EUROFER97 and F82H, AISI
316L, bainitic, and JK2LB. The relevant long-lived radioisotopes come from alloying
elements, such as niobium, molybdenum, nickel, carbon, nitrogen, copper and aluminum and
also from uncontrolled impurities (of the same elements, but also, e.g. of potassium and
cobalt). After irradiation, these isotopes might preclude disposal in LLW repositories. Fusion
power should be able to avoid creating high-level waste, while the volume of fusion ILW and
LLW will be significant, both in terms of pure volume and volume per unit of electricity
produced. Thus, efforts to recycle and clear are essential to support fusion deployment, reclaim
resources (through less ore mining) and minimize the radwaste burden for future generations.

Keywords: radwaste management, fusion radioactive inventory, tritium, activation and
transport codes, disposal, recycling, clearance

(Some figures may appear in colour only in the online journal)

1. Introduction

Nuclear fusion facilities, such as ITER (an experimental facil-
ity under construction in France), DEMO (the next-step facil-
ity after ITER), Pilot plant, and future fusion power plants need
to be licensed. This is due to the intensity of the 14 MeV neu-
tron flux produced, the remarkable inventory of tritium and the
large inventory of radioactive materials activated in the fusion
power core and externals [1]. The licensing process implies, in
a similar fashion to fission nuclear power plants (NPPs):

• a systematic safety analysis of the plant in each phase;

• the definition of structures, systems and components nec-
essary to bring and maintain the plant in a safe status under
any design and beyond the design basis event;

• the definition of operating limits and conditions that define
the safe operation domain;

• the assessment of the radioactive wastes produced during
operation and dismantling: their classification and inte-
gral management approaches for disposal, recycling and
clearance.

To address the last item systematically, an International
Atomic Energy Agency (IAEA) consultant meeting was held
in November 2019. Topics for discussion were the current state
of radioactive waste management (RWM) from fusion devices,
key challenges supported by technical evidence and practical
means to solve the fusion radwaste problem in the absence of
recognized standards and guidelines for nuclear fusion plants.

Several important findings were addressed during the meet-
ing, in particular:

• fusion power plant radioactive wastes are significantly dif-
ferent to wastes of fission NPPs, i.e. much larger quanti-
ties, large amount of tritium, different radioisotopes, no-
transuranic elements, lower decay heat to be removed and
lower radioactivity content overall;

• the dominant fusion wastes are mainly composed of struc-
tural materials (steels, e.g. AISI 316L and ferritic marten-
sitic steels, such as EUROFER97 and F82H) and func-
tional materials (such as tritium breeders, magnet con-
stituents, etc);

• the relevant long-lived radioisotopes generated after irra-
diation include isotopes of niobium, molybdenum, nickel,
carbon, copper, aluminum and material impurities (such
as Co, K, Ag) that might preclude disposal in low-level
waste (LLW) repositories;

• several options have been analyzed to recover valuable
elements (i.e. tritium, T) and separate long-lived radionu-
clides (i.e. C-14, Nb-94 and/or Mo-99), in order to define
an optimal set of process conditions depending on the
final destination of the material (disposal, recycling or
clearance);

• specific materials from the tritium fuel cycle also need to
be considered as well as those from general operation and
maintenance of the nuclear fusion facilities.

This paper outlines the technical challenges facing the
fusion RWM approaches (disposal, recycling and clearance),
the projected fusion radioactive inventory compared to fission,
the influence of the preferred RWM approach on the material
selection for DEMO and subsequent power plants, and infor-
mation on regulatory frameworks in Europe, Japan and the
U.S. A list of IAEA publications on the topic can be found
in appendix A.1.
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2. Description of tokamak fusion designs for
waste consideration

The tokamak is currently regarded as the frontrunner mag-
netic fusion concept [2]. In a typical D–T fueled toka-
mak device (see figure 1), the first wall (FW), divertor and
heating/current drive launchers are the most challenging
plasma-facing components and subject to the harsh fusion
environment, including 14 MeV neutrons that activate many
materials. A thin (2–5 mm) beryllium or tungsten layer is
being considered to protect the FW. The highly energetic neu-
trons penetrate beyond the FW to the blanket, where they dis-
place atoms, transmute the original materials, and generate He
and H gases within these materials. The FW/blanket and diver-
tor are expected to be replaced every 5–10 years, depending on
the neutron wall loading and operational schedule.

The blanket also attenuates the neutrons and gamma rays,
resulting in their capture and conversion of their kinetic energy
to heat used to produce electricity. The tritium breeding and
heat removal are demanding tasks that require careful selection
of the breeding materials (liquid metal, ceramic or molten salt)
and coolants (water, liquid metal or gas) and of the arrange-
ment of these materials within the blanket. Due to their low
breeding capability, all ceramic breeders require the addition
of a beryllium or lead neutron multiplier to improve the neu-
tron flux for tritium breeding. In the power core behind the
FW/blanket, there is still significant neutron flux and gamma
radiation capable of damaging the components. Therefore, it
is essential to have a radiation shield to protect the supercon-
ducting magnets and external components.

3. Radioactive waste management: top-level
design requirements for fusion power plants

The design of currently operating experimental tokamaks
(such as JET) has been primarily focused on plasma formation,
control and performance. The radioactive waste is generally
considered to be limited and not an issue for these one-of-
a-kind devices. Thus, no significant requirements have been
imposed from the RWM perspective on the overall design.
TFTR was decommisioned in 1999–2002 after tritium cam-
paigns showed the complexity and associated cost of this
operation.

Fission nuclear plants generally have an overall harmonic
design where all systems and phases of operation have been
well optimized, including decommissioning and radwaste
management. Considering the lessons learned from NPP waste
management and ITER licensing, the growing public accep-
tance of sensibility about pollution and risks for the environ-
ment, related ethical issues of future generations inheriting
waste and the scarce resources of some materials, the DEMO
and fusion power plant RWM requirements for the design need
to include:

• minimization of operational and dismantling radwaste
production with the careful choice of materials, optimized
layout and shielding aspect;

• segmentation of component design to prolong service life-
time, possible dismantling of elementary parts in order to

separate them according to their radioactivity content (and
reusability);

• maximization of recycling and clearance;
• minimization of disposal.

Regarding tritium, the waste management criteria need to
be oriented to:

• minimization of tritium inventory in structures and com-
ponents, e.g. qualify adequate permeation barriers, opti-
mize operation parameters and design (e.g. geometrical
characteristics);

• facilitation of the detritiation before dismantling, e.g.
vacuum vessel (VV) and baking of plasma-facing com-
ponents at an adequate temperature or through isotopic
exchange;

• optimization of detritiation techniques in hot cells for very
large components;

• significant improvement of the existing water detritiation
system and techniques.

DEMO and fusion power plants may also have toxic mate-
rials, such as beryllium and lead, that can be tritiated and
contaminate other materials and components. They might
also have reactive liquid metals (depending on the choice of
breeding blanket), which may require specific passivation or
explosion mitigation features. Figure 2 gives a general waste
management approach for radioactive waste that needs to be
adopted for DEMOs and fusion power plants.

The highest priority needs to be given to avoiding the cre-
ation of any waste; this includes removal of superfluous or
problematic materials from the activation zone to the greatest
extent possible. When possible, material choices, as described
elsewhere in this manuscript, to use low-activation materials
and operational practices, need to be employed to minimize
both the waste activity and volume. Furthermore, any waste
that can be decontaminated (e.g. de-tritiated) needs to be and
if possible, reused elsewhere in the facility or recycled if tech-
nically feasible. Finally, whatever waste remains needs to be
disposed of in a safe and secure manner.

4. Fusion radioactive inventory

There is some degree of freedom in the selection of reduced-
activation materials for fusion devices to generate only short-
lived radionuclides and prevent the creation of significant
quantities of intermediate-level waste (ILW) or any high-level
waste (HLW) [3]. Materials and alloying elements that pro-
duce long-lived radioisotopes (such as Nb, Mo, Ni, Al, Re, Ag,
Hf and Cu) should be avoided. Certain impurities (Nb, Mo,
Re, Ir, Ag, Co, K) must be controlled to a very low level. Nb
impurity in particular impacts the waste level greatly at >100
years and needs to be kept below 1 part per million (ppm) in
materials comprising the FW, blanket, divertor, VV and shield.

4.1. Comparison of fusion inventory with other nuclear
systems

One of the characteristics of fusion is the advantage of its
limited environmental impact, mostly due to the absence of
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Figure 1. Layout of a typical tokamak power plant. This ARIES-ACT2 conceptual design (developed in the U.S. by the multi-institutions
ARIES team) has a major radius of 9.75 m, minor radius of 2.44 m, fusion power of 2637.5 MW and net electric power of 1000 MW.
Reprinted by permission of the publisher (Taylor & Francis Ltd, http://www.tandfonline.com)[1]. Behind the FW is the breeding blanket
that must breed tritium in unprecedented large quantities to sustain the plasma operation [55.6 kg of T per GW of fusion power per
full-power year of operation]. This structure would be placed within a biological concrete shield at least 2 m thick (not shown).

Figure 2. Overall conceptual approach that needs to be adopted in
DEMO and fusion power plant RWM.

long-lived HLW generation. Nevertheless, the LLW and ILW
inventory that fusion generates [1, 2, 4] has to be taken
into consideration. The significant amount of LLW and ILW
radioactive materials would eventually fill the existing repos-
itories within a short time [5]. To put matters into perspec-
tive, figure 3 compares the power core volumes of the ITER
device [6], the advanced Advanced Research, Innovation, and
Evaluation Study (ARIES) power plants (ARIES-ACT1 & 2)
[7], the European power plant conceptual study [8] and the
Japan DEMO [9] to ESBWR [10] (economic simplified boil-
ing water reactor)—a Gen-III+ advanced fission reactor. Note
that figure 3 reports the actual volumes of fusion power
core components (not compacted, no replacements, no plasma
chamber).

The large volume of radioactive materials discharged from
fusion power plants compared to fission reactors has been ana-
lyzed by fusion designers throughout the world [11–14] in
recent decades [5].

Essential long-term perspectives suggest reshaping the
fusion waste management approach as follows: avoid geologic
disposal and maximize the reuse of materials through recy-
cling and clearance, to minimize the environmental impact
of fusion, release of space in repositories, recover valuable
resources (through less mining of metal alloys and reuse of
concrete rubble), and, in the long run, make savings from the
high disposal cost [5].

4.2. Fusion versus GEN-IV fission

Recent calculations [15] considered activation waste volumes
holistically when comparing waste from fusion to GEN IV
fission. Under the current UK regulatory waste classifica-
tions system, they found that the European sodium-cooled fast
reactor (ESFR) has a lower fraction of ILW or HLW in the
structural components (i.e. ignoring fuel) compared to the lat-
est concepts for the European DEMO. Considering DEMO’s
much larger size (the equivalent containment vessel and inte-
rior of DEMO is massive and could be as much as ten times as
large as ESBWR—see figure 3). This suggests a significantly
greater waste burden from fusion in comparison to fission reac-
tors developed on the same timescales. DEMO may produce
as much as 10 000 t of solid waste from in-vessel components
alone [16], compared to around only 2000 t from ESFR [15]
plus an estimated 300 t of spent fuel produced during ESFR’s
lifetime [17] resulting in ∼2500 t of waste (HLW, ILW). While
ESFR produces four times less waste, it will generate much
longer-lived actinide waste.

4.3. Tritium content in fusion waste

Tritium is one of the major isotopes in the radwaste gener-
ated in fusion devices. It is essential to assess how much tri-
tium will be absorbed and desorbed during the lifetime of the
facility. Tritium content inside the various types of waste is
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Figure 3. Fusion core volumes of several nuclear fusion plants and ESBWR (U.S. waste estimation). It is noted that these are the core
volumes and not the lifetime waste generation including decommissioning waste and balancing of the plant.

Figure 4. Specific activity of FW made of RAFM for ARIES
designs, vanadium, tungsten alloys and SiC/SiC composites (for
reference, in steels 1 Ci m−3 is equivalent to 4.7 MBq kg−1).

a key parameter for the selection of the waste treatment pro-
cess and future acceptance in the repositories. It is anticipated
that effort will have to be made to recover the tritium from
the waste, as current repositories are not designed for large
amounts of tritium. This effort is not only to reuse it as a fuel
but to reduce potential environmental releases in storage and
disposal facilities.

Different detritiation techniques have been investigated at
laboratory scales, being thermal desorption in an oven at
800 ◦C, in a flow of argon gas technique (which may contain
hydrogen not exceeding 4% in volume to prevent a hazardous
atmosphere) the current reference in terms of efficiency, type
of process and impact on safety. In addition, thermal desorp-
tion under atmospheric air, thermal desorption with isotopic

exchange with gaseous hydrogen, heating with flame, vacuum
melting, melting under static hydrogen atmosphere and under
argon flow, etc, have been studied. Further research is needed
to determine the optimum parameters to remove the hydrogen
isotopes while maintaining the efficiency of the process. [18]

The efficiency of detritiation techniques needs to be
assessed from a technical-economical point of view based on
feedback, modeling, and relevant research and development
(R & D) programs, in particular for metallic [19] and plastic
waste from housekeeping operations. In many cases, due to
the tritium content in waste, decay for periods up to 50 years
will remain a mandatory step before foreseeing safe disposal.

The usual scaling methods based on gamma spectrometry
cannot be used for tritium measurement in fusion waste. Tri-
tium is generated by direct activation inside materials and also
from permeation into the materials from other sources (the
latter route is likely to be the dominant source). Therefore,
correlation with other activated nuclides is not representative.
Various methods are being developed for the measurement of
tritium. Three methods have emerged as the most suitable for
waste characterization:

• measurement of 3He;

• calorimetry;

• sampling and radiological analysis (destructive method).

The measurement of 3He is adequate only for technologi-
cal wastes (vinyl, cotton) as it requires long waiting times to
stabilize the outgassing and perform the measurement. This
technique is more appropriate for old waste and is not valid
for metallic waste. Calorimetry is adapted to purely tritiated
waste (detection limit of 1.8 × 1014 Bq/drum). Its adapta-
tion to waste with other gamma and beta emitters is possible
in theory but has not yet been demonstrated [18]. Sampling
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Figure 5. Activity contributions from radionuclides produced in VV
SS316 in DEMO. Decay time is the time after operation. EU DEMO
has a major radius of 9 m, minor radius of 2.9 m, fusion power of
2000 MW and net electric power of 500 MW [34]. Reproduced
courtesy of IAEA. Figure from [4]. © EURATOM 2019.

Figure 6. Radionuclide contribution evolution to EUROFER97
activity.

followed by radiological analysis (via destructive methods),
despite the drawbacks related to sampling (representativeness,
secondary waste, etc), remains the most adapted method for
the measurement of tritium activity in fusion waste [18, 20].

4.4. Activation and transport codes, nuclear data for fusion,
and uncertainties

The most commonly used transport code for fusion is MCNP,
using the FENDL data (see appendix A.2). For activation
(and hence waste) calculations, the choice of code and/or
library is more varied. In the U.S. and Europe, the ALARA
code and FISPACT-II [21] inventory code (and its predeces-
sor FISPACT) are the most widely used, respectively. Recent

nuclear data advances are slowly allowing activation calcula-
tions within Europe to move away from an over-reliance on
the static European activation file (EAF), which has seen no
active development since 2010. For EURO-DEMO purposes,
TENDL (version 2017) was recently adopted (and approved)
as the default library for activation calculations. Appendix A.2
gives further details of the different codes currently available
and being developed to support activation, dose and waste
calculations.

Under the umbrella of the IAEA, TENDL developers
together with UKAEA are enhancing the benchmarking of
data libraries for fusion activation calculations by developing
a suite of automatic validation exercises using the FISPACT-II
code. A benchmark exercise against fusion decay heat mea-
surements performed by JAEA and validation using this data
[22] has helped to improve TENDL (and hence JEFF, which
takes much of its data from TENDL) and reduce uncertain-
ties. However, uncertainties still exist and further effort to
improve nuclear data evaluation, specifically for fusion neu-
tronics, is needed. A useful feature of FISPACT-II, which is
recommended for other inventory codes (and transport codes
if possible), is the ability to rapidly test the performance of
many different nuclear data libraries within the same frame-
work [22]. This allows for a ‘sensitivity analysis’ as a function
of nuclear data to be performed, often leading to insight into
any adjustments or re-evaluations required. When performing
radwaste calculations the uncertainty in the nuclear data can-
not be neglected, although sources of uncertainty in the fusion
reactor designs themselves currently dominate the variation in
results. For example, the wide variation in EU-DEMO designs
involving large changes in reactor size and power output, even
in the last few years, would provide very different outputs in
terms of radwaste calculations.

In the calculation processes, the neutron energy spectrum
of a component is used to determine the induced radioactiv-
ity. In the calculation model, neutron streaming must be con-
sidered when deriving the neutron energy spectrum because
the nuclide that is generated strongly depends on the neutron
energy spectrum. Therefore, a 3D reactor model is essential
when calculating the neutron spectrum of components such
as the blanket segment, divertor cassette, VV and supercon-
ducting coil, etc. The geometric arrangement of the blanket
modules, divertor cassettes, VV, maintenance ports, poloidal
field coil, toroidal field coil, etc, are shown in figure 1 for a
typical tokamak. Each design should develop its own calcu-
lational model, e.g. ITER, EU DEMO or JA DEMO or U.S.
power plants. Assuming toroidal axisymmetry, a sector of the
plant can be modeled with reflecting boundaries. The presence
of current drive and heating penetration with various injection
angles requires that the entire torus be modeled.

Modeling the complex fusion geometry is a challenging
task for 3D neutronics, shielding and activation analyses. In
recent decades, state-of-the-art neutronics codes have been
developed in Germany (McCAD by KIT) [23, 24], in the
U.S. (DAGMC by UW) [25] and in China (MCAM by the
FDS team) [26–28] to model the fine details of the fusion
power core. These tools couple the CAD geometry directly
with the 3D MCNP code to diminish the uncertainty attributed
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Figure 7. Specific activity of the outboard FW—a highly radioactive component in ARIES-ACT2. Right plot shows the sensitivity of the
WDR to the Nb impurity content in the F82H steel.

Figure 8. WDR of seven candidate steels for ARIES-ACT VV with ‘present’ impurities. [30] 2017, reprinted by permission of the publisher
(Taylor & Francis Ltd, http://www.tandfonline.com).

to approximations in modeling, making the calculation much
more accurate.

4.5. Identification of main contributors to a radioactive
inventory

Structural materials derived from the fission industry are inad-
equate for fusion due to the much higher operating tempera-
ture requirement and greater damage from 14 MeV neutrons,
which results in notably high helium (and hydrogen) gas pro-
duction within the structure and quite different He—to dis-
placements per atom ratios compared to fission (typically 10
versus 0.3) [29]. Radiation-resistant low- or reduced-activation
steels are being specifically developed, tested and qualified

for fusion applications. Since alloying elements and impuri-
ties impact the activation level, all fusion materials must be
carefully chosen to minimize long-lived radioactive products
such as 14C, 59Ni, 94Nb, 186mRe, etc. This requires incorpo-
rating waste considerations at the design specification stage
and creating a standard for low-activation materials. Manu-
facturing companies for fusion materials will need to make
a serious effort to meet this standard by using highly pure
raw materials and strive to exclude or minimize Mo, Nb and
Ni, in particular. The main structural material for the fusion
power core, except the VV, is the reduced activation ferritic
martensitic (RAFM) alloy (such as the F82H Japanese steel
and EUROFER97 European steel) that offers an operational

7



Nucl. Fusion 62 (2022) 085001 S M Gonzalez de Vicente et al

Figure 9. 203Hg inventory (left) and 209Bi and 210Po inventories in PbLi of the ARIES-AT power plant as a function of time [32]. [41] 2018,
reprinted by permission of the publisher (Taylor & Francis Ltd, http://www.tandfonline.com).

Figure 10. Contact dose rate of fusion materials after irradiation in a
fusion reactor (reproduced with permission from [42]. © 2005 The
Japan Institute of Metals and Materials).

temperature window between 350 ◦C–550 ◦C. New genera-
tions of structural steels with enhanced radiation damage toler-
ance (such as nanoscale oxide dispersion strengthened alloys)
are being developed to operate at higher temperatures >550
◦C. The relatively newly developed low-activation 3Cr–3WV
bainitic steel does not require post-weld heat treatment and has
the potential to satisfy the fabrication requirements for large
components such as the VV [30]. Other structural materials
of interest include tungsten alloys, vanadium alloys and SiC
or SiC composites. Rhenium-free tungsten alloy is currently
the leading high-Z candidate material for the divertor struc-
ture. Upon exposure to fusion neutrons, the candidate materi-
als become radioactive to varying degrees, depending on their
activation and decay characteristics. Figure 4 displays the rela-
tive specific activity of the four structural materials for the FW
of ARIES designs.

4.5.1. Beryllium. Beryllium (Be) is a rare metal that improves
tritium production in the breeding blanket by neutron multipli-
cation and moderation. It is a toxic metal and the disposal of Be
is challenging. Beryllium may contain trace levels of uranium

(up to hundreds of ppm) impurities. The total activity due to the
Be addition, after the operational life of the ITER and DEMO
plants, was calculated and indicated the presence of transuran-
ics due to these impurities [23, 30–32]. If all 300–400 t of Be
in the blanket contained 20–100 ppm of U, the total amount
of U in the reactor would amount to approximately 6–40 kgs
[32] and, therefore, transuranic elements need to be consid-
ered. In the EU DEMO case, the contribution from radioactive
alpha-emitting actinide impurities is enough to exceed the UK-
LLW (and FR LILW-SL) alpha limit of 4 MBq kg−1. In the
JA DEMO case, the U content in the Be needs to be less than
approximately 0.85 ppm to meet the final level of 10 MBq
kg−1, which is an acceptable level for shallow land disposal
in Japan [32]. New purification processes have the ability to
reduce U concentration in Be to allowable concentrations for
shallow land disposal (∼0.1 ppm) [33].

4.5.2. Steels. In Europe, most of the fusion reactors are con-
structed from steel. For example, in the current European
DEMO concepts, all the internal reactor (in-vessel) compo-
nents are constructed from the RAFM steel EUROFER97
(appendix A.3), while the VV and ex-vessel components
are based primarily around austenitic stainless steels such as
SS316 and XM19. Thousands of tonnes of steel will be needed
to construct the next fusion devices (after ITER) and so a
decommissioning strategy for these materials is of paramount
concern.

If austenitic, such as SS316 is used, then the relatively high
nickel content (∼12.5 wt% Ni) will dominate the radioactivity
on the timescales relevant to decommissioning, recycling and
disposal. Of particular concern are the long-lived 63Ni and 59Ni
isotopes, although the gamma-emitting 94Nb and 93Mo would
also cause difficulties with LLW disposal and/or clearance of
irradiated SS316 [4]. Figure 5 shows a FISPACT-II calculation
of the time-evolving activity contributions to the activity of
SS316 after a typical exposure lifetime in the VV of the Euro-
pean DEMO and illustrates the dominance of these nuclides in
the long-term (beyond 50 years) activity of the steel.
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Figure 11. Recycling dose rate and clearance index for selected ARIES-ACT2 components [7]; conservative RH limit estimated as 103 –104

higher than hands-on limit.

For EUROFER97, even with a significantly reduced Nb
content compared to typical austenites, 94Nb production is still
remarkable [4, 35], and waste steel containing this nuclide
at levels higher than around 100 Bq g−1 would be difficult
to accept in LLW surface repositories. For comparison, the
limit at Spain’s El Cabril disposal facility for this nuclide is
120 Bq g−1 [36]. Another concern for in-vessel steels is 14C
[35], particularly when, as with EUROFER97, its production
is enhanced by the addition of small quantities of nitrogen
to the steel composition to improve its high-temperature per-
formance. This nuclide is only a beta emitter, but extra pre-
cautions are necessary for materials containing 14C to limit
the chance of release into the environment (typically by water
leaching). Figure 6 exemplifies the significance of these two
nuclides, showing that 14C could exceed the total activity limit
for LLW waste in UK repositories, while the 94Nb activity
could exceed the nuclide-specific limit under France’s LLW
regulations. Note that this calculation, which was performed
with FISPACT-II for the latest European DEMO designs,
assumed 0.005 wt% Nb and 0.045 wt% N. While the latter con-
centration may be unavoidable to guarantee the correct oper-
ational performance of the steel, the former (niobium) is an
impurity with no functional use.

F82H (appendix A.3) is also a RAFM steel designed and
developed by Japan, and its nominal chemical composition is
Fe–8Cr–2W–0.2V–0.2Ta [37]. For the near-surface disposal
of F82H used as an in-vessel component of DEMO, Co, Nb,
Ni, Mo and N will be critical elements [38]. The use of high-
purity raw materials is essential for reducing Co and Nb con-
tent. In addition, material production with a clean process line
contributes to reducing Ni and Mo contamination. A recent
analysis [39] indicates that S-producing radioactive 36Cl can be
a critical element in addition to these elements for near-surface
disposal in Japan.

When examined for disposal, F82H steel with >1 ppm Nb
could generate HLW according to the U.S. classification of
waste, which is unacceptable for the ARIES project. In an
effort to reduce the long-term radioactivity, Klueh et al [40]
provided a list of the lowest 17 ‘present’ impurities that have
ever been achieved in large-scale melting and fabrication prac-
tices of various steels. They are not specific to any particular

steel composition and could be achievable at present with a
relatively modest effort and cost. This stresses the need for
strict control of the undesirable impurities (particularly Nb and
Mo) that tend to generate higher activities of waste materials.
Figure 7 shows the highest activity level for the outboard FW
of ARIES-ACT2 and the sensitivity of the waste disposal rat-
ing (WDR) to the Nb impurity content in F82H steel. Note
that F82H steel is unacceptable for large VVs due to the com-
plex heat treatment requirement after welding. Even though
austenitic stainless steel (such as the 316-SS) eliminates the
need for welds to be tempered at 750 ◦C, it generates U.S.-
HLW because of the high Ni and Mo content. Considering
the ‘present’ list of impurities, the VV barely achieves the
desired class-C LLW classification for a few steels, as shown
in figure 8 [30]. The newly developed 3Cr–3WV bainitic steel
by Oak Ridge National Laboratory (ORNL) mitigates most
of the identified VV problems and meets the LLW disposal
requirement.

4.5.3. PbLi breeder. The primary radiological concern for
the PbLi breeder is from its own radioactive by-products,
203Hg and 210Po. Figure 9 shows the inventories of 203Hg, 209Bi
and 210Po in the flowing 600 m3 PbLi volume of the ARIES-
AT power plant [41]. After a few days of operation, the activity
is above the radiological limit for 203Hg (25 kCi) and a purifi-
cation system will be necessary to control its level. The 209Bi
inventory is of interest because, as a precursor to 210Po, con-
trol of its concentration can serve as a mechanism to limit
the 210Po inventory. It is clear from this figure that the 210Po
levels are above the radiological limit for 210Po (25 Ci) soon
after operation, primarily due to the initial 43 ppm bismuth
impurity. Controlling the Bi impurity in PbLi to <5 ppm and
installing a 209Bi purification system, rather than a system to
remove the radiological hazardous radionuclide 210Po gener-
ated during operation, would be more efficient. In order to
reduce the buildup of these radiologically hazardous materials
in the LiPb breeder, it is necessary to continuously process, fil-
ter and purify the PbLi online shortly after operation starts in
order to control its quality, avoid contaminating sub-systems,
and ensure safe operation. At the end of operation, the PbLi
will not be sent for disposal, but rather will be recycled and
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refurbished to adjust its Li content before reuse as a breeder in
other fusion devices.

4.5.4. Vanadium alloy. Vanadium alloys, such as
V–4Cr–4Ti, are candidates for low-activation materials
for fusion applications at a high operating temperature win-
dow (700 ◦C), exceeding that of conventional steels (550 ◦C).
An advantage of V alloys is the significantly lower recycling
dose rate than RAFM (F82H and EUROFER97) before 100
year cooling, as shown in figures 4 and 10 [42]. As anticipated
in other fusion materials, impurity concentrations increase
radioactivity of vanadium alloys. Assessments in Dyomina
et al [43] point out that the Bi impurity at a level of 500
ppm can determine the long-term dose rate at 50–100 years
after shutdown. However, they conclude that recycling of
V–4Cr–4Ti appears radiologically feasible when remote
handling (RH) techniques are developed.

4.6. The need for accurate estimation of fusion radwaste
volume

The waste amounts to be generated by the operation, main-
tenance and decommissioning of fission plants are frequently
reassessed. This allows industries and repositories to antici-
pate the waste services necessary to support the needs of fis-
sion energy. However, currently fusion facilities under project
are experimental ones. Globally recognized approaches and
methodologies are needed to estimate waste production vol-
umes for each physical category of waste during the different
phases of tokamak lifecycle (i.e. commissioning, operation,
maintenance and decommissioning):

• highly activated metallic waste from tokamak in-vessel
component replacement, failure and refurbishment (high
activation and dose rate and tritium content);

• less activated and tritiated metallic waste from ex-
vessel components (magnets, cooling water pipe and
components);

• specific waste from breeding-related materials such as
beryllium and Li-based breeders, (activation and dose
rate, tritium content, filtered radioisotopes and potential
reactivity issues);

• tritiated equipment from the fuel cycle: metallic waste and
getter beds only contaminated with tritium;

• plastic waste from housekeeping operations contami-
nated with activated corrosion products (ACPs), dust and
tritium;

• liquid effluents containing ACPs and tritium;
• resins containing ACPs and tritium;
• oils containing ACPs and tritium.

Plastic waste will be produced continuously during oper-
ation and maintenance phases of the facilities while metallic
waste is mostly collected during the decommissioning phase.
Considering that ongoing projects are experimental first-of-
a-kind facilities, uncertainties in the preventive and correc-
tive maintenance will remain until their final designs become
available.

Establishing accurate waste production estimates also
enables one to properly assess the most optimized treatment
and management solutions for all lifecycles of fusion facili-
ties. The fission industry can provide substantial feedback on
matters of radwaste assessment methods.

Effort has already been made at ITER to improve the accu-
racy of waste estimate [44]. It is also mandatory to anticipate
the necessary R & D to prevent or minimize as much as pos-
sible the activation of fusion-specific materials and specific
treatment that would be required [45].

It would be necessary to establish a globally recognized
approach and methodology to estimate the waste production
volume for all radwaste types generated by fusion, not only by
the power core.

5. Options for managing fusion radioactive
materials

The question of treating and disposing radioactive waste has
been raised frequently for both fission and fusion facilities.
The recycling and clearance approaches could significantly
minimize the volume of radioactive materials assigned to geo-
logic disposal. Based on known issues associated with the dis-
posal, recycling and clearance processes, several key issues
and needs were identified [11, 46, 47] for the fusion commu-
nity to address in the near future. Some of these issues/needs
are related to activation areas inside the fusion power core,
which can be addressed by fusion designers. Other issues are
related to areas outside the fusion power core, requiring indus-
trial experience, fusion-specific R & D programs and regula-
tory organization involvement. As a next step, the fusion rad-
waste management scheme needs for its optimization a ded-
icated R & D programme that covers the existing issues and
needs.

5.1. Disposal of fusion radioactive waste

There are two major issues for the treatment, storage and even-
tual disposal of fusion radwaste—the high initial activity of the
materials and the large tritium inventory. The contact dose rate
may require the waste to be treated as ILW similar to irradiated
fission reactor components (nozzles, grid spacers, etc.) with
comparable activities and lifetimes. Tritiated radwaste man-
agement plays a key role in the disposal option. Unfortunately,
tritium tends to migrate and diffuse through all standard mate-
rials (concrete and metals) that are the main constituents of a
radioactive disposal facility. As the activity level of tritiated
waste might be high (>108 Bq g−1 before treatment for com-
ponents such as the FW), tritium presents a major challenge,
not only for operating the disposal facility, but for managing
the environmental releases arising from the disposal of tritiated
radwaste.

In defining disposal criteria and requirements for any dis-
posal facility to host fusion-activated waste, appropriate con-
sideration must be given to the activated metal matrices when:

• carrying out the performance assessments required to
determine the acceptance levels of radioactive waste for
disposal facilities whose site is defined;
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• determining general guidelines for the calculation of these
limits, considering two important aspects:

∗ their chemical stability and durability, compared to
other matrices envisaged for LLW;

∗ the homogeneity and certainty for the evaluation of
specific activity content following the melting pro-
cesses necessary to eliminate tritium and 14C.

Further general issues related to the implementation of
disposal are as follows:

• high disposal costs, which continue to increase (for prepa-
ration, characterization, packaging, interim storage, trans-
portation, licensing and disposal);

• there are only a few ILW sites in existence and no current
HLW sites;

• limited capacity of existing LLW repositories;
• political difficulties siting new repositories limits capacity

growth;
• public confidence in the prediction of repository condi-

tions into the future;
• radwaste burden for future generations.

These issues are then complemented by the following needs
related specifically to the disposal of fusion waste:

• revised fusion-specific activity limits for the different
types of radioactive waste issued by regulatory bodies;

• large-capacity and low-cost interim storage facility with
decay heat removal capability;

• repositories designed for tritium-containing materials
and/or higher limits of certain lower-risk, long-lived iso-
topes such as 14C, 94Nb, etc;

• reversible disposal process and retrievable waste (to gain
public acceptance and ease licensing).

5.2. Recycling

Recycling has been investigated by fusion researchers since
the early 1980s, focusing mainly on selected materials or
components [48–50]. In recent times, with the development
of advanced radiation-hardened RH tools that can handle up
to 10 000 Sv h−1, recycling of highly irradiated materials
has become more technically feasible [7, 51–53]. The avail-
ability of these new tools has pushed the worldwide fusion
community to investigate the recycling option for all fusion
components that are subject to very high neutron activation
near the plasma and very low levels at the biological shield
[51]. Figure 11 indicates that all fusion components could be
recycled in less than a year with advanced RH equipment.

The recycling process includes storing in continuously
monitored facilities, segregation of various materials, crush-
ing, melting and re-fabrication [11, 54, 55]. The highly
radioactive components require special shielding during han-
dling and transportation. Some may even need cooling for sev-
eral days or weeks to remove the decay heat. Since most fusion
radioactive materials contain tritium that could introduce com-
plications to the recycling process, detritiation treatment prior
to recycling is necessary for all fusion components.

Regarding the economic aspect of recycling, there was
a cost saving in recycling lead shielding bricks at the U.S.
Idaho National Laboratory versus disposal in LLW reposito-
ries [47]. In addition, a Russian study concluded that recycling
is cheaper than disposal [56].

A reasonable recycling experience for very LLW exists in
a few countries and advanced RH equipment has been used
worldwide in the fission industry, in hot cells and reprocessing
plants. While the fission processes may have no direct rele-
vance to fusion, their success gives confidence that advanced
RH and processing techniques could be developed to handle
high doses (>10 000 Sv h−1) for recycling fusion materials.
However, the challenge remains because of the size of fusion
components. It is expected that fusion will benefit from the
recycling experience being developed at a fast pace to support
the worldwide mixed-oxide fuel reprocessing system [51].

Issues related to recycling of fusion components include:

• separation (via RH) of various activated materials from
complex (and often large size) components;

• radiochemical or isotopic separation, if needed;
• treatment and remote re-fabrication of radioactively con-

taminated materials including management of residual He
for rewelding;

• radiotoxicity and radioisotope build-up and release
through subsequent reuse;

• properties of recycled materials compared to fresh ore and
the role of recycled materials: structural or filler;

• handling of tritium-containing materials during recycling;
• management of secondary waste—volume and classifica-

tion of waste for disposal;
• energy demand for the recycling process;
• cost of recycled materials;,
• recycling plant capacity and support ratio;
• Public, industrial, and political acceptance of recy-

cled nuclear material (particularly for non-nuclear
applications).

As above, these issues are complemented by a set of needs
related to recycling components

• development and installation of radiation-resistant RH
equipment;

• emphasis on ease of disassembly (via RH) of components
and constituents (to ease separation of materials after use)
in the design process;

• efficient detritiation system to remove T before recycling;
• large and low-cost interim storage facility for tritium

decay with decay heat removal capacity;
• industrial-scale recycling infrastructure

5.3. Clearance

According to the IAEA radwaste glossary [57], clearance is
defined as the ‘removal of radioactive materials or radioactive
objects within authorized practices from any further regulatory
control by the regulatory body’. In 1996, the IAEA established
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the principles underlying the technical estimates of the clear-
ance limits, by issuing an interim report circulated for com-
ment [58]. That report aimed to introduce the exemption and
clearance principles and the derivation methods of uncondi-
tional clearance levels for solid materials, based on the indi-
vidual dose criterion of 10 μSv year−1. The proposed IAEA
clearance levels in [59] are considered guidelines only, as it is
the responsibility of each member state to develop their own
national laws. Therefore, in Europe [60], the U.S. [61] and
Russia [62], regulatory standards or guidelines were derived
and numerous papers dealt with the issue of applying clear-
ance levels in the context of fusion RWM. A comprehensive
summary of this issue is provided by the 2006 paper [54].
In general, all in-vessel components are not clearable as their
clearance indices (CIs) exceed the limit of unity by a wide mar-
gin even after a period of 100 years (see the right-hand side
of figure 11). The main contributor to the CI of RAFM-based
materials at 100 years is Nb-94 (from Nb impurity). The bio-
logical shield and some of the magnet constituents are clear-
able (with CI < 1), representing ∼65% of the total volume of
ARIES-ACT2 radioactive materials [7].

What is commonly accepted among all clearance standards
is the radiation protection approach based on 10 μSv year−1

dose for cleared solids—which is very small. According
to the United Nations recommendations, the radiation dose
above background level to members of the public from radi-
ation sources other than medical exposure should not exceed
1 mSv year−1 [63]. A common approach needs to be developed
to derive clearance levels at the national level based on the
10 μSv year−1 standard dose for cleared solids, harmonize the
scenarios for calculating the doses, and deriving the clearance
levels for all radioisotopes of interest to the fusion industry.

Issues related to application of clearance guidelines are as
follows:

• impact on clearance index prediction of missing radioiso-
topes (such as 10Be, 26Al, 32Si, 91,92Nb, 98Tc, 113mCd,
121mSn, 150Eu, 157,158Tb, 163,166mHo, 178nHf, 186m,187Re,
193Pt, 208,210m,212Bi and 209Po);

• radioisotope build-up and release through subsequent
reuse.

Needs related to the application of clearance guidelines are
as follows:

• official clearance limits issued by legal authorities;
• accurate measurements and reduction of impurities that

deter clearance of in-vessel components;
• reversible assembly components and constituents as a

design criterion;
• large-capacity and low-cost interim storage facility;
• clearance infrastructure;
• clearance market.

5.4. Radwaste storage

Based on existing knowledge generated in the ITER licens-
ing process, decay storage is the reference solution for tritiated
waste in France, considering French regulation [64]. Currently,

these decay storage facilities are not available and could repre-
sent an important financial effort to ongoing and future fusion
projects. By definition, decay storage is a temporary solution
that may require, as a function of the initial tritium activity in
the waste, a long (up to 50 years) or very long (about 100 years)
decay period. Considerations for the implementation of decay
storage include the following:

• it can be promoted as a temporary solution if the disposal
options are not currently available or if waste acceptance
criteria (WAC) are not attainable;

• it is not a low-cost arrangement;
• it could be a burden for future generations because it is

not a final solution.

According to waste hierarchy [65], the immediate treat-
ment (such as detritiation) is preferred. Nevertheless, storage
of the waste before disposal could also enable decay of the
activated metals and allow downgrading to lower waste cate-
gories prior to disposal. When national regulation permits it,
clearance levels could be reached for some important waste
amounts.

Tritium decay for a period of up to 50 years will likely
remain a mandatory step before any movement to disposal
when considering potential environmental releases. If signif-
icant amounts of other long-lived radionuclides are present in
the waste (i.e. above the maximum activity limit of the L/ILW-
SL surface disposal), then disposal options need to be created
to avoid costly treatment and potentially useless storage.

6. Regulatory framework

Regulatory frameworks are set up by each country, so reg-
ulations vary from one state to another. Information about
regulatory frameworks for different nations in Europe as
well as the U.S. and Japan are available at national regula-
tory websites and have been summarized at the international
approaches to radioactive waste classification, National Waste
Programme [66]. Appendix A.4 describes the waste classifica-
tion approaches of different countries (France, U.S., and Japan
are also discussed in more detail below) and is also described
in [35]. While not designed with fusion systems in mind, the
general principles still apply for the disposal, recycling and
clearance of radioactive waste regardless of origin. Guidance
materials could be produced in the near future to capture the
specific differences between fission and fusion wastes, mainly
related to the radioisotope profile. For the disposal option, for
example, as the waste from fusion sources is generated, treated
and conditioned, the decisions that need to be made will be
very similar to the established process for fission. The waste
package types will largely be determined by the characteris-
tics required by the disposal site. The disposal site will need
to be evaluated, given the specific isotopes in mind, as to how
much material can be stored at the site in a safe confinement.
This analysis will give rise to the site’s WAC and will include
(or exclude) the isotopes that can be stored or disposed of
there either by name or by characteristic. For example, some
European sites simply give total β/γ activity or α activity per
mass of waste; in some cases, there may be specific restrictions
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on problematic isotopes like tritium. In the U.S., the waste is
classified into HLW and LLW based on the WDR.

6.1. France

An interesting case is the French regulations applied to ITER,
which is considered a basic nuclear facility 174 (INB174)
by Autorité de sûreté nucléaire, the French nuclear safety
authority. It is supported by its technical advisor the Institut
de radioprotection et sûreté nucléaire—Institute of Radiation
Protection and Nuclear Safety. The French regulations dictate
that the nuclear operator defines waste zoning for its facili-
ties. It consists of defining zones producing radioactive waste
and those producing non-radioactive waste. These zones are
defined based on an analysis of the normal operations foreseen
room by room and the potential exposure to activation and/or
contamination. All the waste arising from a zone producing
radioactive waste will have to be managed as radioactive waste
as a function of the ANDRA classification for radioactive
waste. There are no clearance levels for radionuclides in solid
materials in France.

ITER radioactive waste can be classified into three cate-
gories based on its activity and radiotoxicity (note that French
abbreviations are used since they correspond to specific accep-
tance criteria) [18]:

• TFA waste (‘Très Faible Activité’ meaning very
low-level);

• FMA-VC waste (‘Faible et Moyenne Activité à Vie
Courte’ meaning low- and intermediate-level short-lived);

• MA-VL waste (‘Moyenne Activité à Vie Longue’ mean-
ing intermediate-level long-lived).

No high-level long-lived waste, abbreviated HAVL (‘Haute
Activité à Vie Longue’) is generated by the ITER facility.
In addition to the ANDRA categories, because of the use of
tritium as fuel in ITER, purely tritiated waste is also con-
sidered, e.g. from the tritium plant. This consideration is to
enable a specific routing for this type of waste to avoid cross-
contamination with waste that is activated and tritiated during
interim storage. After radioactive decay, it is anticipated that
this waste will be sent to the FMA-VC storage centre [67].

6.2. Japan

In Japan, radioactive waste is classified into two basic cat-
egories: LLW and HLW. LLW is further divided into L1
(relatively high-level), L2 (relatively low-level) and L3 (very
LLW) wastes in accordance with radionuclide concentration
and the type of radiation. A trench type repository, without
engineered barriers, at the near surface is considered to be
applicable to L3. The disposal of L2 is similar to L3, but
repository is required to have engineering barriers (concrete
pit type) at slightly greater depth. L1 waste needs to be dis-
posed of in sub-surface, at 50–100 m below ground, with
engineered barriers like L2 waste [68]. At present, a LLW
storage site is constructed in Rokkasho, operated by Japan
Nuclear Fuel Limited, for LLW generated from spent fuel
reprocessing. The basic principle for LLW disposal is that the

public exposure anticipated by the land disposal does not
exceed 10 μSv year−1. Along this principle, the acceptance
conditions for the Rokkasho site are defined for several rep-
resentative nuclides such as 14C, 36Cl, 60Co, 63Ni, 94Sr, 99Tc,
129I, 137Cs and alpha emitters. Note that these conditions are
defined for the acceptance to the Rokkasho site only and are
different from the general classification levels for LLW.

A clearance system was introduced in 2005 following the
IAEA standards [69] for the radioactive materials generated
from commercial NPPs and research nuclear reactors. The
clearance system is mostly applied for metallic and concrete
wastes.

6.3. United States

The U.S. Nuclear Regulatory Commission (NRC) is respon-
sible for radioactive waste generated by commercial power
plants and other non-military uses of nuclear materials in the
USA. Since the 1940s, the NRC along with its predecessor
agency has established requirements for fission power plants
and other RWM and storage. The U.S. Department of Energy
(DOE) has the responsibility of dealing with radioactive waste
from the creation of nuclear weapons and the cleanup of the
facilities that manufactured these weapons. The DOE also
deals with the waste from materials testing reactors and par-
ticle accelerators.

The NRC classifies the waste according to its WDR. The
NRC 10CFR61 document [70] provides separate specific
activity limits for classes A, B and C wastes for key radioactive
nuclides produced in fission reactors, university research lab-
oratories, manufacturing and food irradiation facilities, hospi-
tals, healthcare companies and DOE facilities. The WDR is the
ratio of specific activity (in Ci m−3) for an individual radioiso-
tope to its limit (specified by the NRC 10CFR61) summed over
all radioisotopes.

In the absence of fusion-specific radwaste regulations, the
NRC radwaste requirements for fission power plants are cur-
rently applied to fusion as well. There are several types
of radioactive waste defined by the U.S. NRC HLW (with
WDR > 1) is typically very radioactive and can have high
heat generation. It is too dangerous to store anywhere but
deep underground (∼600 m below the surface—far away from
human life) and requires robust shielding (i.e. such as deep
geologic storage) to ensure safety. There is also LLW, which
is more relevant to fusion and can be safely disposed of in a
near-surface repository. LLW has three classes, called A, B and
C [70]. Class A waste is the least hazardous type of LLW. It
should be placed 5–8 m deep in the ground. Class C waste is
the most radioactive class of LLW. An intrusion barrier, such as
a thick concrete slab, is added to class C waste trenches placed
>8 m deep in the ground. There is another type of LLW, which
is not officially defined yet and referred to as greater than class
C waste. It does not fit within the LLW category and is not
considered as HLW.

The NRC 10CFR61 [70] provides specific activity limits for
only eight radionuclides (excluding actinides). This presents
a weak basis for selecting reduced-activation materials for
fusion and qualifying them as class C LLW for near-surface
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disposal. Since the NRC 10CFR61 does not cover all radionu-
clides encountered in fusion, Fetter et al [71] expanded the
NRC list considerably and performed analyses in the early
1990s to determine the class C specific activity limits for all
radionuclides of interest to fusion using a methodology sim-
ilar to that of 10CFR61. Although Fetter’s calculations carry
no regulatory endorsement, they are useful to fusion design-
ers because they include fusion-specific radioisotopes. U.S.
fusion designs apply both NRC and Fetter’s limits and report
the highest WDR for each component.

The U.S. has successfullys carried out the recycling of met-
als and concrete at small scale within the nuclear industry and
at national laboratories. Nevertheless, it is a limited volume,
not comparable to the ones expected from fusion, but enough
to start to gather experience on the technical feasibility of recy-
cling metals, even if it has been done only on recycling mildly
radioactive materials back to the nuclear industry [51].

Beginning in the 1990s, clearance has been performed only
on a case-by-case basis during decommissioning projects [47].
In 2003, the NRC issued the NUREG-1640 document [61] for
115 radioisotopes that can be found in four types of clearable
materials: steel, copper, aluminum scrap and concrete rubble.
More recently, in 2016, the DOE developed a technical stan-
dard to support the control, clearance and release of materials,
equipment and items from accelerator facilities [5, 72].

In October 2020 and continuing to the present, several Pub-
lic Forums on Fusion Regulation have been held jointly by
the DOE and NRC. This is a major step forward towards
the development of a fusion-specific regulatory framework for
any type of fusion concept supported by the public or private
sector.

7. Conclusion

Fusion is likely to be able to avoid creating large quantities
of HLW that require active cooling. However, the expected
amounts of fusion-derived ILW and LLW are large. Efforts to
recycle and clear are essential to support fusion deployment,
reclaiming of resources (through less ore mining), minimiz-
ing the radwaste burden for future generations and to continue
holding the promise of fusion energy production with a low
environmental impact. A waste strategy needs to be devel-
oped to mitigate the impact that the large waste volumes could
have on the public perception of fusion as a viable and clean
alternative source of energy.

Requirements (limits) on radioactive waste production
(amount and severity) and their management need to be estab-
lished at the beginning of the design. These requirements have
to permeate the entire project during the design process and
include:

• choosing materials and controlling impurities to avoid (as
far as possible) the generation of long-lived radioisotopes;

• efficient shielding components to reduce the activation of
structures and components as low as reasonably practica-
ble without increasing the overall volume of radioactive
materials;

• designing components to make separation according to
the level of activation possible (to enable optimized
decommissioning);

• choosing materials, processes and components to min-
imize tritium permeation and retention and to facili-
tate detritiation; tritium modeling, characterization tools
should be developed, and feedback from tritium handling
facilities should be utilized;

• reducing radwaste size, cutting of mixed materials, char-
acterization and associated sampling;

• designing advanced RH equipment compatible with
fusion radwaste to be integrated in early stages of the plant
design;

• continue developing state-of-the-art activation codes and
cross-section data that allow designers and material scien-
tists to determine the radwaste management options (dis-
posal, recycling and clearance) available during the design
process.

Parallel to the implementation of the above criteria, a strong
R & D effort needs to be devoted to recycling and clearance.
In addition to addressing their critical issues and needs, the
international community would benefit from a common effort
and collaboration on the following:

• common approaches to derive clearance levels at a
national level by applying the radiation protection
approach based on the 10 μSv year−1 standard dose for
cleared solids in practice. In addition, to harmonize the
reference scenarios for calculating the doses and deriv-
ing, by proportion, the clearance levels of radionuclides
of interest to the fusion industry;

• to reassess the definitions of waste categories and take a
more pragmatic view of the different risks associated with
fusion waste in comparison to fission and other nuclear
waste. In particular, large masses of structural steels (the
likely majority of fusion waste other than tritium) have
a relatively low risk profile regardless of their absolute
activation;

• to set up a globally recognized approach and methodology
to estimate waste production volumes and masses for all
radwaste types generated by fusion;

• to outline a global industrial solution for fusion-specific
waste treatment, benchmarking existing acceptance crite-
ria and sharing them with engineers in charge of fusion
radwaste management to allow outsourcing and mini-
mize investment costs for each fusion facility. This could
also enable identification of markets and clients for recy-
cled/clearable materials and equipmen;.

• to consider issuing fusion-specific guidelines by regu-
latory bodies for disposal, recycling and clearance by
specifically considering the fusion radionuclide profile
since it differs fromstandard fission isotopes. At a min-
imum, guidance for tritiated wastes would need to be
issued or revised as they will have the largest immedi-
ate impact and differ the most from fission activation
products.
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Appendix A

A.1. IAEA guidance materials

Some of the relevant IAEA guides at the overview level are the
following:

• classification of radioactive waste (GSG-1) [3]. This
safety guide lays out the various types of radioactive waste
as defined by their physical characteristics. Fusion wastes
can be easily transferred to this framework based on their
characteristics;

• policies and strategies for RWM (NW-G-1.1) [73]: this
comprehensive document details the various components
of a national framework for RWM. This document also
gives general descriptions for various types of waste
(LLW, ILW, etc.) as well as how to choose an appropriate
technology;

• storage of radioactive waste (WS-G-6.1) [74]: the storage
of radioactive waste prior to final disposal is an impor-
tant and key component of an RWM plan and is especially
important for the short-lived tritium waste;

• disposal of radioactive waste (SSR-5) [75]: requirement
of multiple types of disposal facilities;

• categorizing operational radioactive waste (TECDOC-
1538) [76]: a reference that can be used in conjunc-
tion with GSG-1 to identify and plan for various waste
types based on operational experience and physical
characteristics.

There are a number of documents on radioactive waste,
specifically on the treatment of specific types of waste (regard-
less of where the waste was generated in most cases) that

could be applied wholly or in part to fusion-derived waste.
The following documents typically outline the challenges and
approaches to deal with a particular waste stream:

• management of waste containing tritium and carbon-14
(TRS-421) [77];

• predisposal management of organic radioactive waste
(TRS-427) [78];

• application of membrane technologies for liquid radioac-
tive waste processing (TRS-431) [79];

• application of thermal technologies for processing of
radioactive waste (TECDOC-1527) [80];

• development of specifications for radioactive waste pack-
ages (TECDOC-1515) [81];

• management of problematic waste and material generated
during the decommissioning of nuclear facilities (TRS-
441) [82];

• new developments and improvements in the processing of
‘problematic’ radioactive waste (TECDOC-1579) [83];

• retrieval and conditioning of solid radioactive waste from
old facilities (TRS-456) [84];

• strategy and methodology for radioactive waste character-
ization (TECDOC-1537) [85];

• mobile processing systems for RWM (IAEA Nuclear
Energy Series NW-T-1.8) [86];

• treatment of radioactive gaseous waste (TECDOC-1744)
[87].

A.2. Codes and nuclear data libraries typically used for
activation and radwaste calculations

See table 1.

A.3. Specification of chemical composition and allowable
impurity concentration of RAFM steels

See tables 2 and 3.

A.4. Radioactive waste classification in different countries

See table 4.
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Table 1. Computer codes for radwaste assessment.

Code (developer) [current version] Functions, notes

Neutron and gamma-ray transport codes MCNP (LANL, USA) [6.0] 3D Monte-Carlo neutron and photon
transport analysis—industry standard,
well-validated (https://mcnp.lanl.gov/)

OpenMC (MIT, community) 3D Monte-Carlo code with open-source
development community (https://docs.
openmc.org/en/stable/)

SuperMC (INEST, China) 3D Monte-Carlo neutron transport code
(http://fds.org.cn/en/software/SuperMC.
asp)

DAGMC (UW, USA) Direct use of CAD geometry with MCNP
(https://svalinn.github.io/DAGMC/)

PARTISN (LANL, USA) 1/2/3D discrete ordinate neutron and
photon transport code (https://rsicc.ornl.
gov/codes/ccc/ccc7/ccc-760.html)

DENOVO (ORNL, USA) 3D deterministic code (https://ornl.gov/
content/denovo-new-three-dimensional-
parallel-discrete-ordinates-code-scale)

ATTILA (USA) 3D deterministic code (https://swmath.
org/software/18120)

Inventory evolution codes FISPACT-II (UKAEA) [4.0] Well-validated against experiment,
OECD/NEA/RSICC distributed (https://
fispact.ukaea.uk/)

ORIGEN (ORNL, USA) https://ornl.gov/division/rnsd/projects/
origen

ALARA (UW, USA) State-of-the-art activation code;
well-validated; RSICC distributed
(https://rsicc.ornl.gov/codes/ccc/ccc7/
ccc-723.html)

ACAB (SPAIN) http://oecd-nea.org/tools/abstract/detail/
nea-1839

DCHAIN-SP (JAEA) http://oecd-nea.org/tools/abstract/detail/
nea-1603/ aimed at high-energy
accelerator-related facilities and was
designed to resolve issues regarding
spallation neutron utilization facilities

Nuclear data libraries IAEA FENDL [versions 2.1 and
3.1]

Developed specifically for neutron
transport applications in fusion models
(not widely used for activation
calculations) (https://nds.iaea.org/fendl/;
Koning A.J. et al 2019 TENDL:
complete nuclear data library for
innovative nuclear science and
technology Nucl. Data Sheets 155 1–55)

JEFF (NEA) [3.3] Jointly created by the fusion and fission
community, includes decay data, and
developed in collaboration with other
libraries (https://oecd-nea.org/dbdata/
jeff/jeff33/index.html)

TENDL (IAEA/NRG/PSI) [2019] Automatic processing approach aimed at
complete (nuclide + reaction) coverage
(https://tendl.web.psi.ch/tendl_2019/
tendl2019.html)

EAF (Europe) [2010] Specific fusion file, no longer developed
and limited format specification, but
carefully crafted data

JENDL (JAEA) [4.0] Aimed at wide applications (https://ndc.
jaea.go.jp/jendl/j40/j40.html)

ENDF/B (USA) [VIII] General purpose library (https://nndc.bnl.
gov/endf/b8.0/)
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Table 2. Specification of chemical composition and allowable impurity concentration
of F82H (wt%) [38, 88].

Element wt% Element wt% Element wt%

C 0.08–0.12 S <0.01 Si <0.2
Cr 7.5–8.5 B <0.006 P <0.02
W 1.6–2.2 O <0.005 Nb <0.001
Mn 0.05–0.5 Al <0.04 Co <0.01
V 0.15–0.25 Cu <0.05 Ti <0.01
Ta 0.02–0.10 Ni <0.1 Fe Balance
N <0.025 Mo <0.05

Table 3. Specification of chemical composition and allowable impurity concentration
of EUROFER97 (wt%) [89].

Element wt% Element wt% Element wt%

C 0.09–0.12 As + Sn + Sb + Zr 0.00–0.05 Mo <0.005
Cr 8.50–9.50 S <0.005 Nb <0.005
W 1.0–1.2 B <0.002 Co <0.01
Mn 0.20–0.60 Si <0.050 P <0.005
V 0.15–0.25 Al <0.01 Ti <0.02
Ta 0.10–0.14 Cu <0.01 Fe Balance
N 0.015–0.045 Ni <0.01

Table 4. Radioactive waste classification in different countries.

Country Waste classification Notes

UK Mainly based on total activity of waste,
categorized as either LLW, ILW, or HLW.
LLW can be subdivided into VLLW 1 and 2
according to volume.

LLW is waste not exceeding 4 GBq/t alpha
activity or 12 GBq/t of beta/gamma activity.
UK also allows transition waste that will be
exempt after a period of temporary storage.
LLW repository at Drigg.

Belgium Geological disposal for higher-activity
waste and disposal to surface facility at
Dessel according to a set of radionuclide
limits for beta and alpha emitters.

Finland Waste classified according to activity. LLW
in near-surface landfill or rock caverns; ILW
in deeper rock caverns.

LLW � 1 MBq kg−1

ILW � 10GBq g−1

Spent fuel waste in a geological repository
(there is no HLW class in Finland).

France Various categories: HLW, ILW-LL,
LLW-LL, LLW/ILW-SL, VLLW, VSLW

HLW—geological disposal

Limits for the critical nuclides in steel.
Based on both activity (of individual
nuclides or otherwise) and half-life.

Germany There is no fixed system for the
classification of radioactive waste, but the
general terms LLW, ILW and HLW are
used, which are indicated as LAW, MAW
and HAW.

For waste below the clearances is
the EU directive 96/29/Euratom with
10 μSv concept anchored in the
radiation protection ordinance.

Spain No official waste classification system, but
recognizes classes: group C, LILW (inc.
VLLW) for waste with short (<30 year)
half-life activity; group B, waste from
uranium facilities; group D, HLW with
long-lived alpha emitters.

Group D—Geological disposal

Group C—El Cabril

Group B—Surface disposal in situ

Group A is waste below clearance level (not
subject to control).

(continued on next page)
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Table 4. Continued

Country Waste classification Notes

Sweden No legal classification system, but nuclear
industry uses scheme based on waste
acceptance WAC.

HLW (spent fuel) at Forsmark

VLLW-SL (T1/2 < 31 years, dose <
0.5 mSv h−1).

LILW-LL intermediate depth disposal

LLW-SL (surface dose � 2mSv h−1)

ILW-SL & LLW-SL—near-surface
disposal

ILW-SL (T1/2 < 31 years, dose �
500 mSv h−1).

VLLW-SL—shallow land burial

LILW-LL (does not meet the 31 year
criteria).
HLW (decay heat above 2 kW m−3).

Switzerland HLW spent fuel, alpha-toxic waste—alpha
emitters exceeding 20 GBq/te, L/ILW (all
other radioactive waste).

Deep geological repositories for all classes
except waste with half-lives less than 60
days or waste that decays below clearance
level in 30 years.

Russia Both LLW and VLLW classification limits
exist with specific tritium limits and total
activities (minus tritium).

Waste not meeting the LLW/VLLW criteria
(based on a sum of fractions approach) must
be disposed of geologically.

USA NRC classifies the waste according to its
WDR. The NRC 10CFR61 document [70]
provides separate specific activity limits for
class A, B and C waste, for key radioactive
nuclides produced manly in fission reactors.
Fetter expanded the NRC list and determine
the class C limits for all radionuclides of
interest to fusion.

WDR > 1 means HLW

WDR < 1 means LLW: class C

WDR < 0.1 means LLW that may qualify
for class A

Recycling of metals and concrete has been
done in the U.S. only in the context of the
nuclear industry and at national laboratories
[51].

Activated materials having recycling
dose < 10 000 Sv h−1 could be recycled
with advanced RH equipment.

Clearance has been performed only on a
case-by-case basis during decommissioning
projects. Clearable materials contain traces
of radioactivity with very small doses
< 10 μSv year−1.

Activated materials with clearance index
(CI) < 1 could be cleared from regulatory
control.
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