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Radioactive waste is generated from the operation of fusion facilities. Although no high-level waste is generated, in 
terms of its amounts and activity, the resulting waste inventory is yet enough to consider it a limiting factor for the 
public acceptance and sustainable development of fusion industry. The paper discusses fusion radioactive waste con-
sidering their generation sources, features and possible waste management options. It shows that some waste types 
would require advanced waste management approaches. Special consideration is given to the waste of the interna-
tional fusion reactor ITER. Activation calculation performed to assess the radioactive waste generation for the Russian 
tokamak TRT unit showed that the first wall and the vacuum vessel materials would be activated to a level sufficient 
to treat them as radioactive waste. Advance planning of radioactive waste management flowcharts would optimize the 
costs and dose loads at the operational and decommissioning stages.
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Introduction

Safety and environmental friendliness are often 
mentioned as the main advantages of fusion over 
traditional nuclear power generation based on fis-
sion reactors. Indeed, physical processes evolving 
in fusion plants virtually eliminate both the risks 
of accidents with catastrophic consequences and 
the generation of high-level and, to a large extent, 
transuranic radioactive waste (with the exception 
of hybrid fusion-fission systems). On the flip side 
of the coin is the high neutron activation experi-
enced by the primary structural elements accom-
panied by tritium buildup in them. Both of these 
factors prompt material build-up due to fusion fa-
cility operation. According to their activity levels 
and current legal framework, these materials can-
not be managed unrestrictedly and, since no ulti-
mate decision was made on their further use, are 
categorized as RW when relevant elements are re-
placed or the units undergo decommissioning. At 
the same time, various studies show that in terms 

of their volume their inventory seems to be compa-
rable to or even exceeds the one generated during 
the operation of nuclear reactors with the same ca-
pacity [1]—[3]. It is also worth noting that in gen-
eral fusion RW have their own specific chemical and 
nuclide composition and require the development 
of new waste management methods.

The Russian federal project Thermonuclear and 
Plasma Technologies envisages the development, 
construction and commissioning (by early 2030s) 
of Tokamak with Reactor Technologies (TRT) with 
a pulse time of up to 100s that are characterized by 
high neutron fluxes and ability to implement both 
D-D and D-T reactions [4]. This article overviews 
the challenges associated with the fusion RW man-
agement, namely, it evaluates the generation rates, 
the existing and proposed designs, as well as the 
corresponding potential risks and problems. In ad-
dition, it provides a preliminary analysis of the RW 
inventory according to its radionuclide composition 
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and volumes that may potentially arise from TRT 
unit operation and the proposed RW management 
approaches. 

Features specific to fusion RW

Operation of fusion facilities presumably re-
sults in low-level (LLW) and intermediate-level 
waste (ILW) generation. The bulk of their volume 
accounts for structural (various steels and alloys) 
and functional materials (elements of the breed-
ing blanket, electromagnetic system, etc.). Struc-
tural materials used in traditional fission reactors 
are often unsuitable for fusion installations due to 
higher requirements for operating temperatures 
and greater radiation damage under high-energy 
neutron action (2.45 and 14 MeV), which leads, 
in particular, to helium and hydrogen material 
embrittlement.

The generated waste and its characteristics de-
pend on the parameters of a specific unit and, to 
a large extent, on the applied structural materi-
als including austenitic (03Kh20N16AG6, 316 SS), 
ferritic-martensitic (EK-181, F82H, EUROFER97), 
bainitic steels, tungsten and vanadium alloys, ce-
ramic materials (e. g., based on silicon or titanium 
carbides), as well as the strategy selected to man-
age the activated materials (various types of re-
cycling or assignment to the RW category). Many 
fusion facility designs shall comply with certain 
requirements established to minimize RW genera-
tion and even strict regulations restricting mate-
rial activation (not higher than the thresholds set 
for low-level waste), which necessitates the use of 
low-activation materials. Since the activation level 
depends directly on the composition, the latter one 
should be selected carefully for the fusion facility 
structural elements, including possible impurities, 
not only considering the operational impact of ac-
tivation nuclides, but also taking into account their 
subsequent use and RW generation.

In general, the content of highly activated el-
ements such as Al, N, Ni, C, Cu, Nb, Mo, Re, Ag 
should be minimized in fusion structural materi-
als. Moreover, the costs of high-purity materials 
with a minimum content of highly activated impu-
rities may appear more reasonable than those as-
sociated with subsequent RW management or the 
extraction of the activated component from the 
processed materials. For example, some additional 
measures are required to reduce the concentration 
of Nb [3] in the structural steel F82H to meet the 
requirements established for LLW after its irradia-
tion in a thermonuclear facility (class C waste ac-
cording to the RW classification system adopted in 
the U.S. [5]).

Let us consider some “specific” types of RW asso-
ciated with the materials provided for in the fusion 
designs.

Beryllium
Beryllium is considered as a candidate construc-

tion material for the first wall and a breeding mate-
rial component in fusion designs, including the one 
used at one of the ITER development stages (during 
the preparation of this article for publication, deci-
sion not to use beryllium for reactor first wall was 
made by ITER organization [6]). This choice was ex-
plained by its ability to multiply neutrons and its 
low atomic weight, which seems advantageous con-
sidering its possible use as a reflector in traditional 
nuclear reactor designs and as the key material 
protecting the first wall and the neutron multiplier 
in thermonuclear reactors. In both cases, beryllium 
and the impurities it contains are supposed to be 
activated by neutrons turning into radionuclides, 
some of which refer to the long-lived category.

In terms of waste management and disposal, be-
ryllium waste accounts for a separate challenge due 
to its toxicity and reactivity levels. RW acceptance 
criteria for disposal in France (established for the 
ITER site) [7] state directly that free Be shall not 
be contained in the waste. Russian analogues [8] 
have not established any restrictions on its content. 
A separate problem associated with RW manage-
ment accounts for the presence of uranium impu-
rities in natural beryllium: its neutron irradiation 
would trigger the processes resulting in the burn-
out of uranium isotopes with some new fissile ra-
dionuclides formed along the way. It has been es-
timated [9] that beryllium with uranium content at 
the level of 20—100 ppm and a total Be inventory of 
300—400 t would correspond to the total U amount 
inventory of several tens of kilograms. To meet the 
criteria restricting the content of transuranic nu-
clides in the waste generated by fusion facilities 
and intended for disposal in near-surface reposito-
ries, the amount of uranium in beryllium shall be 
reduced to less than 1 ppm.

Another problem associated with activated be-
ryllium waste management is the value of the 
source material: relatively small proven reserves 
of beryllium-containing ores, low annual produc-
tion and high demand for this material by fusion 
power engineering will almost inevitably require 
their processing providing for non-activated met-
al separation [9]. However, this issue still requires 
careful consideration, since even given future im-
provements in metallurgy with minimized impu-
rity inventories and, consequently, activation prod-
ucts in neutron-irradiated beryllium, operation 
of fusion and nuclear installations with beryllium 
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reflectors will require the disposal of up to several 
tens of tons of Be. Therefore, it is necessary to ar-
rive with some optimized methods to enable such 
RW management.

Steel
In case of austenitic steels, the radioactivity of 

activated materials is mainly contributed by nickel 
(about 12.5 % of their composition). In addition to 
Ni isotopes, long-lived 94Nb, 93Mo, 121Sn are also 
of concern [10]. Another important nuclide is 14C, 
especially in case of steels with some nitrogen in-
troduced additionally to improve the high-temper-
ature properties.

Vanadium alloys
Vanadium alloys also account for the candidate 

low-activation materials proposed for the struc-
tural elements in fusion designs with V–4Cr–4Ti 
considered as the most studied one. Highly pure 
vanadium alloys have a certain advantage, which is 
a rapid, relative to other materials, decline in the 
induced activity. To take the advantages of their 
low activation to the fullest, the impurity Co, Nb, 
Ag, Mo, Cu, Ni and Al inventories should be mini-
mized [11]. 

Breeder materials
Most commercial and transition fusion facility 

designs involve breeding blankets that are designed 
to reproduce tritium from lithium under neutron 
irradiation. When a PbLi blanket is used, 207Bi, l08Ag, 
208Bi and 94Nb account for the main nuclides affect-
ing the long-term radioactivity in addition to tri-
tium itself [12].

Tritium
Tritium inventory in various waste types accounts 

for a key parameter in the decision-making regard-
ing appropriate waste management and future RW 
acceptance at a RW disposal facility (RWDF). In 
addition, in the context of thermonuclear energy, 
tritium is not only and not so much a polluting ra-
dionuclide, but also a very valuable raw isotope, the 
disposal of which is not economically justified. Cer-
tain efforts are assumed to be required to extract 
tritium from waste, since existing RWDFs are not 
designed to isolate large RW volumes containing it. 
These efforts are supposed not only to provide pos-
sible tritium recycling as fuel, but also to reduce its 
potential releases into the environment from stor-
age and disposal facilities.

Tritium, as a hydrogen isotope, has high pen-
etrating ability. Therefore, all elements of the in-
stallation interacting with it get contaminated with 
this radionuclide. A case in point are the designs 

developed for the HYLIFE-II inertial thermonuclear 
fusion installation, for which the tritium reserve in 
the liquid-salt coolant was estimated at 0.5 g, while 
its amount absorbed by the pipeline metal amount-
ed to 140 g [13]. 

Since according to its volume, most active RW 
generated from fusion facility operation and de-
commissioning mostly account for the structural 
elements of the vacuum vessel and the plasma-fac-
ing components considered as most susceptible to 
hydrogen isotope diffusion, including tritium, dur-
ing their operation, a method should be developed 
to enable its extraction, which is supposed to:
•• reduce the activity of the generated RW enabling 
its further disposal in less complex structures;

•• lower the radiation protection requirements for 
RW management sites;

•• minimize tritium releases from RW;
•• recycle the separated tritium.

The ITER site provides for special premises and 
equipment designed for RW detritization resulting 
in secondary tritium waste generation. Thus, its 
economic feasibility should be supported by some 
verified assessments. At the same time, it is appar-
ently impossible to develop a universal process that 
would enable the detritization of all possible RW 
types. For ITER designs, considered are the meth-
ods providing metallic RW heating and melting, as 
well as thermal processing/incineration of combus-
tible waste.

Immobilization methods involving elevated tem-
peratures are not applicable to aqueous tritium-
containing liquid radioactive waste (LRW), since 
in this case water would be evaporated resulting 
in vapor releases of non-radioactive toxic waste 
(NRTW) into the environment. They can be divided 
into several categories according to the fixation 
rate: gaseous tritium in the form of hydrides (tem-
porary), water vapor - by drying agents, liquids - by 
adsorbents, water - by materials such as cement 
with a limited leaching rate or special low-temper-
ature ceramic matrices.

Tritium tends to get gradually released from con-
ditioned LRW stored as monolithic blocks without 
any additional packaging. Initial NRTW loss from 
cement blocks exposed to moisture can be high (up 
to 25 % in the first week), although this rate de-
creases over time [14]. The rate of tritium releases 
can be reduced by coatings (e. g. epoxy) or polymer 
impregnation applied to cement blocks.

Most countries impose rather strict restrictions 
on the content of this radionuclide in the RW 
handed over for disposal. Therefore, along with 
further advancement in fusion designs, a com-
mon understanding was formed regarding the de-
velopment of a special management strategy for 
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tritium-containing RW that would take into ac-
count physical and chemical properties of this ra-
dionuclide, its ability to diffuse through metals and 
its half-life (12.3 years). Thus, a strategy for triti-
um-containing RW management was implemented 
under the international ITER project in France. It 
provides for intermediate storage for fifty years be-
fore sending the waste to the final disposal facility, 
since the acceptance criteria for disposal limit its 
specific activity to no more than 2·105 Bq/g and the 
release from RW — to no more than 2·106 Bq/t/day. 
In addition, ANDRA has been also considering the 
option providing for some specialized storage facil-
ities that would meet the requirements for tritium-
containing RW [7].

In Russian practice, the acceptance criteria es-
tablished for the RWDF operating in Novouralsk in-
volve more stringent requirements for tritium con-
tent (up to 8.7·107 Bq/kg) and its release rate (no 
more than 10–2 1/year) [8].

In general, the following conclusions can be made 
regarding fusion facility RW containing tritium:
•• one shall develop a special management concept 
dealing with this RW type specifically;

•• the problem of interaction with them must be 
solved throughout the entire life cycle of the fa-
cility: from the conceptual design stage to its 
decommissioning;

•• taking into account current advances in detritiza-
tion methods, the experience accumulated under 
the ITER project, along with relevant R&D, is sup-
posed to support further optimization of subse-
quent fusion plants and simplify the process as-
sociated with such RW management, which is also 
a key issue on the way to its acceptance.

Types of fusion RW
Therefore, the following can be attributed to spe-

cific fusion waste types:
•• highly activated and tritium-saturated metallic 
RW generated during replacement and decommis-
sioning of in-reactor components;

•• less activated and tritiated components of exter-
nal reactor structures;

•• specific waste of breeding materials;
•• tritiated RW of fuel cycle elements;
•• operational plastic waste and rags containing ac-
tivated dust and tritium;

•• liquid radioactive waste, ion-exchange resins and 
oils, including activated corrosion products and 
tritium.

Estimated fusion RW volumes

Data on RW volumes generated from opera-
tion, maintenance and decommissioning of fission 

reactors are continuously updated and refined. 
Thus, the industry is able to plan their management 
accordingly. The expected RW amount from the op-
eration and decommissioning of fusion facilities is 
at least comparable to the RW volumes from fis-
sion reactor units with comparable capacities [15]. 
Similarly detailed estimates are required for fusion 
as well, since the existing RW management infra-
structure is largely unprepared for either additional 
waste volumes or their types specific to fusion.

At the same time, current fusion plant designs are 
innovative and experimental, so the uncertainties 
related to the waste generated due to their preven-
tive repair and maintenance will persist until their 
final designs are completed and until certain expe-
rience in operating more powerful fusion facilities 
and decommissioning the first experimental plants 
is obtained. Considered below are some prelimi-
nary estimates regarding the corresponding RW 
volumes and types. 

ITER RW
ITER operation is expected to generate approxi-

mately 38,000 tons of RW with approximately 10 % 
of this amount accounting for the operational 
waste and 90% resulting from reactor decommis-
sioning. Over two decades, ITER maintenance 
operations involving the replacement of some in-
vessel components are expected to generate ap-
proximately 1,000 tons of long-lived ILW/LLW and 

~60 tons of tritium RW. ITER decommissioning is 
estimated to generate approximately 2,500 tons of 
long-lived ILW/LLW, 13,500 tons of short-lived LLW 
and 20,500 tons of very low-level waste (VLLW) [7].

The main activation isotopes responsible for the 
ITER RW activity involve the activation products of 
stainless steel, i. e., W, Cu, Be. For this reactor, the 
following isotopes have been identified as having 
the greatest radiation impact:
•• 93Mo — driven by the concerns associated with the 
exceedance of the waste acceptance criteria estab-
lished for the proposed disposal facility in relation 
to its content, which may result in higher hazard 
class for some waste and require its disposal in an-
other RWDF;

•• 60Co — due to high heat release;
•• 3H — due to restrictions imposed on the content 
and release in the waste.

Operational and process waste 
generated by ITER include:

•• combustible solid radioactive waste (SRW), such 
as personal protective equipment (PPE), paper, 
rags, etc.;

•• non-combustible SRW (metal and other compo-
nents and elements);
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•• special process waste (sludge, dust, ion-exchange 
resins, filters, etc.);

•• lubricants (mainly for pumps and water-oil mix-
tures, leaks from the cooling system).

Radioactive contaminants include:
•• tritiated water;
•• activated corrosion products;
•• activated dust.

Considering all waste types, annual volumes of 
waste generation may amount to some 280 m3 with 
an activity of up to 1013 Bq/m3 (for ion-exchange 
resins). This waste is planned to be managed di-
rectly at the ITER site, including RW segregation, 
compaction, processing (cementation), condition-
ing, measurement of its radiation characteristics, 
interim storage and transfer for disposal. It should 
be taken into account that part of the waste re-
quires remote handling. 

Tritium RW results from normal operation and 
maintenance of the facility and mainly includes 
combustible (PPE, paper, rags) and non-combusti-
ble (metals) operational waste. The waste is collect-
ed in 200-liter drums in accordance with its com-
position (plastic, glass, metals, etc.), which are sent 
for interim storage. The corresponding tritium RW 
conditioning method has not been fully refined yet. 
Tritium content is measured by two methods: dis-
solution followed by liquid scintillation beta spec-
trometry or by calorimetry (if other radionuclides 
are absent).

Estimated RW volumes from the operation 
of the TRT tokamak

Calculations were performed under the prelimi-
nary safety analysis of the installation to assess its 

readiness for licensing, which was done under the 
program titled Development of the Legislative and 
Regulatory Framework in the Field of Atomic En-
ergy Use, Including New Types of Nuclear Installa-
tions, Thermonuclear and Hybrid Systems. In par-
ticular, the activation of its elements and reactor 
hall structures was assessed. The data obtained 
were taken from open sources [4], [16]—[18].

To calculate the neutron-physical characteristics 
of the TRT facility, its model simplified down to 
the cylindrical geometry and schematically shown 
in Fig. 1 was developed in the MCU-FR 1.4 soft-
ware [20]. In this model, the thermonuclear neu-
tron radiation (plasma) source is a cylinder with 
a diameter of 114 cm. Several layers were set to 
simulate the main structural units of the facility 
in the radial direction, in particular, the first wall 
(FW), the vacuum vessel (VV), the radiation shield-
ing of the vacuum vessel (RSVV), the cryostat and 
the radiation shielding (RS) made of concrete. The 
space between the RSVV and the cryostat is mod-
eled as a mixture of steel and air due to the equip-
ment elements with complex geometry (magnetic 
coils), equatorial ports and other metal structures 
fitted in this area.

At the first stage to estimate the amount of gener-
ated RW, the MCU-FR 1.4 was used to calculate the 
neutron spectra in the installation materials. Then, 
the activation of the main TRT structural materi-
als (VV, cryostat and RS) was calculated using the 
obtained spectra and fluxes in the TRACT nuclide 
kinetics modeling software [21].

The adopted neutron radiation characteristics 
of the source presented in Table 1 were based pri-
marily on the data from [18]. In the activation cal-
culations performed for the structural materials 

Fig. 1. Schematic representation of a one-dimensional TRT model
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of the installation, two irradiation modes were 
considered:
•• one discharge with a duration of 10 s;
•• 1,000 discharges with a duration of 10 s at a fre-
quency of one discharge per day.

Table 1. Characteristics of the TRT neutron radiation 
source adopted for modeling purposes

Spatial distribution Uniform over the 
plasma volume

Energy distribution, MeV 2.45 

Angular distribution Isotropic

Neutron yield, n/s 5·1017

Neutron flux at the FW assuming its area 
of 70 m2, n/cm2/s (0.72—1.43)·1012

Discharge duration, s 10

Table 2 presents the calculation results.

Table 2. Integral activities of TRT units considering 
different irradiation modes: immediately after 

irradiation and one day (24 hours) after the last pulse, 
Bq/kg

Structural 
unit

Immediately after irradia-
tion 24 hours after irradiation

Irradiation mode Irradiation mode

1 discharge 103 discharges 1 discharge 103 discharges

Inner VV 
wall 1.4·109 1.4·109 7.8·108 7.8·107

External 
VV wall 1.6·108 1.5·108 4.8·105 5.0·106

Cryostat 6.2·103 6.9·103 – 7.1·10–2

RS 5.3·104 1.5·104 – 5.4·10

The maximum specific activity levels for the ra-
dionuclides found in the TRT equipment compo-
nents able to act as independent ionizing radiation 
sources and categorized as RW at the post-opera-
tional stage were evaluated with due account taken 
of the predicted uneven isotope distribution across 
the thickness of such components. It was assumed 
that the activity of radionuclides was mainly con-
fined to the first 10 mm of the wall. In this case, the 
maximum specific activity of materials, taking into 
account the cooling time sufficient for all key short-
lived radionuclides to decay, would not exceed the 
values presented in Table 3.

The RW resulting from the operation of the TRT 
facility is expected to involve at least the materials 
of the first and inner walls of the vacuum vessel (up 
to 10 mm thick). Further data refinement on the RW 
volume requires some ultimate decision regarding 

the operating modes of the facility and their dura-
tion, which should be taken into account in the de-
sign development of its structures and the operat-
ing conditions.

Table 3. Maximum specific activity levels 
for the structural materials of the TRT equipment 

(1,000 irradiation pulses, cooling time —15 years), Bq/kg

Radio-
nuclide 

Predicted specific activity of radionuclides, Bq/kg

VC int. steel, layer 
thickness 1 cm

First wall 
(ext. bronze)

Criteria for waste  
categorization as RW

63Ni 1.9·105 2.3·106 1.0·10·
55Fe 1.8·105 – 1.0·10·
14C 2.4·103 – 1.0·104

59Ni 2.1·103 – 1.0·104

54Mn 5.2·10 – 1.0·10
60Co 6.3·10–1 2.0·102 1.0·10

Total 3.7·105 2.3·106

Possible management options for fusion RW

Material recycling and exemption from regulato-
ry control may considerably reduce the RW volumes 
handed over for disposal. Based on general consid-
erations regarding these issues specific for their 
restricted and unrestricted use, several key chal-
lenges can be identified. These should be studied 
by fusion specialists. The main challenges summa-
rized below are related to the design optimization 
of such facilities, additional research and interac-
tion with regulatory authorities. When dealing with 
waste recycling, the economic and market realities 
specific for RW management should be also taken 
into account. Long-term storage and requirements 
for additional processing generally result in higher 
costs.

Disposal
There are two key challenges associated with 

management, storage and disposal of specific fu-
sion RW: high initial activity and high tritium con-
tent in addition to high chemical toxicity of the 
beryllium reactor components seen as a limiting 
factor. At high dose rates, certain handling meth-
ods used in in-reactor fission reactor designs may 
be required, including some remote methods and 
the establishment of special cooling areas.

In case of tritium-containing waste, the main 
problem is the high penetrating power of tritium 
both within the fusion facility and in the disposal 
facility. A striking case in point is the Manche waste 
disposal facility in France, the first section of which 
consisted of unlined trenches. Tritium-containing 
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VLLW was disposed of in steel drums. Higher-acti
vity waste was conditioned to form concrete mono-
liths or immobilized in steel drums [19]. Waste con-
tainer degradation caused some considerable re-
leases of radioactive material from the waste pack-
ages (e. g., the specific activity of the wastewater 
reached 7,400 Bq/l). Water samples collected from 
the facility drainage system revealed some leaks 
from degraded concrete waste containers, which 
contained a total of 2,200 TBq of tritium. They were 
retrieved from the shallow surface disposal facil-
ity, re-conditioned in new packaging and emplaced 
into a temporary storage facility.

Thus, for the RWDF intended for fusion RW dis-
posal one should develop:
•• special RW acceptance criteria for disposal;
•• methods based on which one would be able to cal-
culate and validate the maximum content of indi-
vidual radionuclides established in the acceptance 
criteria.
R&D performed to identify the optimal beryl-

lium RW management method, presented in [19], 
showed that bituminization, cementation of beryl-
lium RW and its direct disposal without preliminary 
conditioning are potentially dangerous options for 
the long-term safety of the RWDF due to the chem-
ical toxicity of metallic Be, as well as possible in-
tensive formation of hydrogen associated with its 
corrosion. Accordingly, it also seems vitally impor-
tant to study this waste and its disposal. To date, it 
has been acknowledged that phosphate and glass 
waste forms should be viewed as the safest condi-
tioning methods since they generate less toxic be-
ryllium waste with very high corrosion resistance 
and also exclude hydrogen release under disposal 
conditions.

Processing and recycling
Since early 1980s, recycling has been consid-

ered as a possible option by researchers focused 
on fusion. Current advances in the management of 
highly radioactive materials, as well as the reuse of 
certain materials in the nuclear industry (mainly 
metal waste) indicate that recycling can be poten-
tially considered a feasible option for almost the 
entire fusion RW inventory: from highly activated 
in-core components to low-activation building ma-
terials. The recycling processes may involve cooling 
under controlled conditions, separation of materi-
als by processing methods, grinding, remelting and 
refabrication.

The most challenging aspect accounts for beryl-
lium fusion facility components. The practice of 
Be application in research nuclear reactors shows 
that due to gas swelling, Be-based components 
require replacement approximately every 10 years 

of operation [22], and in power thermonuclear re-
actors — approximately once every 5 years of op-
eration at a nominal power [23]. According to the 
EFDA (European Fusion Development Agreement) 
report prepared by a research group [24], an av-
erage of 560 tons of metal will be needed for one 
power reactor with a thermonuclear capacity of 
3.6 GW [9]. If we consider some analogues, then the 
project of the Russian 2.4 GW demonstration reac-
tor DEMO-S [25] provides for the use of 215 tons of 
Be as a neutron multiplier and a protective coating 
of the VC’s first wall. In the European blanket de-
signs developed for the power reactor MINERVA-H, 
its amount accounts for 865 tons [23]. At the same 
time, in 2020, only 240 tons of beryllium ore in 
terms of metal were produced globally [26].

The reuse may be also challenged by the re-
quired special detritization procedures, since tri-
tium can affect both the safety of the production 
processes and the parameters of the recycled ma-
terials. A few studies indicate that in addition to 
lower RW volumes, the recycling option also en-
ables considerable reduction in the waste man-
agement costs.

Exemption from regulatory control
Exemption from the regulatory control is regu-

lated both based on international [27] and national 
[28] legal requirements. When it comes to irradiat-
ed fusion materials, particular attention is paid due 
to two specific factors: the forecasted large volumes 
of materials referred to RW, especially from the de-
commissioning operations, and relatively low level 
of radioactivity typical for their considerable part 
close to the threshold used to refer materials to the 
RW category. Fusion RW management can be op-
timized greatly provided effective management of 
industrial waste contaminated with radionuclides, 
and this issue should be regulated under the Rus-
sian legal framework [29].

Exemption from regulatory control requires the 
availability of:
•• formal regulations and recommendations estab-
lished by government agencies;

•• methods that can be applied to detect and sepa-
rate the impurities from materials if their content 
hinders this procedure;

•• possible options providing separate dismantling 
and replacement of facility components in the 
design;

•• areas for the long-term safe cooling of materials 
and components;

•• infrastructure required to validate the compli-
ance of materials with the conditions necessary 
for this;

•• demand for the exempted materials.
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Conclusion

Fusion does not result in large volumes of highly 
active heat-generating RW. Nevertheless, operation 
of such units may still generate quite large LLW and 
ILW amounts. In fact, in terms of cost and compli-
ance with sustainable development goals, the at-
tractiveness of fusion power depends on the extent 
to which scientific knowledge and technical designs 
may address the issues associated with RW mini-
mization and the reuse of materials, especially the 
valuable ones, by providing some feasible mecha-
nisms for volume reduction, processing and mate-
rial exemption from regulatory control. The issues 
associated with RW generation (forecasted volumes, 
detection points, physical and chemical forms, ra-
dionuclide and chemical compositions) should be 
taken into account already at the design develop-
ment stage, and the plans regarding thermonuclear 
power deployment going beyond the construction 
of low-power research facilities should be coordi-
nated with strategic documents discussing the de-
velopment of a unified national waste management 
infrastructure. 

The maturity of fusion research is not suf-
ficient enough to step up from the conceptual 
approach to addressing fusion RW management 
challenges and the level of design development 
and management planning. Nevertheless, several 
areas of research that may contribute consider-
ably to efficient management of fusion RW can 
be identified:
•• research focused on low-activation materials and 
production of materials with consistently low lev-
els of highly activated impurities;

•• development of highly efficient radiation shield-
ing designs to reduce the level and volume of ma-
terials subject to activation contamination;

•• development of unit and component designs with 
an account taken of opportunities for separate 
dismantling of the most activated and/or repro-
cessable parts;

•• development of materials, coatings, production 
processes and systems minimizing tritium pen-
etration depth (and retention) in them;

•• improvement of codes and nuclear databases pro-
viding more accurate forecasts regarding the lev-
els of material activation and tritium penetration;

•• practical methods providing material exemp-
tion from regulatory control taking into account 
the dose limits established at the national level 
(10 μSv/year);

•• revision of waste categories taking into account 
the physical and chemical compositions of mate-
rials and their forms of use (e.g., allocation of a 
separate category for metal waste);

•• establishment of some specific requirements reg-
ulating fusion RW management due to their con-
siderable differences from the RW common for the 
nuclear industry. 
As it comes to the Russian TRT facility, its opera-

tion based on the D–D reaction will result in RW 
(LLW), namely, the components of its first wall and 
the inner surface of the vacuum vessel, accounting 
for relatively small waste volumes. At the same time, 
the problem associated with beryllium waste man-
agement still remains unsolved, since its disposal, 
on the one hand, is not provided for by waste ac-
ceptance criteria established for the currently oper-
ating RW disposal facilities, and on the other hand, 
given the sufficient content of natural uranium in 
the feedstock, the waste may require its final dis-
posal as RW Class 2 in accordance with [30]. At the 
same time, it should be noted that TRT operation 
based on the D–T reaction or its implementation 
in another thermonuclear facility, is expected to 
result in considerably higher amounts of RW both 
due to higher activation by high-energy neutrons 
and tritiation of its elements. Under this scenario, 
the proposed RW management options should be 
refined in advance.
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