Chapter 10

Emission Control
Chapter abstract
Summary: This chapter gives an overview of the progress ESS has made in developing a waste management strategy for irradiated materials. It addresses regulatory requirements, radiological characterisation,
waste treatment and conditioning, waste disposal, decommissioning, and environmental impact. ESS is
committed to the safe management of radioactive waste and emissions during the entire life-cycle of the
facility. ESS has already made substantial progress in estimating levels of radioactive waste and emissions,
and in developing protocols for managing waste. The main finding is that waste can be successfully handled, transported and disposed of in accordance with Swedish law. ESS will be a good neighbour, and will
not damage the health of the community or the environment.
Requirements. The chapter provides an overview of Swedish radiation safety regulations relevant for
the licensing, operation and decommissioning of the facility. The Swedish waste management system and
Sweden’s waste management policies are also reviewed.
Radiological characterisation. Within the Swedish radwaste system, the generator of radioactive
waste must provide information about the radionuclide inventory before the removal of the waste into
final repositories is permitted. Nuclide inventories were estimated for the most important components
of the target station using Monte Carlo techniques. The same method was used to estimate residual
activity within the linac tunnel and in the shielding wall and surrounding soil. The inventory database
that was created is currently being evaluated by SKB, the Swedish company in charge of final disposal of
the radwaste. Source terms for environmental analysis also were derived using this direct methodology.
Two additional methods were used to verify and validate the nuclide inventory results.
Waste management. ESS has developed a waste management logistical plan that divides waste streams
into categories according to a risk-based assessment, and proposes a treatment protocol optimised for each
specific material’s characteristics. Waste shipping and disposal plans have been evaluated and found to be
feasible.
Operational waste and emissions. Preliminary estimates of the radioactive waste and emissions generated in fluid systems indicate that the purification systems will function well and that safe management
of radionuclides is readily achievable.
Environmental impact analyses. The annual dose to a reference person from exposure due to operational release of radionuclides was estimated, and the radiological consequences of potential accidental
releases were evaluated. The results show that ESS is well within Swedish regulatory requirements.
Decommissioning. Immediate dismantlement is the preferred decommissioning strategy, with the goal
of returning the site to green field status.
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Radiation safety requirements

The overall ESS safety approach is laid out in the general safety objectives (GSO) [391], which are described in more detail in Chapter 11. Radiation protection is a main priority throughout the project
lifetime, through all stages of conceptual and detailed design, fabrication of components and construction,
commissioning, operation, planned and unplanned maintenance, and eventual dismantling and decommissioning. The GSO concentrates upon setting limits for radiation doses. In many cases, ESS limits are
stricter than those required by Swedish law. Although ESS is a non-nuclear facility, the Swedish Radiation Safety Authority (SSM) is empowered to regulate the operation of accelerators and sealed radiation
sources, to provide for the protection of workers and the public during activities involving ionisation radiation, and to regulate the transport of radioactive substances. The regulations that apply are discussed at
some length in Section 11.2. According to SSM regulations, limits on the release of radioactive substances
depend on the doses received by a critical group or a reference group designed to be representative of people
living in the vicinity of the facility. Section 11.3 discusses this in some detail, including the classification of
events. The limits on radiological doses to the public and facility employees and visitors are summarised
in Table 11.3.
ESS has set 0.05 mSv as the upper annual dose limit for the general public in normal operation.
The release of liquid waste to the municipal sewage water treatment is also regulated by SSM. Radioactive waste water must be controlled before its release, which implies that storage and treatment facilities
must be in place. For nuclear facilities (unlike ESS), SSM requires that the dose estimation methodology
be described and approved by SSM. The calculations must be based upon measured dispersion data and
knowledge of the circumstances in the most affected area during the time period concerned. Although not
legally bound to do so, ESS has declared that it will abide by the intention of this regulation [617].
According to Swedish regulation, it is the responsibility of the holder of a licence to own or operate a
facility dealing with nuclear materials to prepare for the management and disposal of radioactive waste
products from the facility and to decommission and dismantle the facility. Therefore, ESS is responsible for
the safe management and disposal of radioactive waste deriving from its operation, and for decommissioning
and dismantling the facility after it has been taken out of service. It is ESS’s responsibility to plan, build
and operate the facilities and systems that are needed for this purpose, and to conduct related research
and development. Radioactive waste from ESS will be handled and disposed of within the Swedish system
for management of radioactive waste and spent nuclear fuel. Established disposal facilities will be used
that meet the legal requirements for each specific category of waste. Similarly, transport of activated
materials will comply with Swedish ADR (Accord Dangereux Routier) regulation and established practice,
based on IAEA transport recommendations (TS-R-1). Selected transport containers will meet the legal
requirements for each category of material being moved.

10.2

Radiological characterisation of the waste

Preliminary ESS estimates of the radiation levels and associated shielding requirements were assessed for
different parts of the facility.
Linear accelerator
ESS has developed an approach [618], including both methodology and tools, to assess activation levels
and associated shielding of the ESS accelerator. The input parameters and tools used in this approach
reflect current assessment capability, and the approach is based upon conservative assumptions that provide an appropriate margin of safety, given the still developing level of knowledge and understanding of
the accelerator system. Monte Carlo simulations complemented with analytical predictions were used to
estimate the thickness of the lateral shielding of the accelerator tunnel. A tunnel configuration placed
underground is proposed as a reference for further detailed evaluations. An ordinary concrete shielding
wall one meter thick was assumed in the analysis, for the purpose of minimising the activation of the soil
surrounding the concrete. In this respect, two situations were analysed: i) normal linac operation and ii)
accidental full beam loss. For the second case, the expected integrated equivalent dose from full beam
loss outside the predicted shields has to comply with exposure limits given a cut-off time of 50 ms. The
amount of earth shielding required in addition to the one meter thick wall of concrete was derived to meet
the exposure criteria for controlled, supervised and public areas. It was concluded from the investigation
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that a shielding thickness of about six meters of earth will be required for the option designating the site
as a supervised area, and eight meters of earth for a public area designation.
Additionally, a preliminary estimate of the required shielding in the HEBT zone was performed. Calculations have shown that two meters of iron block followed by a 40 cm thick layer of ordinary concrete will
be required to shield the bending magnet in the linac-to-target connection zone. This estimation accounts
only for 1 W/m beam loss along the magnet and aims to reduce the prompt radiation to a level of 1 µSv/h.
Evaluations considering backscattering of the neutrons from the target area are necessary to correctly size
the magnet shielding in order to insure safe working conditions in the area. The proposed thickness of
the shielding guarantees an integrated dose in case of accident below the acceptable limit with sufficient
margin to cut off the beam. Analysis of options to reduce the shield thicknesses in compliance with the
ALARA principle will be conducted in the future.
The residual field inside the tunnel was further evaluated using a simple geometry to model unshielded
beam loss consequences upon the machine structure, concrete wall and air inside. Residual dose levels
obtained in these preliminary calculations are high. One hour after shut-down in the high energy zone
of the accelerator, dose rates of a few hundreds of micro-Sieverts per hour were found. Consistent with
these results, the high energy end of the linac might be classified as a radiation-controlled area with
restricted access. Activation of the concrete wall and adjacent soil shielding was also estimated to permit
a preliminary quantitative evaluation of the radioactive waste likely to arise during the lifetime of the
facility (40 years of operation). About 1.50 × 104 tonnes of concrete shielding from the accelerator
tunnel (in a volume of 6.37 × 103 m3 ) will need to be cleared during ESS decommissioning. The recent
implementation of the clearance concept [619] within Swedish legislation leads to the characterisation of
this concrete through an identification of its clearance index. It was concluded that only the first 20 cm of
concrete surrounding the tunnel (3500 tonnes) have the potential to require special handling for disposal,
while the remaining concrete will be suitable for free release. Section 10.3 discusses further the concept of
clearance under Swedish law.
Release of radioactive materials into the environment was also assessed, guiding the evaluation and
definition of potential sources for environmental contamination analysis, a major topic addressed by the
ESS design. Based on these estimations, further complex studies were carried out to model the migration
of contaminants through the environment and to assess its impact. Activity concentrations of radionuclides
of major concern in terms of contaminant migration into the groundwater were derived for the first one
meter of soil surrounding the concrete tunnel wall. The ESS accelerator design will include protective
measures to isolate the soil from groundwater in order to prevent the exchange of contaminated water. A
preliminary evaluation of the activity released in the atmosphere from the linac tunnel accounting only
for the air exchange rate inside the entire tunnel volume was also carried out. It was found from this
conservative analysis that a more realistic model will be required to aid in the design of the ventilation
system inside the accelerator tunnel. Various scenarios of the release of radioactivity into the air from the
accelerator tunnel were analysed and compared.

Target, moderator and reflector assembly
A basic calculation model of the target, moderator and reflector assembly (TMRA), optimised in terms
of neutron yield from the moderator face, was the starting point of calculations investigating various
parameters involved in the activation analysis, as reported in an ESS technical report [620]. The geometry
model used for radiation transport analysis is shown in Figure 10.1. The most important parameters for
the calculation model are described in the 2011 target station design update [339], while the material
compositions used are described in another technical report [355]. The total specific activity and decay
heat in the tungsten target as a function of decay time are given in Table 10.1. More detailed results of the
spatial distributions of the activity and decay heat versus decay time in the target wheel will be derived
in the future. Estimates of the α-emitters in the tungsten target after five years of operation show that
148
Gd is by far the main contribution. The tritium activity produced in the target after 5000 hours of
operation is calculated to be at the level of 1.5 × 1015 Bq for the tungsten. A similarly large amount of
tritium – 1.2 × 1015 Bq – is produced in the beryllium reflector, as recorded in Table 10.2.
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Figure 10.1: Geometric model of the target, moderator and reflector assembly (TMRA) used in decay
calculations. Left: Side view of the TMRA. Right: Plan view.

Decay
time
[y]
0
0.02
1
3
5
7
9

Total activity
Wheel Layers & shroud
[1015 Bq]
[1015 Bq]
467
111
12.0
4.4
3.0
2.3
1.9

Wheel
[kW]

8.239
3.718
1.278
0.678
0.426
0.289
0.205

Decay heat
Layers & shroud
[kW]

41.5
3.16
0.355
0.120
0.059
0.032
0.018

1.54
0.291
0.094
0.053
0.038
0.028
0.022

Table 10.1: Total activity and decay heat as a function of decay time for the tungsten target wheel and
the stainless steel layers and shroud.
Target station
component

Material

Target wheel
Shroud #1
Shroud #2
Target coolant
Target coolant alternative
Moderator coolant
Moderator cladding
Pre-moderator
Moderator
Reflector
Reflector shield
Total
Total alternative

Tungsten
Stainless steel
Stainless steel
Helium
Heavy water
Water
Aluminium

Beryllium
Stainless steel
Helium coolant
Heavy water coolant

Tritium
activation
[1012 Bq]
613.1
14.6
14.2
0
2.3
0.6
0.9
2.0
0.02
1180.0
19.4
1455.6
1457.9

Table 10.2: Tritium activation produced in target station components during 5000 hours of operation.
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Instruments and beamlines
For the first beamline shielding calculations, a generic source term will be obtained, which will capture
the specifics of the high energy component of the direction of the beamlines with regard to the incident
proton beam. Subsequent calculations will be performed to investigate the shielding required at a generic
beamline. For rough estimates of the shielding around neutron beam tubes, the approach outlined by
Gallmeier [621] may be used.

10.2.1

Source term for waste disposal classification

Within the Swedish waste system, the complete nuclide inventory (T > 5 years) must be reported by the
producer before disposal of radwaste is allowed to proceed. In compliance with this requirement, ESS has
submitted a description of the nuclide inventories in the principle components of its waste to SKB, the
Swedish Nuclear Fuel and Waste Management Company. This information, and other nuclide vectors that
are part of an inventory database created by ESS which is under analysis within SKB, will be used for
design and safety assessment and for various licensing and regulatory purposes. The preliminary estimates
for activation of the quadrupoles are shown in Figure 10.2. The right hand panel shows the decay over time
of total specific activity (in black) and the contributions of individual radioisotopes (in colour), following
irradiation over 40 years, corresponding to the lifespan of the ESS facility. The left hand panel shows the
percentage of total activity attributable to individual isotopes over time.
Figure 10.3 shows estimated total activity as a function of decay time for the proton beam window’s
aluminium window pane and frame, and for its steel flanges after 5000 hours of operation, corresponding to
the component’s expected lifetime. Additional information about the most important contributors to the
total activity of the PBW module are provided in a separate technical report [622]. The total activity of
the tungsten target wheel and the 3 H contribution to that activity are shown in Figure 10.4 as a function
of the decay time after 5 years of irradiation, which is the expected lifetime of the target. Table 10.3
provides additional detail about the most important contributors to the total activity. The total activity
of the beryllium reflector and the tritium contribution is also shown in Figure 10.4 as a function of the
decay time after 5000 hours (one year) of operational irradiation. Table 10.4 provides additional detail
about the most important contributors to total activity in the beryllium reflector material.

10.2.2

Source terms for environmental analysis

Another ESS technical report [623] describes the preliminary assessment of the potential source term for
radioactive waste discharges that will occur during the routine operation of the ESS facility. These dis90
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Figure 10.2: Quadrupole activation decay curves after 40 years of irradiation with a 2.5 GeV proton beam,
and 1 W/m beam losses. Left: Percentage of activity due to particular radioisotopes as a function of time.
Right: Specific activity due to particular radioisotopes as a function of time.
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Figure 10.3: Total activity in the aluminium and steel (iron) components of the proton beam window as
a function of decay time after 5000 hours of operation.
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Figure 10.4: Total activation and tritium contribution decay curves after irradiation. Left: Target wheel
after 5 years of irradiation. Right: Beryllium reflector after 5000 hours (one year) of operational irradiation.

charges are in the form of gaseous discharges to the atmosphere from the stack and aqueous discharges to
public sewers or via contamination of the groundwater underneath the linac and its further migration into
the environment. The initial identification of the main sources of discharges has been completed. Subsequently, the nuclide vector breakdown was identified analysing both sources of hazards: activation and
contamination. ESS estimates of the production activity [355,618,624], together with available experimental data from previous experience were used for identification of the radionuclide vector that potentially
might be discharged via the airborne and the waterborne routes. Radioactive inventories associated with
the linac tunnel and surroundings as well of the majority of the target station components have already
been calculated under conservative assumptions about operating conditions. The results of this earlier
work represent the starting point for the environmental source term evaluation.
A complete understanding of the release and diffusion of radioisotope products depends upon many
parameters and will require experimental work reproducing ESS conditions. Furthermore, the effects of
the ventilation systems and filters, some of whose details are still being worked out, will have tremendous
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Nuclide
6
3

H
C
36
Cl
39
Ar
59
Ni
79
Se
81
Kr
91
Nb
93∗
Nb
94
Nb
97
Tc
99
Tc
137
La
148
Gd
150
Gd
154
Dy
157
Tb
154
Dy
163
Ho

83.4
0
0
0
0
0
0
0
0
0
0
0
0
0.2
0
0
0.1
0
0

14

Decay time [years]
40
102
103
104
96.4
0
0
0
0
0
0
0.1
0
0
0
0
0
0.9
0
0
0.6
0
0

72
0
0
0.1
0
0
0
1.6
0.3
0
0
0
0
11.6
0
0
9.3
0
0.7

0
0.3
0
0.7
0
0.1
0.1
31.6
12.6
0.2
0
0
1.4
0.1
0
0
7.2
0
29.7

0
0.6
0
0
0.2
0.8
0.9
0
14.9
0.8
0.2
0.2
8.7
0
0.3
0.2
0
0.2
53.4
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105
0
0
0.7
0
1.3
2.2
12.3
0
0.3
0.7
4
2.7
57.6
0
5.6
4.3
0
4.3
0

Table 10.3: Fractional contributions (in %) of the most important nuclides to the total activity of the
target wheel requiring disposal, as a function of decay time after 5 years of irradiation. Other nuclide
contributors are not subject to disposal.
Nuclide
3

H
He
6
H
8
Li
9
Li
7
B
8
B
10
B
14
C
54
Mn
55
Fe
59
Fe
5

0.02

1

57
0
0
0
0
40
0
0
0
0.1
1.1
1.5

97.7
0
0
0
0
0.7
0
0
0
0.1
1.5
0

Decay time [years]
5
10
50
102
99.3
0
0
0
0
0
0
0
0
0
0.7
0

99.7
0
0
0
0
0
0
0
0
0
0.3
0

100
0
0
0
0
0
0
0
0
0
0
0

99.7
0
0
0
0
0
0
0.3
0
0
0
0

103

104

0
0
0
0
0
0
0
98
2
0
0
0

0
0
0
0
0
0
0
99.3
0.7
0
0
0

Table 10.4: Fractional contributions (in %) of the most important nuclides to the total activity of the
beryllium reflector as a function of decay time, after 5000 hours (one year) of operational irradiation.
consequences for the source term’s quantitative evaluation. In this stage of the design project, only qualitative assessment of the above processes can be done based mainly on the existing operational experience
of similar facilities with appropriate scaling for ESS conditions. With the development of the design, more
specific information will be available, permitting further refinement.
It is convenient to define radionuclide categories and report the results of emission monitoring as a
breakdown of released activities corresponding to the given categories. Each category has either a critical
or a representative radionuclide, for which the dose conversion coefficient is the greatest or the most
representative one, respectively. Such impact presentation is simple and conservative. To illustrate the
relative importance of the different radionuclide categories, the effective doses to the reference person have
to be calculated for ESS release data using the estimated dose conversion coefficients. The selection of
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radionuclide categories and representative radionuclides for this analysis is: i) 3 H, ii) 7 Be, iii) Short-lived
gases (11 C), iv) Other beta/gamma (60 Co), v) Radioactive iodine (126 I) and vi) α-emitters (148 Gd).
Accuracy and validation
Computer codes and nuclear data are used to estimate radioactivity level, but their reliability must be
validated. In the work carried out so far, ESS has relied on two methodologies. The first uses an updated
spallation model, INCL4.6-Abla07, and the second relies on an evaluation of nuclear cross section data
for p+W reactions at energies up to 3 GeV. INCL4.6 [625] and Abla07 [626] are two codes describing
the two steps of spallation reactions (intra-nuclear cascade and de-excitation phase). Their combination
has been widely recognised as resulting in one of the most reliable spallation models available [627]. Two
types of empirical validation are needed when using these codes to study a spallation target. The first
type of validation involves the use of elementary nuclide production cross sections and the second relies on
nuclide production yields in a thick target. The two approaches are complementary, since the former gives
a precise idea of the reliability of the model for a given observable (e.g. 148 Gd production from protontungsten interaction from tens of MeV up to a few GeV), while the latter takes into account contributions
to isotope production from all types of particles with their energy spectra. In other words the first one
helps to understand what has been learnt from the second one. A useful summary of the work that has
been done on elementary production is provided in a paper by Leprince. [628].
Careful comparisons show that, for the most part, calculation results fit the experimental data on
nuclide production versus incident proton energy within a factor of two, and sometimes approach “perfect”
agreement, over the whole energy range, i.e. from a few tens of MeV up to 2.6 GeV [629, 630]. In some
cases, discrepancies larger than a factor two have been identified, but almost always for low energy protons
and often when the cross section production is low (around 0.01 mb). Similar empirical validation would
be valuable not only for protons, but for all potential projectiles (i.e. secondary particles), but data are
very scarce. This benchmark could be used to estimate uncertainties, a point which is addressed below.
Validation on thick targets, implying that transport issues, slow down, and secondary particles have been
taken into account is in progress. Two sets of data on residue production yields can be used within the ESS
target study: data from a tungsten target irradiated with 800 MeV protons [631], and lead and bismuth
samples inserted in a mercury target irradiated with 2.83 GeV protons [632]. The agreement of calculation
results with the first set of empirical data is very good, with ratios that are often smaller than two, even if
some cases require careful study and the help of validation on thin target materials discussed above [633].
Validation work to benchmark the model with a projectile energy close to the ESS value of 2.5 GeV, using
the second data set, is planned in the near future.
Evaluation of nuclear cross section data for p+W reactions at energies up to 3 GeV
The evaluation of cross sections for proton-induced reactions for tungsten has been carried out to improve
the reliability of the data used for activation calculations for the target. The work included the selection
and analysis of available experimental data for tungsten using the tools from the BEKED code package of
KIT [634], calculations using advanced nuclear models, and the statistical combination of measured data
with results of calculations based on available and obtained covariance information about measurements
and model calculations. The activation data file contains cross sections for 10,182 proton-induced reactions
at primary energies from 0 to 3 GeV for the tungsten isotopes 180 W, 182 W, 183 W, 184 W, and 186 W. The
range of residual nuclei is from Z = 1 to 75. A technical report is being written, although additional work
is necessary in order to construct similar data bases for other projectiles (neutron, deuterium, tritium,
Helium-3 and α) to take secondary particles into account. Nonetheless, the currently available database
can be used to build a radionuclide inventory for ESS in the many cases where nuclide production is due
mainly to protons.
Target calculations
The INCL4.6-Abla07 model, implemented in MCNPX, has been used to estimate nuclide inventory and
radioactivity level in the detailed target geometry that is pictured in Figure 10.1. Irradiation history and
decay were taken into account in these estimations by use of the CINDER’90 code. Some of the results of
estimated activity of spallation products in the tungsten target at shut down and after nine years of decay
are presented in Figure 10.5. Total activity after five years is due only to tritium and to a few nuclei whose
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Figure 10.5: Nuclide map of total activity in the tungsten target, estimated by using the INCL4.6-Abla07
model. The colour scale is in Becquerels. Left: At final shut down. Right: After 9 years of decay.
atomic weights are close to that of tungsten. Uncertainties on residue production yields and activation
can be determined nucleus by nucleus, by convoluting the proton energy spectrum that produces each
isotope with the ratio between calculation and experimental data obtained from the benchmark with a
thin target (elementary mechanism). This gives an estimate of the degree of uncertainty. In the absence
of experimental data, either a neighbour of the isotope can be used or an imprecise but reliable estimate
can be generated.
The INCL4.6-Abla07 reaction model gives good results for elementary nuclide production cross section
and residual production yields on tungsten in the ESS energy range. That is, calculations obtained using
the model fit experimental data within a factor of two, most of the time. Target calculations have been
carried out using this model. Using experimental validation results, it is possible to assess uncertainties
even where direct data is not available. A validated activation data file has been prepared for protoninduced reactions on tungsten up to 3 GeV using available experimental data and results of advanced
model calculations. The data permit the calculation of the activity and nuclide inventories produced
during irradiation in the tungsten target with high accuracy using any activation code. Such evaluations
should be extended to other materials of interest with the objective of developing a full data library for
proton and neutron-induced activation cross sections up to 3 GeV.

10.3

Waste management

Well thought-out plans for waste management are crucial for any installation producing radioactive waste.
For a large and complex facility such as ESS, this planning must progress in tandem with the design of
the facility. ESS has issued a preliminary waste management plan [635], which forms the basis for much of
the material in this section of the technical design report. Estimation of the volumes of different types of
waste was one of the main issues addressed in that plan, since possession of this information is prerequisite
to planning for everything from the capacity of treatment and storage facilities to transport and disposal
needs. Separate estimates were carried out for operational waste and for the waste that will be generated
during decommissioning. The waste management plan identified and categorised waste streams according
to the types of treatment that they will require, the end state to which that treatment will bring them,
and the arrangements and facilities that will be used for their final disposal. It reported how the different
elements of ESS waste will fit within the Swedish waste classification system, which is described in detail
in an SKB handbook [636]. The waste management plan also laid out the design principles and good
practices that ESS will use to minimise activation and the volume of radioactive waste generated, with
a focus on how waste management concerns will be addressed in standard operating and maintenance
procedures. It identified all feasible options for waste treatment and conditioning and waste disposal,
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Specific power
Surface dose rate
Needs cooling?
Needs shielding?

Unit

High
activity

[kW/m3 ]
[mSv/h]

≥2
Yes
Yes

Intermediate
activity

Low
activity

>2
No
Yes

<2
No
No

Table 10.5: Radioactivity waste categorisation – activation levels.
defined the planning process and strategy that ESS will use to optimise its waste management plans, and
provided the rationale for the waste management choices that have been made.

10.3.1

Waste classification

All radioactive waste will be handled and disposed of within the Swedish system for management of
radioactive waste. ESS will therefore classify its wastes in accordance with Swedish practice into the
following categories, each of which specifies the mode of final disposal:
1. Free release material: Material which can be freely released under Swedish law, also known as exempt
waste.
2. Very low level waste: Waste which can be disposed of in landfill-type repositories on-site.
3. SFR-waste: Short-lived low- and intermediate level waste which can be disposed of in the Swedish
final repository for such waste, known as SFR, operated by SKB in Forsmark, Sweden.
4. SFL-waste: Long-lived low-and intermediate level waste which in future can be disposed of in the
Swedish facility for long-lived waste, known as SFL, that will be built by SKB.
5. SFK-waste. Heat-generating waste, a category which includes spent nuclear fuel.
This system is similar to the IAEA Classification of Radioactive Waste [637], but has been adapted to
the existing or planned waste disposal facilities in Sweden. In the Swedish system, all waste that is
transported to final disposal must be accompanied by a description that includes its waste categorisation.
These descriptions form a basis for the regulatory authority to grant permission for the disposal of the
waste package in the disposal facility, and they provide a record for posterity of the contents of the disposal
facility. The basic criteria used to determine whether radioactive waste activation is high, intermediate or
low are summarised in Table 10.5. In addition, waste is classified as short-lived if the dominant content
of radionuclides have a half-life of less than 31 years, and as long-lived if it has a significant content of
radionuclides with a half-life of more than 31 years.
Clearance
Recently, the clearance concept has been implemented in the Swedish regulatory system for radioactive
waste [619]. Materials or objects conforming with specified criteria for clearance are released from further
control by the regulatory body. The clearance index (CI) for a material containing a mixture of radionuclides is calculated by means of Equation 10.1, where Ai is the specific activity due to the component
nuclide i, Li is the clearance level for the nuclide i, and activities and clearance levels are measured in
units of Bq/g.
Nnuclides
X Ai
(10.1)
CI =
Li
i
For ESS purposes, the clearance index was used to categorise components of the waste stream for each
decay period as follows:
1. Any material for which the CI was less than or equal to one was classified as exempt waste, suitable
for free release.
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2. Materials for which the CI for the material as a whole was greater than one, but the CI for its
constituent nuclides with half lives greater than 30 years was less than one were classified as shortlived, low and intermediate level wastes.
3. Materials for which the CI for nuclides with half lives greater than 30 years was greater than one
were classified as long-lived low and intermediate level waste.
4. Materials with specific decay heat greater than 2 kW/m3 and activation levels above 104 TBq/m3
would be classified as heat-generating waste. ESS will produce no waste in this category.
This methodology was used to assemble an ESS clearance levels library. A post-processing code was
created to read this database and to calculate the CI for each material at each decay time. In addition,
waste categorisation was facilitated by sorting the clearance indexes according to the half lives (greater or
less than 30 years) of the constituent nuclides in the material. This approach has been used to determine
the waste classifications of the highly activated components of the target station [622]. Waste classification
for other components of the facility is on-going.

10.3.2

Rate of waste generation

The amounts of waste of each type that will be generated have been estimated for the baseline design
of the facility, and for the operation and maintenance protocols that are still undergoing optimisation.
Thus the estimates reported here are subject to evolution and update in the future. Waste classification is
based on Monte Carlo calculations for highly activated components and on experience at similar facilities.
Further details about the evaluation of wastes generated during operation and decommissioning are given
in a technical report [635].
During its 40-year operational life, ESS is expected to generate a total of 14,669 tonnes of waste, of
which 10,230 tonnes will be sent for off-site disposal, while the remaining 4,439 tonnes will be suitable for
free release. The bulk of this operational waste will be solid waste (estimated at 9,825 tonnes), made up
mainly of metal, including a large fraction of ferrous metals. Over three quarters of the solid waste (77%)
derives from the replacement of the instruments every 10 years. Less than 6% of the solid waste (554
tonnes) is classified as long-lived waste. The overwhelming majority of the operational waste stream will
be suitable for disposal in the final repository for short-lived low and intermediate level waste in Forsmark.
Some metallic waste (39 tonnes) will be suitable for free release and on-site disposal after decontamination
of pipes and equipment used in the target station. Disposal solutions for 13 tonnes of beryllium waste
are under analysis, with the potential for disposal in the SFL facility that SKB plans to build as a final
repository for long-lived waste. In addition to the metal wastes, operational waste is estimated to include
8 kg of sealed sources used for calibration of the instruments, 192 tonnes of oil (including 179 tonnes of
silicon oil from the klystrons), 200 tonnes of ion exchangers, approximately 39 m3 of combustible waste,
and 4,400 tonnes of plastic waste from the replacement of the detector shielding every 10 years. The
plastic waste will be suitable for free release on-site, perhaps after a short period of storage to allow for
radioactive decay.
Decommissioning will generate an estimated total of 50,572 tonnes of waste, of which 71% (35,956
tonnes) will be suitable for free release on site. The great majority (31,156 tonnes) will be very low level
waste concrete from dismantled shielding, plus 800 tonnes of very low level waste from dismantling the
target, all suitable for free release on site, perhaps after some period of storage. Another 3,500 tonnes
of concrete waste will originate from the internal side of the accelerator tunnel wall. Additional concrete
waste from the accelerator itself and the parts of the monolith shielding closest to the target (962 tonnes)
will be long-lived waste. Decommissioning will also generate an estimated 10,154 tonnes of metal waste,
mainly ferrous metals from the target monolith and the components of the linac, all of which are likely to
be short-lived wastes suitable for the SFR facility. Finally, 4,000 tonnes of soil from the area surrounding
the concrete wall of the linac will be suitable for free release on site after storage for decay where necessary.

10.3.3

Management of radioactivity on-site

Several aspects of the management of radioactivity on site are analysed in the ESS waste management
plan, including assignment of responsibilities, waste collection and segregation systems, the waste characterisation system, traceability of waste, waste storage options, treatment and conditioning and packaging,
and a flow chart of waste streams and timing. The most important items are briefly described below.
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Waste characterisation system
ESS will rely on three complementary methods for waste characterisation: Monte Carlo calculations, the
matrix method, and on-site radiation detection and measurement. An important limitation of direct Monte
Carlo calculations is the fact that all input parameters (material composition and radiological history)
must be known before launching the simulations. Experimental validation of the calculations is desirable
because of the uncertainties associated with nuclear models and simplifications in the geometry of modelled
components. The matrix method is based on the calculation of nuclide production yields for selected
target materials and particle spectra, which are representative of materials at ESS. The calculations require
tabulated cross sections for all particles, energies and reactions of interest. To determine clearance indexes,
this method can be used to define constraints on the activity of gamma emitters in such a way that when
these constraints are met, the activity of hard-to-measure nuclides is automatically below the clearance
levels. The activity of gamma emitters can then be evaluated by means of dose rate measurements. ESS
has started to evaluate the nuclide production cross sections for proton-induced reactions of hazardous
nuclides [638] and intends to continue this work with the creation of a database of evaluated neutron yields
as a basis for developing a book-keeping record based on the matrix method.
Radiation detection and measurement at ESS will be based on a gamma measurement station to
quantify the activity distribution of gamma emitters. The station will include a counting chamber with
scintillation detectors and one or more germanium detectors. In addition to its use in distinguishing between materials that can be handled in a normal workshop and those requiring a special workshop for
handling radioactive materials, this station will be used for determining clearance indexes, and deciding
which materials are suitable for free release. For massive waste (whose weight is greater than 1 tonne), the
phenomenon of self-absorption is particularly important. Exclusive reliance on gamma-spectroscopy measurement of the whole object would introduce large errors in the characterisation because of the unknown
distribution of activity. In these cases, sample measurements will be coupled with Monte Carlo calculations.
Additionally, the station will be used for the detection and measurement of surface contamination.
Traceability
An important element of waste management is ensuring the traceability of waste during the multi-step process that begins with the dismantling of a component and ends with its final disposal. ESS’s book-keeping
system for waste-handling and disposal will require documentation of the quantity of each component of
waste, its radioactivity and composition, which in turn implies that theoretical and experimental methods for the determination of the radionuclide inventory will be developed, as discussed above. The ESS
database will be harmonised with the Studsvik waste management system, referred to by its Swedish
acronym as SVALA, which deals with waste treatment and conditioning and with on and off-site transportation issues, and also with the new SKB database dealing with final disposal information which is
currently under development.
Waste storage options
At the time of writing, waste storage options in ESS’s active cells are being analysed in term of space requirements over time. (Technical details about the active cells may be found in Section 3.5.) Through the
analysis of specific decay heat and activity levels [622] it has been determined that the target wheel will be
suitable for classification as intermediate level waste following five years of decay time in storage. All other
components will meet the requirements for the intermediate level waste classification upon shut-down, and
will require only about one year of storage. Additional details about active cell storage capacity requirements and data relevant for waste stream planning are provided in the preliminary waste management
plan. ESS is also considering the possibility of developing an interim storage facility that would house
some waste during the facility’s entire lifetime. This facility would comply with the demands of Swedish
law and IAEA guidelines [639]. The preliminary waste management plan contains more information about
the requirements that such a facility must meet and the outlines of the proposed approach.
Treatment, conditioning and packaging
The preliminary waste management plan also outlines potential methods for treating and conditioning a
number of components of the ESS waste stream, including spent ion exchange resins and tritiated water.
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It also discusses packaging options and requirements for storage and transport. These packaged wastes
will be shipped for disposal at the SFR final repository. The assessment in the waste management plan
is based upon reference handling sequences, but potential variants are also being evaluated. Final details
will be agreed upon in consultation with SKB subject to approval by SSM.

10.3.4

Transportation of radioactive waste off-site

Transport of radwaste from ESS to Studsvik and SKB facilities will comply with ADR regulation and
existing practice in Sweden. Important transportation issues are summarised below, and further details
are available in a technical report focusing on these issues [640].
Low level waste in IP-2 containers
The concept for the transport of low radiation level waste to Studsvik assumes a fleet of ISO IP-2 containers
operating between the facilities with an estimated turnaround period of 10 to 15 weeks. The containers
will be filled with variable numbers of boxes of various sizes loaded with scrap and waste. For waste with
surface dose rates above the acceptable level, the packed boxes will have a lining about 30 mm thick. After
the waste has been removed, the boxes, inserts and containers will be cleaned and transported back to
ESS following protocols for radioactive transport (ADR Class 7).
Intermediate level waste in special packaging
Waste with higher radiation levels will require more specialised transport containers (type B) in order to
assure low enough surface dose rates and meet other ADR requirements. For special wastes such as the
target, moderator-reflector plug and the proton beam window plug, preliminary assessments of surface
dose rates greater than or equal to 2 mSv/h and A2 values (that is, activity values obtained in accordance
with IAEA methodologies for so-called “normal” radioactive materials) indicate that type B containers
may be needed for shipping. For example, the estimated A2 value for the transport of the tungsten target
after 5 years of operation followed by 5 years of cooling is about 8 TBq. Comparing this value with the
total activity of the target (under the same conditions) of about 3000 TBq shows clearly that target should
be transported via a type B container [641].
Shielding calculations for the design of containers
Calculations for the optimisation of shipping container shielding for the highly activated components of
the target station are summarised below. Details are available in a separate technical report [642].
Two types of geometry models were used for Monte Carlos simulations of the container loaded with the
ESS target. In the first model, it was assumed that the target was not dismantled before it was placed in its
shipping container, while in the second model, it was assumed that the target was dismantled and packed
in a cylindrical container with a radius of 30 cm and a height of 65 cm. Gamma spectra calculated as a
function of decay time were used as the source term for shielding calculations, as illustrated in Figure 10.6,
which focuses on the external layer of the target wheel. Table 10.6 shows activity of the high gamma energy
nuclides within the tungsten target. The optimisation criteria respected ESS’s dose limits of 2 mSv/h at
contact and 0.1 mSv/h at 1 meter from the outer surface of the container. The calculations showed very
similar results for the model with the intact target wheel loaded in a shipping cask and the model with
the dismantled target inserted in a cylindrical drum, as can be seen in the two maps of photon dose rates
in Figure 10.7. However, the mass of the cask holding the dismantled target is substantially lower.
This analysis demonstrates that dismantling the target prior to shipment has several advantages. The
cost of the shipping container would be substantially lower, and it could be designed for use with other
activated components as well. Furthermore, the licensing process would be facilitated by avoiding a
customised container to accommodate the odd shape of the wheel. Radioactive transport on Swedish
roads generally requires a permit, but probably not for every single occasion. On the other hand, there are
costs and risks associated with dismantling the wheel within the active cells. A final decision will weigh
these costs and risks against the advantages of the smaller cylindrical container.
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Figure 10.6: Gamma-radiation spectra in the external layer of the tungsten target wheel, after various
decay times.
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Figure 10.7: Photon dose rate maps [Sv/h] for the iron cask loaded with an activated target wheel, 5 years
after final shut-down. Left: Intact target wheel (side = 20 cm, end = 27 cm). Right: Dismantled wheel
(side = 20 cm, end = 26 cm).

Nuclide

22

Na
Mn
60
Co
154
Eu
172
Lu
173
Lu
182
Ta
54

Activity at
shut-down
[1012 Bq]

Activity after
5 years
[1012 Bq]

0.5
4.0
6.6
6.6
847.0
1150.0
994.0

0.1
0.1
3.4
3.4
115.0
92.1
0.02

Table 10.6: Gamma-ray activity within the target at shut-down and after 5 years of cooling.
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Waste treatment and conditioning options

The Swedish system for the disposal of short-lived low and intermediate level waste in the SFR facility
specifies several acceptable options for the pre-disposal treatment and conditioning of the waste. These
are:
1. Cement solidification, in which ion-exchange resins or sludge are mixed with concrete in drums or
moulds.
2. Cement stabilisation, in which scrap metal and refuse are placed in molds and cement is poured over
the waste.
3. Cement stabilisation (alternate methodology), in which the waste is placed in 100 litre drums, which
are then put inside 200 litre drums. Concrete is then poured in-between the drums.
4. Bitumen stabilisation, in which ion-exchange resins are dried and mixed with bitumen, and then
poured into molds or drums.
5. De-watering, in which wet ion-exchange resin is pumped into a concrete tank and water is removed
by suction.
The preliminary waste management plan summarises treatment and conditioning methods for the waste
together with information about the waste containers that will be used. In those cases in which it is
proposed to store radioactive waste or to defer decommissioning for an extended period of time, ESS
will give due consideration to the principle stated by the IAEA that, “decisions on radioactive waste
management made at one step may foreclose alternatives for, or otherwise affect, a subsequent step” [643].
Swedish law requires that ESS specify the “best available technique” for the management of each type of
waste. ESS has developed a best available technique statement [644] to optimise waste management for
tritium production and release. Similar statements will be developed to define optimum waste management
techniques for other components of the waste stream. However, it is premature to make such commitments
for those waste packages destined for ultimate disposal in an SFL facility since the waste assessment
criteria for that facility have not yet been completely specified. Determining the best available technique
for handling the beryllium waste from the reflectors deserves particular caution.

10.3.6

Requirements for final repository capacity

The Swedish regulatory authorities require the producer of radwaste to provide a complete nuclide inventory (T > 5 years) before disposal is permitted. ESS has already submitted a database containing
the nuclide inventories of the most important components of its waste stream to SKB, and has used this
database to develop a rough estimate of the final repository capacity that will be required for waste disposal. This estimate is based on a conversion factor specifying one cubic meter of capacity for every tonne
of raw waste destined for either the SFR or SFL final repository. The results are listed in Table 10.7. The
capacities of the SFR and SFL repositories are 200,000 m3 and 10,000 m3 , respectively. Thus, ESS waste
will require only 12% of the total SFR capacity and only 15% of the total SFL capacity. The assumption that beryllium waste will go to the SFL repository is reasonable, given that beryllium waste from
the Studsvik reactor will go there. ESS continues to work collaboratively with SKB to identify indicator

Source of waste

Target station and accelerator-to-target
Operational waste
Decommissioning
Total

Short-lived
waste (SFR)
[m3 ]
9,663
13,654
23,317

Long-lived
waste (SFL)
[m3 ]

Long-lived waste
(SFL) or other
[m3 ]

554

13

962
1,516

13

Table 10.7: Capacity requirements for the final waste repositories.

578

CHAPTER 10. EMISSION CONTROL

Operation
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Figure 10.8: Operational and decommissioning components of waste. Left: All waste generated. Right:
Waste destined for a radioactive waste repository.
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Figure 10.9: Final disposition of waste. Left: All waste generated. Right: Waste destined for a radioactive
waste repository.
nuclides in order to include ESS waste in the design and safety assessment of the SFL, and to facilitate
complementary licensing for the SFR, should this prove necessary.
The charts in Figure 10.8 show the proportions of ESS waste that will be generated during operations
and decommissioning. More than three quarters of the total waste (78%) will derive from the decommissioning of the facility, as will well over half (59%) of the waste requiring disposal in a final repository. The
left panel of Figure 10.9 shows the division of ESS radwaste among three modes of ultimate disposal (free
release, SFR and SFL), while the right panel deals only with waste that will require disposal in a final
repository. Well over half (62%) of the total waste will be suitable for free release, and the overwhelming
majority (94%) of the waste requiring disposal will be suitable for the SFR repository.

10.4

Operational waste and emissions

This section provides preliminary estimates of the radioactive waste generated in the fluid systems of the
ESS facility. First, it analyses the processes responsible for contamination of the fluid coolants described
in Chapter 3 and presents estimates of the production rates of the contaminated by-products of the
purification systems. Information about the waste stream arising from the purification and ventilation
systems is necessary to develop a waste management plan and to develop working procedures during
maintenance activities. Next, the estimated source term for atmospheric releases during routine operation
is presented. Two distinct release operations are analysed: on-line emissions and emissions resulting from
processing. The derived source term (that is, the breakdown of radionuclides and activity) scales well with
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that defined for routine operation of the ISIS facility. The outcome is the input data for the environmental
impact analysis of normal ESS operation. Finally, a parametric study analysing the performance of the
helium cooling circuit purification system is briefly described. The final amount of tritiated water and its
specific activity were derived as a trade-off between the amount of hydrogen added to the coolant and the
purification flow rate. The analysed systems perform well – safe management of radionuclides is readily
achievable.

10.4.1

Radioactive waste in fluid cooling systems – preliminary estimates

Contamination of the fluid coolants
Two types of fluid coolants are used in ESS systems: helium, which is used in the target assembly;
proton beam window; and internal shielding, and water, which is used in the linac machine including
collimators; premoderator and moderators; reflectors; and outside shielding. Radionuclide production
inside fluid cooling systems has two sources: activation during operation; and contamination as a result
of corrosion, erosion, and/or diffusion of radionuclides from activated surroundings. Activation of fluid
coolant is easily calculated by means of computer codes, as discussed in Section 10.2 [355, 620], but it
is difficult to quantify the contamination of the coolants resulting from the various processes. Despite
this, preliminary estimates are required for development of the design of the coolant systems, in particular
identification of the purification systems; derivation of the associated waste to be handled during operation;
and establishment of working procedures for use during maintenance. The distribution of the radionuclides
within the coolants has been predicted based on data from the literature and on the previous experiences
of other facilities, scaled to reflect operating conditions.
The rate of loss of activity due to corrosion is proportional to the fractional rate of loss of mass from
a given component. Corrosion is not uniform, but overall loss of thickness on the order of 5 µm/y is a
reasonable assumption considering the values used in the SNS design (2.5 µm/y with stainless steel) [647].
A conservative estimate for ESS was derived by assuming an average distance to the nearest cooling channel
of 20 cm, corresponding to a fractional rate of loss of activity from monolith steel of 10−10 to 10−8 per year.
The diffusion and chemical removal process in the tungsten target is described in a 2002 report, which
concludes that that tritium, all halogens, and noble gases must be assumed to have significant diffusion
rates [646]. The calculated half-lives for different elements within the target are given in Table 10.8.

Group

Element
H

Halogens
Noble gases
Dust formation
IVa
Transuranic metals
Alkali metals
Lanthanides
Chalcogens
Pnictogens
Refractory metals
Alkaline metals

C
Fe
K
Y
S
P
Hf
Ba

Diffusion
Half-life Unit

Emission
Half-life Unit

2
2
100

h
h
d

rapid
rapid
20

(1000)
5 × 109
7 × 1010
3 × 1011
5 × 1011
5 × 1014
3 × 1022
9 × 1026
6 × 1029

y
y
y
y
y
y
y
y
y

–
3 × 1011
–
4 × 1013
–
4 × 1021
1 × 1042
–
–

h
y
y
y
y

Table 10.8: The diffusion half-life of representative elements within the tungsten target and the emission
half-life of volatile elements in the dust. The elements included have the highest diffusion rates for their
respective group. Hydrogen diffusion is not well understood [645] – the value given here represents the
highest possible diffusion rate given the available data. Data for halogen diffusion in tungsten are absent
from the literature and no evidence suggests halogen retention. Therefore halogen diffusion is conservatively
given a value equal to that of hydrogen. Noble gas diffusion is similarly uncertain. The diffusion rate given
here is an estimate based upon arguments presented by Jensen [646].
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Also appearing in Table 10.8 is an entry for dust formation half-life. Clearly, dust formation is the
dominant release process for all elements except hydrogen, halogens, and noble gases. For other activated
structural materials (stainless steel and aluminium), the diffusion rates of all elements are negligible due
to low operating temperatures. In these materials, the dominant release process is corrosion. The target
diffusion numbers were generated assuming 550◦ C uniform temperature within the blocks and active
chemical removal at the target surface. The emission numbers were generated assuming diffusion from
a 10 µm dust particle at 200◦ C, and only elements with active chemical removal in a reducing helium
atmosphere are listed in this column. The tungsten target is prone to ablation and dust formation. An
ablation rate of 10 µm/y of all surfaces is a reasonable upper limit for target deterioration [648, 649]. This
amounts to 0.07% of the target mass becoming dust per year, or roughly 3 kg/y to 4 kg/y. The operating
assumption is that 1% to 5% of this dust potentially may coat the interior surfaces of the target-cooling
loop, while the remainder will be removed via cyclonic filtration. One concern is the propensity of the dust
to emit volatile radionuclides. The emission half-times for the elements are given in Table 10.8. Given the
values, the nuclides that have been identified as mobile due to diffusion from the target are also rapidly
liberated from the dust. Other elements remain in the dust for very long periods of time.

Radioactive waste purification systems
The main isotopes present in the coolants arising from activation as well as from potential contamination
are described in a 2011 technical report [623], while purification items used within the coolant systems are
described in another report [650]. Ion exchangers employed in all water cooling loops, accepting 1% to 5%
of the flow, remove all corrosion products and all radionuclides other than tritium at a rate equivalent to
the corrosion rate. Scaling values from nuclear industry standards, a volume of 0.8 m3 /y is anticipated. A
rough estimate of the activity present in the ion exchangers, for 1016 Bq/y activation in the monolith steel
with a corrosion rate of 10−8 /y, gives roughly 10 GBq of total activity in the ion exchangers. Cyclonic
filters in the helium cooling streams are expected to be almost 100% effective at removing ablation dust
due to the large grain size of the target [648]. Table 10.9 shows the radionuclide inventory of the collected
dust, per gram, for the five highest-activity nuclides after one year of operation. Because of the relatively
large grain size of the dust (typically greater than 1 micron), cyclonic filtration with efficiencies greater
than 99.9% will limit potential releases from this process to under 10 MBq, assuming that no more than
0.01% of the dust becomes airborne during processing.
High efficiency particulate air (HEPA) and activated charcoal filters that are used in the linac tunnel
ventilation system, in the active cell ventilation, and in other ventilation outlets are assumed to be greater
than 99.9% efficient in removing airborne solid particles [651]. The performance of the tritium scavenging
system, which is based on copper oxide, cold traps and molecular sieves, is analysed in detail in a technical
report [645], and is summarised in Section 10.4.3. The scavenging system removes tritium from the
helium cooling loops by converting it to hydrogen tritium oxide, and also effectively removes other volatile
radionuclides from the helium stream. The waste streams arising from the purification and ventilation
systems are summarised in Table 10.10. Quantitative prediction of the amounts and associated activation
of the derived waste depicted in this table is the subject of further analysis.

Nuclide

185

W
W
179
Ta
173
Lu
172
Hf
181

Activity per
unit mass
[106 Bq/g]
500
400
30
20
7

Table 10.9: Radionuclide activity per gram of collected target dust for the top five nuclides, sorted by
activity. Three to four kg of dust is expected to be collected each year.
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Source
systems

Waste type

Main nuclide(s)

Cyclonic filter
Water cooling

Dust
Ion exchangers

Ventilation
Helium circuit

HEPA filters
Molecular sieves
CuO (no regeneration)
Hydrogen tritium oxide

Spallation mixture
Corrosion products
7
Be, 56,57,58,60 Co,
55
Fe, 52 Mn, 67 Cu
7
Be, spallation dust etc.
Xe-127, I-125 etc
3
H
3
H

Activity
accum.
rate
[Bq/y]

Matter
accum.
rate

Unit

< 1013
< 1013

4
∼1

[kg/y]
[m3 /y]

< 1011
< 1014
tbd
5 × 1014

∼4
< 100
2000
500

[m3 /y]
[kg/y]
[kg/y]
[l/y]

Table 10.10: Activity and matter accumulation rates from operational waste streams in the purification
and ventilation systems.

10.4.2

Source term for atmospheric releases

The source term for atmospheric releases can be separated into two distinct release pathways: operational
emissions from tunnel ventilation, and process emissions from handling tritiated water and dismantling
targets. Based upon dose estimates, only nuclides that are emitted at a rate of 25 MBq/y are listed. The
justification for setting the cutoff at this level of activity is that the most radiotoxic nuclide in the facility
is 148 Gd, and a release of 25 MBq/y of 148 Gd would give a dose of 10 µSv to the nearest neighbour. All
other isotopes have significantly lower dose factors for all pathways and the highest dose due to 25 MBq/y
release is from 125 I, at 0.2 µSv, as discussed in Section 10.5.
Emissions from linac tunnel ventilation
Linac tunnel ventilation is the only possible source of immediate, continuous activity release. The design of
the ventilation system, and its performance in mitigating radioactive releases, has not yet been optimised.
For estimation purposes, it is assumed that air from the tunnel will be continuously vented to release
moisture and heat. Assuming this to be the case, the released isotopes and their quantities are reported
in Table 10.11, applying the additional assumptions of either a one-day air turnover period, or a two-day
turnover period when the beam is on. The HEPA filter in the ventilation stream efficiently captures 99.9%
of the 7 Be. Clearly, emissions can be controlled significantly by throttling the ventilation back. If radiation
protection issues were the only concern, tunnel air could circulate in a sealed system, only ventilating after
the beam has been off for at least an hour, since the tunnel is inaccessible due to prompt radiation when
the beam is on. Under this option, the source term for airborne release is greatly reduced due to the decay
of the short-lived β-emitters.
Nuclide

Chemical form

3

Water vapour
BeO2 aerosol
CO & CO2 gas
NO2 gas
Oxygen gas
Argon gas

H
Be
11
C
13
N
15
O
41
Ar
7

Source term (oneday turnover period)
[Bq/y]

Source term (twoday turnover period)
[Bq/y]

8.8 × 106
1.0 × 107
2.6 × 1012
2.7 × 1012
1.5 × 1012
4.1 × 1010

8.8 × 106
1.0 × 107
1.3 × 1012
1.3 × 1012
7.5 × 1011
2.0 × 1010

Table 10.11: Source term for atmospheric release from tunnel ventilation during online operations. Air
from the tunnel will be continuously vented to release moisture and heat when needed, with a one-day or
a two-day turnover period.
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Nuclide

Chemical form

Activity

Release
fraction

Source
term
[Bq/y]

0.01
0.01

5 × 1012
106

[Bq]
3

H

125

I

Water vapour
HI, HIO3

5 × 1014
108

Table 10.12: Source term for atmospheric release coming from on-site cementation of tritiated contaminated
water. The release for 125 I is included for reference, despite a very low release rate.
Emissions from processing tritiated water
Table 10.12 records the contribution to atmospheric releases that comes from processing tritiated water,
which comes from activated cooling water systems. The release of tritium assumes on-site cementation of
tritiated water with more than 99% efficiency [652]. Tritiated water processing must be assumed to release
125
I (1% evaporation loss) and all long-lived noble gases. The quantification of these releases is described
in a 2012 technical report [646]. Noble gases, however, can be selectively distilled and captured, making
their release negligible. Tritiated water processing is assumed to take place once yearly after at least 1200
days of decay-time. At processing time there will be roughly 3 × 109 Bq of 85 Kr and 42 Ar distilled from
the molecular sieves. These may be included in the source term for release if no effort is made to retain
them. However, the doses due to these releases are small. Neither of these noble gases emit significant
gamma radiation, and therefore they do not contribute to the external plume dose. 42 Ar has radioactive
progeny, 42 K, but a release rate of 3 × 109 Bq/y of 42 Ar when considering the plume passage rate of 3 m/s
to a distance of 330 m, corresponds to a yearly release of 5 MBq of 42 K. This is small compared to the
25 MBq/y limit discussed above. Note that 42 K in secular equilibrium with the stored 42 Ar will not be
released during cementation.
Emissions from target dismantlement
Finally, hot cell operations that cut the target shaft will necessarily generate small releases of activated steel
as aerosols, along with small amounts of aggregated and activated tungsten dust, as recorded in Table 10.13.
The amounts of airborne particulates are estimated using the following conservative assumptions: 0.1% of
the stainless steel in the shaft is cut, and 0.1% of the cut material has a size distribution allowing transport
as suspended particles. These particles will pass through 99.9%-efficient HEPA filtration, therefore a release
factor of 10−9 on the shroud is possible, though unlikely. The total radioactive inventory of the shaft after
one year of decay time is 1.3 × 1015 Bq. Therefore, releases from this source are on the order of 1 MBq
every five years. This low-level of release is negligible. Similarly, 1% of all tungsten dust that has been
formed due to ablation (accounting for 0.07% of the total target per year) is assumed to be present in the
dismantled region and taken into the ventilation system. This is also filtered with at least 99.9% efficiency,
so a release fraction of 4 × 10−8 is assumed for the spallation products. Target processing takes place once
every five years after one year of decay-time. If the decision is taken to dismantle the target, the tritium
release may be as much as one part in a thousand of the total inventory, under a worst-case-scenario. Such
a release is unlikely because the target bricks themselves should remain intact during the procedure.
Nuclide

Chemical form

Activity

Release
fraction

Source
term
[Bq/5y]

10−3
4 × 10−8
4 × 10−8
4 × 10−8

5 × 1011
3 × 104
3 × 107
5 × 107

[Bq]
3

H

148

Gd
Ta
181
W

179

Gas
Dust or aerosol
Dust or aerosol
Dust or aerosol

0.5 × 1015
8 × 1011
8 × 1015
10 × 1015

Table 10.13: Source term for atmospheric release from target dismantlement, in units of Becquerels every
5 years. The release for 148 Gd is included for reference, despite a very low release rate.
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Tritium control

Tables 10.11 and 10.12 show that tritium is a major contributor to release and to the radionuclide inventory.
The main finding of the 2012 report [645] devoted to the theoretical analysis of the performance of the
helium purification system is that tritium control can be achieved by copper oxide conversion to hydrogen
tritium oxide, and subsequent capture on cold traps and molecular sieves. However, ordinary cold traps
exhibit low efficiency, and are preferably combined with absorbers or getters [653]. Without this system,
the tritium level in the cooling gas would approach 500 TBq per year, a level that would pose a hazard in
cases of helium leaks. The total 500 TBq of tritium must not be released into the environment. This was
demonstrated in a 2012 analysis of the intake of tritiated water [654,655], which showed that environmental
release would result in a dose to a reference person living just outside the site fence that would exceed the
ESS limit of 50 µSv/y.
The proposed system operates with an assumed 100 ppm (by pressure) hydrogen addition to the helium.
This H2 scavenges tritium from surfaces by exchange reactions forming HT [645]. A 3 g/s purification-loop
flow transports the HT (in addition to the added H2 ) to heated copper oxide where it is converted to water.
This water is then frozen out of circulation in a −20◦ C cold trap. Additional helium drying is achieved
by passage through cold molecular sieves. One major advantage of the system is that the cold molecular
sieves also capture other radioactive impurities, namely noble gases and halogens. Operating as stated,
the system will generate roughly 100 kg of tritiated water per year with an activity approaching 600 TBq,
(6 GBq/ml). The steady state tritium activity in the helium will be under 200 Gbq. This process consumes
copper oxide at a rate of 2 tons per year, and uses less than 100 kg of molecular sieves, both of which
may be regenerated on-site if necessary. These conditions result in a balance between operational safety
and the volume of radioactive waste generated. Depending on the eventual needs of the facility, operating
conditions may be altered.
It should be underlined again that the release rate of tritium from the target is not known, and that
the worst case was assumed for the investigation. This conservative hypothesis will stay in place until
relevant experimental data becomes available, as discussed in Section 10.2.
Conclusions
All of the fluid systems, except the linac and hot cell ventilation, are closed systems, and no online
operational emissions will occur from them. Diffusion and ablation of the tungsten target do not represent
sources for online operational releases, and the mobile activity introduced by these processes can be
managed easily. The amount of additional waste that is generated by such management is reasonably
scaled to the facility. It is clear that safe radionuclide management is easily achievable, and that the
feasibility of ESS as a whole is not compromised by the production of radioactivity on site.

10.5

Environmental impact analyses

10.5.1

Dose calculations and methodologies

Estimates of the magnitude of operational routine releases of radionuclides from the ESS facility are needed
to ensure that the public is not exposed to radiation in excess of dose limits ESS has set for itself. In
the work carried out so far, the focus has been on the atmospheric dispersion pathway. Preliminary
evaluation of dispersion via the ground pathway is reported here as well. The estimates for surface water
flow are currently underway. The dose calculation methodologies for the various internal and external
dose contributions are very similar for the two last dispersion pathways. In particular, they all use the
same “reference person,” a statistical construct designed to be representative of individuals living near the
facility. The radiological consequences of possible accidental releases have also been estimated.
An ESS technical report [656] provides an overview of the methodologies and models developed to
estimate dose factors due to atmospheric dispersion through the relevant exposure routes. In the work
that has been completed so far, the aim of the analysis has been to establish and demonstrate the validity
of calculation methodologies. All available site-specific data were used in the analysis. Several values
for the ventilation stack height were analysed, from 25 m to 65 m. Particular attention was devoted to
tritiated water vapour, including a modelling approach that is built on the assumption that all water
entering the body of an exposed person will have the same tritium concentration. Calculations suggest
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that the reference person may have an intake in the range of 0.5 × 10−8 Bq to 2.0 × 10−8 Bq of tritium per
Bq released, corresponding to an annual dose range from 0.9 × 10−19 Sv/Bq to 3.6 × 10−19 Sv/Bq [655].
Calculations of the doses to persons living at different distances and in different directions from the facility
can then be made, and it is possible to evaluate the influence of the atmospheric release height on dose to
inhabitants in the area around ESS.
Inhalation, ingestion and external dose estimates
In another technical report [657], the calculation endpoints were ingestion and inhalation doses from exposure to each Bq released to the atmosphere of various radionuclides during routine operation, using the
source term estimates given in Table 10.11 for different pathways. The total dose from intake of tritiated
water was estimated on the basis of the methodology described above. The general principles and methodologies of the ECOSYS model, which is the food chain dose model in the European ARGOS [658] and
RODOS [659] emergency management decision support systems, can be applied for any contaminant radionuclide with the provision of adequate radionuclide-specific data. This model was used for the ingestion
dose estimates in the project.
The ESS facility will produce a large number of “exotic” radionuclides, whose behaviour in the environment has never been investigated. However, from knowledge about physicochemical equivalents, it is
possible to parametrise the ECOSYS model. ECOSYS required a number of location-specific parameters
(e.g, human diets, animal feeding regimes) as well as an improvement of some of the generic parameters,
where parametrisation was old and no longer in touch with state-of-the-art knowledge [657]. For both of
these purposes, the work benefited from recent Nordic project work [660]. External doses from a range of
potentially important contaminants from routine airborne releases were also calculated in accordance with
methodologies for estimation of doses from releases during routine operation [661], with contributions from
three pathways: from the contaminated plume during its passage; from the external dose from deposition
of airborne contaminants on surfaces; and from the external dose from deposition of airborne contaminants
on humans. External dose calculations were made for those additional radionuclides that were identified
as being of major concern, with the results shown in Table 10.14.
Annual dose rates from routine airborne releases
Based on quantitative estimates of the most important contaminants that may be released during routine
operation, as discussed in Section 10.4, it is possible to estimate doses to population groups within 2 km
from the facility. Release heights of 25 m to 65 m above ground were used for these estimates. Figure 10.10
illustrates total annual doses from routine releases of radionuclides to the air as a function of distance from
ESS. The doses are estimated for representative persons living within 2 km of the facility who are assumed
to consume locally produced foodstuffs, taking into account all radioisotopes defined as source terms in

Nuclide

3

H
Be
11
C
13
N
15
O
41
Ar
125
I
Total
7

Release
rate
[Bq/y]
5.5 × 1012
1.0 × 107
2.6 × 1012
2.7 × 1012
1.5 × 1012
4.1 × 1010
1.0 × 106
1.2 × 1013

Ingestion
[nSv/y]

Inhalation
[pSv/y]

0.025

0.23

Extern.
(plume)
[µSv/y]

Extern.
(depos.)
[pSv/y]

Extern.
(skin)
[pSv/y]

5.1

0.17

0.15
5.2

0.007
0.18

Tritium

Total

[µSv/y]

[µSv/y]

0.032

0.032
0.00003
0.14
0.13
0.027
0.003
0.00023
0.33

0.14
0.13
0.027
0.003
0.23
0.26

2.1
2.3

0.30

0.032

Table 10.14: Annual dose rate contributions from routine releases to air at 45 m during normal operation.
Doses are received by individuals living 660 m away and include the pathways of ingestion, inhalation,
external exposure from the contaminated plume, deposited contaminants in the environment, and deposited
contaminants on human skin. The incorporation of tritium (mostly via ingestion and inhalation) is treated
separately.
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Stack height
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35 m
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55 m
65 m

1.4

Annual dose [µSv/y]

1.2
1
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0
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Distance [m]
Figure 10.10: Total annual dose rate from routine releases of radionuclides to the air as a function of
distance from stacks of different heights.
Section 10.4 that are released to the air. They include contributions from internal and external exposures,
as described above.
Table 10.14 gives an estimate of the annual doses received through different pathways for the most
important radionuclides. The inhalation and ingestion doses are conservatively shown for the age class of
one-year-olds, as this age group generally receives the highest doses. The nuclides 11 C and 13 N, released as
gases, each contribute about 40% of the total annual dose. The largest annual dose from a single pathway,
summed across all nuclides, is 0.3 µSv/y, due to external γ-exposure from radionuclides in the plume. This
value is less than the 10 µSv/y limit proposed by ESS for a single pathway. Further, calculations show that
by reducing the ventilation rate of the linac tunnel from once a day to once every two days, the release rate
of radionuclides can be reduced by about a factor two. For either of the linac tunnel ventilation rates, the
total annual dose contribution across all pathways and nuclides is well below the annual dose rate limit of
50 µSv/y.
In addition, there is a contribution to airborne release from dismantling the target once every five years.
This contribution is almost negligible, since the largest estimated released amount of any contaminant is
less than 50 MBq (for 181 W), and the highest total dose conversion factor of all radionuclides examined
as potentially important is 4 × 10−13 Sv/Bq (for 148 Gd). Table 10.15 shows the total doses from airborne
releases occurring once every five years of each of the most important radionuclides in terms of total dose
conversion factors and released amounts in connection with the target dismantling process. The release of
148
Gd in this process is estimated to be several orders of magnitude less than that of 181 W, and the total
dose conversion factor for 181 W is also a couple of orders of magnitude less than that for 148 Gd. The total
dose is the sum of the external dose from deposition on surfaces, the external dose from the passing plume,
the external dose from contamination on skin, the internal dose from ingestion (for 1 year olds) and the
internal dose from inhalation (also for 1 year olds). The doses from the target dismantling operation are
also very small compared with the annual dose rate limit of 50 µSv/y.

10.5.2

Groundwater migration

Preliminary calculations have been made of the migration of activated groundwater towards the ESS site
fence, at a distance of 250 m. The calculations assume a linac beam loss of 1 W/m, and standard shielding
of 0.6 m to 0.8 m of concrete. The model applied is based on a typical soil and groundwater activation code
combined with the groundwater migration model TRACE/PARTRACE, originally developed and tested
for pesticide transport with groundwater, but extended to radioactive nuclide transport [662]. Figure 10.11
indicates that even fast-migrating nuclides, such as tritium and 36 Cl, require several hundred to several
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Nuclide

148

Gd
Hf
172
Lu
173
Lu
175
Hf
179
Ta
181
W
182
Ta
185
W
Total
172

Total dose
conversion
factor
[10−15 Sv/Bq]

Release

Total
dose

[GBq]

[µSv]

406
1.26
0.206
0.669
0.310
0.181
0.448
1.43
0.324

0.00003
0.005
0.005
0.008
0.002
0.030
0.050
0.003
0.020

0.010
0.007
0.001
0.005
0.0005
0.005
0.020
0.004
0.007
0.060

Table 10.15: Dose parameters for selected potentially important radionuclides during target dismantlement
releases. Total dose conversion factors, releases and total doses are calculated for the nearest inhabitant
living about 330 m south of the facility.

thousand years to reach the site boundary. Thus, no radioactive nuclides will move off-site during the
lifetime of the facility (operation plus decommissioning), and there is no risk to the public from groundwater
activation. Even for long-lived 36 Cl (with a half-life of 300,000 years), the activity concentration at the site
fence will be less than 0.4% of the original source concentration at the accelerator, an amount far below
the established limits. This low level is due to dilution effects. No 36 Cl will appear at the fence before
several thousand years of migration.
These estimates are based on the assumption of very low hydraulic conductivity (10−6 m/d), as measured on a limited number of soil specimens. An extended campaign of hydro-geological measurements
on soil samples from the site is under way, and migration calculations will be repeated if deviating soil
parameters are found. Additionally, the nuclide concentrations produced within the site boundary by activation near the accelerator are not completely negligible, according to the first activation and migration
calculations. This has to be taken into account in decommissioning work, particularly with respect to
tritium in the vicinity of the accelerator.
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Figure 10.11: Groundwater migration travel times for selected radionuclides, as a function of the nuclide
partition coefficient Kd between soil and water. The black line shows the travel time until the site boundary
is reached, while the red line shows the travel time until steady state conditions occur. A hydraulic
conductivity of 10−6 m/d is assumed.
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Sample types
Ground water (wells), drinking water
Stream and lake water
Sediment
Aerosols and gases (air sampler with charcoal cartridge)
Precipitation
Grass
Milk
Cereals
Lichen/moss
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Sample
size

Unit

Samples
per year

50
50
100
106
50
1
10
1
200

litre
litre
g
m3
litre
m2
litre
kg
g

2
2
1
12
12
4
2
1
1

Table 10.16: Sample types and rates for monitoring releases of radionuclides to the environment.
Monitoring releases of radionuclides to the environment
The ESS General Safety Objectives [391] state that ESS will be operated in such a way that it protects
the public and the environment from harm. For this purpose, ESS needs to demonstrate that operational
releases of radioactive substances to the environment do not exceed permitted levels and that the annual
radiation exposure of a person representing the more highly exposed members of the public do not exceed
dose limits. These individuals are assumed to live either at Östra Torn, 330 m south of the site, or at Vastra
Odarslov, 660 m to the west. All planned operational releases of radioactive substances will be monitored
in order to document that that they are below authorised limits. In the case of releases to the atmosphere,
stack monitors will quantify releases of tritium, radioactive gases and particulates. A person located at the
perimeter of the site will potentially be exposed to gamma radiation from airborne radioactivity releases
and from radioactivity deposited on the ground. External gamma dose monitoring can be carried out, for
example with passive devices such as thermoluminescent dose meters. A monitoring programme outside
the facility will collect environmental samples for analysis of key radionuclides, such as tritium. This
programme will document possible radioactive contamination of the local environment, and the radiation
exposure of the representative person from ingestion of food contaminated by radioactive emissions. Table 10.16 shows typical sample types, sites and sampling frequencies for a monitoring programme. Prior to
ESS commissioning, a baseline study will be carried out to provide information on radionuclides present
in the environment. Some radionuclides produced from ESS operation also occur naturally (for example
tritium and 7 Be). It is necessary to know the background levels of these radionuclides in order to evaluate
the impact of ESS operation.

10.5.3

Accidents

Estimates of the radiological consequences of hypothetical accidental releases have also been carried out.
Definitions of the categories of design basis accidents (DBA) are given in Chapter 11. Indications about
the source term for DBAs were derived from an ESS technical report [663], which also recommended that
ESS perform a sensitivity study varying the specific release factors for volatiles and aerosols. A separate
analysis ranking the contaminants that might be released during a defined hypothetical accident by their
importance with respect to dose was carried out first [664]. The findings of this study were used as the
basis for dose calculations for a design basis accident [665]. The second study investigated two scenarios:
the first with a volatile release fraction of 0.001% and the second with a volatile release fraction of 0.5%.
In both scenarios, it was assumed that noble gases and tritium would be released to the atmosphere from
a 45 m stack, whereas the amounts of volatiles and aerosols will vary depending on the exact scenario.
Table 10.17 gives an overview of the estimated dose to a reference person located 660 m from the site for
the most important radionuclides for average design basis accident conditions. Table 10.18 shows estimated
doses for worst-case design basis accident conditions. The total dose estimated from the 0.001% volatile
release fraction DBA scenario is almost 0.2 mSv, well below the design basis accident limit of 50 mSv. The
doses, dominated by tritium intake mainly via ingestion, are higher under the 0.5% volatile release fraction
scenario, with a total estimated dose around 6 mSv. In this case the doses are dominated by radioiodine
intake, again, mainly via ingestion. Doses were conservatively calculated for a release during the plant
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Nuclide

3

Ingestion

Inhalation

[µSv]

[nSv]

0.004
8.4
0.11

0.62
0.40
28.
0.47

8.5

30.

External
(plume)
[nSv]

External
(deposition)
[nSv]

External
(skin)
[nSv]

5.2
0.24
0.017
0.006
0.015
5.5

0.86
0.48
3.9
0.22

0.064
0.060
0.018
0.023

5.4

0.17

H

120

I
123
I
125
I
126
I
121
Xe
Total

Tritium

Total

[mSv]

[µSv]

0.18

180.
0.007
0.005
8.4
0.11

0.18

190.

Table 10.17: Estimated doses following a design basis accident that releases a combined volatile fraction
of 0.001% into the atmosphere. Doses shown are received through different pathways for a range of
particularly important radionuclides. Ingestion and inhalation doses are given here for 1 year olds, in
order to be conservative. The total estimated dose is almost 0.2 mSv, well below the design basis accident
limit of 50 mSv, dominated by tritium intake, mainly via ingestion.

Nuclide

3

Ingestion

Inhalation

[mSv]

[µSv]

0.002
5.4
0.18

0.30
0.23
18.
0.82

5.6

20.

External
(plume)
[µSv]

External
(deposition)
[µSv]

External
(skin)
[µSv]

2.5
0.14
0.11
0.11
0.14
0.14

0.42
0.27
2.5
0.37

0.031
0.034
0.012
0.041

3.6

0.12

H

120

I
123
I
125
I
126
I
121
Xe
Total

Tritium

Total

[mSv]

[µSv]

0.18

180.
3.3
2.7
5400.
0.18
0.14
5900.

0.18

Table 10.18: Estimated doses following a design basis accident that releases a combined volatile fraction of
0.05% into the atmosphere. Doses shown are received through different pathways for a range of particularly
important radionuclides. Ingestion and inhalation doses are given here for 1 year olds, in order to be
conservative. The total estimated dose is around 6 mSv, dominated by radioiodine intake, mainly via
ingestion.
growth season. If the accident occurred outside the plant growth season, the dose would be about a factor
of 50 lower. All doses in this chapter are effective doses, so thyroid organ doses would be some 25 times
higher. According to ECOSYS calculations, the ingestion doses would be reduced by about a factor of 50
if consumption of local food products is avoided over the first few critical months. Doses to individuals
living 1 km from the site would be almost a factor of 10 lower than those to individuals living just outside
the site fence. These doses are well within the limits listed in Table 11.3.

10.6

Decommissioning

Swedish regulations require that an initial decommissioning plan be prepared during the design of the
ESS facility, with periodic updates during ESS’s operating life, and a final plan due immediately prior to
decommissioning. Some operational details do not have to be defined in the initial decommissioning plan,
since personnel, contractors and technologies are likely to change substantially over the operating life of the
facility. The initial version of the decommissioning plan will be submitted to the Swedish Radiation Safety
Authority (SSM) as part of the licensing process for the facility. Equipment, materials and buildings within
the controlled area of the ESS premises will be decommissioned following the scheduled operational period
of 40 years. Two issues fundamental to the initial decommissioning plan have already been examined: the
general decommissioning strategy, and the desired endpoint (greenfield or brownfield status). Options have
been ranked, and the decommissioning procedures and documentation for other facilities that are similar
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in size and overall purpose to ESS have been studied. Technical and financial aspects have been identified
and advantageous solutions selected. An preliminary version of the initial decommissioning plan has been
compiled, and will be submitted to SSM after some elaboration of details and possibly after some minor
revisions.
The initial decommissioning plan must address: licensing conditions; staffing and training; organisation and administrative control; cost estimation; waste management; emergency management; radiation
and physical protection; on and off-site monitoring and quality assurance. It must also address the following critical tasks: characterisation of the facility, including surveys of radiological and other hazards;
record keeping; removal of highly radioactive material; decontamination of surfaces and equipment; dismantling techniques: remote control versus manual skills; and final radiation survey and completion of
decommissioning procedure.
Decommissioning strategies
On one hand, the decommissioning task is unique because ESS is a unique facility, so there are a number
of open questions. On the other hand, national legislation in Sweden covers the general issue of decommissioning [666, 667] and international guidance is also available from the International Atomic Energy
Commission [668–670]. According to both Swedish law and the IAEA, the fundamental task for decommissioning planning is to define two (or more) strategies or options, one more probable and the other less
probable, that a facility could adopt for its overall approach to decommissioning. These two approaches
are referred to as the “reference” and “fallback” options. Three reasonable approaches for ESS decommissioning are: 1. Immediate decommissioning, including prompt (or at least continuous) removal of all
radioactive materials to a pre-designated disposal site; 2. Delayed or deferred decommissioning, including a
safe enclosure period for the natural decay of radionuclides; and 3. Phased decommissioning, with periods
of consecutive deferral and active dismantling.
A good example of the analysis of decommissioning strategies is given in a report about the decommissioning of the Eurochemic reprocessing plant in Belgium [671]. After reviewing international guidance [668, 672] and the experience of comparable facilities, ESS has chosen immediate dismantlement (ID)
as the “reference” strategy. A five-year decommissioning period, presumed to be from 2065 to 2070, is
more than adequate. There are four key advantages to the strategy of immediate dismantlement. First,
the radiation level of the ESS structure in shutdown conditions (after the removal of the last target) will
not exceed the level of the operating facility, so it will not pose a significant threat to the environment. Second, the compactness of the operational unit assures that only a small amount of removable or dispersive
contamination will be present on surfaces. Third, as the ESS structure is rather unique, it is of primary
importance that the accumulated experiences of the operating staff should be used as much as possible.
Planning and training staff to carry out dismantling activities for areas with elevated radiation levels will
be more feasible if the facility uses the ID strategy. And fourth, cost estimation is more straightforward
and less inaccurate for the ID strategy than for the other options. Optionally, a model of phased decommissioning can also be elaborated as the “fallback” option for the initial version of the decommissioning
plan.
Greenfield site restoration and reuse
The second fundamental issue is to specify the desirable endpoint of decommissioning operations in terms
of site restoration. This, in turn, determines the post-decommissioning level of regulatory oversight for
the site, and the uses to which the site may be put. The two endpoint options are to return the site to
green field status, or to leave the site in brown field status. If the site is returned to green field status,
it can be reused without any further restriction. Buildings will be either demolished or reused, with an
unconditional release (clearance) from regulatory control. Under brown field status the site can only be
used for special purposes (e.g. a new radiological facility, a non-radioactive waste dump etc.), with a
conditional release (clearance) from regulatory control. The initial decommissioning plan will state that
the ESS goal is to return the site to green field status, permitting unrestricted reuse of the site.
Previous experience – ITER and the Budapest Neutron Centre
Unlike nuclear research reactors, the decommissioning of large spallation sources is far from commonplace.
ESS has found it useful to study the decommissioning planning and experiences of two facilities with com-
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parable levels of radiological threats. The decommissioning plan of the ITER experimental fusion facility
proposes a phased decommissioning strategy, with an outline in the facility’s 2001 design report [673]. It
will start with a five-year decommissioning period for the main assemblies, followed by a de-activation
(safe enclosure) period of five to 50 years. After the de-activation period, the facility will be handed over
to a new organisation inside the ITER host country. The main factor underlying the decision to pursue
the phased decommissioning approach is the high activity level of ITER’s reactor vessel. In contrast, ESS
has no components with comparably high activity levels.
Budapest Neutron Centre has a 10 MWth research reactor using low-enriched uranium fuel. It was completely refurbished during a seven-year break from operations, with the complete removal and exchange of
the reactor vessel and some internal components. These operations were quite similar to decommissioning,
so the experience was used in writing the decommissioning plan that was first elaborated in 1997-1998,
and then submitted in 2010 as a part of the periodic safety assessment. The Centre chose immediate
dismantlement as its reference strategy, taking place around 2030-2040, with a planned duration of 10
to 15 years from shutdown. The plan shows that the early removal of the most active part of a facility
eases operations with the less active components. If the key operational challenge of providing temporary
storage for the highly active components is solved, there is no need for a more expensive safe enclosure
option.
Alternative decommissioning methodologies
As part of the process of preparing the initial decommissioning plan, ESS has evaluated alternative decommissioning methodologies, and has scrutinised the previous experiences of related projects, including
MEGAPIE at PSI in Switzerland; the DR-1, DR-2 and DR-3 facilities in Risø Denmark; Rossendorf in
Germany, and the reactor vessel removal KFKI in Hungary. These experiences will be described in detail
in ESS’s initial decommissioning plan.
Waste management during decommissioning
Collectible radioactive decommissioning waste is different from operational waste. The amount of decommissioning waste generated within a given time period is generally larger, and it displays a wider variety of
physical characteristics. The dismantling process will require that a certain part of the facility is assigned
as temporary storage area; ideally, two separate areas will be designated for radioactive and clearable
waste. The ESS premises are large enough to host these buffer areas safely. Radioactive material and
waste present at the time of the final shutdown will contribute to the “radionuclide vector”. Categorised
according to their origin, the types of waste that will be present on-site include left-over operational wastes
that were not released as effluents during the operational period (most of these wastes will be kept in designated waste storage locations); structural materials that were in use in the final operational campaign,
such as the last target and activated assemblies; building material such as steel, concrete, and other metals;
and contaminated laboratory equipment. All of these waste types fall within the regulatory framework
discussed earlier, including the requirement to categorise the components of the waste stream in terms of
method of final disposal, and the methodology for calculating the clearance index for specific components
of the waste.
Financial and organisational issues including decommissioning costs
Swedish regulatory authorities recommend that cost estimates in the initial decommissioning plan be based
on analysis of the following conceptual groups of decommissioning activities: pre-decommissioning actions;
facility shutdown activities; procurement of general equipment and material; dismantling activities, waste
processing, storage and disposal; site security, surveillance and maintenance; site restoration, clean-up and
landscaping; project management, engineering and site support; and research and development. Instead of
providing a rough estimate of decommissioning costs as a “given percentage of construction costs,” the “unit
cost method” developed by Jeong et al. [674] may be used for ESS. This approach is generally applicable to
the ESS facility (apart from spent fuel management issues) although it was primarily intended for research
reactors. ESS cost estimates will also benefit from the valuable assessments of alternative approaches
compiled by an expert group supported by the OECD Nuclear Energy Agency [675].
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Engineering design for efficient dismantling and disposal
International best practice, as detailed in several IAEA reports [676, 677], and the conclusions of an
ESS-specific engineering report [678], lead to a number of engineering design recommendations. Every
structural material which can be activated by the primary protons and the generated neutrons should be
analysed prior to installation in order to reveal impurities (e.g. rare earth metals) which may contribute
to radioactive inventory. While this is not completely possible for the field concrete shielding of the
high energy linac section, some upper limits will be set. As a general principle the more active parts
will be removed first so the remaining dose burden will be mitigated, although this is only one factor in
the optimisation procedure. Moreover, parts with dispersible radioactivity should be easily accessible in
order to avoid contamination of originally clean areas. This includes items such as worn-out insulation.
Some parts with enhanced radioactivity will be removed by remote controlled operations (robotics). For
manual removal of highly radioactive elements, shielding will be built by means of cranes or high capacity
transport vehicles. Space will be reserved for their installation. Monitoring equipment will be built in areas
of significant external dose rate and/or surface contamination. Materials of equipment and structures which
will probably require decontamination will already be under study and observation during the construction
phase in order to select the optimum method and means of decontamination. Finally, an overall system
of record keeping for materials and operations in the controlled area of the facility will be used.
Key participants in decommissioning
In addition to the Swedish Radiation Safety Authority (SSM), key participants in decommissioning activities in Sweden at the present time include Studsvik Nuclear AB, a nuclear technology and radiological
research company, and SKB, the Swedish Nuclear Fuel and Waste Management Company. Studsvik was
originally majority government-owned, but it was turned over to private investors by the Swedish government in the 1970s, retaining its headquarters in Nyköpping, Sweden [679, 680]. SKB was created
as a cooperative effort of the Swedish nuclear power companies after Sweden enacted legislation in the
1970s requiring them to manage and dispose of any nuclear waste they generated, and to operate licensed
repositories for radioactive waste [681].

592

CHAPTER 10. EMISSION CONTROL

Bibliography
[1] E. H. Lehmann and D. Mannes. ‘Wood investigations by means of radiation transmission techniques.’
Journal of Cultural Heritage, 13(3, Supplement):S35–S43, 2012. ISSN 1296-2074. doi:10.1016/j.
culher.2012.03.017. Wood Science for Conservation.
[2] C. Castelnovo, R. Moessner, and S. L. Sondhi. ‘Magnetic monopoles in spin ice.’ Nature, 451:42–45,
2008.
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[90] M. Rheinstädter. ‘Dynamics of soft matter.’ chapter Lipid Membrane Dynamics, pages 263–286.
Springer, 2012.
[91] A. Stradner, G. Foffi, N. Dorsaz, et al. ‘New insight into cataract formation: Enhanced stability
through mutual attraction.’ Physical Review Letters, 99(19):198103, 2007.
[92] F. Roosen-Runge, M. Hennig, T. Seydel, et al. ‘Protein diffusion in crowded electrolyte solutions.’
Biochimica et Biophysica Acta (BBA)-Proteins & Proteomics, 1804(1):68–75, 2010.

620

BIBLIOGRAPHY

[93] M. Heinen, F. Zanini, F. Roosen-Runge, et al. ‘Viscosity and diffusion: Crowding and salt effects in
protein solutions.’ Soft Matter, 8(5):1404–1419, 2012.
[94] V. L. Ginzburg. ‘Nobel Lecture: On superconductivity and superfluidity (what I have and have not
managed to do) as well as on the “physical minimum” at the beginning of the XXI century.’ Review
of Modern Physics, 76:981–998, Dec 2004. doi:10.1103/RevModPhys.76.981.
[95] J. M. Tranquada et al. ‘Neutron-scattering study of the dynamical spin susceptibility in
YBa2 Cu3 O6.6 .’ Physical Review B, 46:5561–5575, 1992.
[96] L. W. Harriger, O. J. Lipscombe, C. Zhang, et al. ‘Temperature dependence of the resonance and
low-energy spin excitations in superconducting FeTe0.6 Se0.4 .’ Physical Review B, 85:054511, Feb
2012. doi:10.1103/PhysRevB.85.054511.
[97] N. Tsyrulin, R. Viennois, E. Giannini, et al. ‘Magnetic hourglass dispersion and its relation to hightemperature superconductivity in iron-tuned Fe1+y Te0.7 Se0.3 .’ New Journal of Physics, 14(7):073025,
2012.
[98] P. Bourges and Y. Sidis. ‘Novel magnetic order in the pseudogap state of high-TC copper oxides superconductors.’ Comptes Rendus Physique, 12(5-6):461–479, 2011. ISSN 1631-0705. doi:
10.1016/j.crhy.2011.04.006. Superconductivity of strongly correlated systems — Supraconductivité
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May 15 2011.
[242] H. Abele et al. ‘Characterization of a ballistic supermirror neutron guide.’ Nuclear Instruments and
Methods A, 562:407–417, Jun 2006.
[243] C. Schanzer et al. ‘Advanced geometries for ballistic guides.’ Nuclear Instruments and Methods A,
529(1–3):63–68, Aug 2004.
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Forschungszentrums Jülich 4225, ISSN 0944-2952, D468, Forschungszentrums Jülich, 2006.
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[374] M. Göhran. ‘2nd interface meeting between beam dump development within WU10.3 and appointed
persons within the A2T group.’ Technical Report EDMS 1226623, European Spallation Source,
2012.
[375] G. Schlindwein, F. Arbeiter, and J. Freund. ‘Start-up phase of the HELOKA-LP low pressure helium
test facility for IFMIF irradiation modules.’ In Tenth International Symposium on Fusion Nuclear
Technology, ISFNT-10. 2010.

BIBLIOGRAPHY

635

[376] Dresser Roots R , Dresser Inc. Catalog: Blowers, Compressors and Controls, 2011.
[377] Siemens Turbomachinary Equipment GmbH. Reference List of Siemens Turbomachinary Equipment
GmbH (Extract), Nov 2011.
[378] H. Teixeira. ‘Preliminary design of a hurricane system for tungsten particulate capture, from helium
coolant gas stream, on the spallation reaction.’ Technical Report EDMS 1192485, Advanced Cyclone
Systems, SA, 2012.
[379] R. Salcedo, J. Paiva, and C. Sousa. ‘Hurricane/Mechanical ReCyclone R performance at pilot-scale.’
Technical Report EDMS 1192485, Advanced Cyclone Systems, SA, 2012.
[380] F. Koch and H. Bolt. ‘Self passivating W-based alloys as plasma facing material for nuclear fusion.’
Physica Scripta, page 100, Mar 2007.
[381] B. Guidersa and J. X. Zhou. ‘System analysis of the helium loop for ESS target.’ Unpublished, KIT,
Karlsruhe Institute of Technology.
[382] F. Plewinski, P. Nilsson, and P. Sabbagh. ‘Intermediate cooling circuit for target He cooling - ingress
into the helium cooling target circuit – TSDU Baseline V2 (N2 ).’ Technical Report EDMS 1226049,
European Spallation Source, 2012.
[383] P. Nilsson et al. ‘Helium purification - first design estimates.’ Technical Report, European Spallation
Source, 2013. In preparation.
[384] M. S. Yang, R. P. Wang, Z. Y. Liu, et al. ‘The helium purification system of the HTR-10.’ Nuclear
Engineering and Design, 218:163–167, 2002.
[385] A. Ciampichetti, A. Aiello, G. Coccolutoa, et al. ‘The coolant purification system of the European
test blanket modules: Preliminary design.’ Fusion Engineering and Design, 85(10–12):2033–2039,
Dec 2010.
[386] K. Liger, X. Lefebvre, A. Ciampichetti, et al. ‘HCLL and HCPB coolant purification system: Design
of the copper oxide bed.’ Fusion Engineering and Design, 86(9–11):1859–1862, Oct 2011.
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[662] ‘Forschungszentrum Jülich.’ http://www.fz-juelich.de, last accessed 25 Nov 2012.
[663] T. Hansson. ‘Specification for revised dose assessment.’ Technical Report ESS-00000056/1, European
Spallation Source, 2012.
[664] K. G. Andersson and S. P. Nielsen. ‘Radionuclides to be considered in dose estimates following
accidental airborne releases.’ Technical Report EDMS 120905, European Spallation Source, 2012.
[665] K. Andersson and S. Nielsen. ‘Note on evaluation of doses received from airborne releases due
to a hypothetical severe design basis accident (DBA) at the ESS installation.’ Technical Report
ESS-1246094, European Spallation Source, 2012.
[666] C. H. Sen. ‘Preliminary decommissioning plan for ESS.’ Technical Report N-11/179, Studsvik
Nuclear AB, 2011.
[667] Swedish Ministry of the Environment. ‘Sweden’s fourth national report under the Joint Convention
on the safety of spent fuel management and the safety of radioactive waste management.’ Ds 2011:35,
Ministry Publications Series, Stockholm, 2011.
[668] ‘Decommissioning of small medical, industrial and research facilities.’ IAEA Technical Reports Series
TRS-414, International Atomic Energy Agency, 2003.
[669] ‘Decommissioning of medical, industrial and research facilities.’ IAEA Safety Standard Series WSG-2.2, International Atomic Energy Agency, 1999.
[670] ‘Decommissioning of nuclear facilities other than reactors.’ IAEA Technical Reports Series TRS-386,
International Atomic Energy Agency, 1999.
[671] L. Teunckens et al. ‘Decommissioning of the Eurochemic reprocessing plant, strategies, experiences
and developments.’ In Decommissioning in Belgium: Proceedings of the Belgian Nuclear Society
Annual Conference. 1999.
[672] ‘Financial aspects of decommissioning.’ IAEA TECDOC 1476, International Atomic Energy Agency,
2005.
[673] Summary of the ITER Final Design Report. International Atomic Energy Agency, Vienna, Jul 2001.
[674] K. S. Jeong et al. ‘Structures and elements for the decommissioning cost estimations of nuclear
research reactors.’ Annals of Nuclear Energy, 34:326 –332, 2007.
[675] ‘Selecting strategies for the decommissioning of nuclear facilities, a status report.’ Technical Report
(originally published in Radioactive Waste Management) No. 6038, Nuclear Energy Agency (NEA)
and Organisation for Economic Co-operation and Development (OECD), 2006.
[676] ‘Design lessons drawn from the decommissioning of nuclear facilities.’ TECDOC 1657, International
Atomic Energy Agency, 2011.
[677] ‘Managing low radioactivity material from the decommissioning of nuclear facilities.’ IAEA Technical
Reports Series TRS-462, International Atomic Energy Agency, 2008.
[678] M. Rogante. ‘Contributions to the decommissioning issue of the ESS project.’ RE-ESSHU-01-2009,
Rogante Engineering, Cinitanova Marche, 2009.
[679] ‘Studsvik AB.’ http://www.studsvik.com, last accessed 19 Feb 2013.
[680] ‘Wikipedia: Studsvik.’ http://en.wikipedia.org/wiki/Studsvik, last accessed 16 Nov 2012.
[681] ‘SKB.’ http://www.skb.se, last accessed 19 Feb 2013.
[682] ‘Regulation on operation of accelerators and sealed radiation sources.’ Swedish Radiation Safety
Authority SSMFS 2008:27, 2008.
[683] ‘Safety culture.’ Technical Report INSAG-4, International Nuclear Safety Advisory Group of the
International Atomic Energy Agency, 1991.

650

BIBLIOGRAPHY

[684] ‘Key practical issues in strengthening safety culture.’ Technical Report INSAG-15, International
Nuclear Safety Advisory Group of the International Atomic Energy Agency, 2002.
[685] S. Nordlinder et al. ‘Preliminary safety analysis report for ESS.’ Technical Report ESS-0000002/1,
European Spallation Source, 2012.
[686] R. Moormann. ‘Safety & licensing of the European Spallation Source (ESS).’ Report Jul 4136,
Forschungszentrum Jülich, 2004.
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