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There are a number of countries where a nuclear decommissioning industry has
developed separately from the nuclear industry itself and where there is a good coexis-
tence between operating nuclear installations and those undergoing decommissioning.
As an example, Figure 2 shows an overview of NPPs in operation and undergoing de-
commissioning. The number of operating blocks and the number of blocks under de-
commissioning already equal each other.

Figure 2. Nuclear power plants in Germany in operation and undergoing decommissioning (Thier-
feldt 2009).

Execution of decommissioning projects

Decommissioning projects are often implemented and executed using a phased approach.
This means that the entire decommissioning project is structured into phases for which a
license, permit or consent of the competent authority would be needed. The advantage of
such an approach is that the next phase can be planned and the associated licensing pro-
cedure can be carried out while the previous phases are still in execution. Each phase can
take advantage of experience gained in the previous phases. Figure 3 shows an example
for decommissioning phases and their approximate duration (each phase divided into
planning / licensing / implementation), while Figure 4 shows the corresponding illustra-
tion of the implementation of these phases for a boiling water reactor.
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Figure 3. Example for decommissioning phases and their approximate duration for a large NPP.
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Figure 4. lllustration of decommissioning phases for a boiling water reactor (E.ON, 2008).

Decommissioning Techniques

For all the decommissioning strategies, the dismantling of external, unusable support
systems and equipment will generally be performed using standard techniques. Much of
this will be uncontaminated material that can be released from regulatory control and
therefore needs to be segregated from contaminated material (see chapters on radioac-
tive waste management and clearance).

There are differences in dismantling techniques between early and deferred dis-
mantling. Higher dose rates resulting from high activation or contamination levels may
require remote techniques for early dismantling of some facilities. High dose rates from
activated components can generally be compensated by using additional shielding, e.g.
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by working under water in the reactor spent fuel pool, and/or remotely operated tech-
niques. For deferred dismantling, it is possible that some of the waste will have decayed
to low levels and special techniques may not be needed during the dismantling phase.
This will depend on the initial level of contamination of the specific structures, equip-
ment or facilities to be decommissioned. It is desirable to plan for deferral periods if
this will allow decay to low levels of contamination to simplify decommissioning. -
Similar considerations apply to the entombment option: early preparation for entomb-
ment will require dealing with material with higher dose rates, while establishing en-
tombment towards the end of a long deferral period will allow use of simpler techniques
to prepare the facility as a near surface disposal site.

It can be reasonably assumed that most of the existing facility support equipment
(e.g. lifting devices and bridges, utilities, water cleaning and filtration facilities, ventila-
tion, sanitary facilities) will not be available after a prolonged deferred dismantling pe-
riod without some type of refurbishment or replacement. This means that some advan-
tages can be realised by selecting the immediate dismantling option in preference to de-
ferred dismantling.

Decommissioning of facilities can be carried out with existing technology. There
1s no significant advantage in waiting for further progress in technology development,
but in some particular cases (e.g. treatment/conditioning of special material such as
graphite and the remote controlled tools needed for dismantling the reactor internals)
some improvements may be expected and this could probably favour deferred disman-
tling in these particular cases. Nevertheless, there currently exists remote handling
technology that allows the performance of this type of activity. (IAEA 2007).

Decommissioning techniques are generally divided into thermal techniques, me-
chanical techniques and other types. Dismantling and cutting techniques are available
for metals, concrete, and all other purposes like cables, insulation etc. There is no single
technique which could be used for all purposes. Thermal cutting techniques encompass
various principles of heating and melting the material, like arc processes, in particular
plasma arc processes, gas processes, laser beam processes, electro discharge machining
and other processes, especially combinations of these techniques. An example is shown
in Figure 5. Mechanical cutting techniques encompass grinding, various sawing tech-
niques, shears, nibblers, milling cutters, diamond saws and diamond wire cutting etc.,
but also microwaves for concrete and hydraulic techniques. Examples are shown in
Figure 6. A wider overview of decommissioning techniques can be found in (IAEA,
2008a).
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Figure 6. Examples for mechanical cutting techniques. Left: mechanical shears (BR3, Belgium),
Right: diamond wire cutting for large components (HDB, Karlsruhe, Germany).
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Materials arising from Decommissioning

This section deals with the various material types arising from decommissioning of nu-
clear installations. It can only present a short overview of the various material streams
and their quantities, and it is necessary to restrict the overview to nuclear power plants,
while research reactors and fuel cycle installations present different material composi-
tions and waste streams. The largest part of all material streams will be going to clear-
ance, while only a comparatively small portion will be disposed of as radioactive waste.
Because of the completely different management and handling techniques for both
parts, management of radioactive waste and clearance of material is dealt with in sepa-
rate chapters.

Material types from decommissioning
The material types originating from decommissioning of light-water reactors are similar:

. activated and contaminated stainless steel from the reactor pressure vessel
and its internals,

J contaminated stainless steel from the circuits, systems and components,

o carbon steel from components and structural elements,

J activated and contaminated concrete from the biological shield and adjacent
concrete structures,

. contaminated concrete from building structures,
. electrical installations and cabling,

° insulation material,

o various other materials.

In gas-graphite reactors (GCR), there will also be activated and contaminated graphite.

Material quantities

It is clear that the material quantities that will arise from decommissioning depend on
the size of the installation. There is, however, also a dependence on the type of the
plant. In nuclear power plants with boiling water reactor (BWR), the secondary circuit
and therefore the turbine hall and its components are part of the controlled area. The
overall amount of material from BWRs is therefore larger than for a pressurised water
reactor (PWR) of similar power rating. Furthermore, the specific type of construction
also influences the material quantities. For example, PWRs of Russian type, VVER,
have a higher amount of concrete than PWRs of a Western design, as VVERs do not
have a full-pressure containment system like Western PWR, but a confinement system
which consists of a large number of rooms by which overpressure could be gradually
released in the case of an accident. This construction uses a higher amount of concrete
per unit power.

Typical quantities of materials are provided in Table 2 for a 900 — 1300 MWe
PWR and a 250 MWe GCR. The GCR has a higher mass per unit power than the PWR.
In both cases the weight of the materials that are free of contamination and the weight
of the building are not shown.
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Table 2. Typical quantities of materials from decommissioning for a 900 — 1300 MWe PWR and a
250 MWe GCR (IAEA, 2008b).

Radioactive material 900 - 1300 MWe PWR 250 MWe GCR
activated / irradiated steel 650 Mg 3000 Mg
contaminated steel 3500 Mg 6000 Mg
graphite - 2500 Mg
activated concrete 300 Mg 600 Mg
contaminated concrete 600 Mg 150 Mg

The weight of the building structures of the controlled area may amount to
200,000 Mg for large PWRs and 400,000 Mg for large BWRs. The structures include a
few 10,000 Mg of reinforcement steel and other steel structures that are uncontaminated.

Activity levels and main contaminants

The activity levels, in particular the mass related activity (Bqg/g) and the surface related
activity (Bg/cm?), vary for the various material types, depending on the origin and his-
tory. Activated components of the reactor may reach specific activities of 10° Bg/g, the
core region of the reactor pressure vessel may reach several 10° Bq/g, and activated
concrete in the biological shield several 10° Bg/g. Surface contamination may range
from some 10° Bg/cm? on highly contaminated areas down to a few Bq/cm? in less con-
taminated areas, nearing clearance levels. The main gamma emitting nuclides in LWR
materials are Co-60 and Cs-137, causing the main part of the dose rate. Beta emitters
like Fe-55, Ni-63 and Ni-59 as well as Sr-90 also contribute to the overall activity but
not to the dose rate. Alpha emitters like Am-241 may be present in cases where (smaller
or larger) fuel element defects have occurred during operation.

Management of Radioactive Waste

This chapter deals with the management of radioactive waste, while clearance of mate-
rial is dealt with in the next chapter. First, a short overview of classification schemes for
radioactive waste is given. Options for waste management and for decontamination are
presented, followed by options for waste disposal.

Classification of radioactive waste
The main categories of decommissioning waste include:
(a) Low level radioactive waste;
(b) Intermediate level radioactive waste;
(c) High level radioactive waste;
(d) Hazardous, non-radioactive waste (chemicals, heavy metals, etc.);
(¢) Non-radioactive and non-hazardous waste (cleared material that complies
with clearance levels).
Each category of waste has its own unique concerns and specific management requirements.
The classification of radioactive waste is of particular importance when decom-
missioning nuclear facilities. The existence of guidelines for waste segregation and
conditioning, in particular waste acceptance criteria for storage and disposal, can have a
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significant impact on the planning of decommissioning activities, particularly cost esti-
mates and the selection of decontamination and dismantling activities.

A widely used classification system based on dose rates identifies waste as one of
the following: low level waste (LLW), intermediate level waste (ILW), and high level
waste (HLW). However, this system serves mainly to support waste handling and stor-
age activities. Other countries may have different classification schemes, like e.g. Ger-
many where the only distinction is made between heat-generating waste (spent fuel, vit-
rified waste from reprocessing) and waste with negligible heat generation (all other ra-
dioactive waste above clearance levels). For the long term management of decommis-
sioning waste, it may, however, be more desirable to employ a classification based on
the activity levels and half lives of the radionuclides contained in the waste, as defined
by the TAEA. Figure 7 shows the IAEA waste classification scheme together with the
German classification scheme.

2 high level waste
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Figure 7. Waste classification according to IAEA and German classification scheme for compari-
son (German Government 2008).

Waste management options

Waste management starts with thorough characterisation of the material, taking into ac-
count the plant history including any incidents that might have led to contamination,
activation calculations (for the reactor pressure vessel and the biological shield) and the
results of a large number of samples and measurements. Characterisation of the plant is
of paramount importance for a smooth implementation of decommissioning. It is, how-
ever, not possible to deal with this topic in this paper in any detail.

The basic options for waste management are depicted in Figure 8. In the process
on the right starting with radioactive material the first decision is whether any treatment
for reduction of activity (segregation of parts with higher and lower activity, decon-
tamination) is technically and economically viable. If not, the material will end as ra-
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dioactive waste and may need treatment and conditioning before being put into interim
storage and eventually into final disposal. If treatment of the initial material is viable,
the material has to be checked for compliance with release criteria (clearance levels). It
may turn out that the material exceeds these values and has to be treated as radioactive
waste, but in general it will be possible to bring the material to one of various release or
clearance options (see next chapter). — The process for material for which contamina-
tion is only suspected is similar (branch on the left).

N Radioactive
Suspect material material
a v “
. . Processing No action
S(:fmﬁizlfszn";g — segregation, — processing not viable
2 decontamination, etc. or cost effective

Exceeds release
criteria
— treat as
radioactive waste

Monitor i
for compliance with
release criteria

"
" U I
Complies with Complies with Radioactive waste
unconditional release conditional release treatment/
criteria criteria conditioning
" I o 1 ’ ¢
Unconditional - Recycling and reuise Recycling and reuse| Storage/disposal Storage/disposal
recycling and Ungendllt‘lamal in non-nuclear in nuclear as as
reuse 15posa industry Indlustry VLLW LW

Figure 8. Management and disposition options for the segregation and characterisation of suspect
and radioactive material (IAEA, 2008).

Decontamination

Decontamination techniques are based on the removal of surface contamination by me-
chanical, chemical or other procedures. Activation cannot be removed as it is a property
of the entire volume of the material.

In many cases, light decontamination processes may be sufficient, like washing
with water or a detergent, high-pressure water jetting or other commonly available proc-
esses. However, in many cases a fixed surface layer has to be removed, for which these
techniques will not suffice. A widely used procedure for decontamination of metallic sur-
faces is grit blasting. Figure 9 shows an example of a grit blasting facility in a German
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nuclear power plant. The mobile facility is placed in the controlled area and forms part of
the material management process. Metallic surfaces are monitored prior to and after blast-
ing to verify the effect of the decontamination method and to decide whether the proce-
dure has been effective so that the material complies with clearance levels. If necessary,
the procedure has to be repeated. The steel grit is cleaned and reused until it is fully worn
and then forms secondary waste (i.e. waste that arises from processes in addition to the
primary waste from the material of the nuclear facility itself).

Figure 9. Left: loading of material into the grit blasting caisson. Right: the grit blasting container
from the outside (E.ON, 2008).

Table 3. Overview of decontamination techniques for various purposes (IAEA, 2001).

OBJECTIVE/TASK COMPONENT/SURFACE METHOD
TO BE EMPLOYED
DECONTAMINATED

Chemical
Pipeline system {

Mechanical
Decontamination before dismantling }

Reduction of occupational exposure

Hydro-jet
Pool/tank { Blast

Strippable coating

Electropolishing

Decontamination after dismantling Chemical immersion
Recycle of contaminated metal Pipes, components Blast
Reduction of radioactive waste Ultrasonic wave

Gel

— Mechanical:

* Scabbler
N - * Shaver
Decontamination of building « Drill and spalling
Unconditional release of building Concrete surface < * Steel grit blast

Reduction of radioactive concrete waste )
Thermal stress:

* Microwave irradiation
*— e« Flame scarfing
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There are numerous other decontamination techniques like chemical baths using
acids or bases in combination with electrolytic processes, called electropolishing. By
removing a thin surface layer, the contamination is also removed. A rather comprehen-
sive overview is given in Table 3.

Treatment and conditioning techniques

For management of RW from decommissioning, standard technologies can be used
which have been applied already during the operational phase. Usually, the technology
must be improved and upgraded to be able to manage the decommissioning RW, mainly
because of the much larger quantities. The capacity of the RW management technology
must be adapted accordingly. In addition, fragmentation and decontamination of solid
RW and new measurement tasks usually requires purchasing of special technological
equipment. (Thierfeldt, 2006)

The different NPP types produced different RW either from operation or decom-
missioning. The NPPs with WWER reactors are usually equipped with tanks with big ca-
pacities for storage of liquid or semi liquid RW from NPP operations (concentrates,
sludges, ion exchangers). This RW must be treated before the decommissioning activities
star. Treatment of such kinds of RW could be difficult from the view of meeting the ac-
ceptance criteria for disposal and a special methods and equipment must be developed.

There is a wide range of waste treatment and conditioning techniques of which
only a few can be presented in the following.

e Solidification refers to a range of processes and which additives are added to a
given batch of waste. The waste is then converted to a single, solid form. Before
solidification, the waste may take a variety of forms, liquid, slurry, sludge or
dried solid particles.

e Incineration may be used if the waste is burnable and does not contain signifi-
cant amounts of hazardous substances for which the incineration plant is not
suitable. The most important property of incineration is its large volume reduc-
tion.

e Melting of metals in a specialised licensed facility will transform surface con-
tamination into volume activity, a kind of decontamination process, and will
also result in size reduction. The molten metal can be poured into containers
with other radioactive waste thus making effective use of any unused space.

e Encapsulation may be used for small, loose materials, e.g. by fixing the material
with cement, polyethylene or other material, depending on the acceptance crite-
ria of the interim storage facility and the repository.

e Supercompaction may be used as an effective process for volume reduction of
metallic or other compressible waste. Figure 10 shows a volume reduction facil-
ity that can be set up in the controlled area of nuclear installations, forming part
of the material management process.
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Figure 10. Volume reduction of 200 | drums (FAKIR supercompaction facility, GNS).

Disposal options

The large field of disposal options that exist in various countries can only be briefly
touched upon in this paper. Various countries like UK, France or USA prefer near-
surface disposal of most wastes resulting from decommissioning. The waste is put into
waste containers that are filled with concrete and is then emplaced into trenches lined
with concrete which are finally covered in concrete, creating a monolithic waste struc-
ture. This waste form will remain stable until the activity will have decayed to levels
that are below regulatory concern (several decades or a few hundred years). The amount
of long-lived nuclides is usually limited in such repositories.

Other countries like Germany prefer deep geological disposal also for decommis-
sioning waste. The characteristics of the waste containers and the mode of emplacement
have been derived from operational and safety analysis of the repository. There are usu-
ally fewer restrictions on the activity content of the waste, as the isolation of the waste
inside a deep geological repository is superior to a near-surface disposal site.

Waste management and selection of decommissioning strategy

Different aspects of waste generation and waste management can have an impact on the
selection of a decommissioning strategy. Among the most important aspects are: the
overall national waste management strategy, the amount of waste, the types and catego-
ries of waste (both radioactive and non-radioactive) and the facilities needed to process,
handle, store and dispose of the waste. The absence of a waste management policy for
any of these waste categories will introduce uncertainties in the decommissioning strat-
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egy selection process. If no disposal route exists for a particular waste category, the
only option may be to store the waste on-site in regulated storage facilities.

Lack of a disposal facility is in itself insufficient reason for not performing imme-
diate dismantling. The waste can be placed into an interim storage facility that will also
require decommissioning eventually, once a final disposal scheme for the waste is de-
cided upon. If the nuclear programme within a country is very limited and the type of
facility to be decommissioned is amenable to entombment, then this may be the pre-
ferred option. As stated previously, an entombed facility has to be considered as a near
surface waste disposal site and needs to meet the regulatory requirements for such a fa-
cility. This means, for example, that no or only limited amounts of long lived radionu-
clides are allowed in an entombed facility. If the country has not prepared the necessary
infrastructure for a low level waste disposal facility, then entombment may not be fea-
sible. However, the facility could be placed into a short deferred dismantling mode until
such requirements can be put into place. (IAEA, 2007)

A country specific analysis of the influence of waste management techniques on
decommissioning strategy selection among EU member states yielded three basic types
of approaches (Thierfeldt, 2007):

e High influence on strategy selection: dismantling is postponed until a viable
waste route becomes available, either in a prolonged form of early decom-
missioning which is drawn out over a suitably period of time or by choosing
the deferred decommissioning option. Examples are NPP Barsebédck (Swe-
den), the four Italian nuclear power plants, in particular the NPP Latina and
the NPP Vandellos 1 (Spain).

e Medium influence on strategy selection: dismantling is commenced although
no repository is available. However, in order to manage the radioactive
waste streams from decommissioning and to provide a storage even after
dismantling of the nuclear installation will have been completed, an interim
storage facility is created (e.g. in an existing building at the site which is
converted into a storage facility or in a building newly constructed for this
purpose). In some cases, the characteristics of this interim radwaste storage
facility may have influence on the waste management options and the condi-
tioning techniques, e.g. on the use of waste containers because of limited
shielding provided by the waste building, on the mass of waste packages be-
cause of limited lifting equipment capacity etc. Examples are the NPPs
Wiirgassen and Stade (Germany) and NPPs in the UK.

e Low or negligible influence on strategy selection: disposal routes for radio-
active waste are available, either in the form of an existing repository or of
centralised radwaste storage facilities, and consequently waste acceptance
criteria are also established. In such a case, dismantling can commence
without consideration to the creation of new waste disposal facilities or dis-
posal routes. Examples are mainly decommissioning projects from countries
with existing repositories like France
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Clearance of Material

Clearance is of central importance for the material management in decommissioning
projects. The topic is so broad that the analysis in this paper necessarily has to be very
short. The vast majority of material from decommissioning of nuclear installations is
either free of contamination (especially the large volumes of concrete from building
demolition) or can be brought to sufficiently low levels by decontamination. If it can be
demonstrated that the material, the buildings or the site of the facility complies with
clearance levels, it can be released from regulatory control.

Clearance levels

Clearance is part of the EURATOM Basic Safety Standards (European Communities,
1996). Therefore, a number of countries have implemented clearance regulations with
various degrees of complexity and using different clearance levels. The European
Commission has also given guidance on clearance levels and the implementation of
clearance for metal scrap, buildings, building rubble and unconditional clearance
(European Commission, 1998, 2000a, 2000b). The IAEA has issued recommendations
on unconditional clearance as well (IAEA, 2004). Table 4 shows a small comparison of
values that are used or have been recommended for use in various countries. This table
shows that there for some countries there are large differences for certain values which
derive from the radiological models used. The values in many international studies that
have been explicitly derived for unconditional clearance, however, are generally close
together.

Table 4. Comparison of clearance levels for unconditional clearance for key radionuclides from
studies and the regulatory framework of various countries and from international recommenda-

tions (values rounded to 1 significant digit; “-“ means not analysed or no value given) (Thierfeldt,
2005).
Country/ Regulatory framework/ Clearance level in [Bqg/g] for
Organis. study / recommendation Co 60 Cs 137 Sr 90 Am 241 H3
Germany Radiation Protection Ordinance 0.1 0.5 2 0.05 1,000
Ann. lll Tab. 1 Col. 5
Netherlands | report Timmermans et al. 100 100 10,000 100 1E7
(recycling of steel)
Sweden report Elert et al. (minimum of all 0.2 8 4 70 -
clearance options for metals)
UK report DETR 0.04 0.2 3 0.6 600
UK Radioactive Substances Act 0.4 0.4 0.4 0.4 0.4
USA report NUREG 1640 0.04 0.04 1 - -
EU RP 122 part 1 0.1 1 1 0.1 100
IAEA Safety Guide RS-G-1.7 0.1 0.1 1 0.1 100
OECD/NEA | report of Task Group (additional 0.2 0.7 94 50 -
surface specific CL apply)

A study on EU member states (Thierfeldt, 2006) showed that the existence of
regulations for clearance will not necessarily depend on the size of the nuclear pro-
gramme. Instead, most countries have implemented clearance regulations as soon as
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there is a substantial amount of material which need not be treated as radioactive waste
and which has to be dealt with. A number of countries have followed one or more of the
recommendations issued by the European Commission when implementing clearance in
national regulations. While clearance regulations have been introduced in all countries
except France, substantial differences pertain to the detailed design of these regulations,
mainly the clearance options and the clearance levels which are in place. The compari-
son also reveals that the existence of a repository for radioactive waste is obviously not
related to the implementation of clearance regulations in a particular country.

Measurement techniques for clearance

A large number of measurement techniques suitable for various clearance options is
available which cannot be enumerated and outlined here. In cases where hard to meas-
ure radionuclides (alpha emitters, pure beta emitters etc.) form part of the nuclide vector
and have to be taken into account, correlation with easy-to-measure nuclides are used.
Usually a correlation between hard gamma emitters which have a high abundance in the
nuclide vectors (e.g. ®*Co, *’Cs), so-called key nuclides, is used. Correlation factors to
other nuclides like *°Sr, **' Am etc. are determined from radiological measurements. The
overall radionuclide contents of material can then be calculated from measuring the ac-
tivity of the key nuclides and calculate the activities of the other nuclides via the corre-
lation factors.

The applicability of direct measurements of gamma emitting nuclides as well as
of the correlation method depends to a large extent on the percentage that these gamma
emitting nuclides have in the nuclide vector. Because of the radioactive decay and be-
cause of the relatively short half-life of ®°Co (5.3 a) and the long half-lives of hard-to-
measure nuclides (30 a for *°Sr, 432 a for **'Am), this percentage is continuously de-
creasing. Some installations, especially those with a high abundance of alpha emitting
nuclides in the contamination, have taken this fact into account when determining the
duration of the safe enclosure period. (Thierfeldt, 2006)

Examples for the three most important measurement techniques for material from
NPPs are shown in the following figures. Figure 11 shows measurements with surface
contamination monitors on metallic components, a technique which is indispensable for
metallic material. These instruments are sensitive for beta and/or alpha radiation, so that
the nuclide vector has to be known. Larger quantities (several 100 kg up to 1 Mg) of
metallic material and bulk material like building rubble can be measured in bulk moni-
tors of various sizes as shown in Figure 12. These facilities are sensitive for gross
gamma radiation, so that the nuclide vector has to be known. Finally, building surface
can be monitored using in-situ gamma spectrometry as shown in Figure 13. Here, the
gamma emitting nuclides are measured individually.
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Figure 11. Measurements with surface contamination monitors on metallic components (EON,
2008).

Figure 12. Measurements with a bulk monitor for large quantities of material (up to 1 Mg) (RADOS).
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Figure 13. Measurement of a room with in situ gamma spectrometry (Naber, 2007).

In summary, the implementation of clearance or of an equivalent way of dealing
with material with extremely low activity is a necessary prerequisite for carrying out
active decommissioning. The recommendations on clearance issued by the European
Commission (RP 89, 113, 122/1) or the use of similar clearance levels have proven to be
viable. International harmonisation of clearance levels between European countries is a
goal that has often been called for, but which has been achieved already to a large ex-
tent. The recommendations on clearance issued by the European Commission have
played an important role as guidance. It is obviously not necessary to have exact har-
monisation of the values of all clearance levels for all radionuclides, but to use clear-
ance levels in the same order of magnitude for the most important radionuclides
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Abstract

Technological development in modern societies cause an ever increasing exposure of
people to non-ionising radiation in all situations of life. Examples include new
technologies for diagnosis and treatment in medicine, wireless communication
technologies at home and in the office, and high power devices for material processing
in industry. The health implications of such exposures have been investigated quite
intensively, but remain an issue of public concern. The relevant mechanisms and health
effects are different throughout the non-ionising electromagnetic spectrum. Nerve
excitation and tissue heating are well established examples. Cancer induction especially
in children or from very long chronic exposure is still under investigation. The
International Commission on Non-Ionizing Radiation Protection has issued guidance on
limiting exposure to static, low, and high frequency electric and magnetic fields, that
are regularly reviewed.

Introduction

This refresher course addresses the current scientific evidence of health related risks of
exposures to static and low frequency (LF) electric and magnetic fields and high
frequency (or radiofrequency (RF)) electromagnetic fields. It illuminates different
aspects relevant for setting guidelines on limiting exposure. The following overview is
based primarily on reviews conducted by the International Commission on Non-
Ionizing Radiation Protection (ICNIRP) (ICNIRP 2003, ICNIRP 2009a) and the World
Health Organization (WHO 2006, WHO 2007).

Sources

Exposure to non-ionising radiation can result from both, natural and man made sources.
Static electric fields occur naturally in the atmosphere. Beneath thunderclouds values of
up to 3 kV m™ can occur. High electric fields from man made sources are the result of
either charge separation as a result of friction or the use of high voltages. Common
examples are direct current (DC) power transmission that can produce static electric
fields of up to 20 kV m™, rail systems using DC with fields of up to 300 V m™ inside
the train, and video display units that can create electric fields of around 10 - 20 kV m™
at a distance of 30 cm. Local fields of up to 500 kV m™ may be generated while
walking on non conducting carpets.
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The static geomagnetic field varies over the Earth’s surface between about 35 - 70
pT. Magnetic flux densities of up to 2 mT have been reported inside electric trains and
in developmental magnetic levitation systems. Workers are exposed to larger fields of
up to around 60 mT from electrolytic reduction processes of alumina, and electric arc
welding produces around 5 mT at 1 cm from the welding cables. Much larger magnetic
fields are used in medical diagnosis. The static magnetic field of MRI scanners in
routine clinical systems range from 0.2 - 3 T. In research applications, higher magnetic
fields up to 9.4 T are used for whole body patient scanning. In terms of exposure, the
magnetic flux density at the operator’s console is typically about 0.5 mT, and higher.
Strong fields are also produced in high-energy technologies such as thermonuclear
reactors, magneto hydrodynamic systems and superconducting generators.

The dominant exposure to LF electric and magnetic fields is normally that
associated with the generation, transmission and use of electricity at the power
frequencies of 50 or 60 Hz. Maximum field strengths of up to several kV m™ might be
encountered at ground level below power lines operating at 100 kV or greater. Common
sources are the various electrical appliances and tools used in industry and at home. The
power frequency electric fields in conventional homes supplied with electricity range
up to several hundred volts per metre. Power frequency magnetic fields in homes arise
from the flow of current in electrical appliances and circuits both inside and outside the
home, and from currents in conducting pipe work and the ground. The strongest LF
magnetic fields in homes are usually those generated by electrical appliances.
Transmission lines can produce maximum magnetic flux densities of up to a few tens of
uT during peak demand, however mean levels are usually no more than a few uT. The
magnetic fields encountered in electrified rail systems vary considerably because of the
large variety of possible arrangements of power supply and traction. Operators in the
vicinity of induction furnaces and equipment heaters may receive some of the highest
exposure levels found in industry. Maximum flux densities of 1 - 60 mT have been
reported. Incidental exposures to LF electric and magnetic fields can be incurred in a
variety of occupational settings. Examples for typically magnetic flux densities that can
occur are a few pT from underfloor heating, a few mT from tape erasers, a few mT
from motorised equipment, several hundred puT from arc furnaces, and several mT from
resistance welding.

At lower radio frequencies, below 30 MHz, the background electromagnetic
radiation is mainly due to lightning discharges during thunderstorms. At high radio
frequencies, above 30 MHz, the natural EM-fields originate from very broadband
blackbody radiation from the warm earth and from extraterrestrial processes, mainly
from the sun and the extraterrestrial microwave background radiation from the whole
sky. The power density of the radiation component emitted by the warm surface of the
ground at 300 K temperature (27 °C) is a few mW-m™.

Man-made high frequency sources produce local field levels many orders of
magnitude above the natural background. The antennas of broadcast stations are the
most powerful continuous sources of high frequency electromagnetic energy
intentionally radiated into free space. The cellular mobile telephone industry has
undergone rapid growth resulting in a wide use of wireless communication devices in
all parts of modern society today. The mobile phone networks consist of a system of
adjoining 'cells', each with its own base station that sends and receives radio signals.
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The base stations have power outputs ranging from tens of Watt in macrocells down to
a fraction of a Watt in picocells. The exposure levels from these mobile
telecommunications base stations are very low. Strong high frequency fields are
encountered in medicine. Here high frequency fields are used for example for tissue
heating (hyperthermia, diathermia), ablation, telemetry, and diagnostic purposes (MRI).
High power electromagnetic sources are also used for material processing in industrial
and domestic environments, for electronic article surveillance, for identification, and
various RADAR applications. Microwave fields are also considered as carrier for
wireless transport of electrical energy.

Mechanisms and effects

The three established physical mechanisms through which static magnetic fields interact
with living matter are magnetic induction, magneto-mechanical, and electronic
interactions. Magnetic induction originates through electrodynamic interactions with
moving electrolytes. Static fields exert Lorentz forces on moving ionic charge carriers
and thereby give rise to induced electric fields and currents. In accordance with
Faraday’s law of induction electric fields and currents within the body may also result
from exposure to time varying magnetic fields, or from movement in a static magnetic
field. The two types of mechanical effects that a static magnetic field can exert on
biological objects are magneto-orientation and magneto-mechanical translation. In a
static field, paramagnetic molecules experience a torque that orients them in a
configuration that minimizes their free energy within the field. In the presence of
gradients, static magnetic fields produce a net translational force on both diamagnetic
and paramagnetic materials. Magnetic fields affect the recombination of radical pairs
involved in an intermediate state of certain metabolic reactions.

Concerning magnetic field effects, different levels of biological organization at a
cellular level have been investigated, including cell-free systems and various cell
models using both bacteria and mammalian cells. Only a few in vitro studies on
genotoxicity have been performed. Overall there is little convincing evidence from
cellular and cell-free models for biologically harmful effects of exposure to static
magnetic fields with flux densities up to several T. A large number of animal studies on
the effects of static magnetic fields have been conducted (Saunders 2005). The most
consistent responses seen in behavioural studies suggest that the movement of
laboratory rodents in magnetic fields of about 4 T and higher may lead to aversive
responses and conditioned avoidance. A well-established effect of exposure of animals
to static magnetic fields greater than about 0.1 T is the induction of blood flow
potentials in and around the heart and other major vessels of the central circulatory
system. Exposures to static fields of up to 1 T have not been demonstrated to have an
effect on foetal growth or postnatal development in mice. It is not possible to draw any
conclusions from animal studies on possible genotoxic or carcinogenic effects of static
magnetic fields. Detailed physiological studies in humans evaluating various
physiological parameters including body (sublingual) temperature, respiratory rate,
pulse rate, blood pressure, and finger oxygenation levels have not shown any
pronounced effects of exposure to magnetic fields up to 8 T (Chakeres et al. 2003).
Behavioural studies carried out on subjects situated in the proximity of MR systems
with exposures up to 7 T have suggested that there may be a transient negative
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influence of exposure on eye-hand coordination and visual contrast sensitivity
associated with head movement in the field (de Vocht et al. 2006, 2007a, 2007b).
Overall, current information does not indicate any serious health effects resulting from
the acute exposure of stationary humans to static magnetic fields up to 8 T. It should be
noted, however, that such exposures can lead to potentially unpleasant sensory effects
such as vertigo and transient decrements in the performance of some behavioural tasks
during head or body movement. The few available epidemiological studies have mostly
been conducted on workers exposed to moderate static magnetic fields of up to several
tens of mT either working in aluminium smelters or chloralkali plants or as welders.
Overall, the few available epidemiological studies on static magnetic fields have
methodological limitations and leave a number of issues unresolved concerning the
possibility of risk of cancer or other outcomes from long-term exposure. These studies
do not indicate strong effects of static magnetic field exposure of the level of tens of mT
on the various health outcomes studied, but they would not be able to detect small to
moderate effects.

Time varying electric fields external to the body induce a surface charge on the
body; this results in induced currents in the body, the distribution of which depends on
exposure conditions, on the size and shape of the body, and on the body’s position in
the field. Surface charges may cause well-defined biological responses, ranging from
perception to annoyance. The physical interaction of time-varying magnetic fields with
the human body results in induced electric fields and circulating electric currents.
Induced electric fields inside the body can be calculated by computational methods
using anatomically and electrically realistic models of the body, which have a high
degree of anatomical resolution. The responsiveness of electrically excitable nerve and
muscle tissue to electric stimuli including those induced by exposure to LF electric and
magnetic fields has been well established for many years. Myelinated nerve fibres of
the peripheral nervous system have been stimulated by pulsed electric fields induced
during volunteer exposure to the switched gradient magnetic fields of magnetic
resonance (MR) systems. The most robustly established effect of electric fields below
the threshold for direct nerve or muscle excitation is the induction of magnetic
phosphenes, a perception of faint flickering light in the periphery of the visual field, in
the retinas of volunteers exposed to LF magnetic fields. The retina as part of the CNS is
regarded as an appropriate, albeit conservative model for induced electric field effects
on CNS neuronal circuitry in general.

The experimental data available so far do not indicate that LF electric and/or
magnetic fields affect the neuroendocrine system in a way that would have an adverse
impact on human health. It has been hypothesized that exposure to LF fields is
associated with several neurodegenerative diseases. For Parkinson’s disease and
multiple sclerosis the number of studies has been small and there is no evidence for an
association between LF exposure and these diseases. For Alzheimer’s disease and
amyotrophic lateral sclerosis (ALS) more studies have been published. Overall, the
evidence for the association between LF exposure and Alzheimer’s disease and ALS is
inconclusive. Experimental studies of both short-term and long-term exposure indicate
that hazardous cardiovascular effects associated with LF fields are unlikely to occur at
exposure levels commonly encountered environmentally or occupationally.
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Epidemiological studies have not shown an association between human adverse
reproductive outcomes and maternal or paternal exposure to LF fields. There is limited
evidence for an increased risk of miscarriage associated with maternal magnetic field
exposure, but overall, the evidence for an association between LF fields and
developmental and reproductive effects is very weak. A considerable number of
epidemiological studies, carried out particularly during the 1980s and 90s, indicated
that long term exposure to weak LF magnetic fields, orders of magnitude below the
recommended limits, might be associated with childhood leukaemia. In contrast to the
epidemiological evidence of an association between childhood leukaemia and
prolonged exposure to power frequency magnetic fields, the animal cancer data,
particularly those from large-scale lifetime studies, are almost universally negative.

Exposure to electromagnetic fields at frequencies above about 100 kHz can lead
to significant absorption of energy and temperature increases. In general, exposure to a
uniform (plane-wave) electromagnetic field results in a highly non-uniform deposition
and distribution of energy within the body, which must be assessed by dosimetric
measurement and calculation. As regards absorption of energy by the human body,
electromagnetic fields can be divided into four ranges:

. frequencies from about 100 kHz to less than about 20 MHz, at which
absorption in the trunk decreases rapidly with decreasing frequency, and
significant absorption may occur in the neck and legs;

. frequencies in the range from about 20 MHz to 300 MHz, at which
relatively high absorption can occur in the whole body, and to even higher
values if partial body (e.g., head) resonances are considered;

. frequencies in the range from about 300 MHz to several GHz, at which
significant local, non uniform absorption occurs; and

o frequencies above about 10 GHz, at which energy absorption occurs
primarily at the body surface.

There are several theoretical hypotheses describing potential non-thermal
mechanisms for biological effects from low level exposure. Some have been tested
experimentally, but so far there has been no compelling evidence that they might
plausibly account for any significant health effect.

Over the last 30 years there have been many in vitro studies on potential cellular
effects of high frequency electromagnetic exposure. These studies gave insight into the
basic mechanisms by which effects might be induced in more complex animal or
human organisms. Interpretation of the experimental results is, however, limited by
anomalous cell behaviour generated by the culture conditions and other factors which
limit the extrapolation to humans. The studies conducted so far have not provided
consistent evidence of biological effects under non-thermal electromagnetic exposure
conditions. More recently, studies have been carried out using powerful high-
throughput screening techniques capable of examining changes in the expression of
very large numbers of genes. Such studies often showed a limited number of alterations
where some genes were up- and others down-regulated. These advances in molecular
studies are promising, but not yet decisive in risk evaluation.

Animal studies further support the conclusion that the most consistent and
reproducible responses to acute high frequency exposure result from the induced
heating. These studies established that, in general, an increase in body temperature
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elicits several cardiovascular changes including increased blood flow to the skin,
increasing skin thermal conductance, and increased cardiac output, primarily due to an
increase in heart rate, in order to maintain arterial pressure within the normal range.
Deficits in learned behaviours, particularly the disruption of ongoing operant
behaviours, occur mainly when core temperatures are increased by about 1°C or more.
Similar rises in body temperature also result in significantly enhanced plasma
corticosterone or cortisol levels in rodents and primates and transient changes in
immune function and hematology, generally consistent with the acute responses to non-
specific stressors. In addition, high frequency radiation can cause increased embryo and
foetal losses, increased incidence of foetal malformations and anomalies, reduced foetal
weight at term and impair male fertility at exposure levels that are sufficiently high to
cause a significant increase in temperature. High frequency induced cataract also
remains a well-established thermal effect of exposure in anaesthetised rabbits.
However, primates appear less susceptible to cataract induction, and opacities have not
been observed following either acute or prolonged exposures. The results of recent
carcinogenicity studies in animals are rather consistent and indicate that carcinogenic
effects are not likely at specific power absorption rates (SAR) of up to 4 W kg
averaged over the whole body, even for long-term exposure. To date, there is no
consistent evidence of relevant effects at non-thermal exposure levels in animals.

The most consistent effects of acute exposure of human subjects to
electromagnetic fields are the thermoregulatory responses to the induced heating.
Volunteer studies indicate that exposed subjects can accommodate whole body heat
loads of up to several 4 W kg with minimal changes in core temperature. Increased
skin blood flow and profuse localized sweating minimise skin temperature rises in
response to high local peak SAR. Most volunteer studies have investigated the effects
of electromagnetic exposures characteristic of mobile phone use, usually to the head, on
a number of physiological parameters including brain electrical activity and blood flow,
cognition, and more generally on the endocrine and cardiovascular systems. Some
evidence suggests that such exposure may affect the spontancous EEG in volunteers,
but results overall are variable and inconsistent. The small changes seen in brain
electrical activity and possibly in regional cerebral blood flow may not have any
functional significance. Despite the large number of studies concerned with the issue,
no consistent effects of electromagnetic fields on cognitive performance have been
found so far. There is no robust evidence of any effect of mobile phone type radiation
on children or adolescents. A wide range of subjective symptoms including headaches
and migraine, fatigue, and skin itches have been attributed to various electromagnetic
sources both at home and at work. However, the evidence from double-blind
provocation studies suggests that the reported symptoms are not causally related to
EMF exposure.

Results of epidemiological studies to date give no consistent or convincing
evidence of a causal relation between electromagnetic exposure and any adverse health
effect. On the other hand, these studies have too many deficiencies to rule out an
association. A key concern across all studies is the quality of assessment of
electromagnetic exposure, including the question of whether such exposure was present
at all. Another general concern in mobile phone studies is that the time periods that
have been examined to date are necessarily short. The implication is that if a longer
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time period is required for a health effect to occur, the effect could not be detected in
these studies. Another gap in the research is children. No study population to date has
included children, with the exception of studies of people living near radio and TV
antennas.

Recommendations

ICNIRP is currently in the process of reviewing and revising its guidance concerning
the limitation of exposure in the whole non-ionising radiation range. Guidelines on
static magnetic fields have recently been published, revised guidelines on LF fields
(1IHz — 100 kHz) have already undergone broad consultation and guidelines on
radiofrequency fields (up to 300 GHz) will be reviewed synchronously to the health risk
assessment process of the World Health Organization.

The exposure guidelines developed by ICNIRP are intended to protect against the
adverse health effects of NIR exposure. Because adverse consequences of NIR
exposure can vary across the entire range from trivial to life threatening, a balanced
judgement is required before deciding on exposure guidance. Annoyance or discomfort
may not be pathological per se but, if substantiated, can affect the physical and mental
well being of a person and the resultant effect is considered to be a potential health
hazard. ICNIRP seeks to define what is meant by adverse effects in its specific
scientific reviews and guidelines. Examples are provided in Table 1.

Table 1. Relevant mechanisms of interaction, adverse effects, and biologically effective physical
quantities used in different parts of the electromagnetic field spectrum.

field type mechanism, interaction adverse effect effective quantity

static electric surface electric charge annoyance of surface external electric field
field effects, shock strength

static magnetic | magnetic induction annoyance of sensory external magnetic flux
field effects, cardiovascular density
and CNS effects

LF electric field

LF magnetic
fields

RF
electromagnetic
field

surface electric charge;
induction of electric fields

induction of electric fields

induction of electric fields;
absorption of energy
within the body;

surface absorption of
energy;

thermo-acoustic wave
propagation.

annoyance of surface
effects, shock; stimulation
of PNS and CNS

stimulation of PNS and
CNS

excessive heating, electric
shock and burn;

excessive surface heating;

annoyance from
microwave hearing effect

external electric field
strength; internal electric
field strength

internal electric field
strength

Specific energy absorption
rate;

Power density;

Specific energy absorption

In general, separate guidance is given for occupational exposures and exposure of
the general public. The limits for occupational exposure in the ICNIRP guidelines apply
to those individuals who are exposed as a result of performing their regular or assigned
job activities.
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For static magnetic fields ICNIRP recommended that occupational exposure of
the head and trunk should not exceed a spatial peak magnetic flux density of 2 T, to
prevent vertigo, nausea and other potentially annoying sensations (ICNIRP 2009b). For
work applications for which exposures above 2 T are deemed necessary, exposure up to
8 T can be permitted if the environment is controlled and appropriate work practices are
implemented to control movement-induced effects. When restricted to the limbs,
maximum exposures of up to 8 T are acceptable. Exposure of the general public should
not exceed 400 mT (any part of the body). However, because of potential indirect
adverse effects practical policies need to be implemented to prevent inadvertent harmful
exposure of people with implanted electronic medical devices and implants containing
ferromagnetic materials, and injuries due to flying ferromagnetic objects, and these
considerations can lead to much lower restriction levels. The limits recommended for
occupational and general public exposures to static magnetic fields are summarized in
Table 2.

Table 2. Limits of exposure?® to static magnetic fields.

Exposure characteristics Magnetic flux density
Occupational

Exposure of head and of trunk 2T

Exposure of limbs 8T

General public

Exposure of any part of the body 400 mT

# ICNIRP recommends that these limits should be viewed operationally as spatial peak exposure limits.

Concerning time varying electric and magnetic fields, ICNIRP (ICNIRP 1998)
recommended two classes of guidance: Basic restrictions that are based directly on
established health effects. Depending upon the frequency of the field, the physical
quantities used to specify these restrictions are internal electric field strength (E),
current density (J), specific energy absorption rate (SAR), and power density (S).
Reference levels are provided for practical exposure assessment purposes to determine
whether the basic restrictions are likely to be exceeded. The derived quantities are
electric field strength (E), magnetic field strength (H), magnetic flux density (B), power
density (S), and currents flowing through the limbs (I).

For exposure to LF electric and magnetic fields, basic restrictions are provided on
current density to prevent effects on nervous system functions. In the frequency range
from a few Hz to 1 kHz, for levels of induced current density above 100 mA m™, the
thresholds for acute changes in central nervous system excitability and other acute
effects such as reversal of the visually evoked potential are exceeded. In view of safety
considerations, occupational exposure should be limited to fields that induce current
densities less than 10 mA m™. For the general public an additional factor of 5 is applied.
ICNIRP is currently revising its guidance on limiting exposure to LF electric and
magnetic fields. Different modifications with respect to the 1998 guidelines are under

Third European IRPA Congress 2010, Helsinki, Finland

-_—




Refresher courses — Oral presentations
R Matthes, Rudiger
Non-ionising radiation

consideration. Protection from effects on central and peripheral nervous system are
discussed. Field effects caused in the retina are considered a model for effects in the
brain. With regard to the basic restriction, the induced electric field seems to be closer
related to the biological effects and thus might replace the induced current density in
future recommendations. In deriving reference levels, the most recent advances in
numerical dosimetry will have to be considered.

For exposure to high frequency electromagnetic fields, the 1998 guidelines have
been reconfirmed recently (ICNIRP 2009c). It is the opinion of ICNIRP that the
scientific literature published since the 1998 guidelines has provided no evidence of any
adverse effects below the basic restrictions and does not necessitate an immediate
revision of its guidance on limiting exposure to high frequency electromagnetic fields.
The biological basis of such guidance remains the avoidance of adverse effects such as
“work stoppage” caused by mild whole body heat stress and/or tissue damage caused by
excessive localized heating. there has been considerable advance in dosimetric
investigations in terms of precision and resolution (Lin 2007). A special concern was
raised with regard to numerical computations using anatomical models of human bodies
which might influence the derivation of reference levels from the basic restrictions.
Some published studies showed that in the frequency ranges of body resonance (~100
MHz) and from 1 to 4 GHz for bodies shorter than 1.3 m in height (corresponding
approximately to children aged 8 y or younger) at the recommended reference level the
induced SARs could be up to 40% higher than the current basic restriction under worst-
case conditions. However, this is considered negligible compared with the large
reduction factor of 50 (5,000%) for the general public. The basic restrictions
recommended for occupational and general public exposures to high frequency
electromagnetic fields are summarized in Table 3.

Table 3. Limits of exposure to high frequency electromagnetic fields.

Exposure Frequency Current Whole body Localised Localised
characteristics range density average SAR SAR SAR (limbs)
(head/trunk)
mAm Wkg™" W kg™ W kg™

Occupational

100 kHz-10 MHz /100 0,4 10 20

10 MHz-10 GHz 0,4 10 20
General public

100 kHz-10 MHz /500 0,08 2

10 MHz-10 GHz 0,08 2 4

Basic restrictions for frequencies between 10 and 300 GHz limit power density to
50 W m™ (occupational exposure) and 10 W m™ (general public).
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Abstract

In 2007, after almost a decade of development and worldwide, open consultation, the
International Commission on Radiological Protection (ICRP) published its latest
fundamental recommendations describing the overall system of radiological protection
in the 2007 Recommendations of the International Commission on Radiological
Protection. These replaced the 1990 Recommendations of ICRP published almost two
decades earlier. Since then ICRP has focused primarily on developing publications that
support or further elaborate elements of the system of radiological protection as
described in the 2007 Recommendations. This paper describes these publications, as
well as ongoing and planned future efforts with the same objective.

Introduction

The International Commission on Radiological Protection (ICRP) is an independent,
international organization that advances for the public benefit the science of
radiological protection, in particular by providing recommendations and guidance on all
aspects of protection against ionizing radiation.

ICRP was established in 1928 by the International Society of Radiology (ISR) to
respond to growing concerns about the effects of ionizing radiation being observed in
the medical community. At the time it was called the International X-ray and Radium
Protection Committee, but was restructured to better take account of uses of radiation
outside the medical area and given its present name in 1950.

ICRP is a Registered Charity (a “not-for-profit organisation) in the United
Kingdom, and has a Scientific Secretariat in Ottawa, Canada.

In preparing its recommendations, ICRP considers the fundamental principles and
quantitative bases upon which appropriate radiation protection measures can be
established, while leaving to the various national protection bodies the responsibility of
formulating the specific advice, codes of practice, or regulations that are best suited to
the needs of their individual countries.

ICRP offers its recommendations to regulatory and advisory agencies and
provides advice the intended to be of help to management and professional staff with
responsibilities for radiological protection. Although ICRP itself has no formal power to
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impose its recommendations, in fact legislation in most countries adheres closely to
ICRP recommendations. In addition, the International Atomic Energy Agency (IAEA)
International Basic Safety Standards for Protection against Ionizing Radiation and for
the Safety of Radiation Sources (commonly referred to as “the BSS”) is based heavily
on ICRP recommendations, and the International Labour Organisation (ILO)
Convention 115, Radiation Protection Convention, General Observation 1992, refers
specifically to the recommendations of ICRP. Effectively, ICRP recommendations form
the basis of radiological protection practice, programmes, regulations, and international
standards and guidance worldwide.

Originally, ICRP published its recommendations and advice as papers in various
scientific journals in the fields of medicine and physics. Since 1959, ICRP has its own
series of publications, since 1977 in the shape of a scientific journal, the Annals of the
ICRP, which is published Elsevier Science.

ICRP has published well over one hundred publications on all aspects of
radiological protection. Most address a particular area within radiological protection,
but a handful of publications, the so-called fundamental recommendations, each
describe the overall system of radiological protection. The system of radiological
protection has been developed by ICRP based on (i) the current understanding of the
science of radiation exposures and effects and (ii) value judgements. These value
judgements take into account societal expectations, ethics, and experience gained in
application of the system.

The 1990 Recommendations of ICRP form the basis of the current IAEA BSS,
and are also the foundation of most radiological protection practices, programmes and
regulations worldwide. The 2007 Recommendations recently replaced the 1990
Recommendations. They are the result of nearly a decade of development and several
major worldwide public consultations. They update, consolidate, and develop additional
guidance on the control of exposure from radiation sources issued since 1990, and they
reflect a more up-to-date understanding of the science behind radiological protection
and evolving societal expectations.

The 2007 Recommendations of ICRP

Although a complete review of the 2007 Recommendations (ICRP Publication 103) is
beyond the scope of this paper, it is important to recall that all exposures are divided
among three categories of exposure and three exposure situations.

Three categories of exposure described in the system of radiological protection
are: occupational exposures, public exposures, and medical exposures of patients (and
comforters, carers, and volunteers in research).

The system of radiological protection also recognises three types of exposure
situations, intended to cover the entire range of exposure situations. Planned exposure
situations involve the planned introduction and operation of sources. Emergency
exposure situations are unexpected situations such as those that may occur during the
operation of a planned situation, or from a malicious act, requiring urgent attention.
Existing exposure situations are situations that already exist when a decision on control
has to be taken, such as those caused by natural background radiation. These exposure
situations replace the previous categorisation into practices and interventions, although
in most cases planned exposure situations are analogous to circumstances in which one
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is undertaking a practice, and emergency and existing exposure situations are similar to
situations requiring an intervention.

For more information on the 2007 Recommendations of ICRP the reader is
referred to another paper prepared for this congress by the same author titled “ICRP 103
and Beyond”.

Publications since the 2007 Recommendations of ICRP

At the time of writing this paper, ICRP has released seven ICRP publications (formally
ten issues) of the Annals of the ICRP, and two additional publications are in press.
These are listed in Table 1. In addition, a report titled “Reference Data for the
Validation of Doses from Cosmic-Radiation Exposure of Aircraft Crew”, jointly
prepared by the International Commission on Radiation Units and Measurements
(ICRU) and ICRP, is in press and will be published as an ICRU report by Oxford
University Press.

Table 1. ICRP Publication to Date since the 2007 Recommendations of ICRP.

ICRP Title Ann. ICRP
Publication Volume and Issue
104 Scope of Radiological Protection Control Measures 37 (5)
105 Radiological Protection in Medicine 37 (6)
106 Radiation Dose to Patients from Radiopharmaceuticals 38 (1-2)
107 Nuclear Decay Data for Dosimetric Calculations 38 (3)
108 Environmental Protection - the Concept and Use of Reference 38 (4-6)
Animals and Plants
109 Application of the Commission’s Recommendations for the 39 (1)
Protection of People in Emergency Exposure Situations *
110 Adult Reference Computational Phantoms 39 (2)

In press Application of the Commission's Recommendations to the
Protection of People Living in Long Term Contaminated Areas after
a Nuclear Accident or a Radiation Emergency

In press Avoidance of Unintended Exposure in Radiotherapy with New
Technologies

* ICRP Publication 109 also includes the article “The History of ICRP and the Evolution of its Policies” by
Clarke and Valentin.

These publications support and further elaborate elements of the system of
radiological protection as described in the 2007 Recommendations, and most fall into
one of two broad categories: those that elaborate on specific exposure categories
(occupational, public and medical) or situations (planned, existing, and emergency), and
those that provide detailed technical information necessary for the implementation of
the system of radiological protection.

Two that do not fit neatly into this categorisation are ICRP Publication 104 and
ICRP Publication 108. They are overarching documents which consider, in principle,
all exposure categories and situations.
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Recent ICRP Publications Elaborating on Specific Exposure Categories and Situations
One of the first publications following the 2007 Recommendations was ICRP
Publication 105 on Radiological Protection in Medicine. This publication describes the
application of the system of radiological protection for medical exposures, an exposure
category quite different from occupational and public exposures by virtue of the fact
that most of the time, most of the benefit and the detriment apply to a single individual:
the patient. In the other two exposure categories, typically one group receives most of
the detriment (e.g. the workers in a facility), while another group receives most of the
benefit (e.g. the public at large receiving electrical power).

Two publications each examine one of the three exposure situations: ICRP
Publication 109 examines emergency exposure situations, and the ICRP publication in
press “Application of the Commission's Recommendations to the Protection of People
Living in Long Term Contaminated Areas after a Nuclear Accident or a Radiation
Emergency” examines the system of radiological protection as applied to existing
exposure situations.

These three publications elaborate upon the system of radiological protection as
applied in most circumstances. The first covers medical exposures which occur, by
definition, only within planned exposure situations. The second covers occupational and
public exposures in emergency situations. The third covers public exposures in existing
exposure situations, which ICRP considers as the only valid exposure category in that
exposure situation. The exposures not within the scope of these three documents are
occupational and public exposures in planned exposure situations.

As well, the ICRP Publication in press “Avoidance of Unintended Exposure in
Radiotherapy with New Technologies” further elaborates on aspects of radiological
protection with respect to medical exposures, focusing specifically on the use of certain
new radiotherapy technologies.

Recent ICRP Publications Providing Supporting Information

Within this category is a recent publication specific to radiological protection in
medicine. ICRP Publication 106 is the third amendment to ICRP Publication 53,
Radiation Dose to Patients from Radiopharmaceuticals. This is part of ongoing work to
provide up-to-date biokinetic and dosimetric models for radiopharmaceuticals along
with tabulated results giving absorbed doses to the various organs over time per unit
activity administered.

Also within this category are two recent publications related to the calculation of
protection quantities. Although the concepts of effective and equivalent dose have not
changed in the 2007 Recommendations of ICRP, the methods and some of the
parameters used to calculate these protection quantities have been updated. Revised
radiation and tissue weighting factors were published in the 2007 Recommendations. In
addition, the 2007 Recommendations specified that doses should now be calculated
using voxel (volume element) phantoms. ICRP Publication 110 provides the first of
these voxel phantoms: those for the reference adult male and female. ICRP
Publication 107 provides updated nuclear decay data for dosimetric calculations,
replacing ICRP Publication 38, Radionuclide Transformations: Energy and Intensity of
Emissions. These publications are necessary steps towards developing dose conversion
coefficients compatible with the full implementation of the 2007 Recommendations.
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ICRP Publication 104: Scope of Radiological Protection Control Measures

In principle the system of radiological protection applies to all exposures to ionizing
radiation. However, in practice the measures undertaken to control these exposures
must be limited based on practical considerations. ICRP Publication 104 discusses the
scope of radiological protection control measures, and describes certain tools (e.g.
exemption, exclusion and clearance) that can be used to manage the scope.

ICRP Publication 108: Environmental Protection

— the Concept and Use of Reference Animals and Plants

In the past, ICRP concerned itself with the environment primarily with regard to the
transfer of radionuclides through it because this directly affects the radiological
protection of human beings. In the 1990 Recommendations ICRP stated that “the
standard of environmental control needed to protect man ... will ensure that other
species are not put at risk. Occasionally, individual members of non-human species
might be harmed, but not to the extent of endangering whole species or creating
imbalance between species.”

However, in its 2007 Recommendations, ICRP acknowledges that that it is now
necessary to demonstrate, directly and explicitly, that the environment is being
protected. Therefore, it is necessary to develop a clearer framework to assess the
relationships between exposure and dose, and between dose and effect, and the
consequences of such effects, for non-human species, on a common scientific basis.

To this end, ICRP Publication 108 sets out some high-level ambitions with regard
to environmental protection. To aid in demonstrating whether these ambitions are being
achieved, and help optimise the level of effort that might be expended on environmental
protection, and ICRP has developed a set of Reference Animals and Plants (RAPs) and
derived consideration reference levels (DCRLs). ICRP does not propose the application
of dose limits to Reference Animals and Plants.

Current Initiatives and Future Work

The current plan of work for ICRP includes initiatives in several areas. Of significant
interest is work on elaborating on the application of the system of radiological
protection for radon. ICRP is also continuing efforts to: examine emerging scientific
results on radiation effects and how they may impact the system of radiological
protection; support calculation of protection quantities (effective and equivalent dose)
in accordance with the 2007 Recommendations; and further elaborate on the system of
radiological protection in medicine, other specific circumstances, and with respect to
protection of the environment.

Radon
In November 2009 ICRP issued a Statement on Radon. The intention is to publish this
Statement in the Annals of the ICRP with an accompanying report on assessment of
lung cancer risk from radon, after undertaking a public consultation on the two
documents together.

The statement reaffirms that, for planned exposure situations, any workers’
exposure to radon incurred as a result of their work, however small, shall be considered
as occupational exposure. Paragraph 178 of ICRP Publication 103 defines occupational
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exposure is as all radiation exposure of workers incurred as a result of their work. It is
noted the conventional definition of occupational exposure to any hazardous agent
includes all exposures at work, regardless of their source. However, because of the
ubiquity of radiation, the direct application of this definition to radiation would mean
that all workers should be subject to a regime of radiological protection. Therefore the
use of ‘occupational exposures’ is limited to radiation exposures incurred at work as a
result of situations that can reasonably be regarded as being the responsibility of the
operating management.

The statement, which will be supported by an accompanying report on assessment
of lung cancer risk from radon, introduces a new recommended detriment-adjusted
nominal risk coefficient for a population of all ages of 8x10™'° per Bq h m™ for exposure
to radon-222 gas in equilibrium with its progeny (i.e. 5x10* WLM™). The statement
notes that this is consistent with other comprehensive estimates including that submitted
to the United Nations General Assembly by UNSCEAR.

In addition, ICRP is working on a publication which will provide more specific
recommendations for applying the system of radiological protection to radon exposure
in various circumstances.

Radiation Effects

The system of radiological protection is based both on science (primarily what is known
about the effects of radiation exposure) and value judgements. Therefore, a key
component of the work of ICRP is staying current on the latest scientific findings on
radiation effects, in particular to evaluate how they might influence the system of
radiological protection. Work on assessing the lung cancer risk from radon has already
been mentioned. This is only one part of an effort to review the state of knowledge of
the health effects of exposure to alpha radiation. Two other groups within ICRP are also
examining stem cell biology in relation to radiation effects, and tissue reactions and
other non-cancer effects of radiation. The latter group is most interested in effects on
the lens of the eye (where evidence seems to point to a threshold for radiation induced
cataracts much lower than previously thought), and cardio-vascular effects (which are
well documented at doses generally only important for patients undergoing radiation
therapy, but for which there may be some emerging evidence of effects at doses
approaching the upper end of the occupational dose limits).

Dose Calculation

As mentioned previously the system of radiological protection now recommends that
effective and equivalent dose be calculated using more up-to-date radiation and tissue
weighting factors, and using voxel (volume element) phantoms. In addition ICRP
Publication 107 provides new radionuclide transformation data, and there are relatively
recent modifications to biokinetic models to be taken into account.

ICRP Publication 110 provides the first voxel phantoms (for the reference adult
male and female), but much work remains to develop similar voxel phantoms for
paediatric, foetal, and pregnant female voxel phantoms. These phantoms, along with
other factors, will then be used to calculate dose coefficients for external and internal
exposure for workers and the public.
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Radiological Protection in Medicine

When ICRP was created more than eighty years ago, the focus was on radiological
protection of medical practitioners and researchers. Today ICRP still has a focus on
radiological protection in medicine, and continues to provide recommendations on
protection of practitioners, but radiological protection of patients has become a
significant issue. Over the last decade this emphasis on radiological protection of
patients has grown considerably given the rapid increases in worldwide patient doses
from medical imaging.

Currently under way within ICRP are efforts related to the radiological protection
of both patients and practitioners related to fluoroscopically guided procedures,
including a specific report aimed at cardiologists. Another effort is related to
radiological protection in paediatric diagnostic radiology.

ICRP is also working on recommendations on radiological protection education
and training for healthcare staff and students, and recommendations that take into
account consideration of the possibility of secondary cancers related to some modern
radiotherapy techniques.

Further Elaboration of the System of radiological protection

Having broadly described on the system of radiological protection in ICRP
Publication 103, and elaborated on some general circumstances of exposure in ICRP
Publication 105, ICRP Publication 109, and the ICRP publication in press titled
“Application of the Commission's Recommendations to the Protection of People Living
in Long Term Contaminated Areas after a Nuclear Accident or a Radiation
Emergency”, ICRP is now planning a series of publications that further elaborate the
system of radiological protection in more specific circumstances. These include reports
that will focus on radiological protection related to: aircrew and space crew; naturally
occurring radioactive materials; geologic waste disposal; deliberate exposure for
security and legal requirements; and, the proper use of effective dose.

Radiological Protection of the Environment

As described previously ICRP Publication 103 formally introduced explicit protection
of the environment into the system of radiological protection, and ICRP
Publication 108 set out some high-level ambitions and a set of Reference Animals and
Plants (RAPs) and derived consideration reference levels (DCRLSs).

Current efforts in this area are focusing on a broader view of how the protection
of humans and non-human biota are integrated into the system of radiological
protection, and more specific recommendations on dosimetry for RAPs. The latter
includes looking at questions related to radiation weighting factors for non-human
biota, transfer values in environmental modelling.

Summary and Conclusion

The system of radiological protection described in the 2007 Recommendations (ICRP
Publication 103) is an evolutionary change from that described in the 1990
Recommendations (ICRP Publication 60). This evolution is necessary in order for the
system of radiological protection to remain current with respect to our evolving
understanding of the relevant scientific findings, and also to continue to reflect current
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societal norms. For example, the revised radiation and tissue weighting factors reflect
updated scientific knowledge, while a greater emphasis on environmental protection
reflects a heightened social awareness of the importance of this area. As well, practical
application of the system can point out areas for improvement.

However, as the system of radiological protection in general evolves so must the
supporting recommendations and tools. As well, the recommendations must continue to
take into account novel uses of radiation in medicine and other fields to help ensure an
adequate level of safety under all circumstances.

In the five to ten years leading up to publication of the 2007 Recommendations
much of the focus of ICRP was on development of this evolutionary update to the
system of radiological protection. Barring revolutionary new findings that demand a
rapid overhaul of the system, for the next decade or so ICRP will focus on refining and
further elaborating the system of radiological protection as set out in 2007, always with
an eye on emerging science, evolving social norms, and novel uses of radiation.
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Abstract

The Euratom programme of research and training on the risks associated with low doses
of radiation will be closely aligned to priorities identified in the Strategic Research
Agenda (SRA) of MELODI and the Transition Research Agenda (TRA) to be
implemented through the project DoReMi funded as part of the 7" Euratom Framework
Programme. These research agendas are aimed at integrating the European research
effort on low dose, at opening this effort to the wider scientific community and at
promoting and facilitating the sustainable integration of key research institutions in
European Member States.

Introduction

The mandate of the European Commission to promote and support a programme of
research and training in this field arises from Title II Chapter 1 of the Euratom Treaty.
This Community programme also includes research on the harmful effects of ionising
radiation. The aim of the Euratom Treaty is to promote the safe development of the
peaceful use of nuclear energy. However, owing to the link with emission of ionising
radiation and the exposure of workers and the public, this development cannot be
sustainable without answering the legitimate questions of European citizens on the
associated risks. In this regard, low and protracted exposures in the range of 0.1-1 Sv
could be expected, but this range of exposures is even more likely to occur during the
use of radiation for medical applications, in particular computed tomography. Low
doses to normal tissues are also incurred during radiation therapy as a result of exposure
to scattered radiation from the main field.

Strategic Research Agendas

The Euratom Framework Programme supported the work of the High Level and Expert
Group (HLEG) in 2008 to set-up a Strategic Research Agenda (SRA) on low doses.
This agenda promotes the sustainable integration of the research effort of organisations
in European Member States, and the European Commission is contributing by
providing Framework Programme financial support. This SRA will be the initial
deliverable of the “Multidisciplinary European Low Dose Initiative” (MELODI) set up
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by the HLEG. Composed so far of 9 European research organisations, MELODI is
about to adopt a legal statute which will formalise its existence and allow its
involvement in decision making on research strategies on low doses of radiation in
Europe. Though it will be some time before the initiative becomes fully operational,
this legal process is important to enable sustainability over the long term (20 years).
Therefore, in the meantime, the European Commission supports research aimed at
ensuring the Transition Research Agenda (TRA). The primary issues to be addressed by
the TRA are the identification of priority proposals to be submitted following the
Euratom Framework Programme calls in 2011 and 2012. In establishing the TRA,
current and recent research findings will be evaluated in order to identify future
priorities. This TRA is also, so far, being implemented through the 7™ Euratom
Framework Programme project DoReMi. More Euratom projects are expected to
support the TRA in the future.

Challenge

The field of radiation protection and low dose in particular is a small world. Clear links
are already established with other fields of research, especially the medical area. These
links are beneficial for both Euratom and medical research. Indeed, through its long
history of support to research in this field, which has led to a large number of excellent
scientific publications, the Euratom programme contributes to advances in general
understanding of the mechanisms of cancer induction and progression. This knowledge
is now expanding to other health conditions such as cardiovascular disease. Similarly,
the medical sector brings to the table its invaluable cohorts of exposed patients as part
of imaging or radiotherapy protocols; these exposures are increasingly well recorded
and contain reliable biological parameters. However, more efforts are needed to expand
the synergy with other research fields. In particular, more and more knowledge is
expected to be gained from the identification of gene expression, protein synthesis and
their feedback on the gene expression, which are among the effects observed after
exposure to ionising radiation. At low doses of radiation, the statistical power of
epidemiology becomes less evident and needs to be substantiated by the observation of
identified biochemical processes. Most of the other disciplines in the health sector are
using similar approaches and similar tools. It is therefore time to carefully identify the
synergies that can help Euratom to make the significant breakthroughs needed in the
quantification of the risks arising from low doses of radiation and to open the radiation
protection community to the wider scientific community.

In doing so, Euratom will attract new talents to radiation protection and this will
also contribute to fulfilling the mandate from article 4 or the Euratom Treaty to develop
training in this field. In this regard, Euratom research projects are not intended as a
means to finance fellowships per se, rather they offer the possibility to engage graduate
researchers in the research activities covered by a Euratom grant. The European
Commission recommends that at least 5% of the overall budget of research projects is
dedicated to such training activities.

Opening to the wider scientific community is also supported through large
research projects such as DoReMi, which is a 6-year project with a total budget of
€21M (of which €13M is from the Euratom programme). A significant part of this
budget is foreseen for imbedded calls for proposals open to scientific teams which are
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not yet part of the project consortium. Such a provision is expected to give flexibility to
the research, which is likely to need competences that may not necessarily be available
among the teams at the origin of the project, in order to address specific issues in the
strategic agenda. This also demonstrates that large projects such as DoReMi, which are
crucial in terms integration of research, visibility, optimisation of management
resources and follow-up, are also making funding available to a wider community than
is represented simply by the actual project consortium.

Conclusions

The SRA of MELODI and the TRA of DoReMi will provide crucial orientations for the
Euratom programme of research and training on low doses of radiation. This approach
is in line with the overall strategy of the Euratom Framework Programme in the area of
fission and radiation protection, which is also becoming more closely aligned with the
two other SRAs, one drawn up for research in nuclear safety and technology by the
Sustainable Nuclear Energy Technology Platform (SNE-TP) and the other being
established by the Implementing Geological Disposal Technology Platform (IGD-TP).
With this strategy, the European Commission relies on the key nuclear research and
industrial organisations in Europe to establish strategic priorities and ways of
collaborating to implement agreed agendas. This in turn commits Member States'
national research funding and thereby contributes to the joint programming with the
Community in priority areas, such as energy research. The success of this strategy relies
on the endorsement by the key players of a common vision for the future, their
commitment to realising this vision through an agreed strategic research agenda, and
the openness towards the wider scientific community and other socio-political
stakeholders.
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