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~Abstract

Limitations of the fission fuel resources will presumably mandate the replace-
ment of thermal fission reactors by fast fission reactors that operate on a self-
sufficient closed fuel cycle. This replacement might take place within the next
one hundred years, so the direct competitors of fusion reactors will be fission
reactors of the latter rather than the former type. Also, fast fission reactors,
in contrast to thermal fission reactors, have the potential for transmuting long-
lived actinides into short-lived fission products. The associated reduction of the
long-term activation of radioactive waste due to actinides makes the comparison

of radioactive waste from fast fission reactors to that from fusion reactors more
rewarding than the comparison of radioactive waste from thermal fission reactors

to that from fusion reactors.

Radioactive waste from an experimental and a commercial fast fission reactor
and an experimental and a commercial fusion reactor has been characterized. The
fast fission reactors chosen for this study were the Exzperimental Breeder Reactor
II(EBR-II) and the Integral Fast Reactor (IFR). The fusion reactors chosen for
this study were the International Thermonuclear Experimental Reactor (ITER)
and a Reduced Activation Ferrite Helium Tokamak (RAFHT).

The four reactors considered operate on an idealized self-sufficient closed
fuel cycle, i.e. actinides and tritium are regarded as fuel and recycled back
to the reactor. In the case of the two fast fission reactors, actinide recycling
is possible without detrimental effects to the neutronics, because at the very
high average neutron energies in these reactors, not only plutonium, but also
most other actinides become fissionable, i.e. constitute fuel rather than poison.
Realistically, the radioactive waste from the two fast fission reactors will contain

some actinides and that from the two fusion reactors will contain some tritium,
However, since actual separation efliciencies are expected to be in the 99.9%

range, the radioactive waste will contain less than 0.1% of the actinides or the
tritium. In contrast, thermal fission reactors do not operate on a self-sufficient
closed fuel cycle and hence their radicactive waste contains up to 100% of the
actinides.

The fast fission and the fusion reactors have been approximated as a set of
homogenized reactor components of simple cylindrical and/or hexagonal geom-
etry. Reactor components as radioactive waste were characterized by several

2



parameters. These parameters describe the volume and activation of radioactive
waste and are pertinent to US regulatory standards.

Build-up and decay of radionuclides in reactor components were simulated
by the computer codes ORIGEN-II for fast fission reactors and ONEDANT and
REAC-IIfor fusion reactors. Auxiliary computer codes were developed to convert
the output of those three computer codes into radioactive waste parameters. The
parameters were not normalized to the different power levels of the compared
reactors, but rather evaluated for these reactors as built.

The comparison of radioactive waste parameters shows that radioactive waste
from the experimental fast fission reactor may be less hazardous than that from
the experimental fusion reactor. Inclusion of the actinides would reverse this
conclusion only in the long-term. Radioactive waste from the commercial fusion
reactor may always be less hazardous than that from the commercial fast fission
reactor, irrespective of the inclusion or exclusion of the actinides. The fusion
waste would even be far less hazardous, if advanced structural materials, like
silicon carbide or vanadium alloy, were employed.

Also, radioactive waste from the experimental fast fission reactor may be less
hazardous than that from the commercial fast fission reactor. This is a direct
consequence of the utilization of highly 233U enriched fuel in EBR-II resulting
in a lower activation than the utilization of uranium-plutonium-minor-actinides
fuel in IFR. Radioactive waste from the commercial fusion reactor may be less
hazardous than that from the experimental fusion reactor. This is a direct con-
sequence of the utilization of standard materials (55316) in ITER resulting in a
higher activation than the utilization of Reduced Activation Materials (RAF) in
RAFHT. The generation of High Level Radioactive Waste (HLRW) is likely not
to be avoided even for RAFHT.

The volume of radioactive waste from the two fusion reactors is larger than

the volume of radiocactive waste from the two fast fission reactors. Materjal
selection in the fusion reactors plays a far more important role in controlling the

activation of the radioactive waste than it does in the fast fission reactors. If
recycling of fusion reactor structural materials is found feasible in the future, the

volurne of radioactive waste from fusion reactors will be reduced.
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Chapter 1

Introduction

1.1 Topic & Motivation

The energy supply structure of a society must be based on diverse energy
conversion systems in order to guarantee the efficiency, flexibility and reli-
ability of this structure. A typical such structure may consist of coal, oil,
gas, nuclear and solar energy conversion systems. These different systems
have different impacts on the environment.

One of the most important problems with respect to the environmen-
tal impact of nuclear energy conversion systems consists of the radioactive
waste that is inevitably generated by them. The principal techniques to

handle radioactive waste and store it for the short-term and the intermediate-
term are known. Such waste management is accomplished at many facilities

in the United States (Hanford, Savannah River), Great Britain (Sellafield),
the Federal Republic of Germany (Karlsruhe, Asse, Gorleben), Sweden
(Forsmark) and France (LaHague) [4].

However, considerable uncertainties exist with respect to the best ap-
proach to be used for long-term storage of radioactive waste. Those uncer-
tainties are reflected in the economical and political indecision on nuclear
energy in general and hence create a virtual deadlock in the process of

finding a solution to this problem. Thus it is important in this context to
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minimize the need for long-term radioactive waste storage.

It must be noted that the radioactive waste produced by nuclear fission
and nuclear fusion — the two forms of nuclear energy — is generally dif-
ferent, especially in the long-term. Furthermore, it is well recognized that
radioactive waste from thermal and fast fission reactors with once-through
fuel cycle is more hazardous than that from fusion reactors, basically be-
cause of the high content of long lived-actinides.

However, advanced fast fission reactors offer the opportunity of separat-
ing the actinides from the radioactive waste and recycling them back to the
reactor [5,44]. The comparison conducted in this study determines the fea-

tures of radioactive waste from such advanced fast fission reactors and from
fusion reactors. The study might thus provide evidence that radioactive

waste from advanced fast fission reactors is not inherently more hazardous

than that from fusion reactors.
Unlike actinide separation and recycling, separating long-lived nuclides

from the radioactive waste of fusion reactors and recycling them back to the
reactor has not been demonstrated yet and therefore will not be considered
for this study. Nevertheless, theoretical concepts for such kind of separation
and recycling do exist [50].

This comparative study of waste is important in view of the upcoming
need for clean but efficient energy conversion systems to satisfy the world’s
ever growing demand for energy. However, following the diversity principle,
this study does not suggest an “either-or” decision between advanced fast
fission energy and fusion energy.

Fast fission and fusion energy are represented in this study by corre-
sponding nuclear reactors and the radioactive waste produced by them is
compared directly. The comparison shall be done for reactors of the experi-
mental and the commercial type, because the radioactive waste produced by
these different types of reactors is expected to be different. The comparison

will be provided in terms of radioactive waste parameters which characterize
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the volume and the specific and absolute activation of the waste.

1.2 Background

The absorption of neutrons by a given nuclide either leads to its fission

or its transmutation. The proper joining of nuclides leads to their fusion.

All three cases give rise to new radioactive or non-radioactive nuclides.

Those nuclides represent isotopes of almost all the elements of the periodic

table. The following list gives an overview over the most important elements

in this context. The list is arranged according to the common chemical

classification of elements [3,5].

- 6.

7.

Alkali Metals: Li, Na, K, Rb, Cs, Fr.
Alkaline Earth Metals: Be, Mg, Ca, Sr, Ba, Ra.

Lanthanides: La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Yb, Lu; also referred to as Rare Earth Metals.

Actinides: Ac, Th, Pa, U, Np, Pu, Am, Cm, Bk, Cf; also referred
to as Transuranics, if three elements, Ac, Th and Pa, which rank
before uranium, and uranium itself are excluded. The transuranics
without Pu are referred to as Minor Actinides.

General Metals: Cr, Mn, Fe, Co, Ni, Cu, Y, Zr, Nb, Mo, Tc,
Ru, Cd, In, Sn, Sb, Te, Pb, Bi, and others.

Noble Metals: Rh, Pd, Ag, Ir, Pt, Au, Hg, and others.

Noble Gases: He, Ne, Ar, Kr, Xe, Rn.

It is useful to arrange the elements and their isotopes in groups, since

the difference between the radioactive waste from fission and fusion reac-
tors is characterized by its composition of those groups. Four groups are

17



generally distinguished; actinides, fission products, fusion products and ac-
tivation products. Fission products are generated by fission, fusion products
by fusion and actinides and activation products by transmutation. Fission
products, actinides and the minor part of activation products originate in
fission reactor fuel and fusion products originate in fusion reactor fuel. The
major part of activation products originates in fission and fusion reactor

structure and coolant.
An important subset of actinides are non-easily fissile isotopes of ac-

tinides that are converted to easily fissile isotopes of actinides by transmu-
tation. Those isotopes of actinides are called fertile isotopes.

Neutrons are necessary to maintain the immediate fission reaction in fis-
sion fuel. Hence, the generation of fission products, actinides and activation
products is inherent to fission reactors. This holds true for all fission fuels.
No neutrons are necessary to maintain the immediate fusion reaction in fu-
sion fuel. Hence, only the generation of fusion products is inherent to fusion
reactors. Depending on the fusion fuel, the fusion reaction may generate
neutrons. The easiest to achieve, and therefore intensively pursued, fusion
reaction is the one between Deuterium and Tritium (D-T reaction). It will
generate neutrons and hence activation products are inherent to these fu-
sion reactors, too. For both fission and near-term D-T fusion reactors to
breed their own fuel, neutrons are mandatory.

Fusion products consist entirely of hydrogen or helium, while fission
products generally comprise alkali metals, alkaline earth metals, rare earth
metals, general metals, noble metals and noble gases. Activation products
contain an elemental range comparable to the one of fission products. How-
ever, isotopes of elements of fission products have a far higher number of
neutrons than isotopes of the same elements of activation products. There-
fore, fission products usually feature a far higher specific activation than
activation products. While fission and fusion products are more or less

the same for any fission or fusion fuel, activation products and the associ-
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ated specific activation can differ considerably with different structure and

coolant used in fission and fusion reactors.
The neutron flux is within approximately one order of magnitude in

almost all components of a fission reactor, but can differ by several or-
ders of magnitude in components of a fusion reactor. The peak neutron
flux in fission and fusion reactors, however, is approximately the same
(10'2...10'®*—5-), although with a different energy spectrum (0.025¢V ...

em?s

10MeV for thermal and fast fission reactors, 0.025eV ... 14MeV for D-T

fusion reactors).

Thus on the one hand, fission reactors produce radioactive ‘waste with
a far higher specific activation than fusion reactors do. But on the other
hand, fusion reactors generate a much larger volume of radioactive waste
than fission reactors do, which possibly could result in a far higher absolute

activation for fusion reactors than for fission reactors.

1.3 Focus

The characteristic feature of a self-sufficient fuel cycle is the breeding of
fuel atoms by irradiation of fertile atoms with neutrons. The breeding
takes place in parallel to the power generation in a reactor. Breeding and
power generation are conflicting goals, because efficient breeding requires
short irradiation times, while eflicient power generation requires long irra-
diation times. Short irradiation times allow fuel atoms to build up without
being destroyed again by subsequent fission or transmutation. Long irradi-
ation times allow to extract as much energy as possible from the fuel atoms
without expensive refueling of the reactor [27].

The breeding performance of a reactor is measured in terms of its breed-
ing ratio. It is defined as the ratio of the number of generated fuel atoms
to the number of consumed fuel atoms. Apparently, in a given reactor,

fuel atoms that release only few neutrons per fission or fusion reaction —
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provided the latter one generates neutrons at all — will result in a lower
breeding ratio than fuel atoms that release more neutrons per respective
reaction. Thus the neutron yield of the fission or corresponding fusion re-
action is a decisive factor in determining the breeding ratio [27].

A breeding ratio of greater than unity means a net generation of fuel
atoms, a breeding ratio of less than unity means a net consumption of
fuel atoms. Note, that a breeding ratio of greater than unity does not bring
about a perpetuum mobile, because now fertile atoms have to be replenished
instead of fuel atoms. Fertile atoms have a greater natural abundance than

fuel atoms and hence breeding only means that the resources of fuel atoms
' can be extended by utilizing the resources of fertile atoms. In particular,
this results in a longer life-time of an energy conversion system based on
fission or (D-T) fusion.

Since the tritium component of D-T fusion fuel is not naturally abun-
dant, D-T fusion reactors operate on a self-sufficient fuel cycle by necessity.
The lithium isotopes 6Li and "Li serve as the fertile isotopes and the hy-
drogen isotope T = 3H — together with the naturally abundant hydrogen
isotope D = 2 H — serves as the fuel isotope. Fission fuel is naturally abun-
dant, so that an immediate necessity for a self-sufficient fuel cycle does not
exist. However, the natural resources of uranium, which is the major fis-
sion fuel, are relatively limited. This can be concluded from some basic

considerations.
At the current rate and the current method of uranium usage in thermal

fission Light Water Reactors (LWR), this major fission fuel will be depleted
within approximately one hundred years. An average 1,000MW, = 1GW,
LWR requires annual refueling equivalent to 25t of enriched uranium. With-
natural uranium having 0.72nuclide — % ?**U and enriched uranium having

3.3nuclide — % 235U, the amount of natural uranium necessary to manufac-

ture 25 GVtV.y of enriched uranium is about 150—5—‘,5‘;;;, i.e six times as high.
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Reference [33] quotes natural uranium resources recoverable at a price
of less than 130% to be approximately 6 million tons. The current LWR

reactor population makes for 400GW,, resulting in an annual natural ura-
nium demand of 60,000t. That does not account for a possible increase in
the reactor population, e.g. due to coal, oil and gas energy being replaced
by fission energy. Hence, the natural uranium resources will last for not
more than another one hundred years. The same reference cites a number

of 4 billion tons of natural uranium dissolved in seawater. This could secure
the supply of natural uranium for another seventy thousand years, however

at a price of more than 500...1, OOO%. Moreover, possibly only 10% of the

natural uranium dissolved in seawater could be recovered, i.e. the seventy
thousand year supply shrinks to seven thousand years [33].
Also, approximately 350,000t or 350,000m® seawater have to be pro-

cessed to gain only 1kg of natural uranium. With the above natural uranium

demand of 60,000%, an amount of seawater equal to 2.1-10'*£ or 665, 0002

would have to be processed — a formidable task for ion exchangers [33].
Thus, a self-sufficient fuel cycle seems to be mandatory for fission energy
to continue being a major energy source beyond the point in time where
fusion energy could become available. Moreover, fission reactors operating
on a self-sufficient fuel cycle shall be chosen for the outlined comparison

to enhance comparability of fission and fusion reactors as well as that of
reactor concepts.

It is possible to operate thermal fission reactors on a self-sufficient fuel
cycle. Then, the thorium isotope *2Th serves as the fertile isotope and the

23317 has a low

uranium isotope 223U serves as the fuel isotope. However,
neutron yield in the thermal energy range, so that the breeding ratio is only
slightly greater than 1.0. It is easier to operate fast fission reactors on a
self-sufficient fuel cycle, where advantage can be taken of the high neutron

yield of the plutonium isotope 2*°Pu in the fast energy range. Then, the .

21



uranium isotope 2380/ serves as the fertile isotope and ?** Pu serves as the
fuel isotope. The breeding ratio of fast fission reactors can be as high as 1.3.
Therfore, only fast fission reactors offer a sufficient potential for breeding.
In any case, if no 233U or *®Puy is initially available, the reactor start-up
would have to be done by using 2**U [27,56].

As mentioned in Section 1.1, a solution to the problem of long-term stor-
age of radioactive waste does not yet exist. Hence, any measure that lowers
the long-term hazard of radioactive waste without drawing upon a specific
long-term storage method could be suitable to alleviate this problem.

In particular, it is appropriate to separate actinides from the remainder
of the radioactive waste from fast fission reactors, especially since a major
share of these represents potential fuel in addition to the bred 2**Pu. This
is due to the fact that most actinides become economically fissionable at
high neutron energies and do no longer represent a reactor poison then.
Also, without such a separation, the intended comparison would be dis-
torted, because there is no comparably long-lived counterpart to actinides

in radioactive waste from fusion reactors.
It must be noted however, that actinide separation will not be complete,

since the chemical processes involved do not allow for a 100%, but rather
only 99.9% separation efficiency [2]. The radioactive waste from fast fission
reactors will thus always retain some actinides. However, the simplifying
assumption of complete separation is made for the purpose of this study.
The effect of this assumption on the radioactive waste parameters and its
justification is assessed in Section 5.1.1.

Finally, recent developments in fission as well as fusion reactor technol-
ogy and design lend themselves to a comparison of the outlined type.

The Integral Fast Reactor (IFR) concept was launched in 1984 by the
Argonne National Laboratory (ANL) [5]. It represents a self-sufficient com-

mercial fast fission reactor.
The IFR concept is based on experiences and ideas collected in the oper-
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ation of the Ezperimental Breeder Reactor I (EBR-I) and the self-sufficient
Ezxperimental Breeder Reactor II (EBR-II) back in the 1950s and 1960s [44].
EBR-II was to be the final step before a commercial fast fission reactor.

The Reduced Activation Ferrite Helium Tokamak (RAFHT) is a self-
sufficient commercial fusion reactor proposed in 1989 by the Senior Com-
mittee on Environmental, Safety and Economy Aspects of Magnetic Fusion
Energy (ESECOM) [19]. It has the highest potential for realization among
other commercial fusion reactors considered by ESECOM.

The International Thermonuclear Experimental Reactor (ITER) is being
developed since 1988 under the auspices of the International Atomic Energy
Agency (IAEA) [23). It represents an experimental fusion reactor that is to
be the final step before a commercial fusion reactor.

The experimental nuclear reactors EBR-IIand ITER have similar demon-
strative functions with respect to the commercial nuclear reactors IFR and
RAFHT. EBR-II was designed to establish operation experience with and
confirm the feasibility of a self-sufficient fuel cycle for a fast fission reactor.
ITER roughly has the same goals for a fusion reactor. However, EBR-II
could start out with a functioning fast fission reaction, while ITER first has

to show that the fusion reaction can be maintained at all.

1.4 Structure

This study will cover only a small section of the wide field of radioactive

waste. Precise definitions and limitations within this small section have to

be established.
Chapter 2 provides a detailed definition of what is to be considered

radioactive waste in this study and presents the definitions of and possible
standards for the radioactive waste parameters to which the comparison is

oriented.
Chapter 3 gives an overview of the methods applied to obtain the dif-

ferent radioactive waste parameters for the different nuclear reactors. This
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comes basically down to a description of the different computer codes em-
ployed to calculate the radioactive waste parameters.

Chapter 4 describes in detail the two fast fission and two fusion reactors
considered in this study. The histories and objectives, the operation sched-
ules and the designs are covered for all nuclear reactors. For fast fission
reactors, additional information is given on the reprocessing of radioac-
tive waste, especially on the separation of actinides from radioactive waste.
Knowledge about those aspects is important to the correct interpretation
of the comparison. For fusion reactors, information on the reprocessing of
radioactive waste is not given, because as of now no appreciable reprocess-
ing concepts exists. Notwithstanding this fact, exemplary ideas of fusion
reactor radioactive waste reprocessing are given in Reference [50].

Chapter 5 presents the actual comparison, showing the radioactive waste
parameters for experimental and commercial nuclear reactors and giving
explanations for particular behavior modes of those parameters.

Chapter 6 completes this study with a summary and conclusion. Ap-
pendix A contains various tables with detailed information necessary to
understand the essence of this study. Appendix B carries tables and fig-
ures that were too numerous or extensive to be given in Chapter 5. The
computer codes developed by the author of this study and all information
necessary to run them are filed with the computer librarian of the Depart-
ment of Nuclear Engineering of the Massachusetts Institute of Technology.

Therefore, a listing of the computer codes shall be forgone here.

1.5 Previous Studies

Several studies have been conducted with respect to radioactive waste from
fast fission and fusion reactors. The set of radioactive waste parameters
chosen for those studies generally is more sparse and often different from the

one chosen for this study. The same holds true for the times after discharge
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from the nuclear reactor at which the radioactive waste is characterized by
those radioactive waste parameters.

Even if comparable radioactive waste parameters or times were cho-
sen, the type of characterization of radioactive waste still is different, i.e.
radioactive waste parameters are sometimes applied only to nuclides con-
tained in radioactive waste and sometimes only to radioactive waste as an
entity. Also, specific radioactive waste parameters are related to different
magnitudes, like mass or volume of radioactive waste or electric power out-
put of the nuclear reactor. Only a few of those studies compare radioactive
waste from fast fission and fusion reactors directly to each other. All this
leads to a lack in consistency. The studies conducted so far shall be briefly

listed here.
“The EBR-II Fuel Cycle Story” [44] covers the EBR-II self-sufficient

closed fuel cycle and the radioactive waste associated with it. The study
“Fusion Waste Management — Safety and Environment Studies 1985 —1986
— [12] describes radioactive waste produced by the Nezt European Torus
fusion reactor (NET). It is the most detailed study on fusion reactor ra-
dioactive waste and the results are supposed to be applicable to ITER
also. The report “Safety and Environment for ITER, Records and Conclu-
sions” [10] is a misnomer for a study that considers radioactive waste from
fusion reactors similar to ITER but not from ITER itself. The study “US-
Contributions to the Homework for ITER” [11] covers radioactive waste
from ITER in some detail. The “Report of the Senior Commi;tee on Envi-
ronmental, Safety and Economic Aspects of Magnetic Fusion Energy” [19]
compares commercial fusion reactors and a commercial fast fission reactor

and also contains some sections about associated radioactive waste. The
book “Fusion and Fast Breeder Reactors” [13] extensively deals with the

entire self-sufficient fuel cycle of fast fission and fusion reactors and with
radioactive waste associated with it. However, it does not provide a direct

comparison of radioactive waste from fast fission and fusion reactors.
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Chapter 2

Radioactive Waste Parameters

2.1 Introduction

a-, B- and ~v-radiation emitted by radioactive nuclides, i.e. radionuclides,
during their radioactive decay interact with cells of all life forms of the
biosphere. This interaction can have negative or positive effects on a cell.
Because of either outcome of the interaction, the exposure of the biosphere
to radiation from radionuclides represents a hazard to the biosphere.

The hazard depends on the type and concentration of radionuclides in
the biosphere. Natural radionuclides are in equilibrium with the biosphere
and the biosphere therefore is adapted to them. For man-made radionu-
clides, as produced in the application of fast fission or fusion reactions,
the type and concentration upset the equilibrium of the biosphere and the
biosphere therefore is not adapted to them.

Equilibrium will be reached for man-made radionuclides only after their
radioactive decay has occured. During the time required for this radioac-
tive decay, radiation from man-made radionuclides should be isolated from
the biosphere in order to keep the associated hazard low. Isolation en-
compassing radiation from man-made radionuclides implies isolation of the

radionuclides themselves.
Radioactive waste contains radioactive and non-radioactive nuclides.
Since separation of radicactive from non-radioactive nuclides is economi-
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cally and technically hardly feasible, all the radioactive waste ‘has to be
isolated from the biosphere, rather than just the radioactive nuclides.
Radioactive waste management can be defined as comprising the two
tasks of radioactive waste handling and radioactive waste storage. Ra-
dioactive waste handling shall be understood as the sum of all activities
that transport radioactive waste and convert it into, or retrieve it from,

a waste form contained in a waste container. Waste form and waste con-
tainer compose a waste package suitable for radioactive waste storage. The

conversion might either happen directly or with previous, the retrieval di-
rectly or with subsequent reprocessing of the radioactive waste. Radioactive
waste storage shall be understood as the sum of all activities that transport
and store waste packages. Storage may be done temporarily (Monitored
Retrievable Storage) and/or finally, depending on whether the radioactive
waste requires temporary storage to establish by radioactive decay of its
radionuclides conditions suitable for final storage. Between temporary and
final radioactive waste storage, radioactive waste handling could be neces-
sary. -

Structural stability of a waste package is a basic prerequisite for the
isolation thus devised to be effective. As a function of time, a stable waste
package will deteriorate to an unstable waste package. This, however is
supposed to happen in times on the order of those necessary for radionu-
clides to reach equilibrium. Backfilling of void spaces in waste packages and
in between waste packages with grouting or equivalent material can delay
(but also promote) the deterioration and increases the isolation.

Isolation of radioactive waste must be ensured both during radioactive
waste handling and storage. Isolating radioactive waste rather than dis-
carding it renders the term radioactive waste storage more appropriate than
the term radioactive waste disposal and consequently the term repository is
used for the corresponding radioactive waste storage facility, rather than

the term dump for a radioactive waste disposal facility.
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Depending on the type and concentration of radionuclides in radioactive
waste, it will be classified as low, intermediate or high level radioactive waste
and the task of isolation of radioactive waste assumes different degrees of
difficulty with this classification. High level radioactive waste has to be
stored in deep repositories according to Part 60 of Chapter 10 of the Code
of Federal Regulations (10CFR60) [48], while low and intermediate level
radioactive waste may be stored in shallow repositories according to Part
61 of Chapter 10 of the Code of Federal Regulations (10CFR61) [49].

In order to determine the type and degree of isolation required, it is
important to characterize radioactive waste for essentially the entire time
— after discharge from the reactor — required for the radionuclides in
radioactive waste to reach equilibrium. The characterization can be split
up into short-term (100s, 1A, 1d, 1w, ly), intermediate-term (10y, 100y)
‘and long-term (1,000y, 10,000y) characterization. Short-term and part
of the intermediate-term characterization apply to radioactive waste han-
dling, long-term and part of the intermediate-term characterization apply
to radioactive waste storage in temporary and final form.

Fast fission reactor components will undergo extensive radioactive waste
handling, which already is outlined qualitatively and quantitatively [5]. Fu-
sion reactor components will have to undergo some kind of radioactive waste
handling too. However, at this point in time not even a generally accepted
qualitative assessment of radioactive waste handling is available for fusion
reactors [50]. For these reasons, the comparison of radioactive waste from
fast fission and fusion reactors will limit itself to the comparison of reactor
components as discharged from the nuclear reactor.

However, qualitative details known about actual radioactive waste han-
dling for fast fission and fusion reactors will be incorporated to modify
discharged reactor components in a way so that they reflect the status sub-
sequent to actual radioactive waste handling; in particular, no fast fission or

fusion reactor component will contain liquids or gases. Also, no fast fission
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reactor component will contain actinides, since those are ideally recycled
back into the fast fission reactor [5,44).

Thereby, radioactive waste in this study can roughly be set equal to the
solid fraction of reactor components, possibly converted to a special waste
form with the same specific activation as the original reactor component
and contained in a waste container to form a waste package suitable for
radioactive waste storage.

Characterization of radioactive waste in terms of its activation can be
done by evaluating distinct radioactive waste parameters as outlined in

subsequent sections. The radioactive waste parameters chosen in this study
are volume, radioactivity, whole body v-dose rate, decay power, Biological
Hazard Potential (BHP), radioactive waste classification index and intruder

dose rate of or due to radioactive waste under consideration. It should
be noted that these parameters are pertinent to US regulatory standards,

where applicable. Countries other than the US do generally have different
regulatory standards, i.e. the results of this study might not be immediately
applicable to these countries.

Radioactive waste parameters can either be specific or absolute. Specific
ones are generally used to establish classifications or standards and abso-
lute ones give a hint to the total hazard associated with radioactive waste.
Specific radioactive waste parameters will always relate to the volume of ra-
dioactive waste — having dimensions “per m3”; absolute radioactive waste
parameters are derived through multiplication of the specific radioactive
waste parameters by the volume of radioactive waste.

Specific radioactive waste parameters are independent of a particular
waste form, or a particular waste form volume, as long as no significant
dilution of radionuclides in radioactive waste takes place during radioactive
waste handling. Absolute radioactive waste parameters linearly depend on

a particular waste form volume.

29



2.2 Volume

The volume of radioactive waste is important with respect to radioactive
waste handling and radioactive waste storage. The dimensions of facilities
for handling and storage are chiefly ruled by the dimensions of the reactor

components, which for the purpose of this study constitute the radioactive
waste.
Since the cost of facilities for radioactive waste management is a strong

function of the size of the required shielding against radiation from radioac-
tive waste, and the dimensions of the reactor components chiefly determine

this size, their volumes have an important impact on economic considera-
tions.
Also, a particular reactor component that ranks way below all other

reactor components with respect to specific radioactive waste parameters
might turn out to have the highest values of absolute radioactive waste
parameters due to its large volume, and vice versa. '

With the exception of liquid and gaseous fission products, the activation
of liquid and gaseous constituents of reactor components is generally much
lower than the one of solid constituents. Therefore, the removal of those
constituents during radioactive waste handling is of minor importance to

the activation. Their contribution is not accounted for in the calculation
of radioactive waste parameters; in particular the effective volume of a

reactor component is then given by its solid volume. In this sense, liquid
and gaseous fission products represent solid constituents.

Chiefly tritium and radioactive helium are affected by the outlined sim-
plification. Radioactive corrosion products contained in liquids or gases
originate from solid constituents and therefore are accounted for.

Fast fission reactor components in this study will be approximated as
a number of N, hollow or N; full cylinders or as a number of Ny hollow
or N, full blocks of hexagonal cross section. Hollow cylinders have an
outer diameter D, a wall thickness ¢, and a height H.. Full cylinders are
characterized by an outer diameter Dy and a height H;. For the hollow
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hexagonal blocks an outer measure Sy across the flats of the hexagon, a
wall thickness t; and a height Hy can be specified, while full hexagonal
blocks feature an outer measure S, across the flats of the hexagon and a
height H,. (The indices c, f,d,a stand for clad, fuel, duct and assembly).
The associated (approximate) solid volumes are specified by Equations 2.1,

2.2, 2.3 and 2.4. 7, represents a solid volume fraction.

V, = Nchc(Df—-(Dc—Ztc)’) (2.1)
V; = Nf‘Z'prf' (2.2)
Vi = Ng2v3Sgt.H, (2.3)
Ve = neNa LS, (24)

Fusion reactor components c in this study will be approximated as hol-
low cylinders of inner radius R, outer radius R,, and height H.. With %,
the solid volume fraction, the solid volume of a fusion reactor component

is approximated as given in Equation 2.5.

V.= nenH(R, ~RL) (2.5)

2.3 Radioactivity

Radioactivity is the classical radioactive waste parameter. It should be
noted, however, that radioactivity as a radioactive waste parameter itself

is not a sufficient measure of the hazard associated with radioactive waste.
The radioactivity of each radionuclide in radioactive waste merely gives

the number of decay events for this radionuclide per time. The radioactiv-
ity of radicactive waste merely gives the number of decay events for this

radioactive waste per time. Only in combination with weighting factors
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for radionuclides does the radioactivity of each radionuclide in radioactive
waste and subsequently the radioactivity of radioactive waste gain some
meaning. Application of such weighting factors leads to all remaining ra-
dioactive waste parameters used in this study.

Possible weighting factors for radionuclides are the whole body vy-dose
released per radioactive decay, the energy released per radioactive decay,
the specific radioactivity limit in radioactive waste in order not to exceed a
certain whole body dose rate, the specific radioactivity limit in radioactive
waste in order to establish classification of radioactive waste and the path-
way dose conversion factors in order to determine actual whole body dose
rates under given scenarios.

Specific radioactivities of radionuclides in radioactive waste are obtained
by solving the coupled linear equation system describing the generation and
destruction of radionuclides by neutron absorption and radioactive decay
and multiplying the resulting concentration of all radionuclides n by their
decay constants )A,,. Once the specific radioactivity A}, of each radionuclide
in radioactive waste is known, the specific radioactivity Agy, of radioactive
waste can be determined by simple summation according to Equation 2.6.
The absolute radioactivity Agpw of radioactive waste is the result of multi-

plication by the radioactive waste volume Vgzw as given in Equation 2.7.

in

Apw = Z A, (2.6)
n=1

Apw = Agw Vaw (2.7)

2.4 Whole Body +v-Dose Rate

The whole body ~-dose rate at B = 1m distance from radioactive waste
gives an estimate of the radiation load on personnel during radioactive

waste handling. At this distance, easily shielded a- and 3-dose rates become
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unimportant and thus for activation products the whole body ~-dose rate
alone is a sufficient radioactive waste parameter. For fission products and
a few actinides, however, neutron emission takes place for a short time
after discharge of radioactive waste from the nuclear reactor. Therefore the
whole body v-dose rate is valid as a radioactive waste parameter for fission
products and actinides only for times greater than 1d after discharge.
Direct contact dose rates as opposed to dose rates at a distance R are
generally higher because a- and 3-dose rates have to be accounted for also.
Whole body «-dose rates are determined for point radioactivity sources,
assuming that all relevant radionuclides in radioactive waste are lumped
together in one spatial point. Self-shielding due to the actual shape of
radioactive waste thus is not accounted for. The y-power ¢.,, of radionuclide
n emitted by the point source can be determined by Equation 2.8, where

A} is the specific radioactivity of this radionuclide in radioactive waste and

E,

n

is the energy of the y-radiation emitted by it.
Gy = AnE,, (2.8)
The resulting v-energy flux ¢/ at a distance R is given by Equation 2.9,
where A = 47 R? is the surface of a sphere of radius R.

q’IY,n = g}{— (2°9)

Upon entry into the whole body, this y-energy flux decays by a factor
u per entry depth dr, as shown in Equation 2.10.

Ay _
— = Ky, (2.10)

Equations 2.9 and 2.10 can be combined to give the whole body ~-dose
rate as stated in Equation 2.12; p, dV and dm are the density, differential

volume and differential mass of the whole body.
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The left hand side of Equation 2.11 is just the definition of the specific
whole body ~-dose rate D,’;n of each radionuclide in radioactive waste and

therefore Equation 2.12 holds true.

e B ou [k
Dl =%~q == (2.12)

Tn p “Yn p
Multiplication of D;,. by the quality factor of y-radiation (i.e. @, = 1)
results in a specific whole body 7-dose rate H;n = D;,. Q@., of each radionu-

clide in radioactive waste.

The specific whole body ~y-dose rate E’,‘;RW of radioactive waste can be

derived by simple summation as provided in Equation 2.13.
. nn 3
H’YHW = Z H’;n (2'13)
n=1

And multiplication by the volume of radioactive waste results in the

.

absolute whole body +-dose rate H,,, of radioactive waste as given in

Equation 2.14.

H,_ =H_Vaw (2.14)

YRW TRW
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The resulting whole body «-dose rates should be compared to the radi-
ation protection standards explained in Section 2.6 in order to determine
whether hands-on radioactive waste handling can be conducted or hands-
off, i.e. shielded, radioactive waste handling is required. In addition, Refer-

ence [39] cites a value of 2.0- 10"2%, reached within 50y after discharge, for

short-time hands-on radioactive waste handling and 2.5 - 10'5%, reached

within 100y after discharge, for long-time hands-on radioactive waste han-

dling.

2.5 Decay power

Decay Power is the most important radioactive waste parameter with re-
spect to radioactive waste storage. It determines the cooling equipment
that has to be provided in temporary and final radioactive waste storage.
In the case of final storage it also restricts the geology of the repository to
highly heat conducting material. In addition, decay power rules the packing

density of radioactive waste in a repository.

Specific decay powers below 1Y appear to be virtually negligible [39],
while 10%, reached within 50y after discharge, could be a possible restrict-

ing standard [39] in terms of the maximum allowed temperature rise in the
repository.

For radioactive waste handling, decay power as a radioactive waste pa-
rameter does not seem to be that important, especially if shielding against
radiation has to be provided. Also, there is considerable experience with
handling of intensively heat radiating components, e.g. from the steel in-

dustry.
With E, the decay heat of radionuclide n and A}, the specific radioac-

tivity of this radionuclide in radioactive waste, the specific decay power F;

of this radionuclide in radioactive waste is given by Equation 2.15.
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Pr: = A;En (215)

The specific decay power Py of radioactive waste then is derived by

simple summation according to Equation 2.16.

Tin
Paw =Y. F; (2.16)
n=1

Finally the absolute decay power Prw of radioactive waste is obtained
through multiplication by the radioactive waste volume Vaw, as shown in
Equation 2.17.

Paw = PhwVaw (2.17)

2.6 Biological Hazard Potential

Part 20 of Chapter 10 of the Code of Federal Regulations (10CFR20) [47]
provides standards for protection against radiation. The standards restrict
the whole body dose to an individual resulting from exposure of this indi-
vidual to radiation over a given time. Whole body dose standard and time
can be combined to form whole body dose rate standards.

Naturally, those regulatory standards should be lower than the injury
standards. Measured whole body dose rates feature an uncertainty that
is presurnably lower than the one for calculated whole body dose rates.
However, no information was available on whether regulatory standards
already consider those uncertainties or whether appropriate safety factors
have to be applied to measured or calculated whole body dose rates. This
study assumes the former case.

Different standards apply to areas where access is controlled — referred

to as restricted areas — and areas where access is not controlled — referred
to as unrestricted areas. Exposure to radiation in the former type of areas
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is equivalent to occupational exposure, exposure to radiation in the latter
type of areas represents public exposure.

For restricted areas, the whole body dose rate received by an individ-

ual shall not be greater than 5** or 5.7 - 10’6%‘1. Under exceptional cir-

cumstances, 12%"- or 1.4- 10"5-5;7" are allowed. For unrestricted areas the

whole body dose rate received by an individual shall be limited to 0.5%* or

5.7. 10‘7%. For the purpose of 10CFR20 the radiation generating radionu-

clides in restricted or unrestricted areas can be airborne or waterborne and
can either be soluble or insoluble in air or water. Table 2.1 summarizes the
resulting eight radiation environments [47].

restricted area air soluble
insoluble

water | soluble

insoluble

unrestricted area | air soluble
insoluble

water | soluble

insoluble

Table 2.1: Radiation Environments according to 10CFR20, Adapted from
;47

Intake by inhalation or ingestion of thus contaminated air or water to
the whole body leads to a corresponding whole body dose rate. Given a
rate of intake, the specific radioactivity of each radionuclide in air or water
has to be limited in order for the resulting whole body dose rate to meet

the 10CFR2( standards.
Those specific radioactivity limits are called Mazimum Permissible Con-

centrations (MPCs) and are listed in 10CFR20. Table I of 10CFR20 pro-
vides MPCs for exposure to radiation from airborne or waterborne radionu-
clides in restricted areas, Table II provides MPCs for exposure to radiation

from airborne or waterborne radionuclides in unrestricted areas due to ef-

37



fluents from restricted areas. MPCs are available for fusion products, fission
products, actinides and activation products [47].

The MPC, for a certain radionuclide n can be derived, if a volume intake
rate V(to) of air or water by the whole body and a specific radioactivity
A*(to) of this radionuclide in air or water at time t, after begin of intake
are assumed. This procedure accounts for exposure to internal radiation
but not for exposure to external radiation. In a time interval di, at time
to the absolute whole body radioactivity intake rate An(to) and absolute
whole body radioactivity intake dA,(to) are then given in Equations 2.18
and 2.19.

An(to) A (to)V (to) (2.18)

dAn(to) = An(to)dto (2.19)

i

This absolute whole body radioactivity intake decays according to the
effective decay constant )., i.e. the combined biological and physical decay
constant. Thus, at a time t greater than o, this absolute whole body

radioactivity intake has decayed to a value dA,(t, to) given by Equation 2.20.

dAn(t,to) = dAn(to)e™ ) " (2.20)

Since the absolute whole body radioactivity intake happens continu-
ously, this value has to be integrated over all “intake times” to, from 0 to ¢,
in order to derive the absolute radioactivity A,(t) present in the whole body

at time t after begin of intake. This is shown in Equation 2.21, where 4;(to)

and V(to) are assumed to be constant and equal to A}, and V, respectively.

At) = [ dAnftoto)

An(t,0)
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An(t)
— / dAn(to)e—-k“‘(t—-to)

An(0)e~2ent

t
f Ap(to)e~2en ("% dt,
[+]

t .
/o A3 (to)V (to)e %) dtg

= ’;"Vu —enty (2.21)

The whole body dose rate H,(t) resulting from radiation due to this
absolute whole body radioactivity is obtained by multiplication of the ab-
solute radioactivity by the average product of energy E, and quality factor
Q of all radiation emitted by radionuclide n, divided by the mass m of the
whole body. This relation is given as Equation 2.22.

Hat) = i“-(%?-’—‘-@ (2.22)

The average product E,Q depends on the energy. E.. and quality fac-
tor Q, of the various types of radiation. If the probability for emission
of a particular radiation = is pn., then the average product is defined by
Equation 2.23. '

EnQ@ =3 pmEnm@: (2.23)

r==l

Substituting for A,(t) in Equation 2.22 and resolving for A4}, yields Equa-
tion 2.24

. m}:{n(t)Aen
mT VE,Q(1 — e~ent)

(2.24)

Now setting H,(t) at a time ¢ after begin of intake equal to a 10CFR20

standard will result in a corresponding specific radioactivity Ay of the ra-
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dionuclide in air or water, which is the desired Mazimum Permissible Con-

centration MPC,,.
Specifically for the airborne radiation environment in restricted areas,

the time ¢ is defined as 13weeks at 40—2—, with V equal to the normal

week?

breathing rate. For the other radiation environments, certain schemes of
water and air intake by the individual have to be defined also [47].

In order for the whole body dose rate resulting from exposure to the ra-
diation of more than one radionuclide to meet the standards, the sum of the
ratios of specific radicactivity A, in air or water and MPC, of all radionu-
clides n, referred to as specific Biological Hazard Potential (BHP*), must be

less than unity [47]. The corresponding formula is given in Equation 2.25.

Nn A*
BHP* = n < 1.0 (2.25)
,;1 MPC,

If BHP* exceeds unity, then the sum of the ratios of absolute radioac-
tivity A, in an air or water volume V and MPC, of all radionuclides n,
referred to as absolute Biological Hazard Potential (BHP), gives the air or
water volume that is required to dilute the specific radioactivities so that
BHP” becomes equal to unity [47]. This can be cast in formulas as given in
Equations 2.26, 2.27 and 2.28.

A
BHP = :’:; MPC. (2.26)
A, = AV (2.27)
BHP = BHP'V (2.28)

For application to radioactive waste management, the common assump-

tion is made that the radionuclides in radioactive waste find access to air
or water in a way that establishes a specific radioactivity in air or water

equal to that in the radioactive waste [13]. The specific BH Pgyy then is
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defined as in Equation 2.25. However, to derive the absolute BH Pgryy, the
volume V of air or water in Equations 2.27 and 2.28 must be replaced by

the volume Vrw of radioactive waste.
The definition of the specific and absolute BHP is applicable to radioac-

tive waste handling and radioactive waste storage. However, the above
assumption of the specific radioactivity of radionuclides being equal in ra-
dioactive waste and in air or water is time dependent and based on highly
unlikely events, as can be demonstrated for the radioactive waste storage
application.

For radioactive waste storage, only the exposure to radiation from wa-
terborne radionuclides in unrestricted areas is of interest, since radioactive
nuclides will find their way out of a repository as a restricted area most likely
as effluents via release to the groundwater. Furthermore, in order to stay
on the conservative side, solubility of the released radionuclides in water
is assumed. Insoluble radioactive nuclides are much more harmless, since

they are easily filtered out and precipitated during groundwater transport
processes.

In the first place, repositories are not allowed to be built near the ground-
water table, which makes groundwater ingression to radioactive waste highly
unlikely [49]. But even for the case that groundwater ingression should oc-

cur, there are other factors which prove the above assumption to be too
conservative. :
Waste containers of waste packages prevent groundwater access to ra-

dioactive waste in a particular waste form for at least the time it takes
_ for the waste container to significantly deteriorate. Thereafter, groundwa-
ter can get into direct contact with radioactive waste in a particular waste
form. But even then the groundwater will be able to release only a small
fraction of radionuclides in a given time.

Investigations [36] have shown, and 10CFR60 [48] for deep repositories
requires, that the average fraction release rate of radionuclides from ra-

dioactive waste in a corresponding waste form to contacting groundwater
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is on the order of fRWGW = 10“55 If radioactive waste of a given volume
Vaw, specific radioactivity Agy, or absolute radioactivity Aaw and waste
form is exposed to groundwater, the maximum allowed groundwater volume
flow Vg in order to reach a groundwater specific radioactivity Agy, equal

to that of radioactive waste can be estimated according to Equations 2.29,
2.30, 2.31 and 2.32.

Arw = AjpwVaw (2.29)
Aew = fawewArw (2.30)
Aew
A? =
oW TVow
_ frwew Arw
Vow
_ fawowArwVaw (2:31)
Vew

Since it is assumed that A%y = Ak, dropping those specific radioac-

tivities in Equation 2.31 and rearranging then yields Equation 2.32.

Vew = FfawewVaw (2.32)

With a radioactive waste volume on the order of Vg = 10m? this would
be equivalent to a groundwater volume flow of Vew = 107422, which with-
y

out question will be exceeded by an actual groundwater volume flow in the

case of groundwater ingression. Assuming an actual groundwater volume
flow of 1’“—;—8 under the above release rate, the specific radioactivity of ra-

dioactive waste would be diluted by a factor of at least 10~*. The assumed

groundwater volume flow is rather on the conservative side, because Ref-

erence [6] cites a number of 37%—3- per meter of groundwater flow width for
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New Mezcio; waste packages will in deed have dimensions on the order of
1m, so that an additional dilution by a factor of 107*...2.5 - 1072 seems
likely.

Even if a specific radioactivity of water equal to that of radioactive
waste would be reached locally at the waste package with deteriorated waste
container, it will be naturally diluted and filtered while the groundwater

travels from the restricted to the unrestricted area.
Due to the relatively long groundwater travel times from restricted to

unrestricted areas, the time delay will lead to significant decay of most ra-
dionuclides so that their original specific radioactivities in radioactive waste
do not hold true. 10CFR61 [48] for deep repositories requires corresponding
groundwater travel times of more than 1, 000y.

Despite those caveats, the BHP is a handy waste parameter describing
the worst, though extremely unlikely, case that could happen. A much
more realistic estimate of the actual hazard can be achieved, if BH Pgy,
and BH Paw as calculated are multiplied by e.g. a factor of 107 or less,
equivalent to the above outlined dilution effect.

2.7 Radioactive Waste Classification

2.7.1 Low, Intermediate and High Level Radioactive
Waste |

A radionuclide can be clearly identified by the half life of its radioactive
decay and the radiation that is emitted by it during this radioactive decay.
Radioactive waste containing an equal concentration of radionuclides with
short, medium or long half lives is characterized by a high, intermediate
or low specific radioactivity. However, the short-lived radionuclides might
emit relatively harmless radiation, while the long-lived radionuclides might
emit extremely harmful radiation.

Also, on the one hand, a low concentration of short-lived radionuclides
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can result in a low specific radioactivity of radicactive waste and thereby
decrease the effect of the associated radiation. On the other hand a high
concentration of long-lived radionuclides can result in a high specific ra-
diocactivity of radioactive waste and thereby increase the effect of the asso-

ciated radiation.
This shows that a classification of radioactive waste into low, interme-

diate and high level radioactive waste based on the half life of each ra-
dionuclide contained in it alone is not sufficient. A proper classification
always requires the identification of each radionuclide by its half life and

ernitted radiation and the concentration of this radionuclide in radioactive
waste. The natural combination of half life and concentration is the spe-

cific radioactivity of each radionuclide in radioactive waste. The emitted
radiation can then be accounted for by limiting this specific radioactivity

of each radionuclide in radioactive waste in order for the radioactive waste
to belong to a certain class. The essence of these considerations also holds

true for the MP(s as defined in Section 2.6.
Typically, radionuclides of fusion and fission products feature short half

lives and (- and ~v-radiation, those of activation products feature medium
half lives and (3- and --radiation, and those of actinides feature long half
lives and a-radiation. However, radionuclides of all four nuclide groups can
have overlapping half lives and radiation emissions.

A classification of radioactive waste into low, intermediate and high level
radioactive waste based solely on its specific radioactivity without identi-
fying the radionuclides contained in it could not account for the radiation
emitted by each radionuclide. Any limit for the specific radioactivity of
radioactive waste must recognize this fact and therefore presumably consti-
tutes a conservative approach to radioactive waste classification. However,
this approach has been chosen, e.g. by the government of the Federal Re-
public of Germany, where any radioactive waste with a specific radioactivity
greater than 104;2-;; is considered as high level radioactive waste.

Sufficient dilution of radioactive waste composed of any radionuclides
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will lead to a classification as low level radioactive waste. The limits to
this procedure are set by economic constraints in terms of available storage

facilities and possible surveillance.

The outlined reasoning leads to the classification of radioactive waste
containing actinides as high level radioactive waste; the fact that this class
of radioactive waste has to be stored’in deep repositories is important with
respect to proliferation and chemical toxicity issues. Also, radioactive waste
containing fission products will most probably be classified as high level ra-
dioactive waste. Radioactive waste composed of activation products could
either be intermediate or high level radioactive waste. In addition, for each
of the above radioactive waste classes, gaseous, liquid and solid radioactive
waste should be discerned, since the dilution of radionuclides increases and

the specific radioactivity decreases from solid to liquid to gaseous radioac-
tive waste.

2.7.2 Class A, Class B, Class C and Class D Ra-
dioactive Waste

Deep repositories are characterized f)y expensive exploration, construction
and operation activities, while shallow repositories are relatively inexpensive
to explore, construct and operate. However, deep repositories offer a much
higher degree of isolation than shallow repositories do, which are susceptive
to a violation of isolation. The most important violation of isolation in
a shallow repository occurs in the case of inadvertent intrusion, where an
inadvertent intruder might get direct contact with radioactive waste.
However, institutional control of access to a shallow (and deep) reposi-
tory can be assumed to be effective for about 100y after begin of storage,
during which period inadvertent intrusion can be virtually excluded [49].
Thus, low and intermediate level radioactive waste with radionuclides
that decay to approximate equilibrium conditions in less than 100y does not

require special protection against inadvertent intrusion. Low and interme-
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‘diate level radioactive waste with radionuclides that need more than 100y
to decay to approximate equilibrium conditions, however, does require such
a special protection. For this distinction to make sense, begin of storage is
assumed to take place within 5y after discharge of radioactive waste from

the nuclear reactor. ,
Although all radioactive waste consisting of radionuclides with equili-

bration times greater than 100y has to be stored in solid form, or more
specifically with less than 1.0volume — % of liquid [49], it is desirable to
store some of the low or intermediate level radioactive waste containing
radionuclides with equilibration times less than 100y in liquid form, since

this obliviates the process of solidification of the already liquid radioactive
waste. :
Hence, as provided in 10CFR61, low and intermediate level radioactive

waste may be further divided into three classes corresponding to the ra-
dionuclides contained in it and their specific radioactivites in radioactive
waste. With increasing hazard level, these classes are termed A, B and C
[49].

Class A radioactive waste may be liquid or solid, while class B radioac-
tive waste is always solid. The radionuclides in both class A and B radioac-
tive waste decay to levels comparable to equilibrium conditions within the
100y of institutional control. It therefore does not demand special protec-
tion against inadvertent intrusion [49].

Class C radioactive waste is always solid but contains radionuclides that
decay to levels comparable to equilibrium conditions only within 500y. For
this time period a shallow repository with class C radioactive waste must
be equipped with an intruder barrier. This can be a sufficiently thick cover
layer equivalent to storage at greater depth than class A and B radioactive
waste and at least of 5m thickness. It also can be an engineered structure to

inhibit contact between the inadvertent intruder and the radicactive waste.
The intruder barrier must be designed to have a life time of at least 500y.

This requires that the shallow repository characteristics be evaluated for
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500y [49].
If Class A radioactive waste is liquid it has to be separated from class

B and C radioactive waste in order for the former one not to cause deterio-
ration of the latter two by chemical interaction. Class B and C radioactive

waste packages must be stable for at least 300y. The stability serves not
only to ensure isolation of radionuclides but the associated perceptibility is
important in the case of inadvertent intrusion [49].

For the purpose of radioactive waste classification, 10CFR61 lists Allow-
able Isotope Concentrations (AICs), i.e. specific radioactivities in radioac-
tive waste for several radionuclides and the three classes A, B, C. In order
for radioactive waste to belong to either class A, B or C, the sum of the
ratios of specific radioactivity A, in radioactive waste and AIC, for either
class of all radionuclides n, referred to as Radioactive Waste Class (RWC)
index, must be less than unity. If the RWC index exceeds unity even for
class C, then the respective radioactive waste is no low or intermediate level
radioactive waste anymore [49]. However, it does not yet necessarily have
to be considered high level radioactive waste either. The corresponding
formulas to determine RWC indices are given as Equations 2.33, 2.34, 2.35,
2.36, 2.37 and 2.38.

Tin, A
RWC, = nzzjl AIC’;M (2.33)
e g
RWCp = n}; =7 5,,B (2.34)
- . 4
RWC; = :‘;1 AIC’;M (2.35)
Class A: RW(C,4<1.0 (2.36)
- Class B: RW(Cp <1.0 (2.37)
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Class C: RWC(C¢ <1.0 (2.38)

AICs are determined such that the whole body dose rate to an inadver-
tent intruder never exceeds the standards specified in 10CFR20. Specific
radioactivities of radionuclides in radioactive waste translate to whole body
dose rates via particular barrier and conversion factors. According to Refer-
ence [8], the AICs listed in 10CFR61 are based on partly wrong conversion
factors. Therefore, this study uses AICs based on corrected conversion fac-
tors as provided in Reference [8]. This reference also exhibits a greater
consistency in terms of the radionuclides for which AICs are prepared.

In addition, Reference [8] specifies another class of radioactive waste,
termed D. This additional class is essentially the same as class C, with
the exception, that the waste form of radioactive waste is considered to
be purely metallic. The RWC index for this class is determined by Equa-
tions 2.39 and 2.40.

RWC 5 _An 39
b = §AIC’M ) (2:39)
Class D: RWCp <10 , (2.40)

2.8 Intruder Dose Rate

An inadvertent intruder might engage in construction or agriculture activ-
ities directly above a shallow or deep repository after institutional control
ceased to be effective. This inadvertent intruder then could b® unknowingly
exposed to radiation originating in the repository (49]. This could either
be radiation directly from radionuclides in the repository or radiation from
radionuclides released from the repository.

In the case of construction activities, referred to as construction scenario,

released radionuclides concentrate in air and soil above the repository. In
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the case of agriculture activities, referred to as agriculture scenario, released
radionuclides concentrate in air, soil and food which has been cultivated
above the repository. The inadvertent intruder will receive a whole body
dose rate upon inhalation of or direct contact to air, direct contact to soil
and ingestion of or direct contact to food [8]. The radiation sources air, soil
and food are referred to as pathways. The point in time at which inadvertent

intrusion under either scenario occurs is referred to as the beginning of the
scenario.
For both shallow and deep repositories as initially restricted areas it

must be proven that an inadvertent intruder under both scenarios will
never receive whole body dose rates in excess of the standards specified
in 10CFR20. After institutional control ceases to be effective, restricted
areas become unrestricted areas for the purpose of 10CFR20 [47)].

Shallow repositories will be located not more than 30m below the earth’s
surface, while deep repositories will be located on the order of 1,000m below
the earth’s surface and in a special geology. Even though shallow repos-
itories only store low and intermediate level radioactive waste and deep
repositories store high level radioactive waste, the hazard to an inadvertent
intruder to a shallow repository will be significantly higher than the one
to an inadvertent intruder to a deep repository, because of the inherently
higher degree of isolation provided by the latter type of lrepositories. There-
fore in this study, inadvertent intruder whole body dose rates shall apply
only to shallow repositories, as also stated in 10CFR61 [48,49].

For shallow repositories in compliance with 10CFR61 and as outlined in
Reference [8], specific radioactivities of radionuclides in radioactive waste
convert to specific radioactivities in air, soil or food via barrier factors.
These are time delay barrier factor, site design barrier factor, site selection
barrier factor and waste form barrier factor. Each of these four barrier
factors is the product of auxiliary barrier factors of corresponding names.

Once specific radioactivities in air, soil or food are determined, they can be
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converted to whole body dose rates via Pathway Dose Conversion (PDC)
factors [8]. Due to errors in the computation of PDC factors in 10CFR61,
corrected PDC factors as listed in Reference [8] will be used.

The time delay barrier factor accounts for the decay of radionuclides
from an initial specific radioactivity to a specific radioactivity at a later
point in time [8]. However, in this study, specific radioactivities of ra-
dionuclides in radioactive waste are already calculated for all points in time
under consideration. Therefore the time delay factor is not applicable and
is always set equal to unity.

The site design barrier factor accounts for the design of the shallow
repository. It allows specifying whether stacked or random storage of waste
packages is used, whether grouting for backfilling of void spaces is utilized,
and whether and what type of a special repository has been chosen. Hence
it determines the degree of isolation the repository is able to provide [8].

The waste form barrier factor accounts for the extent to which waste
packages are able to prevent release of radionuclides. It allows specifying
the degree of prevention of dispersion of radionuclides in air, soil or food
and whether a high metal content in radioactive waste significantly inhibits
radionuclide transport out of it [8].

The site selection barrier factor accounts for the mode in which an inad-
vertent intruder will be exposed to radiation originating from the repository.

This includes the repository environment and also allows specifying after
what time the inadvertent intruder recognizes the exposure to radiation, de-
pending on whether the waste packages are stable or unstable at the time
of inadvertent intrusion [8].

The PDC, barrier and auxiliary barrier factors used in this étudy are

summarized in Table 2.2.
For shallow repositories 10CFR61 defines AICs which, when compared

to the specific radioactivities of radionuclides in radioactive waste, serve to

establish a classification of low and intermediate level radicactive waste into
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Factor Meaning Dimension
fppc,, = pathway dose conversion factor for
radionuclide n and pathway p,

(p =1,2,3 = air, soil, food) [B-Z["f:a]

Jons = time delay barrier factor

for radionuclide n and pathway p,

(r=12,3) (1]
Sanp = site design barrier factor

for radionuclide n and pathway p,

(rp=1,2,3) (1]
Joup = site selection barrier factor

for radionuclide n and pathway p,

(p=1,2,3) (1]
Jirnp = waste form barrier factor

for radionuclide n and pathway p,

(p=1,2,3) [1]
Soup; = time delay auxiliary barrier factor j

for radionuclide n and pathway p,

(r=1,2,3) 1]
fdny; = site design auxiliary barrier factor j

for radionuclide n and pathway p,

(P = 13233) N [1]
Sanp; = site selection auxiliary barrier factor j

for radionuclide n and pathway p,

(p=1,2,3) (1]
Fionp; = waste form auxiliary barrier factor j

for radionuclide n and pathway p,

(rp=1,2,3) 1:
fadg, = shielding equivalent to 1m of soil 1]

Table 2.2: Meaning and Dimension of PDC, Barrier and Auxiliary Barrier
Factors, Adapted from [8]
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class A, B or C. AICs in combination with barrier factors and PDCfactors
for all three classes, provided in supporting documents to 10CFR61 and in
Reference [8], result in absolute whole body dose rates to an inadvertent
intruder that fulfill the standards set in 10CFR20. Specific radioactivities of

radionuclides in radioactive waste in combination with barrier factors and
PDC factors for all three classes result in absolute whole body dose rates

to an inadvertent intruder that either fall short of or exceed the standards
set in 10CFR20, depending on whether radioactive waste was classified as

class A, B or C low or intermediate level radioactive waste or as high level

radioactive waste.
The whole body dose rate to an inadvertent intruder depends on the

time at which the inadvertent intrusion occurs. This time usually is mea-
sured after institutional control ceases to exist. If the beginning of storage
takes place within 5y after discharge of radioactive waste from the nuclear
reactor, then the inadvertent intrusion could occur no more than roughly
100y later. This relatively early inadvertent intrusion yields conservative
intruder dose rates, in contrast to a later inadvertent intrusion. Intruder
dose rates are relatively meaningless for times during institutional control,
but nevertheless give an approximation of the radiation level above the

shallow repository for those times.

2.8.1 Construction Scenario

The whole body dose rate to an inadvertent intruder under the construc-
tion scenario is based on the air and soil pathways. The time it takes to
effectively engage in construction likens the time it takes to recognize waste
packages. It therefore is important to specify whether waste packages are
stable or unstable at the beginning of the scenario, because the recognition
time is a function thereof. Also, the time after which stable waste pack-
ages deteriorate into unstable waste packages is a function of the shallow

repository design [8]. In applying barrier factors and PDC factors to spe-
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cific radioactivities A* of radionuclides n in radioactive waste, the absolute
whole body dose rate Hgyy of radioactive waste can then be determined as
in Equation 2.41 [8].
- m r" -
Hpw = Z Z Hpp
. =
nm T

= Y frpc., Arg

n=1 p=1

np
=Y 3 FPDCus Foup Fing Fuy Frunp A

n=1 p=1

= f PDChp; f on1 f dn f Sn1 f Wa1 A:x

+ fPDCn2f0n2fdn2f8n2fwu2A:l (2'41)

Barrier factors are composed of auxiliary barrier factors as reflected in

Table 2.3 [8]. .

Pathway 1 = air | Pathway 2 = soil

fo fonl = fonll fonz = f0n2; )
fa | fans = Fanss fanaa Fanss | Jdnz = Saum Fauza Fduas |
Ju | Funs = Funs fonza fumz = finzm

f ] f Sn1 f Sni11 f 8n12 f 3 f an31 f Sn22

Table 2.3: Barrier and Auxiliary Barrier Factors, Construction Scenario

Auxiliary barrier factors for the time delay barrier factor are defined by
Equations 2.42 and 2.43 [8], where A;, A, and A; are dec.ay constants of
corresponding radionuclides j, k,l. In this study, they generally assume a
value of unity. |

e=Axt

fous = Tli=1 X Zie=o T 00m) (2.42)

-
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Jouz = Jonis (2'43)

Auxiliary barrier factors for the site design barrier factor are defined
by Equations 2.44, 2.45, 2.46, 2.47, 2.48 and 2.49. Shallow repositories
with layered waste design allow stable waste packages for 500y, but with

hot waste design allow stable waste packages for 1,000y after beginning of

storage. Shallow repositories with no particular design allow stable waste

packages only for the time institutional control is effective [8].

fduu =

fdnm =

.fdnza =

fdn21 =

fdn22 =

fdn23 -

0.75
0.50
0.1
1.0
1.0
0.1
0.01

f dr11

fdn12
1.0

f sdgn

2
sdgn

with stacked disposal

with random disposal (2.44)

with grouting

without grouting (2.45)

with no particular design or unstable waste package

with layered waste design and stable waste package |

with hot waste destgn and stable waste package (2.46)
(2.47)
(2.48)

with no particular design or unstable waste package

with layered waste design and stable waste package

with hot waste design and stable waste package (2.49)

Auxiliary barrier factors for the waste form barrier factor are defined by
Equations 2.50, 2.51 and 2.52 [8]. .

f‘wnll =

f Wni2

]

0.1,0.01,0.001 with prevention of dispersion
1.0 without prevention of dispersion (2.50)
0.1,0.01 with transport inhibition
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1.0 without transport inhibition (2.51)
frongy = 0.8 with low metal content

0.1 with high metal content (2.52)

Auxiliary barrier factors for the site selection barrier factor are defined
by Equations 2.53, 2.54, 2.55 and 2.56 [8].

fory = 2.01.1071 (2.53)
faniz = 1.0 with unstable waste pdcka,ge

= with stable waste package (2.54)
Forzs = 300 (2.55)
oz = foma (2.56)

Unstable waste packages will be recognized only after 500k, while stable
waste packages will be recognized after 6h. The auxiliary barrier factor

fona = L0 Or f, .. = 2 results from this assumption [8].

The auxiliary barrier factors used in this study are given in Table 2.4.

[Factor Value
fonus = 1.0
fdus = 0.75
fdnaz =0.1
fduss =0.1
fdn.28 = f sdgn
Suwan = 0.1
} = 0.1
Suna = 0.1

Table 2.4: Auxiliary Barrier Factors used in this Study, Construction Sce-
nario
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2.8.2 Agriculture Scenario

The whole body dose rate to an inadvertent intruder under the agriculture
scenario is based on the air, soil and food pathways. The time it takes
to effectively engage in agriculture exceeds the time it takes to recognize
waste packages. It therefore is not important to specify whether waste
packages are stable or unstable at the beginning of the scenario, because
the recognition time is no longer a function thereof once the engagement in
agriculture proceeded far enough. Also, the time after which stable waste
packages deteriorate into unstable waste packages is of no importance any-
more and hence the distinction among different shallow repository designs
does no longer matter [8]. In applying barrier factors and PDC factors to

specific radioactivities A, of radionuclides n in radioactive waste, the abso-

lute whole body dose rate Hgyy of radioactive waste can then be determined

as in Equation 2.57 [8].

- nﬁ ﬂ? .
Hpw = Z Z Hyp
n=1 p=l
Tin p
=2 2. froc, 4,
n=1 p=1
na T

- ZfPDCnpfOnpfd'n.pfinpfwﬂPA;

n=1 =1

N
= fPDCnlfonlfdulfﬂnlfwnlA:l
n=1
+ f PDCya f Ona f dn2 f 8n2 f Wna A:z
4+ fPDCus fons fans fons Fons An (2.57)

Barrier factors are composed of auxiliary barrier factors as reflected in

Table 2.5 [8].
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Pathway 1 = air | Pathway 2 = soil Pathway 3 = food
fo | fons = fonu forz = Jona Jons = Sonss
fa | fan = 3fanifdmn | Fanz = 5 finz i fdns = 3 Fduss Fansa
fw fwnl = fwnufwnu fwn.2 = fwuzxfwnzsznzafwun fw,;s = fwuu
fs | [ Sl f Sn11 b Snz = f In21 Sons = fonm

Table 2.5: Barrier and Auxiliary Barrier Factors, Agriculture Scenario

. Auxiliary barrier factors for the time delay barrier factor are defined by
Equations 2.58, 2.59 and 2.60 [8], where );, A and ); are decay constants
of corresponding radionuclides j,k,l. In this study, they generally assume
a value of unity. |

n ekt
Jonn = ITj=i Aj k=0 m (2.58)
fo,m = fonu ' (2'59)
f0u31 = fonll (2‘60)

Auxiliary barrier factors for the site design barrier factor are defined by
Equations 2.61, 2.62, 2.63, 2.64, 2.65 and 2.66 [8].

fau = 0.75 with stacked storage

0.50 with random storage (2.61)
faue = 0.1  with grouting

1.0 without grouting (2.62)
Jon = faun (2.63)
fanza = fdua (2.64)
foun = St (2.65)
fanss = Jaua (2.66)

Auxiliary barrier factors for the waste form barrier factor are defined by
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Equations 2.67, 2.68, 2.69, 2.70, 2.71, 2.72 and 2.73 [8].

S = 0.1,0.01,0.001

1.0

H

f Wnl2

0.1,0.01

1.0

f Wnz1 f Wni2

Foon = 1.15-
5.76 -
1.48 -
9.86 -
1.11-
1.15 -
1.62 -
1.25 -
4.67 -
4.11-
3.42.

10+0
103
102
103
10-2
107!
104
10-*
10—*
10-3
1072

Junas = 1’0

1.0,0.25,0.0625
1.0,0.25, 0.0625, 0.015625

Foae = 1.0
oy = 0.8

with prevention of

dispersion

without prevention of

dispersion (2.67)

with transport inhibitzon

without transport inhibition (2.68)
(2.69)

for isotopes of H

for isotopes of C

for isotopes of Fe, Co, Ni

for isotopes of Sr

for isotopes of Nb

for isotopes of Tec,I

for isotopes of Cs

for isotopes of U

for isotopes of Np, Pu, Cm

for isotopes of Am

for all other radionuclides (2.70)

without prevention of dispersion

without waste segmentation

with waste segmentation (2.71)

contact time fraction (2.72)

with low metal content
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0.1 with high metal content (2.73)

Auxiliary barrier factors for the site selection barrier factor are defined
by Equations 2.74, 2.75 and 2.76 [8].

fouy = 3.18.1071 (2.74)
foaz = 0.5 (2.75)
fons = 0.27 (2.76)

The auxiliary barrier factor f,,_,, of the waste form barrier factor deter- -
mines how long radioactive waste has been in contact with (ground)water.
The auxiliary barrier factor f, ,, of the waste form barrier factor deter-
mines to which extent radioactive waste will be segmented according to its
chemical properties. '

The auxiliary barrier factors used in this study are given in Table 2.6.

PFactor Value
Jons =10
fduss =0.75
fdna = 0.1
Joaw - =01
Jronsa = 0.1
Sionzs = 1.0
Suwns = 0.1

Table 2.6: Auxiliary Barrier Factors used in this Study, Agriculture Sce-
nario
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Chapter 3
Methods of the Study

3.1 Introduction

The methodology employed to obtain the radioactive waste parameters as
defined in Chapter 2 is based on the irradiation of hoxﬁogenized reactor
components in the neutron flux of a nuclear reactor and the subsequent
discharge of the components from the reactor. It is assumed that the neu-
tron flux does not change in time, although a changing nuclide composition
of the components could lead to minute temporal variations. Neutron flux
and nuclide composition of a component have the strongest influence on the
activation of this component.

Components are defined by their function within a reactor, as detailed
in Section 4.1. Components of fast fission reactors are located in the driver,

the internal breeder and the radial breeder section and in the reflector and
shield section of the reactor. Components of fusion reactors are located in

the inboard and the outboard section of the reactor.
Radioactive and non-radioactive nuclides in those components will build

up and decay during irradiation and after discharge. Build-up and decay
are simulated by computer codes. ORIGEN-II plays the central role for
fast fission reactors and RFEAC-II plays the central role for fusion reactors.
Radioactive waste parameters of radioactive nuclides and of components are
determined at 100s, 1k, 1d, 1w, ly, 10y, 100y, 1,000y and 10,000y after
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discharge. However, only radioactive waste parameters of components are
used to conduct the comparison.

Homogenization of components substantially lessens the need for com-
puter memory and disk storage space and for computer CPU-time, because
not every material of a component has to be accounted for separately, es-
pecially, if those materials consist of similar elements. Also the efficiency
in running the computer codes is increased. However, homogenization has
a strong, although not distorting, effect on the accuracy. All components
will be affected by homogenization in a similar way, so that a comparison
of components, i.e. radioactive waste, still leads to valid conclusions.

Nuclide data libraries that have to be provided for neutron transporta-
tion and neutron activation computer codes also have a strong effect on the
accuracy. Section 1.2 shows that radioactive waste from fast fission and
fusion reactors contains different nuclides, so that nuclide data libraries for
fast fission calculations usually do not feature the complete set of nuclides
necessary for fusion calculations, and vice versa. Although some overlap-
ping can be found, this does not hold true for actinides and a major part of
fission products. However, the computer codes employed in this study use

combined nuclide data libraries for fast fission and fusion calculations.
The methods used to determine radioactive waste parameters of radioac-

tive waste from fast fission and fusion reactors are slightly different, so the
respective methods will be outlined separately. Both methods can best be
illustrated by describing the integration of the different computer codes em-
ployed. However, it is useful to portray the computer codes separately prior

to the description of their integration. Plot codes shall not be portrayed.

3.2 Fast Fission Reactors

3.2.1 ORIGEN-II Neutron Activation Code

ORIGEN-II solves for a homogenized reactor component and for different
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times the coupled linear equation sjrstem describing the generation and
destruction of nuclides by neutron absorption and radioactive decay. A
single neutron energy group and 18 v/photon energy groups are used by
ORIGEN-IF, the latter ones are ignored in this study, because photons do
not contribute to activation. ORIGEN-IIis run separately for each compo-
nent of the reactor. Detailed information about ORIGEN-II is provided in
Reference [7].

An ASCII nuclide neutron cross section library and an ASCII nuclide
decay data library come along with the code package. However, those nu-
clide data libraries only contain data for thermal reactors and the available
version of ORIGEN-II was a thermal version also. Therefore, nuclide data
libraries with data for fast reactors as provided by Reference [14] were used.
Also, the thermal version of ORIGEN-II was transformed into a fast version.

The input file to ORIGEN-II must specify the composition of the com-
ponent that is to be considered, the times for which the linear equation
system is to be solved and the neutron flux effective at those times (includ-
ing a vanishing neutron flux for times after discharge). The composition
must be given as the masses of the nuclides contained in the component (in
[g]). This already reflects the homogenization. Absolute radioactivities of
the nuclides of the component at above times are calculated subsequently.
Absolute radioactivities of the nuclides and the ones of the component at

above times are written to an ASCII output file.

3.3 Fusion Reactors
3.3.1 VMIBOB Code

VMIBOB determines the volumes and masses of reactor components and
component materials and the volume fractions of materials in components.
It therefore is the basis of homogenization of the components. However,

to avoid too strong a homogenization, especially large components have to
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be divided into subcomponents, which then are treated as separate compo-
nents. VMIBOB is run once for all components of a reactor.

In order to determine volumes, a certain geometry has to be assumed.
Principally there are two ways of geometrically modelling a reactor without
taking the extremely complicated non-perfect toroidal form into account.
The first alternative cuts the torus apart perpendicular to its major radius
circumference; the second alternative cuts the torus apart along its major
radius circumference. Both types of cuts are done parallel to the torus

rotational axis.
The first alternative yields two circles of minor radius as the cut lines and

subsequent to the cut, the torus is bent into a straight cylinder, thereby
increasing the original major radius to infinity. Hence the major radial
circumference of the torus becomes the cylinder axis. This alternative is
referred to as One-Cylinder approximation. Each component then is ap-
proximated as a cylindrical layer with inner and outer radii greater than

the minor radius.
The second alternative yields four circles of major radius as the cut lines

and subsequent to the cut, the two resulting parts of the torus are bent into
two cylinders — inboard and outboard cylinder — by increasing the original
minor radius to infinity. The inboard cylinder radius is equal to the major
radius minus the minor radius, the outboard cylinder radius is equal to the
major radius plus the minor radius. Hence the rotational axis of the torus
becomes the cylinder axis. This alternative is referred to as Two-Cylinder
approximation. Now, the reactor has inboard and outboard sections. Each
inboard component is approximated as a cylindrical layer with inner and
outer radii less than the inboard cylinder radius, each outboard component
is approximated as a cylindrical layer with inner and outer radii greater
than the outboard cylinder radius.

An elongation k > 2 results in a pronounced D shape of the non-perfect

torus cross section. This renders the Two-Cylinder approximation much
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more appropriate than the One-Cylinder approximation.

Inner and outer component radii R., and R,, of the single components
are given by the radial build of the components at the reactor midplane,
which is the plane cutting the non-perfect torus in half at its equator. The
height H, of these components must be estimated, e.g. as two times the
minor radius times the elongation plus the sum of all thicknesses R., — R,
of all components. The volume V. of a component can then be calculated
according to Equation 3.1. Under this scheme, components that are not

located at the reactor midplane can not be accounted for reasonably well.
V.= ‘n‘Hc(Rfo — Ri) (3.1)

The calculation of the volume fraction of a material in a component is
facilitated, if each material m is approximated as a cylindrical layer of inner
radius R, and outer radius Ry, within a component ¢, where the radii
are given by the radial build of the materials at the reactor midplane. The
volume V. of a material in a component then is given by Equation 3.2 and

the volume fraction is calculated according to Equation 3.3.

Vipe = TH.(R2,, — R2..) (3.2)
~ Vmc ~ ernca _ R:m‘ .
NMme = ~V; - R;_; _ Rg‘ (3'3)

The mass M. of a material in a component, the mass m. and the mass
density p. of a component then can be calculated by Equations 3.4, 3.5 and

3.6, where p,, is the mass density of the material.

fim Nm.
me = z Mope = 2 Prm Ve (3.5)
m=1 m=1
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o Mime  Lopmey PmVme S
pe = ;f = l‘f =S ThmePm (3.6)

m=1

The input file to VMIBOB must specify minor and major radius of the
reactor, the thickness R,,c, — Rmc; and the weight density p,, of the materials
in the components. The radii R.,, R.,, Rme; and R, the volumes and
the masses of the materials and the components and the volume fractions
of the materials in the components are then calculated and written to an
ASCII output file.

The actual material and component shape is too complicated to be con-
sidered exactly. But it appears reasonable to make the above approxi-
mations, because retracting and protruding parts of an actual material or
component can throughout average themselves out and thus the actual vol-
ume can be close to the approximated volume. The principle of averaging
out might hold true also for the assumption of pure cylindrical geometry,
although the more exact treatment would require to consider the reactor as

a non-perfect torus with D shaped cross section.

3.3.2 ONEDANT Neutron Transportation Code

One-Dimensional Diffusion-Accelerated Neutral-Particle Transport (ONE-
DANT) solves for a reactor the one-dimensional multienergy group neutron
transport equation. With the Two-Cylinder approximation as described in
Section 3.3.1, the one dimension is given by the cylinder major radial direc-
tion. 30 neutron energy groups and 12 v/photon energy groups are used by
ONEDANT:; the latter ones are ignored in this study because photons do
not contribute to activation. Spatial discretization of the one dimension by
means of a fine and coarse grid is necessary. ONEDANT is run once for all
homogenized reactor components. Detailed information about ONEDANT

is provided in Reference [32].
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An ASCII nuclide neutron cross section library comes along with the
code package. The input file to ONEDANT must specify the radial build
of the components at the reactor midplane, the volume fraction of each

material in a component (calculated by VMIBOB) and the concentration
of each element in a material (in [=2—1]). Also, the radial build of the

barn-cm

components at the reactor midplane must be split up into fine and coarse
grid points to allow discretization.

The available nuclide neutron cross section library allows components
to be built out of materials containing the following elements or isotopes
thereof: H, He, $Li, ILi, Be, °B, 'B, C, O, F, Mg, Al, Si, P, S, Ti, V,
Cr, Mn, Fe, Ni, Mo, Cu, W, Pb.

ONEDANT assumes the entire major radial D-T-pla.sma. extension as
a source of neutrons with energy En = 14.08MeV. ONEDANT performs
calculations for a H = lcm high slice of the Two-Cylinder approximation
of the reactor, cut out at the reactor midplane. A normalized neutron flux
for each fine grid point then is calculated and written to a Binary output
file. Normalization means that one single neutron per time is assumed to
enter the cylindrical first wall of the 1lem high slice. In order to obtain the
denormalized neutron flux, ONEDANT's normalized neutron flux has to be
multiplied by a denormalization factor, i.e. the actual number of neutrons
per time entering the cylindrical first wall of the 1cm high slice.

This can be derived from the neutron first wall load by knowing the
area of the 1em high cylindrical first wall. The product of neutron first wall
load and this first wall area, divided by Ep then gives the actual number of
neutrons per time entering the first wall. If Rpw,, and Rpw,, denote the
radii of the inboard and outboard first wall and Lgyw,, is the neutron first

wall load, then the denormalization factor &, is given by Equation 3.7.

L
® =2 -m-H-(Rrw,s + Rrw,s) —g%& (3.7)
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3.3.3 FLXWRT Code

FLXWRT constitutes the interface code between ONEDANT and REAC-
II. The normalized neutron flux of the reactor calculated by ONEDANT

is needed only at particular radii of the homogenized reactor components.
Those radii in terms of ONEDANT fine grid points are required to run
FLXWRT. Furthermore, the ONEDANT denormalization factor &, must
be specified. FLXWRT is run once for all components of a reactor.

FLXWRT then reads the normalized 30 energy group neutron flux at
the particular radii of the components from ONEDANT's Binary output
file and multiplies it by the denormalization factor. The code then widens
the denormalized 30 energy group neutron flux into a denormalized 52 en-
ergy group neutron flux. This neutron flux at the particular-radii of the
components then is written to a Binary and an ASCII output file. The Bi-
nary output file is directly suitable as a neutron flux library for REAC-II,
while the ASCII output file is directly suitable as a neutron flux library for
AVEFLUX. |

3.3.4 AVEFLUX Code

AVEFLUX determines the volume average neutron flux and the radius of
this neutron flux within the homogenized reactor components. A compo-
nent is approximated as a cylindrical layer of corresponding inner radius,
outer radius and height. AVEFLUX is based on the assumption, that the
neutron flux shape within a component is essentially an exponential one,
which is an appropriate assumption for homogenized components. The 52
energy group neutron flux is collapsed into a thermal, an epithermal and
.a fast energy group neutron flux. The radii of the volume average neutron
flux for those three collapsed energy groups turn out to be almost identical.
AVEFLUX is run once for all components of a reactor.

The user must supply an ASCII neutron flux library (calculated by
FLXWRT) with the neutron flux &, and &, given at the inner and outer
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radii of the components. The input file to AVEFLUX must specify those
inner and outer radii R., and R.,. The volume average neutron flux of
the components and the radius of this neutron flux then are written to an
ASCII output file.

In cylindrical coordinates the volume average neutron flux &, in a com-
ponent ¢ can be derived as given in Equation 3.11. y. is the spatial neutron
flux decay constant and ®.(r) the neutron flux shape within component c,
and H, is its height.

_ Jv &(r)dV
P, = v (3.8)
B, (r) = & e Helr—Ba) (3.9)
dV = 2xHrdr (3.10)
B, erBei oo peter dp
3., = 5 (3.11)
B -

After performing the integration over the exponential neutron flux shape
within the given boundaries, the volume average neutron flux results as

Equation 3.12.

(=pR,. —1)e~HBes=Re) _ (—p R, —1

¢c¢ —_ 2@;: ( H Rco )6 = > ( H RC: ) (3.12)
He Rco - Rc.

Inserting this volume average neutron flux into the general neutron flux
shape, Equation 3.9, gives the radius R., at which the volume average

neutron flux will be located within the component, Equation 3.13.
Ind,,

In®,, —
Rc°=Rq+.ZL__§.:;___

(3.13)
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The neutron flux decay. constant p. can be derived from the radii R,
and R., and the neutron flux at those radii by solving a linear system of

two equations resulting from Equation 3.9.

@c‘ —_ ‘bc, e—#e(ch "Re,') '(3.14)

(Fcp —_ Qc‘ e—}lc(Reo"HGi) (3.15)
In®,, — Ind,,

—pe= TR (3.16)

For inboard components the neutron flux will increase with increasing
radius » and hence p. will be negative, for outboard components the neutron
flux will decrease with increasing radius r and hence g, will be positive.

Depending on how well the actual neutron flux shape resembles the ex-
ponential neutron flux shape, the radius of the volume average neutron flux

will be more or less different from the radius at which the actual volume
average neutron flux occurs. On the one hand, the volume averagg of an

exponential neutron flux shape should give a more reasonable approxima-
tion of the actual radius of the volume average neutron flux than the one
of a linear neutron flux shape would do.

On the other hand, the actual neutron flux shape mxght be significantly
different from the exponential one, because homogenization smoothes out
the peaks and troughs in an actual neutron flux shape due to particular

materials in each component.

3.3.5 COMCOMP Code

COMCOMP determines the composition of the homogenized reactor com-
ponents. A component comprises several materials, a material several el-

ements and an element several isotopes. The composition is obtained as
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nuclide fractions of the single isotopes of the elements present in a compo-
nent, i.e. as the number of nuclides of an isotope of an element per number
of all isotopes of all elements of all materials of a component.

In the following derivation of the composition of a component in terms
of nuclide fractions, the Avogadro number is denoted by the letter A, the
symbols for number, concentration, mole number, mass, volume and atom
or mole weight are N, N*, n, m, V and M, respectively. Mass densities are
denoted by the letter p, nuclide, mass and volume fractions by the letters
a, £ and 7, respectively.

The fraction a;. of the number N;. of nuclides of isotope i of element e
and the number N, of nuclides of all isotopes of element e is usually given
in the Chart of Nuclides as Equation 3.17.

Nie
Gije = . (8.17)
ni(e)
N. = ) N (3.18)
t=1 ) »
ni(e)

1 = ) ae | (3.19)

The number N, of nuclides of all isotopes of element e of material m

can be derived as Equation 3.21.

Mem e
Mem = p = ;J,Vm (3.20)
_ pA
New = nemA=5Von (3.21)
N.. pA
s ——= .22
N = =t (322)



The fraction a.,, of the number N,,, of nuclides of all isotopes of element
e of material m and the number N,,. of nuclides of all isotopes of all elements

of material m of component ¢ is written as Equation 3.23.

= (3.23)

The number N,,. of nuclides of all isotopes of all elements of material

m of component ¢ can be derived as Equation 3.25.

— Mme _ Pm
Npe = M. - M. Vine (3.24)
_ _ P4 '
Nee = nmed=S7=Vo (3.25)
. _ Nme pmd
N, = Vi = M, (3.26)

This procedure requires proper definition of p,, and M, according to
Equations 3.27 and 3.28.

o = Mme _ __ Mme  __ Mme  _ 1
Vie  Sotl Ve Tt mam 57l mem L
1
= S (3:27)
e=1 Pe
M . mmc _ mn;c — mmc —_ 1
m = = o) 3nel™) mm | 3e() mam L
me e=1 em e=1 M, =1l  my. M,
1
= (3.28)
e=1 M,

Substituting p,, and M, into Equation 3.25 shows that these are the
right definitions since together with Equation 3.21 it yields Equations 3.29
and 3.30.

71



ne{m)

Npe = 3 Nem | (3.29)

exl

ne(m)

1 = 3 aem (3.30)

e=1

The usage of e = 7™ nem in Equation 3.28 is allowed because of

Equations 3.21, 3.25 and 3.29. g, can then be given as Equation 3.31.

__Nem__'n'em_memMm

M,
Gom = N = 0 S M ML (3:31)

The fraction d,. of the number N, of nuclides of all isotopes of all
elements of material m of component ¢ and the number N, of nuclides of
all isotopes of all elements of all materials of component c is written as
Equation 3.32.

(3.32)

Qppe =
N.

The number N, of nuclides of all isotopes of all elements of all materials

of component ¢ can be derived as Equation 3.34.

_ Me _ P

ne = 31 =" (3.33)
N, = ncA—_—‘;fZVc (3.34)
- Nc - PcA i

N = =5t (3.35)

This procedure requires proper definition of p. and M, according to
Equations 3.36 and 3.37.
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me _ Tore) e _ T Vet _ "3 Vo

e T ¥, v, 72 e Ty Pm
nm(c) ’
= Y Nhnchm (3.36)
m=1
m, M, M, 1
Mc =  e— == = - =
ne  yr@n o yre@mm o gonl) mme 1
1 1

" " (3.37)
Zvﬂl)&:‘{gﬁf}; :;";(1)"71“::‘%?;;1‘;

Substituting p. and M, into Equation 3.34 shows that these are the right

definitions since together with Equation 3.25 it yields Equations 3.38 and
3.39.

nm(c)

N. = 3 Np (3.38)

m=1

nm(c)

1 = 3 ame (3.39)

m==1

The usage of n, = " n,.. in Equation 3.37 is allowed because of

Equations 3.25, 3.34 and 3.38. a,,. can then be given as Equation 3.40.

pmec Mc pm Mc

Nime  Nne _ Mime M,

c-—-

“me =N, T n. . M, m. M, pVe ™M,

(3.40)

. The fraction a;, of the number N;, of nuclides of isotope 7 of element
e and the the number N, of nuclides of all isotopes of all elements of all

materials of component c is written as:

73



Aje = Nc (341)
This can be detailed as in Equations 3.42, 3.43 and 3.44
Genme = NN - N (3.42)
N, nm{c) N... nm(c)
Qee = -N—c = 2 = mz=1 Qe Cme (3.43)
Nze Nie Ne nml)
Qie = Nc = Nc _; = Qe mz::l Qemlme (3‘44)

Eventually substituting the known for the unknown variables, i.e. Equa-
tion 3.31 for a,,, and Equation 3.40 for a,,., and using Equations 3.28, 3.36

and 3.37 results in the formula as given in Equation 3.45.

G = a nmz(c) femTmePm (3.45)

© * m=1 Me M(c)(nmcpm :;(lm) fsm) .
If a.,, is given instead of £, then the calculation of &, from @,y is nec-
essary, because the calculation of M, requires {.,. However, Equation 3.45

can be recast to yield Equation 3.46, using Equations 3.28 and 3.31.

e w "”‘Z“’) GermmePm (3.46)
‘lc - e g e ne(m § *
ms=1 Z:;(lm) :x";(l)("lmcpm e=(1 ) )

Thus, the calculation requires the nuclide fraction a;. of isotopes i of
elements e, the atom or mole weight M, of elements e, the weight fraction

£€.m or nuclide fraction a., of elements e of materials m, the weight density
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pm of materials m and the volume fraction 7. of materials m of compo-
nent ¢ (calculated by VMIBOB); all those composition specifications are
provided as FORTRAN-DATA statements for the components and hence
COMCOMP is run once for all components of a reactor. The composition

of the components is written to an ASCII output file.

3.3.6 REAC-II Neutron .Activation Code

The program system REAC-II consistes of the three codes SREAC, SLST-
COM and SLIB. SLiBis a REAC-II auxiliary code that converts an ASCIJ
composition library (calculated by COMCOMP) to a Binary composition
library. SLIB is run once for all homogenized reactor components.

SREAC solves for a component and for different times the coupled linear
equation system describing the generation and destruction of nuclides by
neutron absorption and radioactive decay. 52 neutron energy groups and
11 v/photon energy groups are used by SREAC; the latter ones are ignored
in this study, because photons do not contribute to activation. SREAC is
run separately for each component of a reactor. Detailed information about
REAC-II is provided in Reference [30].

A Binary nuclide neutron cross section library and a Binary nuclide
decay data library come along with the code package. The user must supply
a Binary composition library (calculated by SLIB), where the composition
of the components is given as nuclide fractions, and a Binary neutron flux
library (calculated by FLXWRT), where the neutron flux must be given at
the radius of the volume average neutron flux of a component (calculated by
AVEFLUX). The input file to SREAC must specify the component for which
composition and neutron flux in those libraries are requested, the times for
which the linear equation system is to be solved and the fraction of the
neutron flux effective at those times (including a vanishing neutron flux at

times after discharge). The concentrations of the nuclides of a component
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at the above times then are calculated and written to a Binary output file.

Using this Binary output file and the Binary nuclide decay data library,
SLSTCOM then calculates specific radioactivities and specific y-dose rates
of the nuclides of a component by simply multiplying the concentrations
of nuclides by corresponding decay constants and <-dose rate conversion
factors, respectively. Specific radioactivities and specific y-dose rates of the
nuclides and the ones of the component at the above times are written to an
ASCII output file. SLSTCOM is run once for each component of a reactor.

REAC-II had not yet implemented all of its potentials as of the time
of this study. Among the missing capabilities are the calculation of the
decay power and the Biological Hazard Potential from data like the decay
heat per decay, the Mazimum Permissable Concentration and the specific

radioactivities of the nuclides in the component.

3.4 OPCPOST & RECPOST Codes

OPCPOST and RECPOST determine for all homogenized reactor compo-
nents at different times the specific and absolute radioactive waste param-
eters as listed in Chapter 2. The codes read the radioactivities calculated
by ORIGEN-II and REAC-II from the respective ASCII output files. How-
ever, ORIGEN-II gives absolute radioactivities and REAC-II gives specific
radioactivities. In addition, the formats of the aforesaid ASCII output files
are different. Absolute radioactivities are converted to specific radioactiv-
ities upon completion of the reading procedure. Specific radioactivities of
the radionuclides of components at the above times then form the basis of
all further calculations by OPCPOST and RECPOST, which use the for-
mulas developed in Chapter 2. OPCPOST and RECPOST are run once for
all components of a reactor.

Although the above difference is the only difference between those codes,

' it appears reasonable to maintain two otherwise identical codes, because it
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allows maintenance of a clearly separated fast fission and fusion track on
the computer.

OPCPOST and RECPOST allow to arbitrarily combine components to
form new homogenized reactor componeﬁts with corresponding radioactive
waste parameters. In the case of OPCPOST, this is useful to calculate
radioactive waste parameters of a component that represents the combi-
nation of corresponding components of the driver, internal breeder, radial
breeder, reflector and shield sections. In the case of RECPOST, this is
useful to calculate radioactive waste parameters of a component that rep-
resents the combination of corresponding components of the inboard and
outboard sections, and also for subcomponents as defined in Section 3.3.1
to be recombined to components again. ‘ :

OPCPOST and RECPOST feature a great flexibility with respect to the
nuclide data libraries used, since these are written in ASCII format and can
be changed easily, as opposed to nuclide data libraries in Binary format.
However, this places higher requirements on computer memory and disk
storage space and CPU-time.

The user must supply an ASCII nuclide decay heat data library, an
ASCII nuclide MPC data library, an ASCII nuclide WDR data library, an
ASCII nuclide PDC data library and one ORIGEN-II or REAC-II ASCII
output file, respectively, for each component to be considered. The in-
put files to OPCPOST and RECPOST must specify these ORIGEN-II or
REAC-II ASCII output files, the volumes and solid volume fractions of
the corresponding components, the components that are to be combined to
form new components, the names of these components, the auxiliary barrier
factors necessary to determine the intruder dose rates and several output
control parameters.

Radioactivity, whole body ~-dose rate, decay power and BHP of all
components at the above times on the one hand and RW( indices and in-

truder dose rates of all components at the above times on the other hand
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are calculated and written to separate ASCIJ output files. In addition ra-
dioactive waste parameters of all nuclides of the components can be written

to corresponding separate ASCII output files.

3.5 Integration of the Codes

3.5.1 Fast Fission Reactors

The nuclide neutron cross section data Hb;ary and the nuclide decay data
library as provided by Reference [14] have to be converted from an ASCII

format suitable for the ORIGEN-II Mainframe version to an ASCII format
suitable for the ORIGEN-II Personal Computer version. This conversion is

done by the auxiliary code DECIBM.

ORIGEN-II then calculates the absolute radioactivities of the nuclides
contained in the homogenized reactor components at different times and

makes them available to OPCPOST. OPCPOST then calculates the ra-
dioactive waste parameters of the components at the above times.

ORIGEN-II runs on a COMPAQ-DESKPRO-286 PC, as installed at
the Department of Nuclear Engineering (NED) at the Massachusetts Inst:-
tute of Technology, Cambridge, Massachusetts (MIT). DECIBM runs on
a CRAY XM-P with two CPUs and 2Megawords core memory, as in-
stalled at the National Energy Research Supercomputing Center (NERSC)
of the Lawrence Livermore National Laboratory (LLNL) at the University of
California, Livermore, California (UCL). High core memory requirements

necessitate that OPCPOST be run on a CRAY II with four CPUs and
128 M egawords core memory, as installed at the NERSC of LLNL at UCL.

Data transfer among all three computers is effected by the KERMIT and
NETTY utilities. Only ORIGEN-II is commercially available. DECIBM
was written by the author of this study.
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3.5.2 Fusion Reactors

VMIBOB calculates for the reactor components the volume fractions of the
materials contained therein. This is the basis of homogenization of the com-
ponents. VMIBOB makes the volume fractions available to ONEDANT and

COMCOMP. ONEDANT then calculates the neutron flux in the reactor.
FLXWRT makes available to AVEFLUX and REAC-II this neutron flux at
the desired radii of the homogenized reactor components.

Under the computational scheme devised for this study, FLXWRT is

run twice. The first run obtains the neutron flux at the inner and outer
radii of the components. The code AVEFLUX then calculates the radii of

the volume average neutron flux within the components. The second run of
FLXWRT then obtains the neutron flux at these radii of the components.
The corresponding neutron flux is assumed to be the representative neutron
flux of each component.

COMCOMP homogenizes the components and makes available to SLIB
the corresponding composition. SLIB then makes available this composition
to the REAC-II program system. SREAC calculates the concentrations of
the nuclides contained in the components at different times. Subsequently
SLSTCOM calculates the radioactivities and vy-dose rates of the nuclides
and the components and makes them available to RECPOST. Auxiliary
codes DHT and MPC generate ASCII nuclide decay heat data and ASCII
nuclide MPC data libraries used to run RECPOST. RECPOST eventually

calculates all radioactive waste parameters of the components at the above
times.

VMIBOB, COMCOMP, DHT and MPC run on a DEC-VAX-11/780,
as installed at the Plasma Fusion Center (PFC) at the Massachusetts In-
stitute of Technology, Cambridge, Massachusetts (MIT). Both ONEDANT

and REAC-II as well as FLXWRT and AVEFLUX run on a CRAY X-MP
with two CPUs and 2Megawords core memory, as installed at the Na-

tional Energy Research Supercomputing Center (NERSC) of the Lawrence
Livermore National Laboratory (LLNL) at the University of California, Liv-
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ermore, California (UCL). High core memory requirements necessitate that
RECPOST be run on a CRAY II with four CPUs and 128 M egawords core
memory, as installed at the NERSC of LLNL at UCL. Only ONEDANT
and REAC-II are commercially available. FLXWRT already existed on the
CRAY X-MP and all other codes were written by the author of this study.
Data transfer among all three computers is effected by the NETTY utility.
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Chapter 4

Description of the Reactors

4.1 Introduction

Radioactive waste and radioactive waste parameters as defined in Chapter 2
are dependent on the nuclear reactors that are considered. The history and
objectives of these reactors convey a feeling for their relative importance,
the operation schedule and the design in combination with the methods as

given in Chapter 3 allow the evaluation of radioactive waste and radioactive
waste parameters.

The operation schedule provides the intensity and duration of irradiation
of reactor components, the design provides the material that is irradiated
in those components, which constitute the radioactive waste. The intensity
of irradiation is expressed in terms of a neutron flux for fast fission reactors

and in terms of a neutron first wall load for fusion reactors.
History and objectives, operation schedule and design of the reactors

considered in this study shall therefore be described here. - In addition,
the description of the radioactive waste handling projected for the reactors
enables the reader to appreciate important subtleties.

However, only the radioactive waste handling for fast fission reactors
shall be outlined here, because no detailed information is available on ra-
dioactive waste handling for fusion reactors. Furthermore, only the chem-

ical aspects of radioactive waste handling for fast fission reactors shall be
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concentrated on, because chemistry is the key issue.

4.2 Fast Fission Reactors

In this study, radioactive waste is identical to the solid fraction of the reactor
components. The identification of those components is facilitated, if the

reactor core is separated into a driver, internal breeder and radial breeder
section.
A section contains a number of assemblies and an assembly consists of a

duct and a number of fuel elements. A fuel element comprises fuel and clad.
Fuel is composed of actindes, fission products and activation products.

In addition to the three core sections, there are a radial reflector section
" and a radial shield section. Assemblies of all sections feature a hexagonal
cross section, caused by the triangular grid arrangement of the fuel elements

in the driver and breeder sections.
Spacer wires wrapped around the clad of fuel elements shall not be

considered in this study due to their minute volume. Coolant as well as
thermal bond between fuel and clad of fuel elements are liquid at the time
of discharge from the reactor and therefore are not considered, either. Also,
the number of control and safety assemblies is small compared to the total
number of assemblies, so that control and safety assemblies are ignored.
Thus, fuel clad and duct of the three core sections and reflector and
shield of the reflector and shield sections shall be considered as components
in this study. Clearly, these components are defined by distinct functions
within a reactor. Note, that each component typically consists of only one

material.
Radioactive waste handling with respect to fuel in both EBR-II and

IFR mainly consists of reprocessing of discharged driver and breeder fuel in
a self-sufficient fuel cycle. 23U and 28U are reprocessed chiefly from the
driver, 238U and 2*®Pu chiefly from the breeder section. The cycle is closed

and can be characterized by breeding of fuel in the reactor and reprocessing

-
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of fuel in an adjacent fuel cycle facility. Ideally, only the make-up for the
burned 225U and 238U enters the cycle and the major part of the fission and
activation products leaves the cycle. All actinides remain in the cycle as

fuel. Actinides in fuel of the three core sections therefore do not count as
radioactive waste. Reactor and fuel cycle facility represent a fully integrated

plant [5,44].

All radioactive waste handling takes place behind massive shielding.
This eliminates the need for extended cooling times before radioactive waste
handling can take place. Consequently, reprocessing occurs only a few days
after discharge in the case of EBR-II [44] and a few months after discharge in
the case of IFR [5]. The inventory of radioactive waste in the self-sufficient
closed fuel cycle can be kept low by rapid reprocessing [5,44].

All three core sections use metallic fuel. In contrast to ceramic fuel,
metallic fuel can be cast in pins and does not have to be sintered as pellets.
Thereby, metallic fuel represents an important basis for the efficiency of the
self-sufficient closed fuel cycle. ‘

Furthermore, EBR-II and IFR feature liquid sodium cooling and a pool
type primary coolant loop under near-atmospheric pressure [44,46]. Typical
neutron energies immediately after fission are at an average of 2MeV, with

a maximum of 10MeV. Typical neutron energies in the reactor are at an

n
cmis’

average of 100keV. The typical neutron flux is at 10 with minimum

and maximum values within a factor of 10.

4.2.1 The Experimental Breeder Reactor II
4.2.1.1 History & Objectives

During the latter part of World War II at the Metallurgical Laboratory of
the University of Chicago, Enrico Fermi, Eugene Wigner, Glenn T. Seaborg
and Walter H. Zinn initiated the fast fission breeder concept, triggered by

a possible future need to extend the resources of fissionable material [44].
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The efforts of particularly Walter H. Zinn who became the first director
of the Argonne National Laboratory (ANL) — the new name of the old Met-
allurgical Laboratory — led to the Ezperimental Breeder Reactor I (EBR-I).
The development of the EBR-I driver and breeder fuel fabrication methods
at ANL took place as early as 1945. In 1948, the Austin Company was
contracted to conduct the detailed design of EBR-I [44].

The experimental fast fission reactor was planned to be located at ANL’s
University of Chicago site, but the Atomic Energy Commission (AEC) had
already determined a location in southeast Idaho to be the National Re-
actor Testing Station (NRTS) and in 1949 the prospective EBR-I site was
moved there. The NRTS later became the Idaho National Engineering Lab-
oratory (INEL). ANL is a contractor of NRTS/INEL and the ANL part
of NRTS/INEL is often referred to as ANL’s West site. The functions of
the AEC are now performed by the Nuclear Regulatory Commission (NRC,
NUREG) [44].

The construction of EBR-I at ANL’s West site began in October 1949,
the reactor reached nuclear criticality in August 1951 and nominal thermal
power on December 19th 1951. The reactor was shut down on December
30th 1963. EBR-I was taken from its stand-by status and declared a na-
tional historic landmark in 1966 and in 1974 it was opened to the public
community [44].

The objectives of the EBR-I experiment were to demonstrate the breed-
ing of fuel and to build up operating experience with fast fission reactors.
These objectives were met by twelve successful years of EBR-I operation A
with different cores. In particular, EBR-I demonstrated a breeding ratio of
approximately 1.27 with a 2° Py driver fuel. The ?**U driver fuel had only
been able to demonstrate conversion at a ratio of approximately unity [44].

However, a true extension of the resources of fissionable material re-

quires reprocessing of fuel besides breeding of fuel. Reprocessing on an
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experimental and commercial scale requires a minimum fuel throughput for
it to make sense. EBR-I was not able to deliver this minimum throughput
and consequently a second experimental fast fission reactor, the Ezperimen-
tal Breeder Reactor II (EBR-II) became necessary. The objective was to
demonstrate fuel reprocessing by installing not only a reactor that would
breed fuel, but also a Fuel Cycle Facility (FCF) that would reprocess fuel.
The new plant was also sited at NRT.S/INEL. It should be noted that the
EBR-II project was not triggered by military reasons but by truly economic
reasons [44].

Only two years after EBR-I reached its nominal thermal power and
after breeding was successfully demonstrated, ANL embarked on the EBR-
II/FCF project in December 1953 with a proposal to the AEC. Funding was
authorized by the AEC in July 1955 and the design of EBR-II and FCF
was initiated in 1957. The H. K. Ferguson Company was responsible for the
FCF part. The EBR-II fuel reprocessing was developed at ANL in 1955.
Construction of EBR-II/FCF was started in October 1957 and completed
in December 1962. EBR-II reached nuclear criticality on November 11th
1963 and operation began in July 1964. FCF reprocessed the first EBR-II
fuel as early as September 1964 and by April 1965 EBR-II used the first
reprocessed driver fuel [44].

The breeding-reprocessing interaction between EBR-II and FCF contin-
ued until January 1969. At that time, EBR-II/FCF had successfully met
its original objective and the mission of EBR-II/FCF was changed. The
new mission was testing and examining irradiated fuel and structure as
they might be used in future fast fission and fusion reactors. In the early
years already, EBR-II had been identified as an useful high-temperature fast
neutron irradiation facility, so that the change of mission came naturally
44].

This change of mission required different equipment in the FCF. Space

85



limitations ultimately led to the removal of almost all the original FCF
equipment. Consequently in 1970 the FCF was renamed into Fuel Ezami-
nation Facility (FEF). In March 1975, a newly built plant, called the Hot
Fuel FExamination Facility (HFEF), started operation at ANL’s west site,
determined to primarily serve the Fast Flux Test Facility (FFTF), which
at that time was under construction at the Hanford Engineering Develop-
ment Laboratory (HEDL) site in Washinghton (FFTF started operation in
1981!). Later on, the FEF and the HFEF were renamed into HFEF/South
and HFEF /North, respectively. The fuel for EBR-II is now fabricated in
commercial and ANL in-house facilities without reprocessing [44].

As early as 1957 it was understood that the radioactive waste produced
by EBR-II/FCF would have to be transferred to the custody of the AEC
for storage at NRTS. A central radioactive waste storage facility serving
all contractors of NRTS was in operation almost from NRTS’s inception in
1949 on. The Idaho Chemical Processing Plant (ICPP) also had high level
radioactive waste storage facilities. Due to the high activation of EBR-
II/FCF’s prospective radioactive waste, however, none of these facilities
were suitable and a new one had to be erected. The site finally chosen is
located approximately 800m to the northeast of EBR-II/FCF. The facility
features monitored retrievable storage of high level radioactive waste, a
design implemented with respect to future radioactive waste repositories
yet to be found. The EBR-II/FCF storage facility was called Radioactive
Scrap and Waste Facility (RSWF). After submission of the proposal in
January 1964 and its acceptance in May 1964, the RSWF was ready for
operation by the end of 1964 [44].

4.2.1.2 Operation Schedule

EBR-II operation phases may be defined by either the driver fuel with

which experiments were run or the campaign under which experiments were
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run. The different driver fuels are discussed in Section 4.2.1.3, the different
campaigns shall be briefly outlined here.

The first campaign ran from 1964 to 1969, where breeding and repro-
cessing of fuel were demonstrated by EBR-I] and FCF. This represents the
operation phase concentrated on in this study, because breeding and repro-
cessing constituted the self-sufficient closed fuel cycle. However, this cycle
was non-periodic due to its experimental character [44]. Accounting for re-
actor down times, the duration of this operation phase can be set to 4y and
is referred to as the reactor life time in subsequent sections of this study.

The second campaign ran from 1969 to 1977, where experiments were
conducted under the Run-To-Cladding-Breach (RTCB) slogan. This meant
operation of the reactor with a contaminated primary coolant loop. Actu-
ally, the first breached fuel element was encountered in May 1967 and the
second fuel element breach occured by the end of 1967, so that the RTCB
campaign should rather begin in 1967. However, this would not allow the
first campaign to be treated coherently and therefore 1969 has been chosen
by the author of this study as the begin of the second campaign [44].

The third campaign now is running since 1977, where experiments are
conducted under the Run-Beyond-Cladding-Breach (RBCB) slogan. The
first such experiment was conducted in January 1977 [44).

During the operation phase under consideration, defined by the first
campaign, the thermal power output was restricted to a value of less than
62.5M Wy,. Starting power approach in July 1964, EBR-IIreached 30M Wy,
in August 1964 and 37.5MW,, in October 1964. By March 1965 45M W,
were reached and in August 1965 the power was raised to 50MWy,. The
nominal thermal power output of 62.5MW,, was installed in September
1969, only after the original mission of EBR-II/FCF had been changed
[44].

The change from “Mark-I” to “Mark-IA” fuel as defined in Section 4.2.1.3,
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the insteady thermal power output and the non-periodic self-sufficient closed
fuel cycle during the operation phase from 1964 to 1969 as well as abun-
dant but inconsistent information on EBR-IJ [13,44,53,54] make it difficult
to determine a simple operation schedule.

However, the choice of the “Mark-IA” fuel seems to be appropriate,
because it was used over major parts of the above operation phase. A
representative thermal power output of 50 MWy, and information provided

in References [13] and [53] can be used to estimate the neutron flux in the

n

cm3s for

three core sections and the shield section. Accordingly, 2.5 - 108

the driver and internal breeder section, 1.5 - 10'® -5~ for the radial breeder

section and 1.0 - 10*° -5 for the shield section appear to be reasonable.
Also, Reference [44] quotes a number of approximately 500 driver and

internal breeder assemblies and 100 radial breeder assemblies that have
been reprocessed in the FCF to meet EBR-II/FCF’s original objective.

Those assemblies have been irradiated for approximately 135d. In addition,

the 162 shield assemblies cited in Section 4.2.1.3 were irradiated for the
entire duration of the operation phase from 1964 to 1969. This information

allows accounting for the non-periodic self-sufficient closed fuel cycle over
the entire operation phase and is used subsequently to assess the radioactive
waste generated by EBR-II .

The rough approximation of the EBR-II operation schedule had to be
made to allow for a consistent method as outlined in Chapter 3. The acti-
vation of EBR-II thus calculated is expected to be accurate only within an

order of magnitude range.

4.2.1.3 Design

EBR-II has a nominal thermal power output of 62.5MW,,. This is con-
verted to a nominal electrical power output of 19.5MW,, yielding a thermal

plant efficiency of 7, = 0.31. The sodium at the core inlet has an average

88



temperature of 370°C and heats up to an average temperature of 505°C at
the core outlet [44].

The driver section is composed of 127 assemblies. 14 of those 127 as-
semblies are fueled control and safety assemblies. Usually 8 of them are
used for control purposes and the remaining 6 serve safety purposes. Above
and below the driver section, the original FBR-II core featured an internal

breeder section with 2 x 113 assemblies. The radial breeder section con-
sisted of approximately 600 assemblies at that time. The shield section has

162 assemblies [44,53].

The driver assemblies contain 91 fuel elements. Due to a smaller measure
across the flats, the fueled control and safety assemblies contain only 61

fuel elements. The internal and radial breeder assemblies contain only 18
fuel elements because of a larger fuel element diameter [44,54]. The shield

assemblies are assumed to be solid blocks.
Control and safety assemblies measure less across their flats, because

they have to slide within ducts of the size of the rest of the assemblies. The
extent to which the fueled part of the individually driven control and safety
assemblies is pulled up into the driver section determines the reactor power.
In order to maintain the neutron flux shape and reactivity, only few of the
remaining 113 assemblies may be replaced by assemblies for irradiation
experiments [44]. _

Today, the internal breeder section is replaced by a steel shield. Also,

there are now steel reflectors in the two innermost rows of the radial breeder
section. Both changes were made in order to maximize the neutron flux for

irradiation experiments. In addition, it was found that the internal breeder
section did not contribute significantly toward the overall breeding ratio
[44,54].

For this study, it is suggested that the radioactive waste produced by
EBR-II is more realistically assessed, if the numbers of assemblies as given
in Section 4.2.1.2 are used, rather than the numbers given here. Under this

prerequisite, Tables 4.1 and 4.2 give volumes and masses of the clad, duct,
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fuel and shield components. Note that not all parameters were available in
references, so some of the parameters represent estimates.
The EBR-II driver fuel contains approximately 5weight — % of fissium,

which serves as a fuel stabilizer and is defined in Section 4.4.3. The remain-
der of 95weight — % consists of 94.9weight — % uranium and 0.1weight — %

plutonium with negligible traces of americium and curium. The uranium
is chiefly 28U with 22U enriched to about 50nuclide — %. The plutonium
is chiefly 24° Pu with 23 Py enriched to 9.5nuclide — %. For the internal
breeder and radial breeder fuel, natural or depleted uranium is chosen [44].

The clad and duct of all three core sections and the shield are made
of $8304L. The approximate isotope and element composition of the

(“MARK-IA") fuel component and the element composition of the clad,
duct and shield components are given in Appendix A.

The original EBR-II driver fuel was enriched to 48.08nuclide — % 22U
and the corresponding fuel element was named “Mark-I”. A later version
“Mark-TIA” had a slightly shorter fuel rod to allow for a greater fission gas
volume and the associated criticality loss was compensated for by increasing
the enrichment to 52.50nuclide — % 23%U. The maximum allowed burnup
for “Mark-I" fuel elements with respect to the limited fission gas volume
was set to 1.0nuclide — % and the improved version “Mark-IA”, introduced
in early 1966, was able to stand 1.2nuclide — %. This limit was raised to
1.5nuclide — % in early and 1.8nuclide — % in late 1969. A final value of
2.6nuclide — % was reached by 1975 [44].

After the change of mission of EBR-II/FCF, yet another fuel element
was devoloped, designated “Mark-1I”. “Mark-II” had a slightly thinner fuel
rod than “Mark-IA” and the associated criticality loss was compensated for
by increasing the enrichment again, this time to 67.00nuclide—% #**U. Also
the clad length was increased, a modification that was avoided in changing
from “Mark-I” to “Mark-IA” but became necessary for “Mark-II” in order

to accommodate a higher fission gas volume due to a higher burnup. This
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Parameter Driver Internal Radial
Breeder Breeder

D, [m] | 4.5720 - 1072 | 9.1440 - 10~% | 9.1440 . 1073
o [1] 1.290 1.290 1.290
t. [m] | 2.2860 - 10~* | 3.0000 - 10~ | 3.0000 - 10~*
Sa [m] | 5.8166 - 1072 | 5.8166 - 10~2 | 5.8166 - 102
ta [m] | 1.0000 - 103 | 1.0000 - 102 | 1.0000 - 10~3
D; [m] | 3.6576 - 10-2 | 7.3152 -10~2 | 7.3152 - 10-3
H, [m] | 4.6196 - 10~ | 1.1176 - 10™° | 1.4605 - 10*°
Hy [m] | 4.6196 - 10~ | 1.8705 - 10*° | 2.3324 - 10*°
H; [m] | 3.4200 - 10~ | 1.1176 - 10+° | 1.4605 - 10+°
N, (1] 500 500 100
n [1] 91 18 18
7 [m3] | 1.4410 - 10-° | 9.3155 - 10-° | 1.2174-10-°
Va [ma} 9.3082-1075 | 3.7689 - 10~* | 4.6997 . 10~*
Vs [m?] | 3.6029 - 10-° | 4.6971 - 10~° | 6.1382 - 10~5
N,nV, [m®) |6.5566-10"% | 8.3840-107% | 2.1913 .10~
NV, [m?®] | 4.6541 - 1072 | 1.8845-1071 | 4.6997 - 10~2
NV,  [m?] | 1.6393 - 107! | 4.2274-107! | 1.1049 - 10~
pe=pa |2%]|7.6027-10™2 | 7.6027 - 10*2 | 7.6027 - 10+3
o (4] | 1.8149 - 10** | 1.8900 - 10** | 1.8900 - 10+
Me [kg] | 1.0956 - 10~2 | 7.0823 -10~2% | 9.2555 . 102
™M [kg] | 7.0767 - 10~ | 2.8654 - 10*° | 3.5730 - 10*°
my [kg] | 5.5582 102 | 8.8775-107! | 1.1601 - 10*°
Nnm, [kg] 4.9847 - 10%2 | 6.3741 - 10%2 | 1.6659 - 1072
Nymg  [kg] | 3.5384 - 1072 | 1.4327 - 10*3 | 3.5730 - 10+2
Nonm; [kg] | 2.5290 -10%2 | 7.9898 . 10*3 | 2.0882 - 10*3

%fuel smear density is 85.0% of this theoretical density

Table 4.1: Volumes and Masses of Experimental Breeder Reactor II Clad,
Duct and Fuel Components, Adapted from [{4,53,54]
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Parameter Shield
S.=25; [m]|5.8166 102

H,=H; [m]]2.3324.10%°
N, 1] 162
v, [m3] | 6.8340 - 10-3
N.V, [m?] | 1.1071 - 10*°
Pa [22] | 7.6027 - 103
maq g) | 5.1957 - 107!

[kg]
N,m, [kg] | 8.4171 - 103

Table 4.2: Volumes and Masses of Experimental Breeder Reactor II Shield
Component, Adapted from [{4,58,54]

measure allowed for an initial burnup of 6.0nuclide — % between 1969 and
1976. In later years, 8.0nuclide — % on average were reached, with top
burnups of 16.0nuclide — %. Also, the clad was changed to S5316 [44].

EBR-I was converted to the sole use of “Mark-II” in October 1974,
although first tests started in late 1969. “Mark-II” fuel elements and the
latest “Mark-IIA” fuel elements are currently used in EBR-II [44].

4.2.2 The Integral Fast Reactor
4.2.2.1 History & Objectives

In 1984, at the Argonne National Laboratory of the University of Chicago,
Yoon I. Chang and Charles E. Till initiated the Integral Fast Reactor con-
cept. It revives the idea behind EBR-II/FCF as it was installed during its
1964 to 1969 operation phase [5].

Parallel to the development of reactor and fuel cycle facility at ANL,
Rockwell International (RI) and General Electric (GE) provided in 1988
with their reactor studies Sodium Advanced Fast Reactor (SAFR) [24] and
Power Reactor Inherently Safe Module (PRISM) [42] own reactor designs
for the TFR concept.
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Reactors and fuel cycle facilities according to the IFR concept will fea-
ture breeding and reprocessing. However, the reprocessing employed for
IFR is significantly different from the one used for EBR-II, as stated in

Section 4.4.
EBR-II will be equipped with an IFR core in 1990 and the HFEF /South

will be renamed back into FCF, then featuring the equipment necessary for
IFR reprocessing. In fact, EBR-II has already been used in 1986 to demon-
strate the safety properties of the IFR concept [45]. The demonstration of |
breeding and reprocessing under the IFR concept in EBR-II /FCF will take
place from 1991 to 1995 [5].

4.2.2.2 Operation Schedule

The IFR operation phase is defined by a nominal thermal power output
of 900 M W,;,. This corresponds to a neutron flux of 3.42 - 10*®* &~ for the

cm:s

driver section, 3.25 - 10'®—2- for the internal breeder section, 1.66-10'° -2

for the radial breeder section and 1.66 - 10'®*~Z;- for the reflector and shield
section [35].

25% of the core will be exchanged every year, after having been irra-
diated for four years at a capacity factor of 0.8. This results in a total
irradiation time of 292d per year or 1,168d. The shield is assumed not to

be exchanged in the reactor life time of 30y.

4.2.2.3 Design

IFR has a nominal thermal power output of 900MW,,. This is converted
to a nominal electrical power output of 350 M W,, yielding a thermal plant
efficiency of 7., = 0.38. The sodium at the core inlet has an average tem-
perature of 357°C and heats up to an average temperature of 510°C at the
core outlet [25].
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The driver section is composed of 114 assemblies. 12 of those 114 as-

semblies are unfueled control assemblies. Scattered in the driver section are
37 internal breeder assemblies. The radial breeder section consists of 48
assemblies. The reflector and shield sections have 54 and 126 assemblies,

respectively [34].

The driver assemblies contain 271 fuel elements. The internal and radial
breeder assemblies contain only 169 fuel elements because of a larger fuel

element diameter [34]. The shield and reflector assemblies are assumed to

be solid blocks.
Tables 4.3 and 4.4 give volumes and masses of the clad, duct, fuel,

reflector and shield components.

The IFR driver fuel contains approximately 10weight — % of zirconium,
which serves as a fuel stabilizer. The remainder of 90weight — % consists of
69weight—% uranium, 20weight—% plutonium and lweight —% americium
and curium. The uranium is chiefly 28U with 233U depleted to 0.2nuclide —
%. The plutonium is chiefly 24° Py with 2 Py enriched to 72.5nuclide — %.
For the internal breeder and radial breeder fuel, natural or depleted uranium

is chosen. The burnup is located in the 100, OOO%I%’ range [34,51].

The clad and duct of all three core sections and the reflector and shield
are made of HT-9. In addition, the shield contains 60volume — % of B,C.

The approximate isotope and element composition of the fuel component
and the element composition of the clad, duct, reflector and shield compo-

nents are given in Appendix A.

4.3 Fusion Reactors

In this study, radioactive waste is identical with the solid fraction of reactor
components. The identification of those components is facilitated, if the
reactor is separated into inboard (IB) and outboard (OB) sections, as also

mandated in Chapter 3.
A section contains a protective layer, a first wall, a breeder blanket, a
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Parameter Driver Internal Radial
Breeder Breeder

D, [m]]7.2390- 10~ | 9.9568 - 10~2 | 9.9568 - 10~3
o 1] 1.180 1.087 1.087
t. [m] | 5.5880 - 10~* | 5.5880 - 10~ | 5.5880 - 10~*
Sa [m] | 1.5014 - 107! | 1.5014 - 10~ | 1.5014 - 10~
ta [m] | 3.5560 - 10~2 | 3.5560 - 10~2 | 3.5560 - 10~2
D;=D,—2t, [m]|6.1214-10"3 |8.8392-10~2 | 8.8392 - 103
H, ~ [m]|2.1336 1019 | 2.2352 - 10*° | 2.2352 . 100
Hy [m] | 2.1336 - 10*° | 2.2352 - 10° | 2.2352 . 10°
H; [m] | 9.1440 .10 | 1.1176 - 10*° | 1.1176 - 10*°
N, 1] 102 37 48
n [1] 271 169 169
V. [m3] | 2.5021 - 10~ | 3.6877 - 10~° | 3.6877 - 10~°
Vi [m3] | 3.9460 - 103 | 4.1339 . 10~3 | 4.1339 - 103
V; [m3] | 2.6911 - 10~° | 6.8581 - 10~5 | 6.8581 - 105
N,nV, [m?] | 6.9164 - 10~ | 2.3059 - 10~ | 2.9915 . 10~
N,Vy [m3] | 4.0249 - 10~! | 1.5296 - 107! | 1.9843 . 10~
N,nV; [m3] | 7.4387 - 10! | 4.2884 - 107! | 5.5633 - 10~
Pe = Pd [22] | 7.7321 - 1072 | 7.7321 - 10+3 | 7.7321 . 10*3
o (4] | 1.5701 - 10™* | 1.5740 - 10*4 | 1.5740 - 10+
Me [kg] | 1.9347 - 10T | 2.8514 - 10~T | 2.8514 - 10!
mq [kg] | 3.0511-10%1 | 3.1964 - 10*! | 3.1964 - 10+!
my [kg] | 3.1690 - 10~ | 8.0962 - 10~! | 8.0962 - 102
N,nm, [kg] | 5.3478 - 103 | 1.7830 - 10*3 | 2.3131 - 103
N,mq [kg] | 3.1121 .10%2 | 1.1827 - 10™® | 1.5343 . 10*2
N,nm; [kg] | 8.7599 - 1073 | 5.0626 - 10*2 | 6.5677 - 10+2

%fuel smear density is 75.0% of this theoretical density

Table 4.3: Volumes and Masses of Integral Fast Reactor Clad, Duct and
Fuel Components, Adapted from [14,17,25,34,85,51]
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Parameter Reflector Shield
S.=258; [m]|1.5014-10"T | 1.5014 - 10"
H,=H; [m]|2.2352.10%° | 2.2352.10%°
N, [1] 54 126
A [m3] | 4.3635 - 102 | 4.3635 - 1072
NV, [m?] | 2.3563 - 10*° | 5.4980 - 10™°
NMHTS [1. 0.816 0.219
NB4C (1] — 0.597
PHTS (£2] | 7.7321 -10%3 | 7.7321 - 10%2
e [ — | 25200 - 10+°
Pa (2] | 6.3094 - 10*® | 2.5509 - 10*3
Ma [kg] | 2.7531 - 1072 | 1.1131 - 1072
N,ma [kg] | 1.4867 - 10™* | 1.4025 . 104

¢B,C smear density is 57.0% of this theoretical density

Table 4.4: Volumes and Masses of Integral Fast Reactor Reflector and Shield
Components, Adapted from [14,17,25,84,35,51]

back wall and/or manifold, a shield, a vacuum vessel, and toroidal coils.
The inboard section in addition has an ochmic heating coil, which is referred
to in this study as the poloidal coil. Coolant is gaseous or liquid at the time
of discharge from the reactor and therefore is not considered.

Thus, protective layer, first wall, breeder blanket, back wall and/or
manifold, shield, vacuum vessel, toroidal coils and poloidal coil of the two
sections shall be considered as components in this study. Clearly, these
components are defined by distinct functions within a reactor. Note, that
in contrast to the components of a fast fission reactor, each component

typically consists of more than one material.

Two components not considered in this study are the divertor and the
limiter, which have a minute volume in comparison to the rest of the com-
ponents. Nevertheless, those components can have a very high activation.
Also, for the reactors considered in this study, there was no proper infor-
mation available on the divertor or limiter design.

Two further components that shall be mentioned here are the cryostat

96



coolant and the cryostat vessel, which are present only in cryogenically
cooled reactors. Their activation in general is negligible.

ITER and RAFHT are reactors of the Tokamak type and employ the

D-T fusion reaction [19,21]. Typical neutron energies in the reactor are at

a maximum of 14MeV. The typical neutron flux is at 10'°~2-, although

em?s?

n
em3s”

it can be as low as 102

4.3.1 The International Thermonuclear Experimen-
tal Reactor

4.3.1.1 History & Objectives

In 1987, the Director General of the International Atomic Energy Agency
(JAEA) invited representatives of the United States, Eurépe, the Soviet
Union and Japan to initiate a more invloved international cooperation on
fusion energy, eventually resulting in a proposal for ITER [21,23].

Under the auspices of the JAFA, definition activities for ITER began in
1988, followed by design activities in 1989 and 1990 [23].

The first objective of ITER is the expansion of the international cooper-
ation on fusion energy, especially among the four parties mentioned above.
The second objective of ITER is to demonstrate that the fusion reaction can
be employed to generate net energy. Ignition, extended burn and steady
burn of the plasma are milestones on this way [21,23].

Only then the build-up of operating experience in terms of designing,
building and maintaining a fusion reactor can be considered as useful, in-
cluding the demonstration of a self-sufficient closed fuel cycle. It is inter-

‘esting to note in the context of radioactive waste, that the above objectives

are subjected to an “environmentally acceptable operation” [23].
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4.3.1.2 Operation Schedule

Two ITER operation phases have to be distinguished. The Physics Phase
concentrates on plasma performance and the Technology Phase focuses on
component performance [21].

The major differences between both phases consist in the different plas-
mas used, the different number of plasma shots and the different plasma
burn times. Physics phase and technology phase will have one set of com-
ponents [21].

The physics phase provides a duration of about six years and a number of
approximately 15000 shots. Those six years are divided into three different
stages, depending on the plasma used in each stage. The stages are given
in Table 4.5.

Stage Shots
Number | Plasma Type | Duration | Number
1 H 2.5y 6000
2 2H +35 He 1.0y 2000
3 H4+2H 2.5y 7000

Table 4.5: Stages of ITER Physics Phase, Adapted from [21,22]

Apparently only the third stage will contribute significantly to any ac-
tivation of reactor components. This third stage is divided into three sub-
stages, which are given in Table 4.6. The neutron first wall load for all

plasma shots in these substages is assumed to be 1.04% [21,22].

The technology phase provides a duration of about ten years without a
number of plasma shots specified. However, an attempt to reach a steady
state plasma will be made. For this study, it is assumed that the maximum
achievable performance of ITER with a steady state plasma is a total of
0.5y operation per year at 1.0—1:%2. Furthermore this study assumes that
this will be the case only for the last two years of the 10y technology phase.

Assuming a linear increase of the performance by a total of 0.1y every two
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Substage Plasma Shots
Number | Plasma Type | Duration | Number | Duration
1 SH-2H 0.83y 3000 20s
2 SH-*H 0.83y 2000 200s
3 SH-*H 0.83y 2000 1000s

Table 4.6: Substages of Stage 3 of ITER Physics Phase, Adapted from
[21,22]

years, the technology phase starts out with a total of 0.1y operation per
year for the first two years. Each two year period is then considered a
stage. This scheme for the technology phase represents an approximation
that was made solely for the purpose of this study. Although it is based
upon references, it can not be found in this form in any of these references.

Since the third stage of the physics phase will have essentially the same
components as the technology phase, a total duration of 12.5y can be con-
cluded for the two operation phases.

With the outlined intensity and duration of the irradiation for the
physics and technology phase, an average neutron first wall load as given in
Table 4.7 can be derived, where the duration of all plasma shots of a stage
or substage is given as the percentage of the duration of the corresponding
stage or substage. .

The total neutron first wall fluence for the combined operation phases

is then given as 3.0778 1‘{:;’“ These figures result in 3.1167%FPD and
30.000%FPD for the physics and technology phase, respectively, where

FPD means full power day. No reactor component is assumed to be ex-
changed during the 12.5y. However, at least the protective layer specified
in Section 4.3.1.3 will be exchanged frequently. It shows only low activation

and therefore does not upset the comparison.
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Duration | Nominal Neutron | Duration | Average Neutron
First Wall Load | of Shots First Wall Load

0.83y 1.04% 0.23% 2.3.10734%
0.83y 1.0% 1.52% 1.5-10-24%
0.83y 1.04% 7.60% 7.6 - 10-24%
2.00y 1.04% | 10.00% 1.0-10-1 4%
2.00y . 1.04% 20.00% 2.0 10-1 8%
2.00y 1.0M% | 30.00% 3.0. 10-1 4%
2.00y 1.04% | 40.00% 4.0-10-1 8%
| 2.00y 1L0M% | 50.00% 5.0 1071 4%

Table 4.7: Average Neutron First Wall Load of ITER Operation Phases

4.3.1.3 Design

ITER has a nominal fusion power output of 830M W;. This could theoret-
ically be converted to approximately 1, 000M Wy, and about 350 M W, with
an assumed thermal plant efficiency of n, = 0.35. However, ITER is not
designed to deliver any electrical power output. Toroidal and poloidal coils
are cooled by liquid helium, all other components are cooled by low-pressure
water [21]. '

Reference [21] contains detailed drawings of the major /TER dimensions.
The radial build of the components first wall, breeder blanket, back wall,
shield and toroidal coils and the materials thereof were adapted from Ref-
erence [11]. The radial build of the materials given therein did not match
the major /ITER dimensions and hence this study modified the radial build
of the materials to make it fit into the major ITER dimensions. The ma-
jor radius is R = 6m, the minor radius a = 2.15m, with an elongation of
k=25 [21].

The protective layer consists of carbon fiber tiles for the inboard section.
Those may be cooled by conduction or radiation. A sprayed layer of tung-

sten is also considered. The outboard section most likely has no protective

layer [21].
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First wall, back wall and breeder blanket are integrated. The breeder
blanket of the inboard section consists of a sandwich of one layer of breeder
material between two layers of multiplier material. The breeder blanket
of the outboard section consists of two such sandwiches. Note, that the
multiplier material not only multiplies the neutron flux in order to yield
a higher tritium breeding ratio but also serves as a thermal insulation in
order to reduce the temperature of the coolant [11,21].

The breeder blankets have not been designed to produce the tritium
necessary for a self-sufficient closed fuel cycle, but will operate as realisti-
cally as possible under power reactor conditions. The tritium removal from
the breeder blankets is effected by means of helium purging [21).

The shield has a steel shield and a lead shield as its subcomponents. The
toroidal and poloidal coils are composites of superconducting and normal
conducting conductors. 'The same is assumed for the ohmic heating or
poloidal coil.

Tables 4.8 and 4.9 give volumes and masses of the components. The
height of the reactor components has been assumed as H. = 10m.

ITER has 16 toroidal coils which do not form a cylindrical layer at all.
The volume derived for the toroidal coils by a cylindrical approximation
therefore was multiplied by 0.86 for the inboard section and 0.21 for the
outboard section. Those factors can be obtained by comparing the actual
shape of the coils to the cylindrical layer approximation.

The breeder material for ITER is solid Li,0 with the lithium enriched
to 90nuclide — % 8Li. Due to the high enrichment, there is no need to
utilize Li;O thicknesses greater than 10mm in order to achieve a sufficient
tritium breeding ratio. The multiplier material is Be. The BeO impurity in
Be is less than 1.0weight — %, so it is relatively pure beryllium. Structure
material serves as a breeder blanket stabilizer [11,21].
~ All component structure is made of stainless steel $5316. The lead

shield features B,C as a neutron absorber. Superconducting and normal-
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Table 4.8: Volumes and Masses of International Thermonuclear Experimen-

Parameter Component | Inboard | Outboard Total |
Vo/ne [m?®] | Protective Layer 4.6 — 4.6
“First Wall 1.2 2.6 3.8
Breeder Blanket 30.6 201.2 | 231.8
Back Wall 15.4 274 42.8
Steel Shield 48.2 405.1 | 453.3
- Lead Shield 6.0 17.9 23.9
Vacuum Vessel 56.9 182.1 | 239.0
Toroidal Coils 89.7 160.6 | 250.3
Poloidal Coil 68.7 — 68.7
Reactor 321.3 996.9 | 1318.2
me (t] | Protective Layer 10.4 — | 104
First Wall 9.1 20.6 29.7
Breeder Blanket 64.2 409.1 | 473.3
Back Wall 121.8 216.1 | 337.9
Steel Shield 266.6 2326.9 | 2593.5
Lead Shield 52.5 155.2 | 207.7
Vacuum Vessel 449.7 1438.5 | 1888.2
Toroidal Coils 736.7 1324.0 | 2060.7
Poloidal Coil 565.3 — | 565.3
Reactor 2276.3 8166.7

5890.4

tal Reactor Components, Adapted from [11,21]

102



Parameter Component | Inboard | Outboard | Total
Pe [£5] | Protective Layer 2.3 — 2.3
First Wall 7.6 7.9 7.8
Breeder Blanket 2.1 2.0 2.0
Back Wall 7.9 7.9 7.9
Steel Shield 5.5 5.7 5.7
Lead Shield 8.8 8.7 8.7
Vacuum Vessel 7.9 7.9 7.9
Toroidal Coils 8.2 8.2 8.2
Poloidal Coil 8.2 — 8.2
Reactor 7.1 5.9 6.2
Ne [%)] | Protective Layer 100.0 — | 100.0
First Wall 100.0 100.0 | 100.0
Breeder Blanket 96.3 98.2 97.9
Back Wall 100.0 100.0 | 100.0
Steel Shield 65.7 68.8 | 68.50
Lead Shield 100.0 100.0 | 100.0
Vacuum Vessel 100.0 ..100.0 | 100.0
Toroidal Coils 80.0 80.0 80.0
Poloidal Coil 80.0 — | 80.0
L _Reactor 846 83.7 83.9 |

Table 4.9: Weight Densities and Solid Volume Fractions of International
Thermonuclear Experimental Reactor Components, Adapted from [11,21]
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conducting conductors are made of Nb3Sn and Cu as stabilizer, respectively
[21].

The approximate material composition of the components as well as
their radial build is given in Appendix A.

Note that the ITER design presented here does not necessarily represent
the final /TER design, since work on ITER was continued after completion
of this study. However, the present and the final design should not differ
substantially. Also, for some reactor components, several alternatives exist,
one of which had to be chosen for this study.

4.3.2 The Reduced Activation Ferrite Helium Toka-
mak

4.3.2.1 History & Objectives

In 1989, the Sentor Committee on Environmental, Safety and Economic
Aspects of Magnetic Fusion Energy (ESECOM) conducted a study to assess
fusion reactors with respect to safety, economy and environmental hazard
potential [19].

Several fusion reactors were considered. The breeder blankets of most
of those reactors stem from Reference [43], which is mentioned in Refer-

ence [19]. This holds true also for the breeder blanket of RAFHT. It was -
ranked at the top of the breeder blankets considered in Reference [43]. This
and the fact that Reference [19] assigns it the highest potential of realization
were the reasons for RAFHT being chosen for this study.

4.3.2.2 Operation Schedule

The RAFHT operation phase is defined by a nominal thermal power output
of 3,648 MW,;,. The neutron first wall load is given as 3.18";——-—2".

All components will be exchanged after 6 years of operation. However,

the shield will not be exchanged during the reactor life time of 30y.
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4.3.2.3 Design

RAFHT has a nominal fusion power output of 3,027MW;. This is con-
verted to 3,648 MWy, and 1,200M W, with a calculated thermal plant effi-
ciency of 7, = 0.33. All components are cooled by gaseous helium, except
for the shield and presumably the toroidal and poloidal coils, which are
cooled by water [19]. The radial build of the components is given in Refer-
ence [19], the major radius is R = 6.07m, the minor radius a = 1.52m, with
an elongation of k = 2.5. Information on the vacuum vessel, the toroidal
coils and the poloidal coil was not available.

Table 4.10 gives volumes and masses of the components. The height of
the components has been assumed as H, = 10m.

Only insufficient information on the materials used in RAFHT is avail-
able. However, the breeder material for RAFHT is solid Li,O with the
assumption of lithium being enriched to 90nuclide — % °Li. Structure ma-
terial serves as a breeder blanket stabilizer. All component structure is
made of Reduced Activation Material (RAM), i.e. stainless steel RAF. The
RAM FeCrV is used for the shield [19]. ‘

The approximate material composition of the components as well as

their radial built is given in Appendix A.

4.4 Radioactive Waste Processing for Fast
Fission Reactors

4.4.1 EBR-II and IFR Pyroprocesses

-

The destinations of EBR-II and IFR require two different types of fuel.
The one for the driver section has to have a high 23U content in the case of
EBR-IT and a high non-2*3U actinide content in the case of IFR. The fuel
for the breeder sections has to have a high 233U content. The distinction

is important to notice, since spent fuel from both sections enters the same
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Parameter Component | Inboard | Outboard | Total
Vo/n.  [m® First Wall 16.5 203 | 458
Breeder Blanket 145.2 289.7 | 434.9
Manifold 50.6 117.3 | 167.9
Steel Shield | 62.2 166.7 | 228.9
Reactor 274.5 603.0 | 877.5
me [t] First Wall 19.1 34.0| 53.1
Breeder Blanket 367.6 740.0 | 1107.6
Manifold 89.0 206.4 | 2954
Steel Shield 396.0 1061.7 | 1457.7
Reactor 871.7 2042.1 | 2913.8
Pe (5] First Wall 1.2 1.2 1.2
Breeder Blanket 2.5 2.6 2.5
Manifold 1.8 1.8 1.8
Steel Shield 6.4 6.4 6.4 |
Reactor 3.2 3.4 3.3
Me (%] First Wall 12.0 12.0 12.0
Breeder Blanket 89.6 89.7 89.6
Manifold 20.0 - 20.0 20.0
Steel Shield 80.0 80.0 80.0
Reactor 69.9 69.7 69.8

Table 4.10: Volumes and Masses, Weight Densities and Solid Volume Frac-
tions of Reduced Activation Ferrite Helium Tokamak Components, Adapted

from [19]
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EBR-II and IFR High Level Radioactive Waste Pyroprocess, but in the case
of EBR-II the products are used for the fabrication of fuel for the driver
section only, while in the case of IFR the products are used for fabrication

of fuel for both the driver and breeder section. EBR-II actinides contain
virtually only 23U and 238U, while IFR actinides feature the full spread

[5,44].

The EBR-II pyroprocess comprises two subprocesses, the IFR pyropro-
cess comprises three subprocesses. The subprocesses of melt-refining for
EBR-II and electro-refining for IFR separate the major part of fission and
activation products from the major part of actinides. The partition between
fission and activation products on the one hand and actinides on the other
hand, however, is not complete; so small amounts of the lattgr group will
accompany the former two groups and vice versa [5,44].

This necessitates the subprocesses of recovering for EBR-II and purifying
and eztracting and stripping for IFR. The subprocess of recovering removes
the small share of actinides from the fission and activation products. The
subprocess of purifying removes the small share of fission and activation
products from the actinides and the subprocess of extracting and stripping
has the same function as the one of recovering. For EBR-II, there is no
need to remove the small share of fission and activation products from the
actinides by a subprocess equivalent to the IFR subprocess of purifying,
because this small share serves as a fuel stabilizer. For IFR, such a fuel
stabilizer has to be added extra [5,44].

The major part of the fission and activation products is destined for the
RSWF in the case of EBR-II and for deep repositories in the case of IFR.
The major part of the actinides is refabricated into the aforesaid driver

‘and/or breeder fuel [5,44].

Gaseous fission products are extracted throughout the entire process via

filters and treated separately. Tritium, krypton and xenon dominate those

gaseous fission products [5,44].
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In Sections 4.4.3 and 4.4.4, a somewhat simplyfied and idealized descrip-
tion of the EBR-II and IFR pyroprocesses is presented. Although there are
some modifications and specific considerations as to the design and the op-
eration of an actual pyroprocessing plant [5,44] that can not be regarded in
the frame of this study, the essential technique of EBR-II and IFR pyropro-
cessing is explained in some detail. Also, it is suitable to first review some
of the chemistry that forms the basis of the pyroprocesses. This review is

given in Section 4.4.2.

4.4.2 Basic Chemistry

The chemical foundation of the pyroprocesses is the fact that elements of
the chemical classification groups as listed in Section 1.2 have different
potentials or affinities for oxidation and reduction. This is qualitatively
reflected in Table 4.11.

Classification Oxidation Reduction
Group Potential Potential
Alkaline Metals very high very low
Alkaline Earth Metals high low
Lanthanides high to medium | low to medium
Actinides medium to low | medium to high
General Metals low " high
Noble Metals very low very high

Table 4.11: Oxidation and Reduction Potentials, Adapted from [3,5]

Oxidation potential shall be understood as the affinity toward the reac-
tion M; — M,-j+ + je~, releasing metal ions in a reaction with an oxidant.
Reduction potential denotes the affinity toward the reaction M;" t4jem —
M;, accepting electrons in a reaction with a reductant. Hence oxidation is

the affinity for giving electrons and reduction is the affinity for taking elec-

trons. An oxidant takes electrons and thus undergoes reduction, a reduc-
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tant gives electrons and thus undergoes oxidation. Consistently, reactions
at anodes are oxidations, reactions at cathodes are reductions [3].

In electrolytes, a certain fraction of metal compounds will be dissociated
into metal ions and ions of the compound partner and a certain fraction of

metal atoms will be dissociated into metal ions and electrons. Metal ions
usually have positive charge, compound partner ions usually have negative

charge. The degree of dissociation depends on the oxidation potential of
the metal. High oxidation potentials result in a low degree of dissociation,
low oxidation potentials in a high degree.

A quantitative assessment of oxidation and reduction potentials can
be done via comparison of the free energy of formation in standard state,

AGY%, of an oxidation product. It is essentially the difference between the
free energies of products and reactants of the oxidation-reduction (REDOX)

reaction. Oxidation will occur, if this free energy of formation is negative,
reduction will occur, if it is positive. This is a direct consequence of the fact
that a system reduces its free energy if it is given the chance to do so. The
affinity for oxidation or reduction increases with increasing absolute value
of the free energy of formation, and a zero free energy of formation means
no reaction takes place because equilibrium is reached [3].

This scheme, however, only holds true if there is no external energy
source or sink. A source will accelerate the corresponding reaction, a sink
will decelerate it. Typical sources of energy in chemical processes are ele-
vated temperatures or electrical potentials [3]. The magnitude of the electri-
cal potential itself and the interface area between electrolyte and electrodes
are important factors in the latter case. The oxidation potential can also be
influenced by the effect of passivation. A surface layer of material with very
low oxidation potential (e.g. oxides) formed by a material with relatively
high oxidation potential serves as protection against further oxidation of

this material.
Free energies of formation for the chlorine oxidation products (chlorides)
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of some of the elements of the chemical classification groups are provided
in Table 4.12. A similar table can be composed, e.g. for oxygen oxidation

products, with the order only slightly changed.

4.4.3 EBR-II Pyroprocess
4.4.3.1 Melt-refining Process

The melt-refining process requires the mechanical separation of fuel from
clad. The spent driver and breeder fuel with adhering thermal bond sodium
is then melted in a crucible at about 1,400°C [44]. The melt can be consid-
ered an electrolyte. Due to their high oxidation potential, alkali, alkaline
earth and rare earth metal atoms present in the spent fuel will undergo
almost no dissociation in the melt, while actinide, general and noble metal
atoms feature a low oxidation potential and therefore will exhibit a con-
.siderable degree of dissociation. The oxidant in the primitive melt-refining
process is oxygen. Addition of ZrO; to the melt does release a sufficient
amount of oxygen ions because of the low oxidation potential of the gen-
eral metal Zr. Depending on their oxidation potentials, most metal atoms
present in the melt will now with different intensities form metal oxides
that partly dissociate into metal and oxygen ions subsequently.

High oxidation potential metals will almost entireiy form metal oxides
with only a minor share remaining as metal atoms and very few metal oxides
dissociating into ions. Low oxidation potential metals will almost entirely
remain as metal atoms with only a minor share forming metal oxides and
very many metal oxides dissociating into ions.

This effects the separation of the actinides and the major part of the
general and noble metals of the fission and activation products from the
major part of the alkali, alkaline earth and rare earth metals of the fission
and activation products. The result is the formation of a dross of alkali, al-

kaline earth and rare earth metal oxides, contaminated with a few actinide,
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Oxidation Product AG?
g |
BaCl, 367773.6
CsCl 367355.2
RbCI 364008.0
KCl 362752.8
SrCl, 354384.8
LiCl 345180.0
NaCl 339322.4
CaCl, 337648.8
1 LaCls 293716.8
PrCls 288696.0
CeCls 287022.4
NdCl, 284093.6
YClg 272378.4
CmCls 267776.0
PuCl, 261081.6
MgCl, 259826.4
NpCl, 243090.4
UCl, 230538.4
ZrCl, 194974.4
CdCl, 135143.2
FeCl, 122172.8
NbCl; 111712.8
MoCl, 70291.2
TcCls 46024.0
RRCI 41840.0
PdCl, 37656.0
RuCl3 28869.6
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general and noble metal oxides. Most actinide, general and noble metal
atoms will remain in the melt, contaminated by a few alkali, alkaline earth
and rare earth metal atoms [44].

Subsequently, the thus purified melt is mechanically separated from the
dross; during this process, minor parts of the actinide, general and noble
metal atoms are mechanically retained by the dross and hence will contam-
inate it in addition to the actinide, general and noble metal oxides. The
contaminated dross is called skull. New fuel can be refabricated directly
from the purified melt. General and noble metals in the purified melt con-
stitute desirable fuel alloy elements. The fuel typically shows a composition
of 95weight — % actinides and 5weight — % general and noble metals, where
the latter S5weight — % are referred to as fissium [44].

4.4.3.2 Recovering Process

The recovery process consists of the two steps of skull ozidation and skull
reclamation. These steps allow the removal of actinides including a major
part of the general and noble metals from the skull. The skull represents
a considerable resource of actinides, so it is reasonable to contemplate this
removal [44].

However, only the skull oxidation step was conducted at the FCF. The
skull reclamation step was demonstrated only in a laboratory arrangement.
Therefore, the product of the skull oxidation step was directly shipped to
the ICPP for storage [44].

4.4.3.2.1 Skull Oxidation Step Oxidation of the skull in an argon-
oxygen atmosphere at 750°C will oxidize the actinide, metal and noble metal
atoms that were mechanically retained in the dross to actinide, general and
noble metal oxides. The entire skull can subsequently be converted to a

powder. This powder then is submitted to the skull reclamation step [44].
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4.4.3.2.2 Skull Reclamation Step The powder is suspended in a lig-
uid halide, where the noble metal oxides are reduced to noble metal atoms
by adding Zn, which has a higher oxidation potential than noble met-
als. Liquid halide can be considered an electrolyte. Noble metal oxides
therefore dissociate in liquid halides and may recombine with electrons to
metal atoms. The noble metal atoms then are extracted mechanically. Ac-
tinide metal oxides are subsequently reduced to actinide metal atoms by
adding MgZn alloy, which has a higher oxidation potential than Zn. This
is necessary, because actinides also have a higher oxidation potential than
noble metals. The actinide metal atoms then will precipitate and can me-
chanically be separated from the remainder of the halide. Some actinides,
however, will remain in the halide and hence considering radioactive waste

from EBR-II as actinide free is only a good approximation [44].

4.4.4 IFR Pyroprocess
4.4.4.1 Electro-refining Process

The electro-refining process basically comprises two steps. First, sections
of spent driver and breeder fuel elements are submerged in an electrolyte
for dissolution. Subsequently, an applied electric potential difference in
the electrolyte effects the separation of actinides and fission and activation
products, eventually resulting in the precipitation of the actinides on the

cathode and the fission and activation products remaining in the electrolyte

[5].

4.4.4.1.1 Dissolution Step The oxidant in the electro-refining process
is chlorine. Liquid L:Cl — KCI eutecticum at 500°C is used as the elec-
trolyte. Due to the very high oxidation potential of the alkali metals Lz
and K, the electrolyte will undergo almost no dissociation, i.e. will have

almost no metal ions and chlorine ions in it. Addition of CdCl; will release
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a sufficient amount of chlorine ions because of the low oxidation potential
of the general metal Cd [5].
The spent fuel element sections contain spent fuel, adhering sodium

thermal bond and clad material. The latter is stainless steel and due to
the effect of passivation it will not be affected, once the spent fuel element

sections are submerged into the electrolyte. Depending on their oxidation
potentials, most metals present in the spent fuel and the sodium ther-
mal bond will with different intensities form metal chlorides that partly
dissociate into metal and chlorine ions .subéequently. This represents the

dissolution.
High oxidation potential metals will almost entirely form metal chlorides

with only a minor share remaining as metal atoms and very few metal
chlorides dissociating into ions. Low oxidation potential metals will almost
entirely remain as metal atoms with only a minor share forming metal
chlorides and very many metal chlorides dissociating into ions.

Supplying an external energy source in the form of a an electric potential
will enhance this dissolution process. The metal atoms to be dissolved

have to form the anode so that chlorine ions will be attracted to the site
of oxidation. Also, the metal ions that are a result of dissociation after

metal chloride formation will be repelled from the site of oxidation, both
effects together enhancing the reaction because of the greater distance from
equilibrium. The metal ions attracted by the cathode will be reduced to
form metal atoms, whereby the cathode will not be oxidized by the metal
ions to be reduced only if their elements have a higher oxidation potential

than the cathode element and hence can not take electrons from the cathode
metal atoms but must receive it from electric current. This is one reason for
the choice of liquid cadmium as the material for the cathode. The enhanced

dissolution process is referred to as anodic dissolution.
Since the metal chlorides of the elements with a high oxidation potential
are produced in large amounts but do not dissociate into many ions and

since the metal chlorides of elements with a low oxidation potential that
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do dissociate into many ions are produced in only small amounts, the total
number of ions is not very significant to the process. Moreover, after reach-
ing equilibrium, most chlorine ions wi]l be bound in metal chlorides, most

metal ions will have been reduced to metal atoms.
Clearly, the noble metals and most of the general metals will remain

in the metal atom form, while almost all alkali metals and alkaline earth

metals form metal chlorides. To a lesser extent this holds true for the rare
earth metals and the actinides, leaving the former ones mostly in their metal

chloride form and the latter ones mostly in their metal atom form. Since
the general metals and noble metals are relatively inert as metal atoms and
the alkali and alkaline earth metals as metal chlorides, due to their low and
high oxidation potential, respectively, only the metal chlorides of the rare
earths (lanthanides) and the metal atoms of the actinides will be affected
by the following separation step.

4.4.4.1.2 Separation Step Imposing a potential difference on the elec-
trolyte after the dissolution or anodic dissolution step represents the sep-
aration step. At the anode, oxidation of actinide metal atoms to metal
ions occurs and at the cathode, lanthanide metal chlorides will be reduced

to metal ions and chlorine ions. The latter ones combine with the metal
ions at the anode to form actinide metal chlorides. Then actinide metal
chlorides are reduced at the cathode also. They even control the reduction

process after a while, because the oxidation potential of actinides is lower
than the one of lanthanides, i.e. the affinity of actinides for reduction is
higher. Thus the cathode will have initially a high lanthanide metal ion
precipitation rate, but then the actinide metal ion precipitation rate be-
comes much higher than the one for lanthanides. The cathode will thus
contain mostly actinides with some lanthanide impurity. The lanthanides
mostly remain in the electrolyte as metal chlorides.

It takes a cathode and anode metal with an oxidation potential lower

than the one for actinides and lanthanides. Otherwise the chlorine ions just
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released at the cathode by reduction of the metal chlorides would oxidize the
cathode and the metal ions just produced at the anode would reclaim their
electrons from the cathode metal and thus oxidize or dissolve it, respectively.

If the cathode metal has an oxidation potential way below the one of
actinides, then all actinide metal chlorides are approximately being reduced
" equally well. If, however, the cathode metal oxidation potential is in the
vicinity of the one for actinides, then the actinide metal chloride of the
actinide with the nearest oxidation potential will be reduced preferentially,
in this case uranium. In general, the minor actinides behave like plutonium
and thus accompany it in the various processes.

Hence by chosing two different cathode metals, the goal of precipitating
driver and breeder fuel can be achieved in one step, i.e. the lower oxi-
dation potential cathode metal precipitates all actinides and provides the
driver fuel, the higher oxidation potential cathode metal precipitates ura-
nium slightly better than the other actinides and hence provides the breeder
fuel. Chosing uranium as the higher oxidation potential cathode allows the
entire cathode with adhering uranium precipitation to be treated as an en-
tity in the followiﬁg recovering process. As to the lower oxidation potential

cathode, liquid cadmium again lends itself, as well as for the anode [5].

4.4.4.2 Purifying Process

The contamination of the actinides at the cathodes with lanthanides makes
necessary the purifying process, which is essentially a retorting or distil-

lation process. Both lower and higher oxidation potential cathode with
actinide and uranium precipitation are melted so that the lanthanides evap-
orate. The uranium deposition on the low oxidation cathode has to be me-
chanically removed prior to retorting, if a different material than uranium
is used for this cathode. The remainder of the retorting process represents
highly purified uranium or actinides, ready for refabrication of new fuel [5].

Efficiency of the electro-refining process requires plutonium at the liquid
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cadmium cathode to go in solution beyond saturation, thus intermetallic
compounds with Cd form and precipitate. Uranium is preferentially de-
posited at the solid uranium cathode so that it will not eceed its saturation
at the liquid cadmium cathode and will not form intermetallic compounds
with Cd. However, intermetallic compounds are expected to decompose in

the retorting process [5].

4.4.4.3 Extracting and Stripping Process

Noble and general metals contaminate the liquid cadmium anode after a
~ while, which renders necessary a mechanical purification of this cadmium.
Alkali metal, alkaline earth metal émd rare earth metal chlorides contami-
nate the LiCl — KCI electrolyte after a while. Adding a Li — K — Cd alloy

reduces most of the alkaline and rare earth metal chlorides to metal atoms
or initiates formation of intermetallic compounds with Cd, which can be

removed mechanically. Thus the electrolyte will be purified, too. Cesium,
strontium and iodine, however, remain in the electrolyte as chlorides due
to their very high oxidation potential. The accumulation of these makes
further use of the electrolyte impossible after a while [5].

In addiditon, the electrolyte contains traces of actinides that were not
deposited on the cathodes. The same holds true for the cadmium that
serves as the cathode during the dissolution step and as the anode during
the separation step. The actinidé content can be as high as 1% of the initial
actinide charge to the process. Also, the incomplete dissolution step leaves
traces of actinides (and fission products) at the stainless steel clads [5].

In order for the electrolyte, the cadmium and the clads to be considered
as Non-Transuranic waste (NTRUW), all those trace contaminations have
to be reduced from the said 1% or 10™2 to 107%. An attempt to achieve
this is done with the extracting of non-uranium actinides in exchange for
uranium and the subsequent removal or stripping of uranium.

In the extracting process, the electrolyte is brought into contact with a
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cadmium-uranium alloy. Although uranium has a slightly lower oxidation
potential than the remainder of the actinides, and hence would not be
affected by the non-uranic actinides in the electrolytes, the presence of Cd
serves the same purpose as in the case of actinide precipitation on the
higher oxidation potential cathode in the separation step of the electro-
refinig proces.s. Thereby part of the uranium in the Cd — U alloy will
dissolve into the electrolyte in exchange for non-uranic actinides, which
are reduced and deposited at the cadmium-uranium alloy in order to reach
eduilibrium in the electrolyte. If the uranium fraction in this alloy is high
enough almost all the non-uranic actinides can be extracted. The then
cadmium-actinide alloy can be retorted in order to separate cadmium for
reuse and actinides for refabrication of driver fuel [5].

The stripping process removes the uranium, which now has a higher
content than before the extracting process, from the electrolyte by adding
a cadmium-lithium alloy. Again, the presence of cadmium in Cd — Li has
a stabilizing effect on actinides and thus the lithium will be dissolved in
exchange for uranium (and very few non-uranic actinides). The cadmium-
uranium alloy together with the stainless steel clads and the cadmium will
be retorted in order to recover any cadmium. The remainder of this re-
torting process contains general and noble metals, very few uranium and
even less non-uranic actinides; it is considered as the first of two significant
waste streams. The electrolyte contains alkali and alkaline earth metals
with strontium, cesium and iodine as the dominant fission products as well
as a vanishing amount of actinides and is considered the second significant
waste stream [5].

The actinide content in both waste streams will correspond to less than
1074 of the initial actinide charge to the process. Further investigation and
implementation of an additional process will bring this number down to the
10~® required for the waste streams to be considered as NTRUW [14]. Rare

earth metals or lanthanides are distributed between both waste streams,
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with much less lanthanides in the electrolyte waste than in the retorting
waste. Consequently, as of this time, considering radioactive waste from

IFR as actinide free is only a good approximation.
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Chapter 5

Comparison of the Reactors

5.1 Introduction

To understand the essence of the comparison conducted in this study, it is
important to devote some attention to the objects that are being compared,
i.e. the reactor components and the reactors themselves. Also of significance

is the way the comparison is presented.

5.1.1 Reactor Components as Radioactive Waste

The radioactive waste parameters defined in Chapter 2 serve to characterize
the radioactive waste produced by both fast fission and fusion reactors. A
comparison of fast fission and fusion reactors oriented to these radioactive
waste parameters, however, must specify to which components of the reac-
tors they apply. In this study, distinct functions within the reactor define
a component as outlined in Chapter 4. Typical components can be found

for fast fission reactors and for fusion reactors, allowing comparison among

them. :
For experimental and commercial fast fission reactors the following com-

ponents can be defined by their functions. These components allow com-

parison among fast fission reactors.

1. Fuel (Actinides)
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2. Fuel (Fission Products and Activation Products)
3. Fuel (Actinides and Fission Products and Activation Products)

Clad
Duct

Reflector

o IS A

Shield

For experimental and commercial fusion reactors the following compo-
nents can be defined by functions. These components allow comparison

among fusion reactors.
1. Protective Layer

First Wall

Breeder Blanket

Back Wall or Manifold
Shield

Vacuum Vessel
Toroidal Coils
Poloidal Coil

© L N e ok Wb

Cryostat Coolant
10. Cryostat Vessel

As noted in Chapter 4, a fast fission reactor can be separated into a
driver, internal breeder, radial breeder, reflector and shield section, a fu-
sion reactor can be separated into an inboard and outboard section. Each

fast fission and fusion reactor section contains one or more of the above
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components. The separation into sections allows for a more detailed char-
acterization of a reactor itself, but is not very important with respect to
the comparison envisioned in this study. Hence, although the separation
into sections has been made for the calculation, it is eliminated for the
comparison by combining corresponding components of the sections.

A comparison between fast fission and fusion reactors can be conducted,
if corresponding components from fast fission and fusion reactors can be
found. However, even if there is no exact correspondence between fast fis-
sion and fusion reactor components, a comparison can still list the compo-
nents in the order of highest radioactive waste parameters. The components
considered for the comparison and the reasons for their choice are briefly

listed here.
The function of the fission breeder fuel is to breed from 228U the 2**Pu

and 24! Py which is necessary to maintain a self-sufficient fuel cycle. Besides
the fact that some breeding also happens in the driver fuel, both driver
and breeder fuel represent the major heat producing component of a fast

fission reactor. The function of the fusion breeder blanket is to breed from
8Li and 7Li the 3H which is necessary to maintain a self-sufficient fuel

cycle. It is also the major heat producing component of a fusion reactor.
It therefore appears to be reasonable to match the fuel component to the
breeder blanket component, the more since both are neutron producing and
absorbing components.

The clad in fast fission reactors separates the fuel from the remainder
of the reactor and the first wall (and the back wall or the manifold) does

fulfill the same function for the breeder blanket in fusion reactors. Clad
and first wall are exposed to the highest neutron flux, both from inside and

outside the fuel and the breeder blanket. It thus is obvious to match the
clad component to the first wall component.

The duct in fast fission reactors has the function of guiding the coolant
flow, comparable to the manifold (and the back wall) in fusion reactors.

Also, the duct in fast fission reactors is one of the components with a higher
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neutron flux, as is the manifold (and the back wall) in fusion reactors. Hence
it is appropriate to match the duct component to the manifold component
and/or the back wall component.

Finally, it is straight forward to match the shields, since their function
is unambiguous. Except for those components (clad/first wall, fuel/breeder
blanket, duct/manifold/back wall, shield/shield), no other com;mnents will
be considered for the comparison. V

Most actinides considerably affect the radioactive waste characterization
at any time after discharge from the reactor. In particular the difficulty of
radioactive waste handling immediately after discharge is being underesti-
mated if actinides are completely ignored. However, a comparison between
fuel with and without actinides can give an idea of how serious this un-
derestimation is. Only the specifc radioactive waste parameters need to be
compared, since both actinides and fission products and activation products
are contained in the same fuel volume for a given reactor.

As examples,A Figures 5.1, 5.2 and 5.3 compare the specific radioactivity,
the specific deacy power and the specific Biological Hazard Potential of
the actinides to those of the fission and activation products. Until about
100y after discharge, the above parameters for the actinides are equal to
or less than those for the fission and activation products. Thereafter the
parameters for the actinides are about three orders of magnitude greater
than those for the fission and activation products. However, the parameters
for 0.1% of the actinides and those for the fission and activation products
would have the same order of mé.gnitude even for times greater than 100y
after discharge. -

Reprocessing for both EBR-II and IFR takes place within a few years
after discharge, so that actinides in the radioactive waste can indeed be
ignored for that time. Even if 0.1% of the actinides would remain in the
radioactive waste, their contribution would then indeed be negligible.

Note, that all three radioactive waste parameters of the actinides from
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EBR-II drop drastically within one year after discharge, while the ones of
the actinides from /FR remain at a relatively high level. A detailed analysis
of the actinide nuclides shows that within one year after discharge the ra-.
dioactive waste parameters are determined by plutonium. The plutonium
isotopes 23 Py and 24! Py are dominant. They are produced by transmuta-
tion of the uranium isotope 238U. As explained in Section 4.2, due to its
high enrichment in 2350, EBR-II fuel contains less **80 than IFR fuel. Also,
EBR-II fuel contains almost no plutonium, while one fifth by weight of the
IFR fuel is plutonium. Adding to those facts the low burnup of EBR-IT
fuel yields the explanation for the drastic drop of its actinide radioactive
waste parameters within one year after discharge. The displayed behavior
of the three radioactive waste parameters of the EBR-II actinides is typical

of highly ?**U enriched fuel.

5.1.2 Cycle, Life-time & Decommissioning Radioac-
tive Waste

Comparing four rather different reactors with respect to radioactive waste
does not seem fair, since due to different operation schedules as outlined
in Chapter 4, all of them will have different neutron fluences at the time
a component is considered radioactive waste. However, this study is not
a mere comparison of isolated components under irradiation, where a con-
stant fluence is important to ensure comparability of isolated components,
but rather a comparison of components in different reactor systems. In par-
ticular, different operational requirements of fusion and fast fission reactors

are accounted for and hence different neutron fluences for these reactors are
inherent to the topic of this study. Also, a comparison of radioactive waste,

i.e. components on a “per year” basis would distort the effect of operational
requirements.

Operation schedules for experimental and commercial reactors are fun-

damentally different. In experimental reactors, the duration of irradiation
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is determined by the requirements of the experiments being conducted,
which rarely follow a periodic plan or cycle. The intensity of irradiation
may also vary from one experiment to the next. In commercial reactors on
the other hand, the duration of irradiation is ruled by efficiency, which is
best achieved in following a periodic plan or cycle. Also, the intensity of

irradiation is almost constant over time.
For these reasons, radioactive waste from experimental reactors shall be

assessed for the entire life-time of the reactor. In the case of EBR-II, the life-
time is assumed to be 4y. The 500 driver and internal breeder assemblies,
the 100 radial breeder assemblies and the 162 shield assemblies discharged
during the life-time are irradiated for 135d each and 4y, respectively. In
the case of ITER, the life-time is 12.5y. The components are irradiated for
these 12.5y.

Radioactive waste from commercial reactors can be assessed for a cycle.
However, there are some components in commercial reactors that will be

irradiated for the entire life-time of the reactor as well and thus will not
follow a cycle at all. While the former ones shall be referred to as cycled

components, the latter ones shall be designated non-cycled components. In
the case of IFR, a cycle is 1y and the cycled components correspond to 25%
of the core. The cycled components are irradiated for 4y. In the case of
RAFHT, a cycle is 6y and the cycled components correspond to 100% of
the first wall, breeder blanket and manifold. The cycled components are
irradiated for 6y. The non-cycled component is equivalent to 100% of the
shield for both IFR and RAFHT, which have a life-time of 30y.

Under this prerequisite, the operation schedules given in Chapter 4 can
be summarized in terms of the duration of irradiation and the components
that are irradiated for this duration, as given in Table 5.1.

Specific radioactive waste parameters only depend on the neutron flu-
ence received during irradiation and can therefore be compared easily for

corresponding components. Absolute radioactive waste parameters heavily
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Reactor Component | Duration of
Irradiation

Experimental Fission | z-Clad/5Clad 135 days
Reactor: EBR-II =-Fuel/ =-Fuel 135 days
g Duct/75Duct 135 days

Steel Shield 4 years

Commercial Fission :Clad 4 years
Reactor: IFR +Fuel 4 years
zDuct 4 years

Steel Shield 30 years

Experimental Fusion First Wall 12.5 years
Reactor: ITER Breeder Blanket 12.5 years
Back Wall 12.5 years

Steel Shield 12.5 years

Commercial Fusion First Wall 6 years
Reactor: RAFHT Breeder Blanket 6 years
Manifold 6 years

Steel Shield 30 years

Table 5.1: Summary of Operation Schedules
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depend on the presence or absence of cycles and therefore a comparison of

radioactive waste parameters for corresponding components is not quite as
easy.

To determine life-time absolute radioactive waste parameters for com-
mercial reactors, it is necessary to multiply absolute radioactive waste pa-
rameters of cycled components by the number of cycles per life-time. Ab-

solute radioactive waste parameters of non-cycled components do not have

to be modified.

This procedure represents an idealization of the reality for commercial
reactors, because irradiated components of different cycles amount with a
time distance of a cycle’s duration, during which some decay of activation
is allowed to take place. So the actual life-time radioactive waste will have
lower radioactive waste parameters than the idealized life-time radioactive
waste. However, it could be argued that a number of commercial reactors
equal to the number of cycles per life-time of a reactor exists and the ideal-

ized life-time radioactive waste would then be reactor compound radioactive
waste.
Another important concept is the radioactive waste present in the reac-

tor at the time of decommissioning. For experimental reactors, decommis-
sioning radioactive waste is equal to life-time radioactive waste, assuming
that the experimental reactors will be decommissioned after the experiment
has been conducted. For commercial reactors, decommissioning radioactive
waste represents the cycled components of the final cycle, expanded by the
non-cycled components. Decommissioning is assumed to take place 10y af-
ter reactor shut down or end of life-time, which is equivalent in this study
to 10y after discharge of the components from the reactor.

Definitions of cycle, life-time and decommissioning radioactive waste in

this study are displayed in Table 5.2 for the different reactors.
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Reactor Cycle Life-time Decommissioning
Radioactive Radioactive Radioactive

Waste (EOC) Waste (EOL) Waste (DEC)

EBR-II — | 500 x ==/100 X --Clad | 500 x - /100 X :-Clad
— | 500 x ——-/100 x —Fuel | 500 x —-—/100 X ——Fuel

— | 500 x i’iﬂ/lﬂﬂ X == Duct 500 x im/100 X mODuci:

—_ 1x Steel Sh1eld 1x Steel Shield

IFR 1x %Clad 30x %Clad 4x %Clad
1x ;Fuel 30x :Fuel 4x ;Fuel

1x zDuct 30x zDuct 4x :Duct

— 1x Steel Shield 1x Steel Shield

ITER — 1x First Wall 1x First Wall
— 1x Breeder Blanket 1x Breeder Blanket

— 1x Back Wall 1x Back Wall

— 1x Steel Shield 1x Steel Shield

RAFHT 1x First Wall 5% First Wall 1x First Wall
1x Breeder Blanket 5% Breeder Blanket 1x Breeder Blanket

1x Back Wall 5% Back Wall 1x Back Wall

— 1x Steel Shield 1x Steel Shield

Table 5.2: Definition of Cycle, Life-time and Decommissioning Radioactive

Waste
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5.1.3 Presentation of the Comparison of Radioactive
Waste

The comparison will be conducted in separate sections for each radioactive
waste parameter. Each of those sections, with the exception of the one
on volumes, will contain figures showing specific and/or life-time absolute
radioactive waste parameters of the afore mentioned components. Experi-
mental and commercial reactors are presented in separate figures.

Figures only have a limited capability of resolution, so it is not possible
to display experimental and commercial reactors in the same figure and
the restriction to a reasonable number of figures prevents displaying fig-
ures comparing fusion and fission reactors separately in addition to figures
comparing experimental and commercial reactors separately.

To make up for the possible loss in overview, tables are supplied in
Appendix B that list specific radioactive waste parameters as well as cycle,
life-time and decommissioning absolute radioactive waste parameters for
all afore mentioned components of all reactors. Each table covers a certain
time after discharge. However, to keep the number of tables reasonably low,
only three times were considered. Those are 10y, 100y and 1,000y after
discharge of the components from the reactor. These three points in time
represent the short-term, intermediate-term and long-term characterization

of radioactive waste.
Appendix B will also contain figures showing specific and life-time ab-

solute radioactivity and decay power for the sum of the above components
of each reactor. This allows a ranking of the reactors with respect to their

overall radioactive waste behavior.
A short section will be devoted to the radionuclides that determine most
radioactive waste parameters.

As detailed in Chapter 4, each of the reactors under consideration has
a different nominal thermal and electrical power output. IFR is a 350 M W,
reactor, while RAFHT generates 1,200MW,. Also, EBR-II is rated at
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60MW,,, while ITER is rated at 1,000M W .h. The radioactive waste pa-
rameters are not normalized to the power output, but are evaluated and
presented for the reactors as built. Therefore, the different power output

should always be kept in mind when looking at the comparison.

5.2 Volume

The biggest disadvantage of fusion reactors is the volume of radioactive
waste produced. Table 5.3 lists those volumes of the different reactor com-

ponents and reactors for cycle, life time and decommissioning radioactive
waste. '
The energy per nucleus and neutron released in the fusion reaction is

greater than the one released in the fission reaction. However, the energy
released in a fission reaction is mostly transferred to fission products which
have a high heat generating cross section with nuclides of a high concentra-
tion material — the fuel. The energy released in a fusion reaction is mostly
transferred to neutrons which have a relatively low heat generating cross

section with nuclides of a low concentration material — the breeder blan-
ket. The only way to compensate for low heat generating cross sections and

low concentrations is to provide a sufficiently large volume of the respective

material.
Thus, as far as the fuel component and breeder blanket component are-

concerned, larger volumes for fusion reactors as opposed to fast fission reac-
tors are inherent to the indirect way the fusion reaction is utilized in toka-
maks. The energy density of a fast fission reactor is simply much higher

than that of a fusion reactor and the volumes of fuel and breeder blanket
component differ by about three orders of magnitude.

Although the high energy density of a fast fission reactor is beneficial,
it requires dividing up the fuel component into thousands of small units
in order to allow removal of the generated heat. Each such unit must be
contained by a clad unit, while the breeder blanket component of fusion

reactors may be contained by just one large first wall component. The
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Parameter Fission Reacto_rs F__l_xiion Reactors
EBR-II [ IFR ITER| RAFHT

Clad First Wall
EOC-Volume [m?] —131-.107¢ — 5.5.10%°
EOL-Volume [m®]|1.7-10"! | 9.2.10%° | 3.8.10%° | 2.7.10*"
DEC-Volume [m?®]|1.7-1071]1.2.10*° | 3.8.10%° 5.5.10%°

Fuel Breeder Blanket
EOC-Volume [m?] —143-107" — 3.9.10%
EOL-Volume [m®] | 7.0-107! | 1.3-10%! | 2.3-10*2 | 1.9.1073
DEC-Volume [m?%]|7.0-107! | 1.7.10%°| 2.3.10%? 3.9-10%2

Duct Back Wall /Manifold
EOC-Volume [m?®] —11.9-107* — 3.4-10%
EOL-Volume [m?] | 2.8-107! | 5.7.10%° | 4.3-10* |  1.7.10*2
DEC-Volume [m?]|2.8-107! | 7.6-10"! | 4.3- 10" 3.4.10%

Steel Shield Steel Shield

EOC-Volume 8 — — — —
EOL-Volume 1.1.10%° | 6.4-107° | 3.1.10%2 1.8-10%2

w

DEC-Volume

ENEE)

1.1.10%% | 6.4.10%° | 3.1.10%2 1.8-10%%
Reactor ‘Reactor

m?) —19.3.107¢ —_ 4.3.10%°

m3] 2.3-101° | 3.4.10% | 6.0.10%2 2.3.10%3

m3] 2.3.10t° ] 1.0-10% | 6.0-10%2 6.1-107%2

(]

EOC-Volume
EOL-Volume
DEC-Volume

(R —

Table 5.3: Volumes of Cycle, Life Time and Decommissioning Radioactive
Waste '
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large number of clad units generates a clad component that is comparable
in volume to the first wall component.

The commercial fusion reactor can be run with significantly less cycles
than the commercial fast fission reactor. However, because for each cycle
the volume of the components of the fusion reactor is so much larger than
the one of the components of the fast fission reactor, this fact does not

result in a life time volume for fusion reactors less than that for fast fission
reactors.
Due to the difference in energy densities of the reactors, the steel shield

can also be significantly smaller for fast fission reactors than for fusion
reactors.
A comparison of the volumes of experimental and commercial reactor

components on the fast fission reactor and fusion reactor side shows, that the
ratios of the volumes of components of the experimental and commercial

reactor are usually lower for the fast fission reactor than for the fusion
reactor.

5.3 Radioactivity

The course of the specific radioactivity over time after discharge is shown
in Figures 5.4 and 5.5. Although the EBR-II fuel starts out at a specific
radioactivity 10 times higher than the one of the /TER first wall right after
discharge, it ends up 100 times lower than this at 10,000y after discharge.
The fuel then reaches the specific radioactivity of the remainder of the FBR-
IIand ITER components, which in general is 100 to 1,000 times lower than
the one of the first wall at all times after discharge.

The specific radioactivity of those components is spread by a factor of
about 10, with the one of the EBR-II components tending to be higher than
the one of the ITER components right after discharge, but lower than this
at 10,000y after discharge. At less than 1,000y after discharge, only the

ITER first wall has a specific radioactivity of greater than 1,000 ﬁ-}
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IFR and RAFHT are separated more clearly. The RAFHT first wall
starts out at a specific radioactivity 10 times lower than the one of the
IFR fuel and also ends up like this at 10,000y after discharge. However,
right after discharge, it has the second highest specific radioactivity, while
at 10,000y after discharge the specific radioactivity is lower than the one
of all IFR c:)mponents.

The remainder of the RAFHT components has a specific radioactivity
that is on the average 10 to 100 times lower than the one of the remainder
of the IFR components. While all JFR components show a spread in the
specific radioactivity by a factor of about 10 at 10,000y after discharge,
the one of the RAFHT components is spread by a factor of 10,000 by
then. However, at 1,000y after discharge, all components have a specific .

radioactivity less than 1,000% and at 100y after discharge, only the one

of the IFR fuel exceeds this figure.

With the specific radioactivity of EBR-II components only slightly lower
than the one of IFR components, the effect of utilization of low activation
material in . RAFHT as opposed to standard material in ITER becomes
obvious. The first wall of ITER and RAFHT is almost equal in specific
radioactivity right after discharge, but at 100y after discharge already, the
RAFHT first wall specific radioactivity is a factor of 100 lower than the one
of the ITER first wall; this ratio is also present at 10,000y after discharge.

A similiar behavior can be recorded for the remainder of the RAFHT and
ITER components.

This fact can be appreciated even more, if it is taken into account, that
the intensity_ of irradiation in terms of the neutron first wall load is on the
average three to six times lower in ITER than in RAFHT. At the same
time, the duration of irradiation is only two times longer. The advantage
of RAFHT over ITER is bought by a slightly higher specific radioactivity
of the RAFHT first wall than the one of the ITER first wall for only the
first 10y after discharge.

136



The slightly higher specific radioactivity of IFR fuel as opposed to EBR-
ITfuel in the long-term is partly due to dominant **Zr in IFR fuel activation
products as opposed to dominant ®3 Mo in EBR-II activation products.

The course of the absolute radioactivity over time after discharge is
shown in Figures 5.6 and 5.7. Again, the EBR-II fuel starts out with the
highest absolute radioactivity, but at less than 1y after discharge, all ITER
components display a higher absolute radioactivity than all components of
EBR-II At 1,000y after discharge, the EBR-IIfuel has reached the absolute
radioactivity of the remainder of the EBR-II components, which in general
have an absolute radioactivity less than the one of all /TER components
by a factor of 100 to 10,000. Note, that the absolute radioactivity of all
ITER components is within a spread of a factor of 10, while this spread is
on the order of 100 to 1,000 for all EBR-II components. Only the absolute
radioactivity of all ITER components is greater than 1,000C% at 1,000y
after discharge and at 100y after discharge, only the EBR-II fuel exceeds
this figure.

The comparison of the absolute radioactivity of the JFR and RAFHT
components shows that it can be appropriate to match the fuel and the
breeder blanket component for comparison, since the absolute radioactivity
of both is different by less than a factor of 10 and higher than the remainder
of the components by a factor of 100 right after discharge and 10 at 10, 000y
after discharge. The exception is the RAFHT first wall, which shows an
absolute radioactivity comparable to the one of the fuel and breeder blan-
ket. At 1,000y after discharge, only the fuel and the breeder blanket have
an absolute radioactivity of greater than 1,000Ci. The remainder of the
components clearly shows a lower absolute radioactivity for RAFHT than
for IFR, especially at 10,000y after discharge.

The comparison of the absolute radioactivity highlights the importance
of the distinction between specific and absolute radioactive waste param-
eters, because the slight advantage of EBR-II over ITER with respect to
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the specific radioactivity turns into a clear advantage with respect to the
absolute radioactivity. Also, the advantage of RAFHT over IFR with re-
spect to the specific radioactivity is diminished a little bit with respect to
the absolute radioactivity. However, the volumes of RAFHT components
are not large enough to turn the specific radioactivity advantage into an
absolute radioactivity disadvantage.

Also, the specific radioactivity of ITER components in general is higher
than the one of RAFHT components by a factor of 100 to 1,000, a ratio
which is maintained for the absolute radioactivity. And while EBR-II com-
ponents have approximately the same as or only a slightly lower specific
radioactivity than IFR components, the absolute radioactivity of EBR-II
components is generally 10 times lower than the one of /FR components. |

It is interesting to note, that the slopes of the graphs in the long-term
tend to be zero for fast fission reactor components, but notably negative
for fusion reactor components. This could indicate, that the fast fission
reactor components either have reached an intermediate plateau or the final
equilibrium, where the former case is more likely. Also, the graph for the
fuel displays a negative slope that is lower than the one of the graphs for
the remainder of the components at the begin of the intermediate term, but
higher than this at the end of the intermediate-term. In the short term, the
slopes of the graphs for all components are almost zero, with only the one
of the graph for the fuel notably negative. The distinct temporal behavior
of the fuel is naturally caused by the dominance of its fission products over
its activation products. The temporal behavior of the remainder of the

components is solely caused by their activation products.
It is worthwhile to mention that Reference [13] cites a value of 6 for

the specific radioactivity of natural uranium. Within 100y after discharge
from the reactor, only the shield and the manifold of RAFHT reach this
specific radioactivity, and only the breeder blanket of RAFHT can be added

to these within 1,000y after discharge. The next closest components are
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clad and duct of EBR-IL
The same reference provides a specific radioactivity of the fuel from

a fast fission reactor. This radioactivity shows good agreement with the
radioactivity of the fuel from the fast fission reactors as calculated in this
study. The latter one is generally within a factor of 2 of the former one.
Based on this agreement, it can be assumed that the specific radioactivity
of all remaining fast fission reactor components as calculated in this study
represents a reasonable estimate.

Reference [11] provides a specific radioactivity of the first wall and the
breeder blanket from ITER. This radioactivity shows good agreement with
the radioactivity of those components from ITER as calculated in this study.
The latter one is generally within a factor of less than 2 of the former one.
Based on this agreement, it can be assumed that the specific radioactivity
of the RAFHT components as well as the one of all remaining fusion reactor
components as calculated in this study represents a reasonable estimate.

All remaining radioactive waste parameters are based on the radioactiv-
ity of the components. The different weighting factors of the radionuclides
in the components, used to determine those radioactive waste parameters,
more or less average themselves out to a constant weighting factor for any
component under consideration. The averaging is mostly due to the similar
radionuclides in these components. )

It is the reason for the fact, that the remaining radioactive waste pa-
rameters of the fast fission reactor and fusion reactor components basically
show the same temporal behavior as the radioactivity of those components.
Furthermore, this means that the order of the components with respect to
the magnitude of a radioactive waste parameter does not change signifi-
cantly with the radioactive waste parameter under consideration. However,
radioactive waste parameters of components can be closer together or fur-

ther apart than the radioactivity, due to slight variations in the avering
out.
For these reasons, a description of the temporal behavior shall be forgone
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for the remaining radioactive waste parameters. Rather, particularities shall
be noted and the behavior with respect to possible standards for those
radioactive waste parameters in order to fulfill certain requirements shall

be illustrated.

5.4 Whole Body v-Dose Rate

The specific whole body v-dose rate does not convey much information and
therefore its course over time after discharge is not shown here. Much more
important is the absolute whole body v-dose rate. Its course over time after
discharge is shown in Figures 5.8 and 5.9.

The standards of 10CFR20{or restricted areas give a hint to the allowed
radiation environment for radiactive waste handling. In general, the radia-
tion environment must not result in a whole body +y-dose rate greater than
5.7-107%3%, Under exceptional circumstances, 1.4- 10~%3% may be allowed.
Only the clad, duct and shield of EBR-II will reach such a whole body ~-
dose rate, although only within 100y after discharge. All other components
do not comply with these standards at any time after discharge.

The same holds true for the 2.5 - 10“5%:-' to be reached within 100y
after discharge as recommended by Reference [39] for long-time hands-on
radioactive waste handling. The 2.0-10725¥ to be reached within 50y after
discharge as recommended by the same reference for short-time hands-on
radioactive waste handling could be fallen short of by all components of
EBR-ITwithin 10y and by all components of RAFHT within several hundred
years after discharge. All other components require hands-off, i.e. shielded
radioactive waste handling at any time after discharge.

However, self-shielding of the components was not considered and hence
the actual whole y-dose rate of the components is lower than the idealized

one given in the figures. Roughly a self-shielding factor of at least 107* is
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required to bring the whole body v-dose rates for all components down to
the 107°3Y range within 10y after discharge.

Whole body ~-dose weighting factors were available for the radionuclides
of activation products and for only a minor part of the radionuclides of
fission products. It is estimated that the whole body «-dose rate of fuel is
by a factor of less than 10 too low due to the lack of whole body v-dose

weighting factors for a major part of the radionuclides of fission products.

5.5 Decay Power

The course of the specific decay power over time after discharge is shown in
Figures 5.10 and 5.11. Reference [39] cites a specific decay power of 1025 to

be reached within 50y after discharge in order to allow storage in a repos-
itory. With the exception of the fuel and the first wall, all components of

EBR-IT and ITER will fulfill this limitation. Fuel of EBR-II and first wall
of ITER fall short of this limitation at about 100y after discharge almost si-

multaneously. Also, the specific decay power of 1%, cited by Reference [39]

as virtually negligible, will be reached by almost all components of EBR-
IT and ITER at several hundred years after discharge. However, this does
not hold true for the ITER first wall, which will remain at a specific decay

power of greater than 1% even at 10,000y after discharge.

The comparison of IFR and RAFHT shows that all components, except
for the IFR fuel, will come down to a specific decay power of 105 within
the above 50y. The fuel needs several hundred years to reach this specific
decay power. 1% will be fallen short of by all components, except for the
fuel, at 100y after discharge and the fuel needs 1,000y to accomplish this.

The course of the absolute radioactivity over time after discharge is
shown in Figures 5.12 and 5.13. All components of EBR-II and ITER
produce less than 1MW within lw after discharge. While the fuel of IFR
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and the first wall and breeder blanket of RAFHT need several years to fall
short of this absolute decay power, all other components produce less than
1MW right after discharge.

If the absolute decay power of the IFR life time fuel and the RAFHT
life time first wall is divided by the number of cycles per life time of the
respective reactors, the resulting absolute decay power would still be at
1MW at ly after discharge. Assuming that, say, 50 reactors of the IFR
and RAFHT type each are existing at a future point in time, the combined
absolute decay power of the cycle fuel and the cycle first wall would make up
for more than 100 M Wy, i.e. the size of a small conventional power station,
for 1y. However, the efficiency of conversion from thermal to electrical
power output is relatively low. Also, using the first wall as an energy
source would interfere with the intention of reprocessing it, while the fuel
is already reprocessed and hence suitable as a heat source.

Even more so than for the absolute radioactivity it is striking how con-
centrated the absolute decay power for the ITER components appears in
the graph.

While radionuclides of activation products are only a few neutrons away
from their equilibrium condition in terms of the number of neutrons, ra-
dionuclides of fission products are sometimes more than 10 neutrons away
- from their equilibrium condition. This results in a much higher heat pro-
duction for the decay of a radionuclide of fission products than for the one
of a radionuclide of activation products.

Consequently a much higher specific and absolute decay power results
for fuel than for the remainder of the components. That also means that
fuel is especially “hot” for the first couple of days after discharge. However,
both specific and absolute decay power come down to the decay power of
the first wall at less than 1y after discharge. The graph for fuel starts to
fall off at 1d after discharge already, displaying the fact that the short-lived

radionuclides decay soon.
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5.6 Biological Hazard Potential

The course of the specific Biological Hazard Potential over time after dis-
charge is shown in Figures 5.14 and 5.15. It can be seen that no component
of any reactor reaches a specific BHP equal to unity within 10,000y. All
components therefore represent a serious hazard to the biosphere for a very
long time.

The course of the absolute Biological Hazard Potential over time after
discharge is shown in Figures 5.16 and 5.17. A supertanker fleet of about
4,000 ships represents the immense volume of 1km3. It takes the absolute
BHP of the EBR-ITfuel several hundred years and each one of the remainder
of the EBR-II components several years to fall short of this volume. The
absolute BHP of all ITER components reaches this volume only at several
thousand years after discharge.

Except for the IFR fuel and the RAFHT first wall, all components of
IFR and RAFHT drop below the 1km?® volume at 10y after discha,rgé. While
IFR fuel and RAFHT first wall reach this volume after several hundred years
after discharge, it takes the RAFHT breeder blanket several thousand years
to accomplish this; it is mostly caused by the low MPC of the radionuclides

147 and % Ar produced in the breeder material.

5.7 Radioactive Waste Classification

Note that the classification presented here is pertinent to US regulatory
standards. Countries other than the US might have different standards,
which might lead to a different classification. Also note that according to
10CFR61, radioactive waste that does not fall into class A,B or C is not
necessarily high level radioactive waste. However, for the purpose of the
study, this waste is assumed to be high level radioactive waste, because it

exceeds the limits for class A, B or C waste by a large factor in almost all
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cases. The association of high level radioactive waste with deep repositories
or low and intermediate level radioactive waste with shallow repositories is
based on typical considerations in radioactive waste management but is by
no means compelling.

The course of the classification index RW ¢ for radioactive waste class
C over time after discharge is shown in Figures 5.18 and 5.19. Any compo-

nent with RWC¢ greater than 1 has to be classified as high level radioactive
waste, while RW (¢ less than 1 qualifies the component for class C inter-

mediate level radioactive waste or even lower classes B and A radioactive

waste.
Clad, duct and shield of EBR-II clearly qualify for class C radioactive

waste right after discharge and only the fuel has to be classified as high
level radioactive waste. In contrast, first wall, breeder blanket and back
wall of ITER constitute high level radioactive waste for 10,000years after
discharge and only the shield qualifies for class C intermediate level radioac-
tive waste right after discharge. However, RW Ccs of back wall and breeder
blanket are greater than 1 by less than a factor of two, which in view of
possible uncertainties in the calculation means that both components could

also qualify for class C intermediate level radioactive waste, implying that

only the fuel of EBR-II and the first wall of T TER must be stored in deep
repositories.

All components of IFR have to be classified as high level radioactive
waste right after discharge, but clad and duct fall below an RWC¢ classi-
fication index of 1 at 1y after discharge. The RW (¢ classification index of
the steel shield almost reaches unity at ly after discharge, with the same

caveat as for the ITER back wall and breeder blanket. The first wall is the
- only component of RAFHT that possibly could be high level radioactive

waste for more than 10,000y after discharge; but again its RWC¢ clas-
sification index for class C radioactive waste is only slightly greater than
one. All other components of RAFHT qualify for class C intermediate level

radioactive waste.
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The strange behavior of the EBR-II fuel as compared to IFR fuel is
most likely due to the different specific radioactivity of the short-lived ra-
dionuclide ®2Nb, which is partly produced by Nb initially present in EBR-II
fuel, while there is no initial Nb present in IFR fuel. The same Nb isotope
is probably responsible for the likewise strange behavior of clad, duct and
steel shield of IFR as compared to EBR-II, i.e. there is ®®Nb present in
those components of IFR but not of EBR-II. ®*Nb is partly produced by
radioactive decay of activated Mo; IFR clad, duct and shield being made
of HT-9 do have some Mo, while the clad duct and shield material SS804L
of EBR-1I does not contain Mo. Due to the particular low WDR of this Nb
isotope and the generally low number of relevant radionuclides considered
for radioactive waste classification purposes, ®2 Nb can be the determining
radionuclide with respect to radioactive waste classification.

There is, however, a possibility that the radionuclide specified as ®2Nb
in the ORIGEN-II decay data library, which was obtained from Argonne
National Laboratory [14], is actually supposed. to be the Nb isotope %™ Nb.
In that case it would not matter for classification purposes and the graphs
for the RW ¢ classification index would run as straight lines, classifying
clad and duct of IFR as class C intermediate level radioactive waste right
after discharge and leaving only the IFR fuel and steel shield as high level
radioactive waste. Also, the EBR-IIfuel would remain high level radioactive
waste under this assumption with the corresponding graph running as a
straight line.

Should this explanation hold true, and this is most likely the case, as
a comparison of half life and radionuclide between the ORIGEN-II decay
data library and the Table of Isotopes suggests, then it demonstrates the
sensitivity of the radioactive waste classification method.

The above uncertainty about the Nb isotopes 2 Nb and ™ Nb, respec-
tively, was reported to Argonne National Laboratory, but no final clarifica-
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tion of this uncertainty was obtained [14].

5.8 Intruder Dose Rate

5.8.1 Construction Scenario

For the purpose of this study, a layered waste repository design was cho-
sen. This results in additional shielding equivalent to a certain thickness
of soil between the radioactive waste and the intruder. The shielding effect
depends on the radionuclide and is assumed to be effective for the time the
layered waste repository design allows stable waste packages to exist — here
500y after beginning of storage. After this period, the shielding is stated to
be not effective anymore.

The shielding explains the typical shape of the graph of the intruder
dose rate versus time after beginning of storage. The decrease due to nat-
ural decay of radionuclides is enhanced by the shielding effect until 500y
after beginning of storage, leading the graph into a “trough”. Then the
shielding effect vanishes and the graph increases almost instantaneously
to a “peak” before starting to fall off again, this time much slower than
previously with shielding. The graph distorts reality a little bit, because
radioactive waste parameters for 500y were not determined and thus the
increase seemingly already starts at 100y after beginning of storage,i.e. the

time at which institutional control is assumed to cease to exist. Radioactive
waste with radionuclides whose radiation does not or only weakly experi-

ence a significant shielding does not or only much weaker exhibit the “peak”
and “trough” behavior.

The course of the intruder dose rate under the construction scenario
over time after discharge is shown in Figures 5.20 and 5.21.

The graphs displayed in above figures follow precisely this description,
and the graphs for fuel do not go through a significant “trough”, because

its intruder dose rate is determined by #8r, Y, 87y, %®T¢ 121mGy 1297
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93m N'h and 37C's, which, with the exception of *37C's, experience no shield-
ing [8].
Of all high level radioactive waste components only the first wall of ITER

significantly exceeds the standard of 5.7 - 10‘757:1 for unrestricted areas set

by 10CFR20. Back :Nall and breeder blanket of ITER and first wall of .
RAFHT as well as fuel of EBR-II and IFR approach this standard from the
lower side or just touch it. In particular it should be noted that, except for
the first wall of ITER, no component at any time after institutional control
ceases to exist will lead to an intruder dose rate greater than the 10CFR20
standard. Thus it should be possible to store this high level radioactive

waste in a shallow repository.

5.8.2 Agriculture Scenario

The course of the intruder dose rate under the agriculture scenario over
time after discharge is shown in Figures 5.22 and 5.23. Waste packages are
assumed to be unstable under this scenario right after institutional control
ceases to exist, and hence there is no shielding effect due to a particular
repository design. This, in combination with the food pathway in addition
to the air and soil pathways of the construction scenario, leads to a higher

intruder dose rate than under the construction scenario.
All components classified as high level radioactive waste exhibit an in-

truder dose rate greater than the 10CFRZ2(0 standard. As a discrepancy
to their classification, also clad and duct of IFR and steel shield of ITER
exceed this standard. This is acceptable in the case of clad and duct, since
they classify for class @ radioactive waste with a RW C¢ classification index
of only slightly less than 1 and hence exist in the “grey zone”. The steel
shield however falls short of RWCc¢ =1 by almost an order of magnitude.
92 Vp or 22mNb can not be made responsible for this discrepancy, because
both Nb isotopes have approximately the same PDC and shielding factors.

A remark may be made on the relation of radioactive waste classification
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and intruder dose rate. It appears that a safe radioactive waste classification
into high level radioactive waste and intermediate or low level radioactive
waste that correctly corresponds to the intruder dose rate can be made only,
if unity for the RW ¢ classification index is fallen short of by at least an

order of magnitude.

5.9 Radionuclides in Radioactive Waste

The components in comparison contain different materials, have different
geometries and are irradiated by a different neutron flux. However, the
strongest influence on activation is exercised by the materials. To help as-
sociate particular high or low radioactive waste parameters with particular
radionuclides in those materials, this section lists the niost important ra-
dionuclides for each component. The importance of the single radionuclides
changes over time and the following list is representative for 10y, 100y and
1,000y after discharge only. It turns out that all radioactive waste param-
eters for a component are ruled by basically the same radionuclides.

Clad, duct and shield in EBR-II are made of SS304L stainless steel with
a particular high Nz content. Activation of these components is therefore
mostly due to ®Ni and ®3Ni. Other important activation products in
SS804L are 5*Mn, 55 Fe and %Co. h

Fuel in EBR-II is a compound of uranium, plutonium and fissium. The
fission products from fission of uranium and plutonium comprise "?Se, % Sr,
QOY’ 932,,‘, 93mNb’ %Tc, IOBmAg’ 121""577,, mssb, 128me’ 125mTe’ 1291, 13708,
137mBg, ¥mND, %4 Nb, ¥ Mo and *®Tc and the most important activation
products due to fissium are **™Nb, ®Nb, Mo and **Tec.

Clad, duct and shield in IFR are made of HT-9 stainless steel which has
only few Ni but therefore some Mo. Consequently, *™ Nb, % Nb, %3 Mo are
most important, then follow 3*Mn, 5 Fe, ®Co, *°Ni, ®Ni and *Tc. The
B4C part of the shield generates some *C.

168



The fission products of [FR fuel are not significantly different to EBR-
II fuel. But IFR fuel is a compound of uranium, plutonium, actinides and
zirconium and the Zr leads to 257, Y, %3 Zp, 3™ Nb and * Nb as activation
products in fuel.

Any structure material and the shield in ITER are made of $5316 with
a significant amount of Mo and some Ta. Typical activation products
comprise % Mn, % Fe, ®Co, ® Ni, ® Ni, ®* Nb, ™ Nb, Mo and %Tc. The
breeder blanket contains some °Be, *® Ar, and *°V in addition.

Any structure in RAFHT is made of RAF stainless steel and due to
the high amount of W some new radionuclides can be observed. The gen-
eral activation products are 53 Mn, *Mn, *Fe, Co, % Nb, 1%%™ Ag, 58T,
179Tg 192]; and 21" B;i. The breeder blanket again has some *Ar. The
shield is made of FeCrV stainless steel and activation products for FeCrV
are 5*Mn, 58 Fe, ®Co, 3 Ni, %™ Nb, ®Nb, ** Mo.

The bulk of the radionuclides is the same for all reactors and components
and hence it is only the presence or absence of a couple of radionuclides and
their activation that leads to a significantly higher or lower activation of the
components. In the case of ITER and RAFHT, the difference certainly is
due to the presence of *Ni and ® N3 in 55316 but their absence in RAF.
The comparison of EBR-II and IFR teaches that **™Nb and **Mo can

be a substitute for the Ni isotopes in terms of resulting in a comparable
activation.
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Chapter 6

Summary and Conclusion

6.1 Summary

A comparative study of radioactive waste from specific fast fission and spe-
cific fusion reactors has been conducted. First, radioactive waste from fast
fission and fusion reactors was compared between two experimental nuclear
reactors and between two commercial nuclear reactors. Second, radicactive
waste from experimental and commercial nuclear reactors was compared

between the two fast fission reactors and between the two fusion reactors.
The experimental and commercial nuclear reactors considered in this

study were the Ezperimental Breeder Reactor Il and the Integral Fast Re-

actor as the two fast fission reactors and the International Thermonuclear
Ezxperimental Reactor and the Reduced Activation Ferrite Helium Tokamak

as the two fusion reactors.
The fast fission and fusion reactors were assumed to operate on a self-

sufficient closed fuel cycle, i.e. they were assumed to breed the fuel needed
for their operation. The importance of this assumption lies in the fact that
radioactive waste from the two fast fission reactors did not contain actinides,
nor did radioactive waste from the two fusion reactors contain gaseous or
liquid tritium, because actinides and tritium as the respective bred fuels
were recycled back to the reactor. Thereby, the fast fission reactors have

the potential for fissioning long-lived actinides, i.e. transforming them into
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short-lived fission products. Thermal fission reactors do not support such
a self-sufficient closed fuel cycle economically, because their breeding and
actinide fissioning potentials are not high enough.

However, it must be noted that the separation of actinides or tritium
from the remainder of the radioactive waste will not be complete, because
the chemical processes involved do not allow for a 100% separation effi-
ciency. Rather, typical separation efficiencies are in the 99.9% range. Thus
the radioactive waste from the two specific fast fission reactors will always
contain some actinides and that from the two specific fusion reactors will
always contain some tritium. Consequently, the comparison conducted in
this study represents an idealization in that it assumes 100% separation
efficiency.

Recycling of structural material from the fusion reactors was not ac-
counted for, because as of now, such recycling is a theoretical concept. On
the other hand, recycling of actinides from the fast fission reactors has al-
ready been demonstrated in an experimental approach.

Radioactive waste from the four specific reactors was approximated as
the solid fraction of reactor components. Reactor components were defined
by their function within a reactor. In particular, the fuel, clad, duct, re-
flector and shield components of the fast fission reactors and the breeder
blanket, first wall, duct or manifold and shield components of the fusion
reactors were compared. Also compared was the sum of these components
for the fast fission and the fusion reactors, as given in the tables and figures
in Appendix B. Homogenization of the reactor components was necessary
to increase the efficiency of this study.

The radioactive waste was characterized in terms of activation by ra-
dioactive waste para.rheters. Those parameters were calculated by computer
codes. The central role for the fast fission reactors was played by ORIGEN-
II, that for the fusion reactors by ONEDANT and REAC-II. All three codes

were used to simulate build-up and decay of radionuclides in reactor com-
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ponents during and after irradiation by a neutron flux. Auxiliary computer
codes were supplied to convert the output of those three computer codes
into radioactive waste parameters.

The radioactive waste parameters chosen for this study were volume,
radioactivity, whole body ~-dose rate, decay power, Biological Hazard Po-
tential, radioactive waste class index and intruder dose rates. Those pa-
rameters were calculated for 100s, 1A, 1d, 1w, ly, 10y, 100y, 1,000y and
10,000y after discharge of the reactor components from the nuclear reac-
tor. PFurthermore, radioactive waste was assessed as cycle, life time and
decommissioning radioactive waste.

Thereby, a short-, intermediate- and long-term characterization of ra-
dicactive waste was established. Thus, the radioactive waste parameters
are applicable to waste handling as well as temporary or final waste stor-
age. To our knowledge, no other study comprises this wide a spectrum of

radioactive waste characterization.

6.2 Conclusion

The comparison conducted in Chapter 5 and the tables and figures pre-
sented in Appendix B suggest that, in the short- and intermediate-term af-
ter discharge, the specific activation of radioactive waste from the two fast
fission reactors is higher than the specific activation of radioactive waste
from the two fusion reactors. The specific activation of radioactive waste
from the two commercial reactors is generally slightly higher than the spe-
cific activation of radioactive waste from the two experimental reactors.
However, in the long-term after discharge, a cross-over can be observed
for the specific activation of radioactive waste from the fusion reactors but

not for waste from the fast fission reactors. The same can be observed for
the specific activation of radioactive waste from the experimental reactors

but not for waste from the commercial reactors. Due to these cross-overs, a

ranking list of specific activation of radioactive waste in the long-term would
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have IFR at its top, followed by ITER, EBR-II and RAFHT. However, the

specific activation of EBR-II and ITER is not very different in the long-
term. .
On the other hand, in the short- and intermediate-term after discharge,

the life-time absolute activation of radioactive waste from the experimental
reactors is lower than that from the commercial reactors. Except for a
very short time right after discharge, the life-time absolute activation of

radioactive waste from the fast fission reactors is lower than that from the
fusion reactors.
However, in the long-term after discharge, a cross-over can be observed

for the life-time absolute activation of waste from the commercial reactors,
but not for that from the experimental reactors. The same can be observed

for the life-time absolute activation of radioactive waste from the fusion
reactors, but not for that from the fast fission reactors. Due to these cross-

overs, a ranking list of life-time absolute activation of radioactive waste in
the long-term would have ITER at its top, followed by IFR, RAFHT and
EBR-II. However, the life-time absolute activation of JFR and RAFHT is
not very different in the long-term. Note again, that IFR is a 350 M W, reac-
tor, while RAFHT generates 1,200MW,, and EBR-IIis rated at 60 MW,
while ITER is rated at 1,000M W,,,.

The differences in the specifc and life-time absolute activation displayed
by the waste of the four reference reactors, of coursé,' are due to the dif-
ferent volumes of the reactor components. In particular, the fusion reactor
components have larger volumes than the fission reactor components.

However, these conclusions have been drawn under the assumption that

actinides are excluded from the radioactive waste of the fast fission reactors.
Actinides increase the activation of radioactive waste from the fast fission
reactors by a factor of less than two in the short- and intermediate-term,

but by a factor of up to 1,000 in the long-term. If 100% of the actinides
from the fast fission reactors are included in the radioactive waste, e.g. be-

cause a self-sufficient closed fuel cycle is not employed, then the comparison
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of the activation of radioactive waste from the fast fission and the fusion
reactors and from the experimental and the commercial reactors will result

in significantly different conclusions.

While the comparison of IFR and RAFHT would show an even increased
gap in the long-term activation of the respective radioactive waste, the com-
parison of EBR-II and ITER presumably would show ITER as the exper-
imental nuclear reactor with the lower long-term activation of radioactive
waste, instead of EBR-II as in the case which excludes the actinides.

Considering that approximately 0.1% of the actinides may realistically
remain in the radioactive waste from the two fast fission reactors, the long-
term activation of the waste would roughly be two times, instead of thou-
sand times, higher than that of the idealized actinide-free waste. This would
not result in significantly different conclusions for the comparison.

EBR-II utilizes highly 33U enriched uranium fuel, while IFR utilizes

a 2387/ depleted mixed uranium-plutonium-minor-actinides fuel. The long-
term activation is determined by plutonium, and hence the long-term activa-
tion of radioactive waste from IFR will always be higher than the long-term
" activation of radioactive waste from EBR-II, irrespective of the inclusion or

exclusion of actinides.
The above conclusions have also been drawn under the assumption that

the experimental fusion reactor utilizes standard materials, while the com-
mercial fusion reactor utilizes Reduced Activation Materials (RAMs, such as
Reduced Activation Ferrite). Assuming that the experimental fusion reactor

utilizes RAMs or the commercial fusion reactor utilizes standard materials
can result in different conclusions.
If standard materials were utilized for the fusion reactors, the compari-

son of the two fast fission and the two fusion reactors would show not only
ITER but also RAFHT with a higher long-term activation of the waste
than that of EBR-IT and IFR. This is supported by the three to six times
higher intensity of irradiation, i.e. neutron flux, in RAFHT with an only a

factor of two shorter duration of irradiation as opposed to ITER. On the
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other hand, the comparison of the fast fission and the fusion reactors would
show not only RAFHT but also ITER with a lower long-term activation
of the waste than that of EBR-II and IFR, if RAMs were utilized for the
two fusion reactors. The decommissioning radioactive waste as presented
in Table B.6 in Appendix B already features a higher absolute activation
for the fusion reactors than for the fast fission reactors, regardless of the

utilization of RAM:s.

Accordingly, the activation of radioactive waste from both the fast fis-
sion and the fusion reactors strongly depends on the materials used, al-
though this dependence is much weaker for the fast fission reactors than for
the fusion reactors. However, even utilization of RAMs in the commercial
fusion reactor can most likely not entirely bypass the production of high
level radioactive waste and hence the need for provision of deep reposi-
tories would probably not be eliminated if the nuclear component of the
energy supply structure switched from (fast) fission energy to fusion energy
with fusion reactors of the analysed type. Only Low Activation Materials
(LAMs) [39], such as silicon carbide or vanadium-alloy, or the utilization
of less neutrons producing fusion reactions, as the one between Deuterium
and Helium (D — 3He reaction), can presumably eliminate this need.

Fusion reactor concepts, such as ARIES [20], based on these advanced
materials and fuel cycles already exist. A comparison of the radioactive
waste from such a reactor to that from IFR would certainly show, that the

radioactive waste from IFR is far more hazardous than that from ARIES
at all times after discharge. Yet it seems as if the development of both"

advanced materials and advanced fuel cycles does not receive the attention
it should receive. This is especially important, if the fusion community
is not to jeopardize one of it’s major arguments for fusion: A significant
reduction of radioactive waste compared to fission reactors.

In this study, the experimental reactors have the objective of establish-

ing the foundation of commercial reactors. The latter are not conceivable
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without the former. Hence, the experimental and commercial reactors can
be considered as a connected entity. This entity then has one investment
and one return on investment. The investment in experimental reactors

and the return on investment from commercial reactors have an economical
and an ecological component. While the economical component is typi-

cally important in the short- and — at most — the intermediate-term, the
ecological component is important in the long-term.

This study concentrated on the ecological component, which can be as-
sessed in terms of the activation of radioactive waste produced by the exper-
imental and commercial nuclear reactors. While the ecological investment
is equivalent to the activation of radioactive waste from the experimental
nuclear reactors, the ecological return on investment is equivalent to the
difference in the activation of radioactive waste from the experimental and

commercial nuclear reactors.
According to the above ranking of the nuclear reactors in the long-term,

given the reactor designs in this study, the experimental fusion reactor
requires a higher ecological investment than the experimental fast fission
reactor. On the other hand, the commercial fusion reactor yields a positive
ecological return on investment, while the commercial fast fission reactor
yields a slightly negative one. This does not necessarily mean that eventu-
ally fusion reactors will be ecologically preferable to fission reactors, because
a final evaluation of the ecological compatibility of fission and fusion reac-
tor systems has to also account for all resources that are needed to operate

those systems.
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Appendix A

Reactor Materials and
Geometries

Tables A.1, A.2, A.3 and A show the isotope and element composition of
the Ezperimental Breeder Reactor II components. Tables A.5, A.6, A.7 and

A.8 show the isotope and element composition of the Integral Fast Reactor
components.

Table A.9 shows the material composition of the International Ther-
monuclear Fzperimental Reactor components. Tables A.10, A.11, A.12 and
A.13 show the radial build of the materials of ITER at the reactor midplane.

Table A.14 shows the material composition of the Reduced Activation
Ferrite Helium Tokamak components. Tables A.15 and- A.16 show the radial
build of the materials of RAFHT at the reactor midplane.

Finally, Tables A.17 and A.18 show the element composition including

impurities of some materials of the four reactors.
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Element Driver Internal Radial
Breeder Breeder

kg] [kg] [kg]

mc 2.99084 - 1074 | 3.82444 - 104 | 4.99785 - 10~*
ms; 9.96947 - 10~ | 1.27481 - 1072 | 1.66595 - 10~2
mp 4.48626 - 10~* | 5.73666 - 10~* | 7.49677 . 10~*
mg 2.99084 - 10~% | 3.82444 . 10~* | 4.99785 . 10—*
mer 1.89420 - 107! | 2.42214 - 107! | 3.16530 - 107!
MM 1.99389 . 102 | 2.54963 - 10~2 | 3.33190 - 102
MFe 6.76877 - 107! | 8.65534 . 10~ | 1.13110 - 10*°
my; 9.96947 - 1072 | 1.27481 - 10~ | 1.66595 - 107!
1 Me | 9.96947 - 107! | 1.27481 - 10%° | 1.66595 - 10*°

Table A.1: Element Composition
Reactor II Clad Component

of Assembly of Experimental Breeder

Element Driver Internal Radial
Breeder Breeder

[kg] [kg kg

me 2.12303 - 10~* | 8.59607 - 10~% | 1.07191 - 103
me; 7.07676 - 10~2 | 2.86535 - 1072 | 3.57303 - 10~2
mp 3.18454 - 10~* | 1.28941 - 10~23 | 1.60786 - 102
ms. 2.12303 - 10~* | 8.59607 - 10~* | 1.07191 - 102
mer 1.34458 - 10~ | 5.44417 - 107! | 6.78875 - 10~*
MM 1.41535 - 10~2 | 5.73070 - 10~2% | 7.14605 - 102
MFe 4.80477 - 10~ | 1.94543 - 107° | 2.42591 - 10+°
my; 7.07676 - 10~2 | 2.86535- 107! | 3.57303 - 10~*
ne . m, | 7.07673 .10 | 2.86535 - 10*° | 3.57303 - 10*°

Table A.2: Element Composition of Assembly of Experimental Breeder
Reactor II Duct Component
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Isotope or Driver Internal Radial
Element Breeder Breeder

[kg] k9] k]
Massyy 2.50014 - 107° | 1.13588 - 10~ | 1.48439 .10
Tnass py, 4.40749 - 1073 0.0 0.0
TMaup, 1.61348 - 10~4 0.0 0.0
T, m; 2.50471 - 107° | 1.13588 - 107! | 1.48439 - 10!
Tnassys 8.84432 - 1073 | 8.63996 - 10~ | 1.12909 - 1073
Tnassyy 3.56656 - 102 0.0 0.0
Massyy 2.25028 - 10*° | 1.58616 - 10* | 2.07283 - 10*!
mass p, 0.18495 . 10~° 0.0 0.0
Massp,, 2.37723 - 10~® 0.0 0.0
Taso py, 1.40307 - 1073 0.0 0.0
Mmaap, 7.38460 - 1075 0.0 0.0
S my 4.80100 - 10%° | 1.59761 - 10*! | 2.08779 - 10*!
mes; 3.54056 - 1073 0.0 0.0
maz, 4.55215 - 1073 0.0 0.0
™MNb 5.05794 - 10~* 0.0 0.0
MMo 1.26449 - 1071 0.0 0.0
mre 2.52897 - 1073 0.0 0.0
MRy 9.71125 - 10~ 0.0 0.0
™MRR 1.31507 - 1072 0.0 0.0
mpq 9.10430 - 10~3 0.0 0.0
Soe . mi | 5.05794 -10%9 | 1.59761 - 10* | 2.08779 - 10*!
¢y 0.94800 1.0 1.0
€pu 0.00120 0.0 0.0
€si 0.00070 0.0 - 0.0
&z- 0.00090 0.0 0.0
Enn 0.00010 0.0 0.0
Ento 0.02500 0.0 0.0
érec 0.00050 0.0 0.0
ERu 0.01920 0.0 0.0
éRn 0.00260 0.0 0.0
épd 0.00180 0.0 0.0

Table A.3: Isotope and Element Composition of Assembly of Experimental
Breeder Reactor II Fuel Component, Adapted from [{4]
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Element |  Shield |
' [kg]
me 2.52512 - 10+1
mg; 8.41706 - 10+2 .
mp 3.78768 . 10*?
ms 2.52512 . 10%1
mee 1.59924 . 1013
MMn 1.68341 - 10%2
MFe 5.46225 . 1012
mpy; 8.41706 - 102
m=3Y"* m, | 8.41706 - 1013

Table A.4: Element Composition of 100% of Experimental Breeder Reactor
IT Shield Component

Element Driver Internal Radial
Breeder Breeder
[%g] [kg] k]
me 1.12304 - 10T | 3.74425 . 1070 | 4.85740 - 1071°
My 1.97870 - 10~! | 6.59700 - 1072 | 8.55800 - 10~2
mo 3.10170 - 107! | 1.03410-107* | 1.34160 - 107!
ms; 1.17652 - 107! | 3.92254 - 107° | 5.08871 . 101°
mri 1.06960 - 10~ | 3.56600 - 10~2 | 4.62600 - 102
my 1.81826 - 10! | 6.06211 - 10*° | 7.86436 - 101°
mer 6.42808 - 1012 | 2.14314 - 10%2 | 2.78028 - 10™2
MMn 2.67391 - 10%! | 8.91487 - 10*° | 1.15652 . 10*!
mp,. 4.52364 - 10*3 | 1.50819 - 1073 | 1.95657 - 1012
my; 3.04826 - 10*! | 1.01630 - 107! | 1.31844 . 10*!
MMo 5.50826 - 10+ | 1.83646 - 101! | 2.38244 . 10! -
mw 2.72739 - 10*! | 9.09317 - 1010 | 1.17966 - 10™!
pht) N 5.34782 - 1013 | 1.78298 - 1072 | 2.31305 - 1013

Table A.5: Element Composition of 100% of Integral Fast Reactor Clad
Component
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Element Driver Internal Radial
' Breeder Breeder

kg [kg] [kg]

me 6.53549 - 107° | 2.48361 - 107° | 3.22198 - 1070
my 1.15150 - 10~* | 4.37600 - 102 | 5.67700 - 10~2
mo 1.80500 - 10~ | 6.85900 - 10~2 | 8.89900 - 10~2
ms; 6.84670 - 10*° | 2.60188 - 10*° | 3.37541 - 101°
mr; 6.22400 - 102 | 2.36500 - 10~2 | 3.06900 - 10—
my 1.05813 - 10! | 4.02108 - 10*° | 5.21654 . 10*°
me, 3.74079 - 10*2 | 1.42157 - 102 | 1.84420 - 10+2
Mptn 1.55607 - 10 | 5.91335 . 10%° | 7.67138 - 10+
MFe 2.63251 - 1013 | 1.00040 - 103 | 1.29782 - 10*3
myi 1.77392 - 10*! | 6.74122 - 10%° | 8.74537 - 10*°
MM 3.20550 - 10*! | 1.21815 - 10! | 1.58030 - 10+*
My 1.58719 - 10*! | 6.03162 . 10%° | 7.82480 - 10+°
~,m, | 3.11214.10% [ 1.18267 - 10% | 1,53428 - 10*°

Table A.6: Element Composition of 100% of Integral Fast
Component ‘

Reactor Duct

189



Isotope or Driver Internal Radial
Element Breeder Breeder
[kg] [kg] (kg

massyy 2.83780 - 1070 | 2.27500 - 107° | 2.95000 - 10*°
Mase p,, 3.28210 - 10*2 0.0 0.0
Maei py, 1.20086 - 101 0.0 0.0
2?::;1 m; 3.43056 - 1072 | 2.27500 - 107° | 2.95000 - 10*°
Masayy 5.62441 - 1073 0.0 0.0
Tassyy 2.26810 - 1072 0.0 0.0
Massy 1.51099 - 1073 | 1.13680 - 10*3 | 1.47478 . 10+
TM337 Ny 2.19278 - 10+° 0.0 0.0
Nase py 1.37720 - 10~° 0.0 0.0
Tassp, 1.78024 - 10%° 0.0 0.0
masop, 1.04481 - 10%2 0.0 0.0
Maaapy, 5.48666 - 10*° 0.0 0.0
Maa gm 2.28644 - 1071 0.0 0.0
243 4m 0.0 0.0 0.0
Ma4s g 0.0 0.0 0.0
M33Cm 6.46740 - 1073 0.0 0.0
Maesom 2.87062 - 1073 0.0 0.0
Matdom 1.24909 - 107! 0.0 0.0
TM348Cm 2.69690 - 10~2 0.0 0.0
Mascm 9.88236 - 1072 0.0 0.0
mmy 1.97098 - 10+ | 1.13908 - 103 | 1.47773 - 10*°
maz. 3.18007 - 1072 | 1.26564 - 1072 | 1.64192 - 102
T Balance 2.56148 - 101° 0.0 0.0
e Mie 2.18097 - 1072 | 1.26564 - 107° | 1.64192 . 10%°
¢y 0.69127 0.9 0.9
épu 0.20638 0.0 0.0
Eam 0.00010 0.0 0.0
Eom 0.00008 0.0 0.0
Ezr 0.10000 0.1 0.1

Table A.7: Isotope and Element Composition of 25% of Integral Fast Re-
actor Fuel Component, Adapted from [51]
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Element Reflector Shield |
[kg] [kg]
me 3.12204 - 10*! | 1.95510 - 101
my 5.50070 - 107! | 3.44470 - 10!
Mo .| 8.62280 - 10~ | 5.39080 - 10!
ms; 3.27071 - 10+ | 2.04820 - 10!
mr; 2.97340 - 10~ | 1.86200 - 10!
my 5.05473 - 10*! | 3.16540 - 10™!
mer 1.78700 - 1073 | 1.11906 - 103
MM 7.43343 - 101! | 4.65500 - 10!
MFe 1.25756 - 10+ | 7.87519 - 1013
my; 8.47410 - 10*! | 5.30670 - 10!
MMo 1.53129 - 10+2 | 9.58930 - 107!
mw 7.58209 510‘*’1 4.74810 - 101!
T, M. | 1.48668 - 10%* | 9.30999 - 10+3
mp 0.0 | 3.68987 - 10*2
me 0.0 | 1.02486 - 10%*3
Te.Mme | 1.48668 - 1074 | 1.40247 - 10™¢

Table A.8: Element Composition of 100% of Integral Fast Reactor Reflector
and Shield Components
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Component Material | Inboard | Outboard Total

: [volume-%] | [volume-%] | [volume-%)]

Protective Layer C 100.0 — 100.0
First Wall 55316 100.0 100.0 100.0 |

Breeder Blanket 55316 4.4 3.2 3.3

Li,0 6.7 4.8 5.1

H,O 3.7 1.8 2.1

Be 85.2 90.2 89.5

Back Wall 55316 100.0 100.0 100.0

Steel Shield S55316 65.7 68.8 68.5

H,0 34.3 31.2 31.5

Lead Shield Pb - 70.0 70.0 70.0

B,C 30.0 30.0 30.0

Vacuum Vessel $5316 100.0 100.0 100.0

Toroidal Coils 55316 43.0 43.0 43.0

NbsSn 8.7 8.7 8.7

Cu 20.3 20.3 20.3

Muylar 8.0 8.0 8.0

He 20.0 20.0 20.0

Poloidal Coil S5316 43.0 — 43.0

NbsSn 8.7 — 8.7

Cu 20.3 — 20.3

Mylar 8.0 — 8.0

H,O 20.0 — 20.0

Reactor 55316 54.3 56.8 56.1

Pb 1.3 1.3 1.2

NbsSn 4.3 1.4 2.0

Cu 10.0 3.3 4.8

B,C 0.6 0.5 0.4

Lz,0 0.6 1.0 0.8

H,O 9.8 13.0 12.2

Mylar 3.9 1.3 1.8

C 1.4 —_ 1.3

Be 8.2 18.2 15.7

He 5.6 3.2 3.7

Table A.9: Material Composition of International Thermonuclear Experi-
mental Reactor Components, Adapted from [11,21,22]

192



Component Material Rm;; 'Rmco | Rmeo — Rme; | Pm
fram ] | o] frm] [ T5]

Protective Layer C | 3680 | 3700 20 | 2.25

First Wall S$S316 | 3675 | 3680 51790

Breeder Blanket H,O | 3672 | 3675 31 1.00

SS5316 | 3670 | 3672 21 7.90

Be | 3615 | 3670 55| 1.85

SS316 | 3614 | 3615 1{7.90

Li,O | 3605 | 3614 912.01

55316 | 3604 | 3605 1790

Be | 3544 | 3604 60 | 1.85

S5S316 | 3542 | 3544 21790

H,O | 3540 | 3542 21 1.00

Back Wall 55316 | 3470 | 3540 70 | 7.90

Gap Vacuum | 3450 | 3470 20 | 0.00

Table A.10: Radial Build of International Thermonuclear Experimental
Reactor Inboard Components, Adapted from [11,21]
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Component | Material | Rme; | Rmeo | Rmeo — Rme; | Am
frm] | o) ] [ 5]

Steel Shield SS5316 | 3400 | 3450 50 | 7.90

H,O | 3390 | 3400 10 | 1.00

S$S316 | 3310 | 3390 80 | 7.90

H,O0 | 3240 | 3310 70 | 1.00

55316 | 3220 | 3240 20 | 7.90

Lead Shield Pb/B,C | 3190 | 3220 30 | 8.69

Gap Vacuum | 3170 | 3190 20 | 0.00

Vacuum Vessel S§S316 | 2870 | 3170 300 | 7.90

Gap Vacuum | 2800 | 2870 70 | 0.00

Toroidal Coils 585316 | 2760 | 2800 40 | 7.90

Muylar | 2755 | 2760 51 1.24

Magnet | 2300 | 2755 455 | 8.50

Muylar | 2295 { 2300 511.24

55316 | 2130 | 2295 165 | 7.90

Gap Vacuum | 2050 | 2130 80 | 0.00

Poloidal Coil S5S5316 | 2010 | 2050 40 | 7.90

Muylar | 2005 | 2010 51124

Magnet | 1555 | 2005 450 | 8.50

Muylar | 1550 | 1555 511.24

55316 | 1420 | 1550 130 | 7.90

Table A.11: Radial Build of International Thermonuclear Experimentﬂ
Reactor Inboard Components, Continued, Adapted from [11,21]
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rComponent Material | Rme; | Rmeo | Rmeo — Rme; | om
[mm] | [ mm] [mm] | [5]

First Wall 55316 | 8300 8305 517.90
Breeder Blanket H,O | 8305 8308 31 1.00
55316 | 8308 8310 217.90

Be | 8310 8355 45 1 1.85

55316 | 8355 | 8356 117.90

Li,O | 8356 8364 81 2.01

S$S5316 | 8364 8365 117.90

Be | 8365 8420 55 | 1.85

55316 | 8420 8422 21 7.90

H,O | 8422 8424 211.00

S$5316 | 8424 8426 21790

Be | 8426 8516 90 | 1.85

55316 | 8516 8517 11790

Li,O | 8517 8527 10 | 2.01

55316 | 8527 | 8528 11(7.90

Be | 8528 | 8678 150 | 1.85

55316 | 8678 8680 217.90

H,O0 | 8680 8682 211.00

Back Wall S$S5316 | 8682 8732 50 | 7.90
_(}E.p Vacuum | 8732 | 8752 20 | 0.00

Table A.12: Radial Build of International Thermonuclear Experimental
Reactor Qutboard Components, Adapted from [11,21]
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Material

Component Rme; | Rmeo | Rmeo —Rme; | pm
from] | from] from) | (5]

Steel Shield S5316 | 8752 | 8792 40 | 7.90

H,O | 8792 | 8802 10 | 1.00

S$S5316 | 8802 | 8912 110 | 7.90

H,O | 8912 8942 30 | 1.00

SS5316 | 8942 | 9092 150 | 7.90

H,O | 9092 9120 28 | 1.00

$5316 | 9120 | 9270 150 | 7.90

H,O| 9270 | 9340 70 | 1.00

§5316 | 9340 | 9360 20 | 7.90

H,O | 9360 | 9440 80 | 1.00

SS5316 | 9440 | 9460 20 | 7.90

Lead Shield Pb/B,C | 9460 | 9490 30 | 8.69

Gap Vacuum | 9490 | 9510 20 | 0.00

Vacuum Vessel SS316 | 9510 | 9810 300 | 7.90

Gap Vacuum | 9810 | 9900 90 | 0.00

Toroidal Coils S8316 | 9900 | 10040 140 | 7.90

Mylar | 10040 | 10045 51]1.24

Magnet | 10045 | 10845 800 | 8.50

Muylar | 10845 | 10850 511.24

55316 | 10850 | 11100 250 | 7.90

1 Cryostat Coolant He | 11100 | 13000 1900 | 0.25
Cryostat Vessel | 55316 | 13000 | 13020 20 17.90 |

Table A.13: Radial Build of International Thermonuclear Experimental
Reactor Outboard Components, Continued, Adapted from [11,21]
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Component Material Inboard | Outboard Total
[volume-%] | [volume-%)] | [volume-%]

First Wall RAF 12.0 12.0 12.0
He 88.0 88.0 88.0

Breeder Blanket RAF 12.2 12.5 12.4
Li,0 774 7.1 77.2

v He 10.4 10.4 10.4

Manifold RAF 20.0 20.0 20.0
He 80.0 80.0 80.0

Steel Shield FeCrV 80.0 80.0 80.0
H,0 20.0 20.0 20.0

Reactor RAF 10.9 10.5 10.6
FeCrV 18.2 22.2 20.9

L:,0 40.9 37.0 38.3

H,0O 4.5 5.5 5.2

He 255 | - 248 25.0

Table A.14: Material Composition of Reduced Activation Ferrite Helium
Tokamak Components, Adapted from [19]

Component Material | Rme; | Rmco | Rmco — Rme; | Am
frmm] | [mm] fron ] | 5]

First Wall RAF/He | 4338 | 4398 60 | 1.16
Breeder Blanket | RAF/He/Li,0O | 3888 | 4338 450 | 2.28
RAF/He/Li,O | 3768 | 3888 120 | 3.55

Manifold RAF/He | 3548 | 3768 - 220 ] 1.76
Gap Vacuum | 3448 | 3548 100 | 0.00
Steel Shield FeCrV/H,0O | 3148 | 3448 300 | 6.37

Table A.15: Radial Build of Reduced Activation Ferrite Helium Tokamak
Inboard Components, Adapted from [19]
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Component

Material | Rime, | Rmeo | Rmeo — Rme; | Am

frm] | Trmm) fmm] | [5)

First Wall RAF/He | 7742 | 7802 60 | 1.16
Breeder Blanket | RAF/He/Li,O | 7802 | 8252 450 | 2.28
RAF/He/Li,O | 8252 | 8372 120 | 3.55

Manifold RAF/He | 8372 | 8592 220 | 1.76
Gap Vacuum | 8592 | 8692 100 | 0.00
Steel Shield FeCrV/H,O | 8692 | 8992 300 | 6.37

Table A.16: Radial Build of Reduced Activation Ferrite Helium Tokamak
QOutboard Components, Adapted from [19]
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Element Material
SS316 | SS304L RAF FeCrV HT-9
[weight-%)] | [weight-%] | [weight-%] | [weight-%] | [weight-%)]

B 0.0025 0.0010
C 0.0300 0.0300 0.1500 0.1100 0.2100
N 0.0700 —_— 0.0010 0.0150 0.0037
0 — — 0.0070 — 0.0058
Al —_ _ 0.0080 0.0430 —_—
Si 0.5000 1.0000 0.2000 0.3000 0.2200
P 0.0350 0.0450 0.0130 0.0070 e
S 0.0250 0.0300 0.0040 0.0150 _
K _ —_ 0.0003 —  —
Ti —_— — 0.1000 0.0030 0.0020
|4 — —_ 0.3000 1.5000 0.3400
Cr. 17.5000 19.0000 11.0000 2.4000 12.0200
Mn 1.8000 2.0000 0.5300 0.3000 0.5000
Fe 63.8900 67.8950 85.1600 95.1300 84.5885
Co 0.2500 _— 0.0050 _ _
Ni 12.2500 10.0000 0.0060 0.0500 0.5700
Cu 1.0000 — 0.0030 0.0400 _
Zr _ _ 0.0010 —_
Nb ——ee —— 0.0001 — e
Mo 2.5000 0.0003 0.0200 1.0300
Ag _ e 0.0001 —_— —_—
Cd _— —_— 0.0001 o
Sn —_— 0.0030 _ —
Sb —_ 0.0005 _ —_—
Ba _ e 0.0020 _ —
Tb — _— 0.0020 —_— _—
Ta 0.1500 — 0.0004 — —_—
w —_ i 2.5000 0.5100
Ir —_ —_— 0.0020 _ e
Pb e 0.0005 — _
B: _ 0.0020 _— —_—

Table A.17: Element Composition of Structure Material, Adapted from [12,

17,19]
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Element Material
Copper | Lithium Oxide
[weight-%)] [weight-%)]
Lz 43.2800
o 56.6300
Na e 0.0050
Al — 0.0020
S1 _ 0.0010
S 0.0012 ——
Cl 0.0100
K —_— 0.0370
Ca —_ 0.0210
Mn 0.0001 0.0020
Fe 0.0022 0.0100
Ni 0.0005 0.0020
Cu 99.8500 0.0006
As 0.0005 —_
Se 0.0002 —_
Zr 0.1500 e
Ag 0.0012 —
Sn 0.0001 ——m
Sb 0.0005 —
Te 0.0001 _
Pb 0.0005 0.0080
Bi 0.0001 e

Table A.18: Element Composition of Conductor and Breeder Material,
Adapted from [19]
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Appendix B
Radioactive Waste Parameters

Tables B.1, B.2 and B.3 show specific radioactive waste parameters of the
reactor components at 10y, 100y and 1,000y after discharge.

Tables B.4, B.5 and B.6 show cycle, life time and decommission abso-
lute radioactive waste parameters of the reactor components at 10y after
discharge. Note that decommission absolute radioactive waste parameters
are given only for this time after discharge, since decommission is assumed
to take place then.

Tables B.7 and B.8 show cycle and life time absolute radioactive waste
parameters of the reactor components at 100y after discharge.

Tables B.9 and B.10 show cycle and life time absolute radioactive waste
parameters of the reactor components at 1, 000y after discha.rge.

Figures B.1, B.2, B.3 and B.4 show the specific and life time absolute
radioactivity and decay power for the entire reactor, i.e. the sum of fuel,
clad, duct, reflector and shield for the fast fission reactors and the sum of
breeder blanket, ﬁr.st wall, back wall or manifold and shield for the fusion

reactors.
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Parameter

Fission Reactors

Fusion Reactors

EBR-II | IFR ITER|] RAFHT

Clad First Wall
Radioactivity  [&] [ 1.8.107%% ] 1.6.107% | 3.4-10% [ 10.10%
v-Dose Rate [“—9'—’25] 7.2.10%%9 ) 7.8.107%0 | 21.10%%4 | 34.19+0
Decay Power [%) | 3.1.10-% | 2.2.10-%¢ | 5.7.10-02| 13.10-02
BHP" (1] | 4.0-10M7| 2.3.10%98 | 37.10+0 | 71.3.71q+0
RWC [1] 48.2:10792 B5.0-10-08 c3.8. 10102 cl.4.10%00
IDR¢ [%]| 5.5-107%| 3.9.10"% | 1.8.10-%| 1.9.10-07
IDR, [%] 3.0-107% | 3.1-107%%| 91.10+% | 1.3.10-92

Fuel Breeder Blanket
Radioactivity [£] [ 1.1-10 4.7-107% | 54107 | 4.0.10"%
v-Dose Rate [1"2,’1] 8.6-10%%° | 6.3.10%%1 | 4,6.10%92 | 3.4.10-%
Decay Power [%_S‘Z] 29107 | 1.2.107°2| 55.10"%| 5.2.10-%
BHP" [1]] 7.7-10%1] 2.0.10%2| 80.10%8 | 6.6.10+07
RWC (1] | ¢9.2-10%% | £4.8.10%9 | ,1.2.10%% | ,2.9.10-0
IDR; (]| 84-107°7| 52.10-% | 38.10~% | 1.5.710-%
IDR, [%} 51-107% | 2.4.10%% | 1.9.10-0 | 1.3.10-%

Duct Back Wall /Manifold
Radioactivity  [£] [ 1.8 107% ] 1.6-107% | 2.1.107% ] 51,1077
v-Dose Rate [53’2-;‘] 7.0-10%% | 7.7.107%0 | 22.10+08 | gg.1g-0t
Decay Power [%gw—] [ 31-107% ) 21.107%| 2.6.10-%| 3.7.10-%
BHP" (1] | 4.0-107°7 | 2.3.10+% | 36.10%% | 41.10+0
RWC [1] 48.0 - 10702 p4.9.10798 cl1.3.10%% } ,9.1.10702
IDR; [ | 54-107% | 3.9.10-% | 1.9.10-% | 7.3.10-%
IDR, [%] 29-107%] 3.1.107%*| 95.10-% | 3.7.10-04

Steel Shield . Steel Shield

Radioactivity [Zf] " 5.1.107% | 7.4.107% | 2.1.10"™ ] 3.0 107
7-Dose Rate  [2] | 2.4.10+% | 55.10%00 | 99.10%02 | 9].10-%
Decay Power [M¥]| 92.10-05 | 10.10-0¢| 2g.10-04| 39.10-08
BHP" [1]] 1.3-10%% | 1.4.107% | 35.10%08 | 40.10+%
RWC (1] | 434107 | £1.3.10%% | 52.5.1079% | ,1.9.10-0
IDR¢ [3:]] 20.107°7| 38.10°| 18.10-% | 1.6.10-10
IDR, [%] 10-107 ] 2.4-107 | 9.3.10-%2| 9.1.10~
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Table B.1: Specific Radioactive Waste Parameters at
charge

10years after Dis-




Parameter Fission Reactors Fusion Reactors
EBR-II | IFR ITER| RAFHT
Clad First Wall
Radioactivity [€4]| 1.3.107°] 1.6.10%°2| 5.7.107% | 4.6.10%%
4-Dose Rate  [24?]| 4.5.10™°° | 3.0.107°2| 1.2.10%® | 3.7.10~%
Decay Power [H¥]| 1.9.107% | 1.3.107| 1.4.10-% | 1.3.10-0
BHP" [1] | 4.0-10%° | 1.7.10%%7| 2.5.10%%° | 9.6.10%°7
RWC [1] | 42.5-107°% | 534.6-107% | ;3.8.10%%2 | £1.3.10+%°
IDR; [22]| 4.0-107'*| 8.0-10"'| 1.6-10"%®| 7.3.107"
IDR, [%] 3.8.10°% | 1.1.10"%| 5.6-107°2| 8.1.-10"%
Fuel Breeder Blanket
Radioactivity [£] [ 1.2-107%® | 5.2.107%® | 1.7.107%° | 3.8.10%"
~-Dose Rate [S—JZQ] 6.4-107°%| 1.1.107°92} 2.1.107%°%2| 1.3-107%
Decay Power [LZ]| 3.2.107%| 1.3.10-%| 3.4.107°7| 5.4.107%
BHP" [1]| 83.10%° | 2.2.10**| 6.4-10%°7| 1.1.10%"
RWC [1] | ¢6.9-10%% | £3.5.101% | £1.2-10%%° | 42.1.10"%
IDR¢ [%2]] 1.0-107°7| 59.107°7| 3.0-107 | 4.8.10713
IDR, [%] 6.1-107°2 | 28.107% | 1.7-107%| 9.0-10"%
Duct Back Wall /Manifold
Radicactivity [€] [ 1.2-107%%] 1.6-10¥2| 3.0-10¥% ] 1.1.107%
v-Dose Rate {g‘—zﬁ] 45.107% | 29.107°%| 1.2.107%| 1.2.107%*
Decay Power [M¥]| 1.9.107% | 1.3.10°7 | 8.4.10~%7 | 6.3.10°%
BHP" [1]| 3.9.107 | 1.7.10%°7| 1.4.10%%8| 6.4.10%%
RWC (1] | 42.5-107°% | 54.4-107% | £1.3-10%% | 45.6- 107
IDR; [22]| 4.0-107'*| 8.0-107%3| 1.4-107%°| 1.0-107'3
IDR, [%] 3.7-107% | 1.0.107%| 1.4.107%| 14.107%
Steel Shield - Steel Shield
Radioactivity [Zi] | 5.6-107%%2] 3.7-107%2 | 4.0-107% | 4.1.107%
~-Dose Rate [24*]| 1.7.10~%| 59.107°| 1.0-107°2| 1.1-107*
Decay Power [122"] 86-107% | 2.7.107°7| 94.107%®| 1.1.107%®
BHP" [1]| 1.8-101°7| 3.4.10%°7| 1.7.107°7| 1.6-10%®
RWC [1] | 41.1-107% | £1.3.10%% | 59.4.107°7 | 41.2.107®
IDRc [2¢]| 15-1072| 1.1.107*| 1.4.107| 45.107'°
IDR, (]| 1.5.1077| 2.0-107%| 11.107% | 1.3.10~"

Table B.2: Specific Radioactive Waste Parameters at 100years after Dis-

charge
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Parameter Fission Reactors Fusion Reactors
EBR-IT | IFR ITER| RAFHT
' ‘ Clad First Wall
Radioactivity [Z]| 7.9-107® ] 85.107 | 5.9.107% | 4.1.10%%
~-Dose Rate  [224%]| 8.3.107%°| 2.8.107°2| 8.9-107% | 6.1-10™
Decay Power [Z%]| 36.10-°| 1.1.107% | 4.9.10% | 2.8.10"%
BHP" [1]| 4.3-10t*| 1.4.10%%7| 54.10%°% | 9.3.10%0%
RWC [1] | 44.0-107% | p4.4-107% | £3.8-1072 | £1.1.10%°
IDR¢ [2¢]| 27-107°] 1.4.107°7| 7.2.107% | 6.9-107%
IDR, [%] 9.2.107°| 1.0.107%| 55.10°%| 7.7-10~%
. Fuel Breeder Blanket
Radioactivity [S£] [ 8.6.10701 ] 4.5.107%%| 88.107™ [ 6.5-107%°
~-Dose Rate [_5_:’1213] 6.0-107°% | 4.0-107%| 1.5.107°2| 5.1.107%
Decay Power [HZZ]| 82-107% | 5.6-10°7 | 6.7.10% | 5.4.10"%°
BHP" ]| 4.8.10%%¢ | 2,6.10°7 | 8.7.10%%| 1.1.10%%
RWC (1] | 6.6 - 107 | £3.3.10%% | £1.2.10*%° | 49.6.107%
IDR¢ [2]| 6.0-107°7| 2.4.10"%| 3.1.107%7| 4.3.107%
IDR, [%] 1.1-107%3 | 6.0-107%%| 1.7-107%*| 6.3.107%
_ Duct Back Wall /Manifold
Radioactivity [Sf] | 7.8-107® [ 84.107°1] 3.1-10%%% | 8.4.10%
~-Dose Rate  [2%4*]| 8.1.107%| 2.7.107°| 8.3.107°2| 3.5-107%
Decay Power [2%]| 3.6-1071°| 1.1-10-%7 | 3.3.1077 | 2.0.10~"
BHP" [1] | 4.3-10%%¢| 1.3.10%°7 | 4.2.10%°7| 3.3.10%%
RWC [1] | 44.0-107% | pd.4-107% | c1.2. 107 | 41.2-107%
IDRc [Se]]| 2.7-107%°| 1.4.107%7| 4.9.107°7| 1.2.107%
IDR, [%] 9.1-107° | 1.0.107%| 1.4.107%| 1.9.107%
1 Steel Shield .. Steel Shield
Radioactivity [$5] [ 3.6-10%°1 [ 22107 | 3.0-107 ] 8.1-107"
~-Dose Rate [24*]| 3.8.107%| 55.107°2| 7.3.107%| 0.4.10"%
Decay Power [H¥]| 1.7.10-%| 23.10°%| 2.9.10~%| 5.1.107%°
BHP" [1]| 2.0-10% | 2.7.10%%7| 3.7.107% | 4.8.10%*
RWC [1] | 41.8-107%2 | £1.3-10%%° | 59.1.107%7 | 41.2-10~™
IDRc 2u] | 1.2-107%° | 2.3.1077| 3.3.107% | 4.0-1071°
IDR, 9] | 42.107%° | 2.0-107%| 1.0-107% | 1.3.107”

Table B.3: Specific Radioactive Waste Parameters at 1000years after Dis-

charge
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Parameter Fission Reactor | Fusion Reactor
IFR RAFHT
Clad First Wall
Radioactivity [Ci] 4.9.10%% 5.5.107%7
~-Dose Rate  [Sv/h] 2.4-10%% 1.9-10%%
Decay Power [MW] 6.6-10"% 7.2-107%
BHP [m?] 7.0 - 10797 7.1.10%°
Fuel Breeder Blanket
Radioactivity [Ci] 2.0 10%% 1.5-10%%
~-Dose Rate  [Sv/h] 2.7-10%% 1.3-10%92
Decay Power [MW] 5.2.107% 2.0-107%
BHP [m?] 8.6 10+ 2.6 . 10+10
Duct Manifold
Radioactivity [Ci) 3.0-107% 7.0-10%%
~-Dose Rate  [Sv/h] 1.4.10%% 3.0.10%%
Decay Power [MW] 4.0 -107% 1.2.107%
BHP [m?] 431097 1.4.10%08
Reactor Reactor
Radioactivity — [Ci] 21.107% 7.0-107%7
~-Dose Rate  [Sv/h] 3.1-10%% 3.6-10%02
Decay Power [MW] 5.3.-107% 9.2.107°2
BHP [m?] 8.6 - 10711 9.7 . 10*10

Table B.4: Absolute Radioactive Waste Parameters for Cycle Radioactive
Waste at 10years after Discharge
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Parameter Fission Reactors Fusion Reactors
EBR-II | IFR ITER| RAFHT
’ Clad First Wall

Radioactivity ~ [C3] [ 3.1-10793 | 1.5-107% | 1.3-107%7 | 2.7.107% |
~-Dose Rate  [Sv/h] | 1.2.101% | 7.2.10%% | 8.0-10%%¢ | 9.7.10%%2
Decay Power [MW]|53-107% |2.0.107%|1.0.107° | 3.6-107*
BHP [m®] | 6.9-107% | 2.1.107%® | 1.4.10"1* | 3.6-10*"!

Fuel Breeder Blanket
Radioactivity  [C%] | 7.5- 107 | 6.0- 107%" | 1.2.107%7 [ 7.7.10%"
~-Dose Rate  [Sv/h] | 6.0-107% | 8.1.10%%2 | 1.0.10%% | 6.7-101%
Decay Power [MW]|2.0-107%|1.6-107% |1.2-107% | 1.0-107*
BHP [m?] | 5.3-10%! | 2.6-10%% | 1.8-10*1* | 1.3.10*!
Duct Back Wall /Manifold
Radioactivity [Ci] [ 5.0-107°% [ 8.9 107% | 9.0- 108 | 3.5.107%
~-Dose Rate  [Su/h] | 2.0-10%%° | 4.4.10%% | 9.5.107%* | 1.5.101%
Decay Power [MW]|8.6-107%|1.2.107% | 1.1.107® | 6.2-107%
BHP [m? | 1.1.10%°7 | 1.3-107%° | 1.5.10*" | 6.8-10*%®
Steel Shield Steel Shield

Radioactivity ~ [Ci] | 5.7- 10792 | 4.7- 107% | 6.4- 1079 | 5.5.107% |
~-Dose Rate  [Sw/Ah] | 2.7-10%° | 3.5.10%0! | 6.8.101% | 3.9.10%
Decay Power [MW]|1.0.107% |6.6-10"%|7.9-107%%| 7.2.10"%
BHP [m3] | 1.5-101%% | 8.9.10%% | 1.1-107 | 7.4-10%%

Reactor Reactor

Radioactivity ~ [Ci] [ 8.2 1079 | 6.3- 1077 | 4.1.107%7 | 3.5-107%% |
~-Dose Rate  [Sv/h] | 3.6-10*°! | 9.6-10%% | 3.5.10%%% | 1.8.10+%
Decay Power [MW]|21-107%|1.6-107% | 4.2-107% | 4.6-10~"
BHP [m3) | 5.3-10*1! | 2.6.107!3 | 5.8-10""! | 4.9.10*"

Table B.5: Absolute Radioactive Waste Parameters for Life Time Radioac-
tive Waste at 10years after Discharge
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Parameter Fission Reactors Fusion Reactors
EBR-II | IFR ITER| RAFHT
Clad First Wall
Radioactivity [Ci] [3.1-10%%% ] 1.9.107%° | 1.3.107%7 | 5.5.107%
4-Dose Rate {Sv/h] | 1.2.10%% | 9.4.10%% | 8.0.10%%¢ | 1.9.10%%2
Decay Power [MW]|5.3-107% | 27.107% | 1.0-107® | 7.2.107%
BHP [m?] | 6.9-10+% | 2,8.10+%8 | 1.4.10+1 | 7.1.10%+°
Fuel Breeder Blanket
Radioactivity ~ [C%] | 7.5- 107 [ 8.0- 1079 | 1.2-10%%7 | 1.5.107"7
v-Dose Rate  [Sv/h] | 6.0-107%0 | 1.1.10%%2 | 1.0.10%% | 1.3.10%02
Decay Power [MW]|20-107%|21-.107°|1.2.107% | 2.0-107°?
BHP [m?] | 5.3.10711 | 3.4.10%'% | 1.8.10%" | 2.6-10%1°
Duct Back Wall /Manifold
Radioactivity ~ [C3] [ 5.0- 10¥% [ 1.2.107% | 9.0.107% | 7.0.107%
v-Dose Rate  [Sv/Ah] | 2.0-10%%° | 5.8-10%% | 9.5-10%% | 3.0-.10+%
Decay Power [MW]|86-107% 1.6-107%|1.1.-107% | 1.2.107%
BHP [m? ] 1.1.107%7 | 1.7.10%%® | 1.5.10%!1 | 1.4.10%%®
Steel Shield Steel Shield
Radioactivity  [Ci] | 5.7- 1072 [ 4.7- 107 | 6.4- 107 | 5.5.107% |
v-Dose Rate  [Sw/h] | 2.7-10%% | 3.5.10%% | 6.8-10"%*| 3.9.10%%
Decay Power [MW]|1.0-107%|6.6.107%|7.9.107%2) 7.2.10"%
BHP [m?] | 1.5-10+%% | 8.9.10+% | 1.1.10%!! | 7.4.10+08
Reactor Reactor
Radioactivity [Ci] [8.2-107%% [ 8.9.107%® [ 4.1. 10707 [ 7.1-10%%
v-Dose Rate  [Sv/h] | 3.6-10%7% | 1.6-107%2 | 3.5.10%% | 3.6.10%%2
Decay Power [MW]|2.1.107%|22.107%14.2.107" | 9.3.107
BHP [m%] | 5.3.10%711 | 3.4.10%% | 5.8.10%' | 9.8.10%°

Table B.6: Absolute Radioactive Waste Parameters for Decommission Ra-
dioactive Waste at 10years after Discharge
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Parameter Fission Reactor | Fusion Reactor
IFR RAFHT
Clad First Wall
Radioactivity (Ci] 5.0 1079 2.5-10%%
v-Dose Rate  [Sv/h] 9.0.107% 2.0-101%
Decay Power [MW] 4.0-107% 7.2.107%
BHP [m?] 5.2.101% 5.3-101%
Fuel Breeder Blanket
Radioactivity  [C4] 2.2 107% 1.5.10%0%
~-Dose Rate  [Sv/h] 4.7.107% 5.1-107%
Decay Power [MW)] 5.7-107% 2.1-107%
BHP (m?] 9.3.10+10 4.3.10%0°
Duct Manifold
Radioactivity [C1] 3.0.10%%1 3.9-10%%
v4-Dose Rate  [Sv/h] 5.5-107%3 4.0.107%
Decay Power [MW] 2.4-107% 2.1.107%
BHP [m?] 3.2.10+08 2.1 .10+
Reactor Reactor
Radioactivity [C1] 2.2.107% 1.7.10%%
v-Dose Rate  [Sv/h] 1.9.10792 2.5.10%%
Decay Power [MW] 5.7.-107% 2.8.107%
BHP [m?] 9.3.10%10 4.9.10%%

Table B.7: Absolute Radioactive Waste Parameters for Cycle Radioactive
Waste at 100years after Discharge
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Parameter Fission Reactors Fusion Reactors
EBR-II | IFR ITER| RAFHT
Clad First Wall
Radioactivity [Ci] [2.1-107°T [ 1.5.107%3 [ 2.2. 10795 | 1.3.10%%
~-Dose Rate [Sv/h] | 7.8-107% | 2.7.107% | 45.107% | 1.0.10%%
Decay Power [MW]|3.3-107%|1.2-107% |5.2.107% | 3.6 10
BHP [m®] | 6.8-107% | 1.6.107% | 9.3.10%%° | 2.6-10*%®
Fuel Breeder Blanket
Radioactivity  [C%] | 8.1- 10792 | 6.7 - 107 | 3.8 - 107 | 7.4.10%%
4-Dose Rate  [Sv/h] | 4.4-107%% | 1.4.107% | 4.8.107% | 2.5.10%%
Decay Power [MW]|22-107%|1.7-107% | 7.7-107% | 1.0-107*
BHP [m®] | 5.8-1071° | 2.8.10%2 | 1.5.10*° | 2.2.10%°
Duct Back Wall /Manifold
Radioactivity ~ [Ci] [ 3.5-1070F [ 9.1.107%2 [ 1.3.107%® | 1.9.107%
~-Dose Rate  [Sv/h] | 1.3-107% | 1.6-107® | 4.9.10%% | 2.0-107%
Decay Power [MW]|5.3-107% | 7.3.107% |3.6-107% | 1.1-107%7
BHP [m® | 1.1-10%% | 9.5.10%%7 | 6.0-10%%° | 1.1.10%
Steel Shield Steel Shield
Radioactivity ~ [Ci] [ 6.3- 1072 | 2.4.107%% | 1.2.10¥® | 7.5.107%
~-Dose Rate  [Sv/h] | 1.8-107%* | 3.8-107% {3.2-10%% | 2.1-107%
Decay Power [MW]|9.6-107% | 1.8-107% {2.9.107% | 2.0-107%
BHP [m®] | 2.0-10%°7 | 2.2.10%%® | 5.1-10*%° | 3.0-10*"
Reactor Reactor
Radioactivity  [Ci] [ 8.1-107%2 [ 6.7 107 [ 8.5.107%® | 8.8.107™
~-Dose Rate  [Sv/h] | 4.7-107°® | 9.5.10%* | 1.8 .10*%* | 1.3.10%%
Decay Power [MW]|22.107%|1.7-107°211.9-107%| 1.4-107%
BHP [m® | 5.8-10%1° | 2.8.10%!2 | 3.5.10%1% | 2.4.10*'°

Table B.8: Absolute Radioactive Waste Parameters for Life Time Radioac-
tive Waste at 100years after Discharge
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Parameter Fission Reactor | Fusion Reactor
IFR RAFHT
Clad First Wall
Radioactivity [C1] 2.6-10%% 2.2.107%
~v-Dose Rate  [Swv/h] 8.4.1079 3.4.107%
Decay Power [MW] 3.4.10708 1.5.107°7
BHP [m?] 4.2.10%% 5.1-10%%7
Fuel Breeder Blanket
Radioactivity [C1] 1.9.10%°% 2.5.107%
v-Dose Rate  [Sv/h] 1.7.107% 2.0-107%
Decay Power [MW] 24-.107% 2.1-1079%
BHP [m?] 1.1-10%97 4.2.10+98
Duct Manifold
Radioactivity [C1] 1.6-10%% 2.8-10%%
~-Dose Rate  [Sv/h] 5.1.107% 1.2.107%
Decay Power [MW] 2.1.10798 6.6-10710
BHP [m?] 2.5.10% 1.1-10%%
Reactor Reactor
Radioactivity [C1] 2.4.10%% 2.8-10%%
~-Dose Rate  [Sv/h] 1.5-10792 5.5.1079
Decay Power [MW] 3.0-107°7 2.3.1079
BHP [m?] 1.8+ 107 4.7.10+08

Table B.9: Absolute Radioactive Waste Parameters for Cycle Radioactive
Waste at 1000years after Discharge
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Parameter | Fission Reactors Fusion Reactors
EBR-II | IFR ITER | RAFHT |
: Clad First Wall

Radioactivity [Ci] | 1.4-10%% | 7.8.107%2 [ 22.107% | 1.1.107%2
v-Dose Rate  [Sw/h] | 1.4-107% | 2.5.107° | 3.3.10%%° | 1.7.10%
Decay Power [MW]|6.2-1071'|1.0-107% | 1.9.107% | 7.7.107%
BHP [m3] | 7.4-107%% | 1.3.107%8 | 2.0.10%%° | 2.6.10%%8

Fuel Breeder Blanket
Radioactivity [Ci] [ 6.0-107 | 5.8.107% | 2.0-10%% | 1.3.107%
v-Dose Rate  [Sv/h] | 4.2.107%% | 5.1.107%% | 3.4.10%%° | 9.0.107%
Decay Power [MW]|5.7-107%{73-107% | 1.5.-107% | 1.0-107%
BHP [m?] | 3.3-10%% | 3.4.10%% | 2.0.10%%° | 2.1.10+°°

Duct Back Wall /Manifold
Radioactivity [Ci] [22.107 ] 48.107%% [ 1.3.107%% ] 1.4.107%
v-Dose Rate  [Sv/h] | 2.3-107%° | 1.5.107% | 3.6-10%% | 5.8.10"%
Decay Power [MW]|1.0-1071°|6.2.107°7|1.4-107% | 3.3.10"%
BHP (m3 | 1.2-107% | 7.6.10%°7 | 1.8.10%%® | 55.10%%

Steel Shield Steel Shield
Radioactivity ~ [C%] | 4.0-10%" | 1.4.107% 1 9.2.107% | 1.5.107%2
v-Dose Rate  [Sv/h] | 4.2-10"%8 | 3.5.107% | 2.3-10%% | 1.7.1079
Decay Power [MW]|1.8-107%®115-107% | 9.1.107% | 9.3.107%
BHP [m3] | 2.2-10%%% | 1.8.10%% | 1.1.10%%° | 8.9.10+%
Reactor Reactor

Radioactivity [Ci] | 1.0-10%%% | 8.5-107% | 6.5-107%¢ | 1.4.107%
v-Dose Rate  [Sv/h] | 4.2-107%% | 8.1-107% | 1.3-10%%" | 4.5.107%
Decay Power [MW]|59-107%|1.0-107% |57.107% | 1.1.107%
BHP (m3] | 3.6-104%% | 7.2.10+% | 7.0.10%% | 2.4.10+%

Table B.10: Absolute Radioactive Waste Parameters for Life Time Radioac-
tive Waste at 1000years after Discharge
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