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Preface

This book was written in an effort to present a comprehensive overview of the findings and
proposed solutions elaborated after 2004 by a Karlsruhe group of retired scientists of the
former Institute for Neutron Physics and Reactor Technology of the former Karlsruhe
Nuclear Research Center about the problem of “Plutonium Proliferation of Nuclear Power”.
These findings were published in two scientific journals between 2007 and 2010 as solutions
to subproblems of plutonium proliferation.

From the beginnings of the civil use of nuclear power there have been fears that such use
could produce fissile nuclear material (highly enriched uranium with up to 93% U-235 or
more than 12% U-233, or weapon-grade plutonium or neptunium), which could be passed on
or used directly to build nuclear weapons.

All official nuclear weapon states (NWS) so far (USA, Russia, UK, France, China, India,
Pakistan), however, conducted the development and construction of their nuclear weapons in
special military programs and started the civil use of nuclear power at a later date.

The International Atomic Energy Agency (IAEA) was founded in Vienna in 1956, and the
Non-proliferation Treaty (NPT) was presented for signature in 1968, to solve the
proliferation problem. By 2003, the NPT had been signed and ratified by 186 nations of the
world.

From around 1970 onward, the TAEA published a series of statements in INFCIRC reports
and scientific and technical publications. According to these rules, I[AEA inspectors may
monitor the inventories of fissile materials in the facilities of the nuclear fuel cycle
(enrichment plants, fuel fabrication plants, nuclear power plants, reprocessing plants, waste
disposal) of the non-nuclear weapon states (NNWS) running civil nuclear power programs.
Scientific equipment and analytical methods for measuring fissile material inventories are
now available.

However, three events in 1975-1980 caused further international discussions and restrictions,
especially in the United States of America:

— The Indian initiation of a nuclear explosive in 1974.

— The finding that the spent fuel elements of civil nuclear reactors had accumulated more
plutonium than had existed in the nuclear weapon arsenals of the nuclear weapon states.

— The realization in the FORD-MITRE study (1977), that reactor-grade plutonium was good
for nuclear weapons which, though unreliable and only able to generate relatively low
explosion energies, could still be dangerous nuclear explosives.

The United States then gave up reprocessing of spent nuclear fuel elements and the
technology of recycling plutonium in nuclear reactors approximately in 1978-80. Also the
development of breeder reactors based on the uranium/plutonium fuel cycle was abandoned.
“Direct disposal” of spent fuel elements was proposed instead. Only a few states with
programs to utilize nuclear power followed this proposal after some delay.

Roughly around 1995, the USA and Russia, as part of their obligations under the NPT,
decided to transfer to the civil nuclear fuel cycle and use a total of approx. 50 t of their
weapon-grade plutonium and several 100 tons of their highly U-235-enriched weapon-grade
uranium. The UK is the only other nuclear weapon state to follow that example. In addition,



the nuclear weapon arsenals of the USA and Russia were reduced by other disarmament
agreements.

At the same time scientific organizations in the USA (US-Department of Energy, American
Physical Society, and American Nuclear Society) reiterated the assertion that it was possible
to use reactor-grade plutonium for nuclear weapons. Since 1972 the IAEA provisions
continue to be upheld (INFCIRC/173) that all plutonium of the civil nuclear fuel cycle was to
be treated like weapon-grade plutonium (with the exception of plutonium containing more
than 80% of the Pu-238 isotope).

As a consequence of this situation, large reprocessing plants for spent nuclear fuel have been
built and commissioned so far only in NWS (France, UK, Russia). Japan is an exception with
its 800 t/a plant of Rokkasho-mura. The reasons are the very restrictive conditions imposed
by the TAEA and the limited accuracy in measuring the plutonium inventories of large
reprocessing plants.

However, the civil use of nuclear power has progressed further since 1990. Around 2010,
approx. 430 GW(e) of civil nuclear power plants were operated in the world, and another 35-
40 GW(e) were being planned or under construction. The quantity of plutonium, neptunium,
and americium in spent fuel elements has accumulated to approx. 2300 tonnes of reactor-
grade plutonium, some 90 tonnes of neptunium, and 150 tonnes of americium. Only some
30% of these fuel elements were reprocessed in NWSs and recycled as uranium/plutonium
mixed oxide fuel especially in Europe and Japan.

It has become clear in the meantime that all plutonium and neptunium (except for small
residues of approx. 0.1% in the chemical steps of reprocessing plants and in refabrication)
can be destroyed by nuclear fission. Direct disposal as planned in the United States (Yucca
Mountain repository) has suffered a setback. The licensing applications filed for that
repository were withdrawn by the U.S. Department of Energy.

In this general situation, the “Karlsruhe Group” queried the statement, in scientific and
technical terms, that reactor-grade plutonium of any composition could be used to make
nuclear explosives. Limits were worked out above which the share of Pu-238 isotopes in
plutonium renders the use in nuclear explosives technically impossible (proliferation-proof).

Moreover, options are indicated for the uranium-plutonium fuel cycle which allow plutonium
with a sufficiently high content of Pu-238 to be produced. This Pu-238-isotope content can
be maintained even after repeated recycling. Nuclear weapon-grade neptunium can be
avoided in these nuclear fuel cycle options. The use of americium allows also the plutonium
generated in breeder blankets to be kept always above the proposed limit of the Pu-238
isotope content. In this way, also the construction of nuclear explosives with blanket
plutonium of fast breeders becomes impossible.

In this scenario, future breeder technology also would permit complete use of U-238 for
nuclear fission and employ only so-called proliferation-proof plutonium. In this way, the
exploitation of the uranium resource could be increased by a factor of 100.

The present status of the civil use of nuclear power with the U/Pu nuclear fuel cycle and the
associated IAEA safeguards is described briefly in Sections 1-8. This was deemed to be
necessary to explain the background to the previous debates about safeguards and the
proliferation problem.



The analysis of assertions that reactor-grade plutonium could be used for nuclear explosives,
and the very restrictive regulations by the IAEA, are described in Sections 9-11. New
scientific solutions with denatured or proliferation-proof reactor-grade plutonium to run
future LWRs and FBRs are covered in Sections 12-14. These new technical and scientific
approaches at the same time allow plutonium, neptunium, and americium to be incinerated
through nuclear fission.

The author had the good fortune to work on the solution of these problems with outstanding
members, now retired, of the former Institute of Neutron Physics and Reactor Technology of
the former Karlsruhe Research Center. These are

Prof. Dr. W. Seifritz Dr. B. Goel Dipl.Math. W. Hobel
Dr. C.H.M. Broeders Dr. D. Wilhelm Dr. A. Rineiski
He wishes to dedicate Chapters 9-14 to these excellent scientists.

The scientific findings described in Sections 9-14 were discussed at international workshops
and covered in seven publications in “Nuclear Science and Engineering” and “Nuclear
Engineering and Design.”

Prof. Dr. Y. Fuji-ie (Emeritus Commissioner of the Japan Atomic Energy Commission) first
suggested that, roughly about the year 2005, both actinide incineration and the solution to the
nuclear proliferation problem might be linked. The international workshops were organized
by

Prof. Dr. Saito, Tokyo Institute of Technology, Japan,
Dr. Ch. Ganguly, International Atomic Energy Agency, Austria:

— International Seminar on "Advanced Nuclear Energy System Toward Zero Release of
Radioactive Wastes," Susono, Japan, November 6-9, 2000,

— IAEA Consultancy Meeting on "Protected Plutonium Production," IAEA, Vienna,
Austria, June 19-20, 2003,

— International Science and Technology Forum on "Protected Plutonium Utilization for
Peace and Sustainable Prosperity," Tokyo Institute of Technology, Tokyo, Japan,
March 1-3, 2004,

— ITAEA Consultancy Meeting on "Protected Plutonium Production," IAEA, Vienna,
Austria, June 15-16, 2006,

— COE Satellite Technical Meeting on Non-proliferation and Protected Plutonium
Production, Tokyo Institute of Technology, Tokyo, Japan, December 1, 2006,

— International Science and Technology Forum on "Protected Plutonium Utilization for
Peace and Sustainable Prosperity," Tokyo Institute of Technology, Tokyo, Japan,
September 16-19, 2008.

Prof. Dr. V. Artisyuk, Obninsk State University and SCICET (Rosatom) in Obninsk, Russia,
directed these workshops:

— Special Session on "Nonproliferation of Nuclear Materials" at the 10" International
Conference on Nuclear Power Safety and Nuclear Education, October 1-7, 2007,
Obninsk, Russia,



International Workshop on Non-Proliferation of Nuclear Materials, September 29 to
October 3, 2008, Obninsk, Russia,

International Workshop on Non-Proliferation of Nuclear Materials, September 29 to
October 3, 2009, Obninsk, Russia.

The author would like to thank the following scientists for assisting him with critical
discussions and suggestions in the analysis of the proliferation problem:

Dr. E. Kiefhaber (retired scientist of the same Institute as the author). His help and his
critical comments were of inestimable value in writing and publishing this book.

Prof. W. Hifele, former Director of the Research Centers of Jiilich and Dresden, Germany,
fiir his interest and critical suggestions.

Prof. H.H. Hennies, one of the former Directors of the Karlsruhe Research Center, for his
support and advice.

Prof. Dr. jur. Burckhardt Jahnke, Vice President of the Federal Supreme Court, Karlsruhe,
Germany, for his advice on German publication law.

Dr. G. Schumacher for his continued interest.

A number of former staff members for their suggestions in numerical mathematics and
information technology.

The author hopes that this book will make a helpful contribution to the advancement of the
difficult future scientific and political discussion of the nuclear proliferation problem.

G. Kessler
Karlsruhe, December 15, 2010



Summary

A brief outline of the historical development of the proliferation problem is followed by a
description of the uranium-plutonium nuclear fuel cycle with uranium enrichment, fuel
fabrication, the light-water reactors mainly in operation, and the breeder reactors still under
development. The next item discussed is reprocessing of spent fuel with plutonium recycling
and the future possibility to incinerate plutonium and the minor actinides: neptunium,
americium, and curium. Much attention is devoted to the technical and scientific treatment of
the TAEA surveillance concept of the uranium-plutonium fuel cycle. In this context,
especially the physically possible accuracy of measuring U/Pu flow in the fuel cycle, and the
criticism expressed of the accuracy in measuring the plutonium balance in large reprocessing
plants of non-nuclear weapon states are analyzed.

The second part of the book initially examines the assertion that reactor-grade plutonium
could be used to build nuclear weapons whose explosive yield cannot be predicted
accurately, but whose minimum explosive yield is still far above that of chemical explosive
charges. Methods employed in reactor physics are used to show that such hypothetical
nuclear explosive devices (HNEDs) would attain too high temperatures in the required
implosion lenses as a result of the heat generated by the Pu-238 isotope always present in
reactor plutonium of current light-water reactors. These lenses would either melt or tend to
undergo chemical auto-explosion. Limits to the content of the Pu-238 isotope are determined
above which such hypothetical nuclear weapons are not feasible on technical grounds. This
situation is analyzed for various possibilities of the technical state of the art of making
implosion lenses and various ways of cooling up to the use of liquid helium. The outcome is
that, depending on the existing state of the art, reactor-grade plutonium from spent fuel
elements of light-water reactors with a burnup of 35 to 58 GWd/t cannot be used for making
nuclear weapons. This statement does not apply to reactor-grade plutonium from fuel
elements of lower burnup of less than 30 GWd/t (heavy-water reactors, older gas-graphite
reactors or researach reactors), as their plutonium contains too little of the Pu-238 isotope.
Today’s light-water reactors, however, attain fuel burnups in excess of 50 GWd/t. In the
future, fuel burnups of more than 60 GWd/t are aimed at.

In the next part of the book, nuclear fuel cycle options are examined which allow larger
shares of the Pu-238 plutonium isotope (up to more than 10%) in reactor-grade plutonium to
be achieved. This is easily possible by using re-enriched reprocessed uranium (RRU) arising
in reprocessing spent fuel, whose low contents of U-235 and U-236 can be enriched.
Moreover, the minor actinides, neptunium and americium, can be added to the fresh fuel.

It is shown that reactor-grade americium produced in spent fuel cannot be used to build
nuclear weapons for similar reasons as reactor-grade plutonium. The Am-241 isotope always
present in reactor-grade americium generates so much heat as a result of alpha decay that any
use in making hypothetical nuclear weapons becomes technically unfeasible. The nuclear
physics properties of the neptunium minor actinide, however, are such that it can be used
directly as a metal to build nuclear weapons. This leaves the only possibility to prevent
neptunium in future nuclear fuel cycles. Such fuel cycle options are analyzed in the last but
one chapter of the book.

The last chapter of the book contains a proposal of a transition phase leading to a future
proliferation-proof civil use of nuclear power. This employs the IAEA proposal henceforth to
use multilateral fuel cycle centers which are multinational. As today’s large enrichment
plants and reprocessing facilities are operated almost exclusively in nuclear weapon states,



and as plutonium recycling is most advanced there as well, these are also the places where
existing light-water reactors could produce plutonium with a higher Pu-238 content using
neptunium and re-enriched reprocessed uranium. This is done by chemical co-separation of
plutonium and neptunium in reprocessing. This plutonium, which has a higher content of Pu-
238, is proliferation-proof, i.e. cannot be abused to make nuclear weapons. It can be used and
burnt in non-nuclear weapon states under surveillance by the IAEA.

To hold this plutonium always at the required (proliferation-proof) content of Pu-238, several
percent of (proliferation-proof) americium must be added to the fresh fuel. In this way, it is
possible in a future proliferation-proof uranium-plutonium fuel cycle incorporating light-
water reactors and breeders with a fast neutron spectrum to use U-238 and so produce energy
over very long periods of time (thousands of years) and incinerate all the existing plutonium
and minor actinides. This can be achieved by a sophisticated change in the uranium-
plutonium fuel cycle and by the production of reactor-grade proliferation-proof plutonium
with higher contents of Pu-238.
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1. Nuclear Proliferation and IAEA-Safeguards

1.1  Historical Development

Unfortunately, the first application of nuclear energy occurred for military use in 1945. The
plutonium for this military application had been produced in special graphite moderated gas
cooled reactors. Some years later pressurized water reactors were first used for nuclear
submarine propulsion. Civil application of nuclear energy with electricity generating nuclear
power reactors did not start until 1955-1958.

Therefore, nuclear technology is considered to be a dual use technology which allows both
peaceful and military applications. From the peaceful use of nuclear energy technologies,
nuclear materials and nuclear facilities have been disseminated all over the world.

Nuclear weapons were developed and manufactured before and independently of the
peaceful exploitation of nuclear energy. This has been borne out by historical developments
so far in nuclear weapon countries, e.g. the USA (1945), USSR (1949), UK (1953), France
(1960), China (1964) as well as in the de facto nuclear weapon states: India (1974), Pakistan
(1998), Israel and North Korea (2008). All these Nuclear Weapons States (NWSs) produced
their fissile nuclear materials: highly enriched uranium (=93% U-235) or weapon-grade
plutonium by military programs and not through the peaceful use of nuclear energy.
Accordingly, the proliferation of nuclear weapons cannot simply be prevented by restrictions
on the peaceful uses of nuclear energy.

The inherent proliferation risk in the use of nuclear energy was recognized at the very
beginning of the development of nuclear power, and a number of proposals have been made
and measures taken in the course of time to prevent proliferation. The period up until 1953
can be regarded as a phase of complete classification of any kind of utilization of nuclear
power. As early as 1945/46, the idea originated in the USA to make the peaceful utilization
of nuclear power accessible to other states while, at the same time, preventing the
proliferation of nuclear weapons. The proposal contained in the so-called Acheson-Lilienthal
report provided for the establishment of an "international atomic development authority,"
which was to manage or possess all nuclear activities, i.e., an international body to
monopolize the field of nuclear power utilization. In 1946, the USA submitted a proposal to
the Atomic Energy Commission of the United Nations. That proposal, which became known
as the "Baruch Plan," failed because it called for a far-reaching surrender of national
sovereignty; and therefore classification was maintained [1].

The worldwide utilization of nuclear power began with the "Atoms for Peace" program
announced by US President Eisenhower before the General Assembly of the United Nations
in December 1953, under which a promotion of nuclear power utilization was planned in
conjunction with control measures. This initiative also lead to the 1954 Geneva United
Nations Conference on the peaceful uses of nuclear energy. One major constituent of the plan
was the establishment of an "International Atomic Energy Agency (IAEA)," which was to
promote and, at the same time, monitor all international cooperation in the field of nuclear
technology. After a series of negotiations, the IAEA Statute was submitted for signature in
October 1956. Article II of that Statute reads, inter alia: "The Agency ensures, so far as it is
able, that assistance provided by it or at its request or under its supervision or control is not
used in such a way as to further any military purpose” (IAEA Statute) [2].



Controls were defined in agreements between the IAEA and the countries it supports. The
guideline used was the INFCIRC/66 document, "The Agency's Safeguards System" [3]. It
provided for controls of plants and materials. A system of records, reports and inspections
was created. The IAEA’s only verifying compliance were agreements by the signatory states,
i.e., to not abuse nuclear power for military purposes.

In 1957, the European Community established in the frame of the Euratom Treaty a
nuclear material control system. Euratom safeguards were designed to ensure that nuclear
materials were not diverted from their intended use and to guarantee that the Community
complies with its international obligations concerning the supply and use of nuclear
materials. Supply agreements with Euratom employed Euratom safeguards in recognition of
the multinational character of its safeguards system. After the full development of IAEA
safeguards, special arrangements and cooperative mechanisms between Euratom and IAEA
inspections were worked out and continue to evolve.

The safeguards system at that time had been designed for the surveillance of small reactor
plants below 100 MW(e) power output. It was soon found to be inadequate for a quickly
expanding commercial nuclear power reactor technology. In 1963 the first civil nuclear
power reactors were ordered in the USA, Russia, Canada, the UK, France and other European
countries. All countries built their own commercial nuclear power reactors with several 100
MW(e) output.

It remained at the discretion of these countries to build and operate nuclear facilities
without IAEA controls. As a consequence, the Treaty of Tlatelolco (UN Treaty Series No.
9068) [4] was concluded in 1967 for the Latin American countries, and the Non-Proliferation
Treaty (NPT) was negotiated and signed in 1968. It entered into force in May 1970
(INFCIRC/140) [5]. This is a summary of its contents:

Each non-nuclear weapon state (NNWS) that becomes party to the NPT binds itself not
to acquire nuclear weapons or other nuclear explosives (Article II). It also binds itself to
conclude an agreement with IAEA for the application of safeguards to all its peaceful
nuclear activities with a view to verifying the fulfilment of its obligations under the
treaty (Article III).

In return, the treaty recognizes the right of all parties to participate in the fullest
possible exchange of equipment, materials, and scientific and technological information
for the peaceful uses of nuclear energy; in other words, all parties are guaranteed full
access to peaceful nuclear technology (Article IV).

The parties also undertake to pursue negotiations in good faith towards nuclear
disarmament (Article VI) and reaffirm their determination to achieve the
discontinuance of all tests of nuclear weapons (Preamble); these latter commitments
apply principally to the nuclear weapon states (NWSs) themselves.

The safeguards required under the NPT shall be applied to all sources and special
fissionable material in all peaceful nuclear activities within the territory of such state,
under its jurisdiction, or carried out under its control anywhere.

The structure and the contents of a verification agreement are contained in a
recommendation by IAEA, which was to constitute the basis of negotiations, but in fact
represents the contents of all agreements. This was documented in INFCIRC/153 Corrected
(1972) [6]. This document became the basis for all Comprehensive Safeguards Agreements
between NPT member states and the IAEA. These agreements have a number of important
features. One is the requirement to place under safeguards all nuclear materials in peaceful
uses in the state, which would later prove to have significance in determining the Agency's
authority to search for undeclared nuclear materials and activities. A second feature is the
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requirement for states to establish so-called State's System of Accounting and Control
(SSAC:s) to track domestic inventories of nuclear materials and provide reports to the IAEA.
In many countries, these SSACs are also the national authorities regulating nuclear activities
including domestic safeguards and security. A third feature is that the agreement obligates the
IAEA to apply safeguards with all states that have such agreements. Part II of INFCIRC/153
Corrected outlines detailed procedures for the application of IAEA safeguards under the
agreement.

India's nuclear test explosion in 1974 shocked the nuclear non-proliferation community. It
initiated greater interest in controlling the nuclear trade (nuclear fuel and technology) and
lead to the association of states exporting nuclear technology called Nuclear Suppliers Group.
This group agreed to enforced rules requiring special commitments to non-proliferation
criteria from recipient states.

In 1975 M. Willrich and Th. Taylor [7] warned of possible theft of nuclear materials and
stated that reactor-grade plutonium could be misused for crude and inefficient nuclear
explosive devices. The steadily increasing amounts of spent fuel from the growing nuclear
industry and the plans for reprocessing and plutonium recycling in reactors lead to even more
serious concerns. As a consequence the results of the FORD/MITRE [8] report published in
1977 became the basis for the declaration by US-president J. Carter that the USA would
refrain from civil reprocessing of spent fuel, plutonium recycling and breeder technology.
The US Nuclear Non-proliferation Act of 1978 (NAPA) strengthened international control
and security measures to avoid further proliferation of nuclear materials and knowledge.

The burnup of spent fuel in gas cooled reactors and heavy water reactors — using natural
uranium as fresh fuel — was about 7 GWd/t at that time and for light water reactors the
burnup of the spent fuel was increased up to about 30 GWd/t. Table 1.1 shows the plutonium
isotopic compositions of such reactor-grade plutonium and compares them with weapon-
grade plutonium (the sum for isotopic compositions of weapon-grade plutonium does not add
up fully to unity).

Reactor type Burnup Plutonium isotopic composition

GWd/t Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
MAGNOX 5 ~0 0.685 0.25 0.053 0.012
CANDU 7.5 ~0 0.668 0.265 0.055 0.012
PWR 30 0.016 0.565 0.238 0.128 0.053
Weapon-grade plutonium very low 0.00012 0.938 0.058 0.0035 0.00022
(US-DOE, US-NRC)

Table 1.1.  Isotopic composition (weight fraction) of plutonium separated from gas cooled
reactors (MAGNOX), Heavy Water Reactors (CANDUSs) and Pressurized Water
Reactors (PWRs) around 1975 in comparison with weapon-grade plutonium as
defined by US-DOE and US-NRC [14].

Table 1.1 explains that there were already considerable differences for reactor-grade
plutonium and weapon-grade plutonium around 1975. These differences increased
considerably until 2010. The burnup of LWR spent fuel of LWRs was increased for
economical reasons up to 55 GWd/t in 2010 (Section 9).

The following international debate on civil reprocessing and reactor-grade plutonium
recycling lead to a two-year International Fuel Cycle Evaluation (INFCE) [9] under the
guidance of the IAEA in Vienna. The result of these studies was that under the considered
burnup conditions of the spent fuel there are no fuel cycle options which could guarantee



absolute proliferation resistance. Therefore, it was recommended that safeguard concepts
should be further developed and more institutional concepts, such as collocation of fuel
reprocessing and re-fabrication plants or international spent fuel storage facilities and other
technical measures, e.g. co-processing, should be developed.

Denaturing, i.e., dilution of fissile isotopes by non-fissile isotopes to such an extent that
the fissile material can not directly be used for nuclear weapons, was proposed as a technical
measure.

For uranium fuel it was proposed keeping U-235/U-238 mixtures below 20% of U-235
and U-233/U-238 mixtures below 12% of U-233 (Section 8.1.1).

Denaturing of reactor-grade plutonium by the isotope Pu-238 to contents higher than
about 5% in plutonium in order to increase the proliferation-resistance of reactor-grade
plutonium, was proposed in the scientific literature by Campbell and Gift (1978) [10],
Heising-Goodman (1980) [11], as well as Massey and Schneider (1982) [12]. Unfortunately
these scientific proposals were not pursued further.

The US administration decided the Nuclear Waste Policy Act in 1982 which defines a
nuclear waste policy allowing only direct spent fuel disposal in deep geological repositories.
France, the UK, Russia and Japan did not follow this once-through fuel cycle strategy. They
built civil reprocessing facilities (LaHague, in France, Windscale known also as Sellafield in
the UK and Rokkasho-mura in Japan) to chemically reprocess their own as well as foreign
spent fuel. Sweden and Finland decided to follow the once-through fuel cycle concept that
provides permanent spent fuel storage in deep geological repositories. Germany and
Switzerland allowed both lines (reprocessing with plutonium recycling or direct spent fuel
disposal). But Germany refrained from the reprocessing strategy in 2005.

The international safeguards system was extended and improved considerably during the
time period 1980 - 2006. Among the research and development efforts were the destructive
and nondestructive assay methods used for independent measurements by IAEA inspectors.
The concepts of material balance areas (MBAs) with key measurement points (KMPs), as
well as near real time accountancy (NRTA) and the containment and surveillance (C/S)
concepts were developed and demonstrated for nuclear reactors, reprocessing and fuel
refabrication plants. Continuous monitoring of nuclear facilities (unattended monitoring
systems) allows more cost effective safeguards surveillance for the future (Section 8.1.7 and
8.1.8). The concept of physical protection for nuclear materials (INFCIRC/225 Rev. 4) [13]
was revised in 1999. The so-called Additional Protocol to the NPT (INFCIRC/540) [15] was
introduced in 1997. This allows IAEA inspectors access to information and locations in a
state (not only those with declared nuclear materials) to follow up on evidence of safeguard
violations.

1.2 Safeguards Implementation

By the end of 2003, 189 states including five nuclear weapon states (USA, UK, USSR,
France and China) had signed the NPT. Four de facto nuclear weapon states are not parties to
the NPT: India, Israel, Pakistan and North Korea. Out of these Israel is widely believed to
possess nuclear weapons, but did not openly declare it. India (1974), Pakistan (1998) and
North Korea (2006/2009) have first openly tested and then declared that they possess nuclear
weapons. North Korea had acceded to the NPT, violated it, and withdrew from it in 2003.

By 2009, there were safeguard agreements in force in more than 145 countries. Only Iran
was found in noncompliance with its ITAEA safeguards agreement in 2005.



Almost the entire known nuclear industry outside the NWSs is thus under the safeguards
control of [AEA. By late 2009, some 229 power reactors, 153 research reactors and critical
assemblies, 18 uranium conversion plants, 46 fuel fabrication plants, 13 reprocessing plants,
17 enrichment plants, 118 separate storage facilities, and 76 others (mostly research and
development facilities) were under safeguards [26].

1.3 Arms reduction initiatives

As a result of arms reduction initiatives, the USA and Russia agreed in 1991 and 2010 to
reduce their nuclear armaments. A considerable amount of highly enriched uranium (HEU)
was provided for its use in civilian power reactors. HEU can be downblended with natural
uranium to form low enriched uranium (LEU) fuel for nuclear power reactors.

In 1993, Russia agreed to downblend 500 t of HEU into low enriched uranium and sell
part of it to the USA for commercial use in nuclear reactors. In 1994, the USA declared, 174 t
of its HEU stocks to be excess of military purposes and designated 85% of it to be
downblended and converted into low enriched fuel for commercial nuclear reactors. In 2005,
the USA announced it would remove another 200 t of HEU from its weapons stockpile [1].

In 1995, both the USA and Russia (former USSR) declared 50 t of their weapon-grade
plutonium as surplus to their national security needs. Both the USA and Russia agreed to
dispose 34 t of these weapon-grade in 2000 [27]. The UK declared 3 t of its weapon-grade
plutonium as surplus to its security needs. Studies by the National Academy of Sciences and
other organisations in the USA led to the decision to transform this metallic weapon-grade
plutonium into mixed oxide uranium plutonium (MOX) fuel for irradiation or burnup in
Light Water Reactors (LWRs). After a burnup period of about 5 years the weapon-grade
plutonium will become reactor-grade plutonium. After removal from LWR cores, this spent
MOX fuel can be assigned the lowest level “E” for attractiveness in weapons use (US-DOE
Safeguards Categories). It will not be useable for weapons purposes (NAS, 1995) [14].

Nuclear Weapon States (NWS) t of HEU* t of weapon-grade Pu**
USA*** 654 92
Russia*** 985+300 145425
UK*** 23.4 7.6
France 36.5 5
China 20 4

De facto Nuclear Weapon States

India 0.2 0.52
Israel not known 0.45
Pakistan 1.3 0.064
North Korea not known 0.035
Non Nuclear Weapon States (NNWSs) [

*HEU (293% enriched in U-235)

**Weapon-grade plutonium >94% Pu-239

***This takes into account the already implemented reductions of HEU by downblending into low enriched
uranium for civil nuclear reactors until 2007.

Table 1.2. Estimates of stocks of HEU and weapon grade plutonium [16].



The remaining amounts of HEU and weapon-grade plutonium in the NWS and in NNWSs
are shown in Table 1.2. The respective data collected by the Institute for Science and
International Security (ISIS) [25] differ only slightly from those of Table 1.2.

1.4 Amounts of reactor-grade plutonium in the world

The amount of reactor-grade plutonium in spent fuel elements of civil nuclear reactors in the
world will be about 2300 t by the year 2010 [18]. Fig. 1.1 shows the data and projection until
2030 for reactor-grade plutonium in the world. Almost one third of this spent fuel was
reprocessed and used for the refabrication of MOX fuel which is recycled in MOX fueled
LWRs.
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Fig. 1.1. Nuclear power installed as well as plutonium stored in spent fuel elements,
plutonium separated and plutonium in MOX fuel until 2030 [18].

1.5 Amounts of reactor-grade americium and neptunium in the world

There is growing interest in countries with large nuclear energy programs to separate and
incinerate neptunium and americium in order to minimize the radioactive inventories of these
long-lived nuclides in deep geological waste repositories. However, separated neptunium and
americium have long been of concern in proliferation discussions. The IAEA has, therefore,
began to consider a program to monitor also neptunium and americium.



1.5.1 Neptunium and americium

Neptunium is considered useable in nuclear explosive devices. It has a bare critical mass of
57+4 kg [21]. A reflector, e.g., beryllium can reduce the critical mass to approximately 45 kg.
Neptunium produces no alpha heat and has a low spontaneous fission neutron rate of 0.11
n/kg-s, which is lower than that of U-235 (0.29 n/kg's) [22].

Americium generated in nuclear reactors is a mixture of Am-241, Am-242m, and Am-243.
Am-241 without admixture of other americium isotopes can originate from the decay of
Pu-241. The critical mass of Am-241 was calculated to be approximately 34-45 kg, that of
Am-243 between 111 and 193 kg, where both calculations used steel as reflector [23].

The critical mass of Am-242m is as low as 3.7-5.6 kg when reflected by steel [23].
However, Am-242m amounts to less than 1% in the americium of spent LWR fuel, and
approximately 4% in americium of spent fuel of fast reactors (FRs). Spontaneous fission
neutron emission of Am-241, Am-242m and Am-243 is relatively high. Am-241 has a high
alpha particle heat output of 110 W/kg.

The amount of neptunium and reactor-grade americium in spent fuel elements will be,
respectively, about 90 t and about 150 t by 2010. Figs. 1.2 and 1.3 display the data and
projection until 2030 for reactor neptunium and americium [18].
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Fig. 1.2.  World wide neptunium stored in spent fuel elements or high active waste until
2030 [18].
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Fig. 1.3.  World wide americium stored in spent fuel elements or in high active waste until
2030 [18].

1.6 Nuclear fuel cycle concepts

The two fuel cycle concepts that are being pursued are as follows:
— The once-through fuel cycle followed by direct spent fuel disposal in deep repositories

(USA, Sweden, Finland), and
— the closed fuel cycle with reprocessing of the spent fuel followed by recycling and

incineration of the plutonium (France, Japan etc.).

Technical difficulties were discussed between 2008 and 2010 regarding the US national
repository Yucca Mountain after certain temperature limits were set by the US regulatory
agencies for the local areas surrounding the waste packages.

In 2010 the US-DOE withdraw the license application for the Yucca Mountain high level
waste repository [24].

A new international initiative on the proliferation resistance of future generation nuclear
reactors and fuel cycles was initiated around 2005 (INFCIRC/640) [20].

In February 2006 the US government announced the Global Nuclear Energy Partnership
(GNEP), which envisions a close coupling of nonproliferation measures with new
developments in nuclear energy technology. Among the nonproliferation measures are the
possibilities of a small number of states which possess fuel cycle facilities employing
advanced technologies. These states could ensure fuel cycle services, e.g. fresh fuel supply
and spent fuel back services to other states which have forgone sensitive fuel cycle
technologies, but still operate nuclear reactors.

In June 2007 Russia announced an initiative which offers enrichment services to other
states and proposes to create a Global Nuclear Power Infrastructure [17].



1.7 New scientific results and further developments

New results from scientific analysis within the international community became apparent

after about 2005:

— The burnup of spent fuel in LWRs was about 55 GWd/t around 2010 and will increase to
about 70 GWd/t in the future;

— The reactor-grade plutonium in spent fuel of civil reactors after reprocessing and re-
fabrication as MOX fuel can be multi-recycled and be incinerated in LWRs, fast neutron
reactors (FRs), or accelerator driven systems (ADSs);

— The minor actinides (MAs) can be chemically partitioned by different aqueus chemical
processes. They can be used in the future for refabrication of fuel elements and be
incinerated by multi-recycling in LWRs, FRs, and ADSs. Another approach is applying
pyroprocessing keeping the actinides together and multi-recycle them in FRs;

— Incineration of reactor-grade plutonium and the main important minor actinides
(neptunium, americium) will drastically lower the long term radiotoxicity caused by for
the waste disposal in deep geological repositories;

— The isotopic content of the isotope Pu-238 in the reactor-grade plutonium can be
increased to above 5% by different fuel cycle options (re-enriched reprocessed uranium
(RRU) or MOX fuel with small addition of minor actinides). This denatured reactor-
grade plutonium can be considered proliferation-proof as it will make so-called
Hypothetical Nuclear Explosive Devices (HNEDs) technically unfeasible;

— The denatured and proliferation-resistant reactor-grade plutonium can be fully incinerated
by multi-recycling in LWRs, FRs or ADSs;

— During multi-recycling steps, denatured plutonium can remain denatured by small
additions of reactor-grade americium (not useable for nuclear weapons). At the same time
the production of neptunium (useable for nuclear weapons) can be avoided.

After earlier suggestions [19], in 2005 the IAEA proposed the so called multilateral fuel
cycle centers, which should be built and operated by multinational industrial companies
(INFCIRC/640) [20]. This opens the innovative possibility of combining the above scientific
findings with the new IAEA proposal of 2005:

During a transition period of several decades, the fuel reprocessing and refabrication for
the production of denatured proliferation-resistant reactor grade plutonium could be done in
existing reprocessing and refabrication centers in the NWSs (LaHague in France and
Sellafield in the UK). They would provide denatured, proliferation-proof reactor-grade MOX
fuel for LWRs and FRs in the NNWSs (Sections 12 - 14).

In addition, two NWSs (USA and Russia) refabricate their weapon-grade plutonium for
irradiation in MOX-LWRs (USA) or MOX-FRs (Russia).

In a second phase, the NNWSs could irradiate the denatured proliferation-proof plutonium
in own LWRs or FRs, and reprocess, refabricate and recycle the proliferation-proof
plutonium in Multilateral Fuel Cycle Centers (with IAEA safeguards) of NNWSs. Neptunium
would virtually be avoided. In this second phase only denatured proliferation-proof reactor-
grade plutonium would exist and be maintained in NNWSs. Neptunium would be avoided.
All existing and future originating proliferation-proof reactor-grade plutonium would be
incinerated in the future (Sections 13 and 14).



The present safeguards and surveillance concept of the IAEA would still be needed in its
present form, e.g. to prevent concealed misuse of nuclear facilities. However, many presently
discussed problems of IAEA safeguards survey would no longer exist. This will be discussed
in Sections 8 to 14.
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2. Technical applications of nuclear power reactors

The majority of nuclear power reactors built and operated today is used for electricity
generation. Such nuclear power reactors are built in unit sizes up to 1300 and 1600 MW(e)
and operated in the so called base load regime. Other potential applications are process heat
generation for the substitution of oil and natural gas as primary sources of energy.

Smaller size nuclear power reactors are used for ship propulsion, mainly submarines,
air craft carries etc. Early attempts for application of nuclear power for commercial
ship propulsion, e.g. the ships Savannah (USA), Otto Hahn (Germany), Mutsu
(Japan), were given up for economical reasons and because of difficulties to obtain
permits to stay in international ports. Only Russian icebreakers, e.g. N.S. Lenin, are
still operating. They serve to keep the Russian Arctic route open for ship traffic.

More than 80% of the electricity producing nuclear power reactors are light water
moderated and cooled reactors (LWRs). Their heat produced by the fission process in
the uranium fuel elements is used to achieve steam conditions of about 290 °C and 70
to 78 bars to drive the steam turbine and generator. This leads to a thermal efficiency
of about 33 to 36% for electricity generation.

High temperature graphite moderated and helium gas cooled nuclear reactors or
advanced gas cooled reactors (AGRs or HTRs) attain gas temperatures of 700-900 °C.
In that range of temperature a number of technical processes requiring process heat
are possible. If the gas temperatures are used for steam generation and electricity
production a thermal efficiency of 42% can be attained.

A different class of nuclear power reactors are liquid metal cooled reactors (LMFBRs)
with a fast neutron spectrum. Contrary to light water in LWRs or graphite in AGRs
and HTRs the liquid metal does not thermalize the fission neutrons. As a consequence
these nuclear power reactors can use the abundant non fissile U-238 by converting it
to the fissile plutonium (breeding process) which is then utilized as fissile material.
Also thorium can be converted to the fissile U-233 by this breeding process.

Other reactor types, e.g. heavy water moderated reactors (HWRs) will be described in
Section 5.

2.1 Nuclear reactors operating in the world in 2008

In 2008, there were 439 nuclear reactors with a total electric capacity of 372 GW(e) operating

in the world. They supplied about 16% of the world’s electricity. The countries providing the

largest nuclear reactor electricity generating capacities are presented in Table 2.1 [1,2].

Smaller countries operating only several GW(e) of nuclear powere are listed in [7]. Nuclear

power is generated (Tab. 2.2) chiefly in

— light water reactors (LWRs) of which there are two types: the Pressurized Water Reactors
(PWRs) and the Boiling Water Reactors (BWRs)
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— the Heavy Water Reactors (HWRs or CANDUSs)
— the Advanced Gas Cooled Reactors (AGRs) and
— the Light Water Cooled Graphite Moderated Reactors (LWGRs)
— the Liquid Metal Cooled Fast Breeder Reactors (LMFBRs).

Country Number of Generating capacity
operating reactors (GW(e)net)
United States 104 100,582
France 59 63,260
Japan 55 47,587
Russian Federation 31 21,743
Germany 17 20,470
Korea 20 17,451
Ukraine 15 13,107
Canada 18 12,589
United Kingdom 19 10,222
Sweden 10 9,014
China 11 8,572
Spain 8 7,450
Rest of the world 72 40,155
Total 439 372,202

Table 2.1. Worldwide nuclear generating capacity in June 2008 [1,2].

Type number percentage %
PWR 265 60.36
BWR 94 2141
CANDU (HWR) 44 10.02
AGR 18 4.10
LWGR 16 3.64
LMFBR 2 0.45

Tab. 2.2. Fractions of different types of nuclear reactors [1,2].

Fig. 2.1 shows the projections for nuclear power capacity of IAEA 2006 and of
OECD/NEA worldwide until 2040.

More than 40 additional nuclear power reactors were under construction by 2009. About
80% of these were again LWRs. In addition many countries including China, India, Japan,
Korea and Russia announced ambitious plans to expand their nuclear power capacities.

The future market share of nuclear power in the world electricity market will depend on its
competitiveness against other established sources of primary energy, e.g. hard coal, lignite,
oil and natural gas or hydropower and renewable energies (wind, photovoltaics etc.). In
addition other factors like public acceptance and the solution of the proliferation problem will

play a dominant role.

Nuclear power reactors are operating with yearly energy availability factors of 85 to 90%.
Their operating life time is increasing from 35 years at present to 60 years in the future.
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Fig. 2.1. Existing and projected nuclear power reactor capacity [1,2].

2.2. The nuclear fuel cycle

Uranium ores contain 0.72% U-235 and 99.28% U-238 (disregarding the tiny amount of
0.0054% U-234). Only the isotope U-235 can be fissioned by thermalized neutrons in nuclear
power reactors. After mining of uranium ores these are milled and chemically processed for
conversion into the uranium oxides UO,, UO3 and U;Og (Fig. 2.2) [3,4,5]. These are then
chemically treated and converted into the only gaseous uranium compound UFg. In
enrichment plants which presently apply either the gas diffusion or gas centrifuge technique
the natural isotopic mixture of the UFg gas is enriched to about 5% U-235 and 95% U-238.
This low enriched UFs is chemically re-converted to low enriched UO; fuel powder. The
UO; fuel powder is pressed into cylindrical pellets which are sintered at more than 1600 °C.
The pellets are filled into Zircaloy tubes which are assembled to fuel elements also called
fuel assemblies

Fuel elements with metallic fuel are used for LMFBRs (Section 6).

The fuel elements of LWRs produce about 50 to 60 GWd/t over an operation time of
about 5 years. Partial loading, reloading and shuffling schemes after time periods of about 12
to 24 months guarantee an optimal economic operation of the nuclear power reactor. The
unloaded spent fuel is stored for several years in on site spent fuel storage water pools or dry
containers cooled by air. Afterwards the spent fuel is either sent to spent fuel conditioning for
later direct fuel disposal in deep geological repositories (open fuel cycle, Fig. 2.2a) or sent to
a spent fuel reprocessing plant for chemical separation of the uranium, of the generated
plutonium and of the minor actinides. The separated fission products become high active
waste. Separated plutonium and separated minor actinides can be further recycled as fissile
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fuel. The fission products are vitrified and — after further cooling over about 40-50 years —
deposited in deep geological repositories (closed fuel cycle) (Fig. 2.2b).
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Fig. 2.2. The nuclear fuel cycle (once through and closed fuel cycle) (NUREQG).

The infrastructure needed for nuclear power reactors are uranium mining and milling,
uranium conversion, uranium enrichment, uranium fuel fabrication and spent fuel
reprocessing facilities.

Table 2.3 presents the number of commercial operating facilities of the uranium fuel cycle

in the world.

Process

Number of facilities
in commercial operation

Uranium mining and milling 37
Conversion 22
Enrichment 13
Uranium fuel fabrication 40
Spent fuel reprocessing 5

Table 2.3. Number of fuel cycle facilities operating in 2008 [1,2,3].
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The largest uranium conversion plants are located in Canada, France, Russia and the USA.
The largest uranium enrichment plants operate in the USA, Russia, France, the UK, Germany
and the Netherlands. Only France, the UK, Russia and Japan operated large scale commercial
reprocessing plants in 2008.

2.3 Natural uranium ores

Natural uranium is found in uranium ores in concentrations ranging from around fractions of
a percent to several percent. It contains the fissile isotope U-235 found in nature in an
isotopic concentration of 0.7204%. The remaining isotopes are 99.2742% of U-238 and
0.0054% U-234. Uranium ores are obtained from open pit or underground mining. In
addition it can be produced by in situ leaching or it is found as a co-product or by-product
during mining of other materials, e.g. phosphate rock, mineral sands etc.

2.3.1 Uranium resources

Uranium resources are classified on the basis of geological certainty and foreseeable costs of
mining. Reasonably assured resources (RAR) are based on high confidence estimates which
are compatible with decision-making standards for mining. Inferred resources are defined on
a similar basis, but additional measurements are required before making decisions for mining.

Undiscovered resources (prognosticated and speculative) are expected to exist, based on
geology or previously discovered resources. Both prognosticated and speculative resources
still require significant efforts for exploration. The OECD nuclear energy agency (NEA) and
the IAEA collect the resource data of the different countries in the world on a yearly basis.
These data are categorized on a fictive US dollar recovery cost base.

Table 2.4 shows the world uranium resources (reasonable assured and inferred) for three
cost categories as published by OECD/NEA and IAEA in 2007 (other data given in the
literature may vary slightly from these IAEA and OCD/NEA data).

Cost ranges

<US dollar 40/kg U | <US dollar 80/kg U <US dollar 130/kg U
Reasonably assured
resources (RAR) 1,766,400 2,598,000 3,338,300
Inferred resources 1,203,600 1,858,400 2,130,600

Table 2.4. Reasonably assured and inferred natural uranium resources (tonnes) in the world
as reported by 2007 [1,2].

Table 2.5 shows the distributions of the shares for natural uranium resources and natural

uranium production in 2007 in the main uranium producing countries [2]. The total annual
world production of uranium was about 39,000 t.
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Country % of resources % of production

Australia 23.0 21
Canada 7.7 23
United States 6.2 4
Namibia 5.0

Niger 5.0 8
South Africa 8.0 1
Kazakhstan 14.9 16
Russian Federation 10.0 8
Uzbekistan 2.0

Ukraine 3.6

Table 2.5. Shares of uranium resources and production in some countries in 2007.

Undiscovered (prognosticated and speculative) resources were estimated to another
7.771.100 tonnes worldwide [1,2]. In addition, so called unconventional natural uranium
resources in black shales, e.g. at Chattanooga (USA), with a total of 4.2 million tonnes of
uranium resources as well as additional uranium resources associated with monazite, coastal
sands and phosphorite deposits are mentioned by OECD/NEA and IAEA. The total global
amounts are estimated to 22 million tonnes of natural uranium resources.

Seawater may also be regarded as a possible resource with very low concentration of
uranium and high extraction costs.

2.3.2 Thorium resources

Thorium can also be used in combination with enriched uranium as a fertile nuclear fuel. It is
found essentially as 100% Th-232 and is considered to be three times more abundant in the
earths crust than uranium [8].

It is mainly recovered from monazite sand as a by-product and from deposits of titanium-,
zirconium- or tin-bearing minerals. Worldwide reasonably assured and inferred thorium
resources were estimated in 2007 to a total of 6.08 million tonnes of thorium [2].

2.4 Concentration of uranium

Uranium ores must be separated from byproducts. They are concentrated by physical
concentration methods, e.g. crushing, and gravity, magnetic or flotation types of separation.
Roasting is applied to improve the solubility of the uranium. Leaching is performed by
different agents depending on the type of uranium-bearing minerals. Agents can be either
sulfuric, nitric and hydrochloric acids or sodium hydroxide and alkaline carbonates. Solvent
extraction methods are preferred, if acid solutions are employed. In the solvent extraction
process the active agent is an inorganic amine salt diluted in kerosene that can selectively
extract the uranium ions. The uranium is finally precipitated as uranium diuranate and dried
afterwards. The result is called yellow cake [3,4,5].
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2.5 Purification of uranium

For purification the uranium concentrates are dissolved in nitric acid. The resulting uranyl-
nitrate is then extracted by tributyl phosphate in kerosene. By this purification step some
elements like boron, beryllium, cadmium, rare earths and other elements are removed down
to a concentration of a few ppm. The end product after purification is one of the uranium
oxides UO,, UO5 or UsOg.

2.6 Uranium conversion

The uranium oxides are chemically converted into uranium hexafluoride, UF¢. This is the
only volatile or gaseous compound of uranium. It has a sublimation point of 56.5 °C at 1 bar.
This gaseous compound UFs is necessary for the enrichment process in gaseous enrichment
plants.

2.7  Natural uranium consumption and needs by the nuclear power industry

2.7.1 Natural uranium consumption by different reactor types

As already explained in Section 2.2 the natural uranium must be enriched, e.g. 3.5 to 5% U-
235 for the low enriched fuel (LEU) of LWRs. For HWRs or CANDUESs it can be either the
natural enrichment or LEU with enrichment of about 1.5% U-235. For AGRs or HTRs the
enrichment of the LEU fuel must be about 8% U-235 due to the higher burnup foreseen for
their fuel.

The yearly need of natural uranium for the different reactor types operating about 85% of
the year at full power is given for several examples in Table 2.6. Only for the LWR-LEU a
second value for a load factor of 0.93 is given. This load factor is reached by many LWRs
now.

Reactor type Initial fuel enrichment | Natural uranium consumption
[7] [t/GW(e)y]

LWR-LEU 33 171*

LWR-LEU 33 156

HWR-Uyqt 0.7 150

HWR-LEU 1.5 107

HTR-LEU 8 125

LWR U/Pu recycle 4% 110

FBR U/Pu breeder 20% 1.7%%

*load factor 0.93 **depleted uranium or natural uranium

Table 2.6. Annual natural uranium consumption [tonne]| for different reactor types per
GW(e) and year operating 85% of the year at full power.
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Due to their better neutron economy (heavy water and graphite absorb less neutrons than
light water) HWRs and AGRs consume less natural uranium than LWRs. Plutonium
recycling can reduce the natural uranium consumption by about 35%, but it requires
reprocessing of the spent fuel and MOX fuel refabrication (closed fuel cycle). FRs with
plutonium fuel can make use of the 99.27% U-238 of the natural uranium. They are
continuously breeding new plutonium resulting from neutron capture in U-238. Consequently
their natural uranium or depleted uranium or depleted uranium consumption is very low with
about 14 te/GWe-a. FRs can also operate on thorium as a fertile fuel.

2.7.2 Future need for natural uranium

The future need for natural uranium can be illustrated by the following simple example:
Assuming a constant installed nuclear reactor power capacity of 400 GWe over the next 60 to
80 years (which corresponds roughly to the projection of IAEA low in Fig. 2.1) then the
natural uranium consumption in future decades is shown by Fig. 2.3.

—a— | WR-LEU*
—A— HWR-LEU**
—— LWR-Recycle**
—o— HTR-LEU**

108

Uranium consumption | **Load factor 0.85
400 GW(e) scenario (constant) | |
different reactor types

Tonnes of natural uranium

1 // *Load factor 0.93

105 | | | | |
5 15 25 35 45 55 65 75

Reactor operation time [years]

Fig. 2.3. Natural uranium consumption (tonnes of natural uranium) for different reactor
systems as a function of time.

Fig. 2.3 shows that 400 GW(e) LWRs-LEU with a load factor of 0.93 operating during a
lifetime of 60 years would consume about 4.1 million tonnes of natural uranium. HWRs-LEU
or HTRs with a power capacity of 400 GW(e) would consume 2,57 and 3,0 million tonnes of
natural uranium over 60 years, respectively. Uranium/plutonium recycling in LWRs would
lead to similar savings of natural uranium. Comparing these numbers with the world uranium
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resources of Section 3 one may conclude that LWRs would consume the uranium resources
in the cost range of <130 $/kg U (reasonably assured and inferred, Table 2.4) either within 80
(LWR-LEU) or up to about 140 (LWR U/Pu recycle) years. For other reactor types (HWRs,
AGRs or HTRs) this time period would be similar. If prognosticated and speculative or even
unconventional uranium resources would be considered, these time periods could be
extended. Future increases in the installed nuclear power capacity above the simple example
of constant 400 GW(e) (see, e.g. INFCE high, Fig. 2.1) would shorten these time periods
accordingly.

Reprocessing and recycling of uranium and plutonium or better neutron economy of the
different reactors can help to curb the natural uranium consumption. A major cutback of
natural uranium consumption, however, can only be achieved by the introduction of breeder
reactors with a fast neutron spectrum. Fig. 2.4 shows the natural uranium consumption for 3
cases in general form
LWR-LEU in once through fuel cycle (OT) (load factor 0.93)

HWR-U,, in once trough fuel cycle (OT)
LWR-U/Pu recycle in the closed fuel cycle
LWR + LMFBR in the closed fuel cycle

14 LWR -OT
g HWR-U,,-OT
g g ? LWR-Recycling
® c
g -E—l LWR+LMFBR

= - Advanced

2 2 7RIS | querwa
E - T carbide fuel
3 /

o =" %

2050 Year

Fig. 2.4. General projection of natural uranium consumption for different reactor types
including fast neutron spectrum breeder reactors

Fig. 2.4 is based on scenarios for nuclear power installations which where assumed during
INFCE. Although these scenarios might not be fully consistent with future developments, the
form of the curves for the consumption of natural uranium of the different reactor scenarios is
generally valid.

Fig. 2.4 shows that only the large scale introduction of fast neutron spectrum liquid metal
cooled breeder reactors (LMFBRs with oxide, carbide, nitride or metallic Pu/U fuel) are able
to curb the natural uranium consumption curves. A large scale introduction of LMFBRs
around, e.g. 2050 could limit the total natural uranium consumption to about 6-7 mill. tonnes
[6]. If the LMFBRs are introduced later into the energy market, then the total natural uranium
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consumption would be higher correspondingly or the low cost rescources would be exhausted
at an earlier time.

The technical feasibility of LMFBRs was already proven between the years 1970-2010
(Section 6). Prototype LMFBRs with electrical power of 250 to 800 MWe were operated
safely over more than 30 years. The time and rate of introduction of LMFBRs depends
mainly on the availability of reprocessing and refabrication plant capacities as well as
political constraints (proliferation policy).
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3. Uranium enrichment
3.1 Introduction

Naturally occuring uranium consists of three isotopes: U-234, U-235 and U-238 [1]. The
amounts in weight percent of each isotope are shown in Table 1.

U-234 0.0054%
U-235 0.7204%
U-238 99.2742%

Table 3.1. Isotope concentration of natural uranium in weight percent [1].

Only the naturally occurring isotope U-235 is fissionable by thermal neutrons. Fission
neutrons from spontaneous or neutron induced fission have an average kinetic energy of
about 2 MeV. The probability of a neutron to fission U-235 is much higher for slow neutrons
(thermal energies) compared to that for high energy fission neutrons. Therefore, the fission
neutrons must be moderated by scattering processes from an average kinetic energy of about
2 MeV down to an average thermal energy of 0.025 eV. This degradation of neutron energy
is called slowing lower process.

Good moderators are light and heavy water as well as beryllium and graphite. However,
only heavy water or high purity graphite together with carbon dioxide or helium gas and low
neutron absorbing structural materials can be used in nuclear reactor cores together with the
naturally occurring uranium in appropriate material arrangements in the reactor core. Such
nuclear reactors are the heavy water moderated reactors (HWRs or CANDUSs) and the gas
cooled graphite moderated reactors. Their fuel is exchanged continuously at full power for
attaining good neutron economy. However, only a low burnup can be attained with natural
uranium fuel.

Light water as moderator and coolant requires enrichment of the natural uranium to about
3-5% U-235. Even higher enrichment of about 8% or more U-235 is needed for high
temperature gas cooled reactors (HTGRs) which can attain higher burnup of the fuel
(Section 5).

3.2 Enrichment technologies

There are a number of enrichment technologies which were tested at the begin of nuclear
energy development. However, for large scale commerical enrichment only two methods:
gaseous diffusion (USA, France) and gas centrifugation (Russia, Europe) became
predominant with more than 90% of installed enrichment capacity in the world. In addition
one enrichment plant using LASER enrichment — the so called SILEX process — is being
built in the USA from 2010 on [2,3,4].

Other enrichment methods like aerodynamic methods (separation nozzle (Germany) or
advanced vortex tube (Helikon in South Africa) were only tested and operated on pilot plant
scale. LASER enrichment methods based on the atomic vapor laser excitation were given up
around 1994 in the USA. A variation of the molecular laser isotope separation (MLIS)
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technology developed in Australia, is being applied on a large commercial scale as the
SILEX (separation of isotopes by laser excitation) process for the first time in the USA
[5,6,7].

Table 3.2 shows the world enrichment capacities by the year 2008 [4]. The enrichment
capacity is given in kg or ton separative work units (SWU). The separative work unit is a
measure of the amount of work necessary in the enrichment plant to produce a certain
amount of enriched uranium. It has the dimension of mass in kg or ton SWU (Section 3.6).
As an example, the annual reload of a 1 GW(e) PWR of 25 tons of 4.4% U-235 enriched UO,
fuel requires about 175 t SWU.

About 53 million kg (SWU) are installed in operating enrichment plants, mainly in Russia,
the USA and Europe. The large scale gaseous diffusion plants in the USA and France still
represent about 42% of the world enrichment capacity. Gaseous diffusion enrichment will
slowly be phased out in the future and be replaced by the more economic gas centrifuge
technology. About 23 million kg SWU in gas centrifuge technology were under construction
or in the planning phase in 2008. Again most of this gas centrifuge capacity is located in
Russia, Europe and in the USA. China, South Korea and Japan — having large nuclear power
reactor programs — will certainly make up with own enrichment capacities. In addition, the
laser isotope separation technology may become an additional economically promising
enrichment technology.

Enrichment method Enrichment capacity in million kg SWU/a
operating | under pre-licensing planned
construction
Gascous diffusion
USA 11.3
France 10.8
China 0.2
Gas centrifuge
Russia 20
UK 3.7
Netherlands 3.5 1.0
Germany 1.8 2.7
USA 3.0 6.8
France 7.5
Japan 0.3 1.2
China 1.0 0.5
Brazil 0.13
Iran 0.25
India 0.01
Pakistan 0.02
Laser (SILEX)
USA 3.5-6.0
TOTAL 52.63 3.13 23.45 —26.45

Table 3.2. Enrichment capacities installed in gaseous diffusion, gas centrifuge and LASER
enrichment plants in the world [4].

Multinational enrichment companies like URENCO (UK, Netherlands, Germany, France)

are favored by IAEA. Russia has offered his large industrial enrichment capacity for future
multinational participation [4].
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3.3 Enrichment and cascade theory

The smallest element of an enrichment plant is a separating unit (Fig. 3.1.). The feed, e.g.
natural uranium (0.72% U-235, 99.27% U-238) with mass flow rate F and atom fraction xg in
% 1s separated into a heads fraction (enriched in the desired isotope U-235) with mass flow
rate P and atom fraction xp in % and a tails fraction (depleted in the desired isotope U-235)
with a mass flow rate W and atomic fraction xw in %. The abundance ratio, &, often used
[2,8].

instead of the atom fraction, x in %, is defined as &= X

1-x

st Flow  Atom fraction of Abundance
ream

rate desired isolope ratio
ek > Heads P Xp ¢
B
Separating '
|
I
I
EACT I, L-—-_..._,._.._.._.__). Ta”s W XW gfr
Fig. 3.1. Separating unit and definitions
The material balance on both isotopes is
F=P+W 3.1
F'XF = P'Xp + W'XW (32)
The ratio of head to feed is called the cut, 0
P
0= — 33
P 3.3)
The stage separation factor, o, is defined as the abundance ratio of heads to tails
oz & 2% (2x) (3.4)
a Xp (1 —Xp )

and the heads separation factor, B, is defined as the abundance ratio of heads to feed

B - % _ % 1—’% (3.5)
X, 1-x

P
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As the required enrichment cannot be achieved with one single separating unit, several or
many separating units working in parallel are connected to a cascade. In a simple cascade the
heads from the first row of parallel working of separating units — called a stage — become the
feed of the next stage of separating units (Fig. 3.2).

Cascade

A

Y

[~—— Stage —a-{
I 1 X1w |

| Xip 1

> I X2,w l

. X2p + l

¢X1,w | X3,w |

X1F L | Xp X3p
Feed, F I X2.w Product, P
# - XZ’E
1 X1,w 3 g
X1p

Y
X

Fig. 3.2. Separating unit, stage and cascade [2].

A countercurrent recycle cascade is used, if the partially depleted tails of a stage have
sufficient value to warrant reprocessing. This countercurrent cascade scheme is applied for
uranium enrichment. Fig.3.3 shows the scheme of a countercurrent recycle cascade.

The feed for each stage consists of the heads from the next lower stage and tails from the
next higher stage.

The number of stages between the feed point (natural uranium feed, xg = 0.72%) and the
product (4% enriched uranium, xp = 4%) is called the enriching section. The portion between
the feed point (natural uranium) and the waste (tails) (0.2% depleted uranium, xw = 0.2%) is
called the stripping section.

The aim of the enriching section is to produce enriched uranium. The purpose of the
stripping section is to increase the recovery of the desired isotope U-235 from the feed and to
reduce the amount of feed required. The stages in Fig. 3.3 are numbered from stage 1 at the
waste end to stage n at the product end. The highest stage of the stripping section is
numbered ny,.

As the flow in the enriching section becomes smaller the higher the product (enriched
uranium) is enriched also the number of separating units per stages is lowered. This leads to
so called tapered cascades. One type of tapered cascades which is approximated by all
uranium enrichment plants is the so called ideal cascade.
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Fig. 3.3. Countercurrent recycle cascade [8].

3.4 Ideal cascade

The theory of ideal cascades was originally developed by Dirac and Peierls in the UK and
Cohen and Kaplan in the USA [2,8,9]. Table 3.3 shows the characteristic shape of an ideal
cascade for a gas centrifuge plant (Section 3.8). Gas centrifuges have a relatively high stage
separation factor o per separation unit and therefore a relatively low number of stages. Table
3.3 gives the number of stages (14 stages for a stage separation factor of oo = 1.2) and the
number of centrifuges per stage for enrichment of natural uranium to 3.02% U-235 and a tails
assay of 0.29% U-235 in uranium [10].

Gaseous diffusion plants have only a separation factor of 1.0043 per separation unit. The
number of stages is therefore about 1400 t attain a U-235 enrichment of about 4% [2].
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Table 3.3.  Number of centrifuges required in an ideal cascade, assuming that each gas
centrifuge has a separation factor 1.2 [10].

3.4.1 Number of stages for an ideal cascade [8]

The total number n of stages for an ideal cascade is given by

In Xp (1 - Xw)
n o= 2 ( _hi‘O)L ~ Xw (3.6)
with
Xp atom fraction of final product

Xw atom fraction of tails depleted uranium

o stage separation factor

The number of stages in the stripping section is
In Xp (1 — XW)
(1 - XF) Xy

= ~1 3.7
n, o3 (3.7)

XF atom fraction of feed

B heads separation factor

For the ideal cascade the head separation factor is: § = Jo.
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The number of stages in the enriching section
In Xp (1 — XF)
(1-x,)-x,
n-n, = —————F& 3.8
w — (3.8)

Table 3.4 shows — as an example — the total number of stages required and the number of
stages in the enrichment and stripping zone of an ideal cascade for an enrichment of natural
uranium to xp = 4% LEU and a tails assay of xw = 0.2%

- a gaseous diffusion enrichment plant with o = 1.0043

- a gas centrifuge enrichment plant with oo = 1.20 and o = 1.30.

Gaseous diffusion Gas centrifuge
o =1.0043 o=1.20 o=1.30
enrichment section 815 10 7
stripping section 598 6 4
total number of stages 1413 16 11

Table 3.4. Number of stages for gas diffusion and gas centrifuge enrichment.

3.5 Inputs and Outputs of the enrichment process

The mass input to the enrichment process is the uranium feed F of natural uranium (atom
fraction xg = 0.72%) or reprocessed uranium (0.8% U-235 and 0.6% U-236 as well as 98.6%
U-238) in the form of uranium hexafluoride. The mass output in the enriched uranium
product P with atom fraction xp in % and the waste stream or tails W (atom fraction xy of,
e.g. 0.2%).

The ratio of the feed mass and the product mass is

F X, =Xy
— = 3.9
P X, — Xy 5-9)
and the ratio of waste mass to product mass is
W X=X (3.10)
P X, — Xy

3.6 Separative work of the enrichment process

The separative work is a measure of the amount of work necessary in the enrichment plant to
produce a certain amount of enriched uranium. It has the dimension of mass and is indicated
in kg SWU or tonne SWU.

29




The separative work S in SWU/kg U can be expressed in terms of the different mass
streams for feed, product and waste [8]. Applying the relations between these mass streams
and their atom fractions, the relation for the separative work unit per product mass is given

by

S5y X b XX oy Sw L XX o ) X
P 1x, X.X, Ix, XX, Ix,
(3.11)
product term waste term feed term

This relation is evaluated for P = 1 kg of product mass in Table 3.5 for different
enrichment levels [7,8]. In the left column the different enrichment levels for low enriched
uranium (LEU) fuel are shown. The second column indicates how many kg of natural
uranium are needed to produce 1 kg of low enriched uranium

example: for P =1 kg of 4% U-235 enriched uranium, a feed of F = 7.436 kg natural
uranium must be provided.

The third column gives the separative work needed to enrich the natural uranium as feed
mass to a certain enrichment

example: for 1 kg of 4% U-235 enriched uranium 6.544 kg separative work are
needed starting from natural uranium.

A 1.3 GW(e) PWR requires about 25 t of fresh UO, fuel per year with 4% U-235
enrichment. This quantity is produced from about 25x7.436 = 185.9 t of natural uranium. The
separative work required would be 25x6.544 = 163.6 t SWU (Table 3.5) for a tails assay of
0.2% wt% U-235 and 0.5% conversion losses. A 1 million kg SWU or 1000 t SWU
enrichment plant would be able to enrich the fuel for about 6 PWRs of 1.3 GW(e).

For enrichment levels higher than 10% U-235 in uranium or others than given in Table 3.5
the above equation (3.11) must be applied.
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kg of Natural U Feed kg of kg Separative
Material to Enrichment U305 to be Work®
Enrichment, Plant Purchased®
wt% U Per Kilogram of Enriched Uranium Product
Nat. 0.72 1.000 2.613 0.000
0.8 1.174 3.068 0.104
0.9 1.370 3.580 0.236
1.0 1.566 4.092 0.380
1.2 1.957 5.114 0.698
1.4 2.348 6.136 1.045
1.6 2.740 7.160 1.413
1.8 3.131 8.182 1.797
2.0 3.523 9.206 2.194
2.1 3.718 9.716 2.397
22 3914 10.228 2.602
23 4.110 10.740 2.809
24 4.305 11.250 3.018
2.5 4.501 11.762 3.229
2.6 4.697 12.274 3.441
2.7 4.892 12.784 3.656
2.8 5.088 13.296 3.871
2.9 5.284 13.808 4.088
3.0 5.479 14.318 4.306
3.1 5.675 14.830 4.526
3.2 5.871 15.342 4.746
33 6.067 15.854 4.968
3.4 6.262 16.364 5.191
3.5 6.458 16.876 5.414
3.6 6.654 17.398 5.638
3.7 6.849 17.898 5.864
3.8 7.045 18.410 6.090
3.9 7.241 18.922 6.316
4.0 7.436 19.432 6.544
5.0 9.393 24.544 8.851
10.0 19.178 50.112 20.863

?0.5% U30g to UFg conversion losses included.
®Tails assay at 0.2 wt. % U-235

Table 3.5.  Characteristic data: kg of natural uranium feed or Us;Og required for 1 kg of
enriched uranium product and corresponding kg SWU needed [7].
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3.7 Gaseous Diffusion Technology

Gaseous diffusion is based on molecular diffusion through micropores in a membrane. In
thermal equilibrium U-235- and U-238-molecules have the same average kinetic energy.
Hence the lighter molecules of the isotope U-235 have a faster velocity and impinge on the
wall of the membrane more often. If the wall is porous the lighter molecules will pass
through the membrane at a slightly higher rate than the heavier molecules of U-238. More
235-UF¢ molecules will pass through the membrane than 238-UFs molecules. The theoretical
separation factor per stage is equal to 1.0043.

The diameter of the pores in the membrane must be very small. Membrane barriers with
pores of 10 ¢cm have been reported [7]. Sintering of fine alumina or nickel powder was
applied. The barriers are about 50 um thick. They can be arranged in form of sintered nickel
tubes assembled to tube bundles, housed in the diffuser or converter. The diffusion cell
(diffuser) is divided into two compartments by the porous membrane. A compressor
maintains the pressure at the inlet: A heat exchanger must remove the heat of compression
from the UF4 gas. Because of the corrosiveness of the UF¢ gas, the structural materials in the
process vessels (converters) are nickel coated. Fig. 3.5 shows the converter units of a US
gaseous diffusion plant with their motors for the compressors and connecting pipings and
valves.

CONVERTER

VALVE

" () " :
CONTROL | & COOLANT &|

Fig. 3.5. Basic stage equipment in a gaseous diffusion cascade [7].

Due to the low enrichment factor, gaseous diffusion plants typically need 1200-1400
stages to produce low enriched uranium for LWR fuel of 3 to 4% U-235 enrichment. Most
gaseous diffusion plants are designed to operate between 65 and 110 °C at low pressures of
about 0.35 bars. After enrichment of the 235-UF; product the gas is liquefied and put into
storage cyclinders. The tails are also liquefied and put into containers. They are stored for
further use e.g. in fast reactors (FRs). Large scale gaseous diffusion enrichment plants are
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operating at Paducah, USA with an enrichment capacity of 11.3 million kg SWU/year and at
Tricastin, France with an enrichment capacity of 10.8 million kg SWU/kg (Table 3.8).

Gaseous diffusion enrichment plants have a high specific power consumption on the order
of 2400 kWh/kg SWU. Therefore the power requirements of a large gaseous diffusion
enrichment plant like at Tricastin is about 3000 MWe.

3.8 Gas centrifuge

The gas centrifuge was developed in Europe and Russia by Zippe, Kistemaker, Whitley,
Kamenev and others. The gas centrifuge process is based on the separation effect of UF, gas
in a strong centrifugal field of a fast spinning rotating cyclinder. When the cylinder rotates at
high speed, radial pressure differences cause the separation of the U-235 and U-238
molecules.

Table 3.6 gives the enrichment factors as a function of different peripheral speeds [2,10].

peripheral speed m/s 300 |[400 |500 |[600 |700 | 800
enrichment factor 1.056 | 1.10 |1.16 |1.24 |1.34 |1.46

Table 3.6. Peripheral speeds and enrichment factors of a gas centrifuge [2].

For rotor speeds of about 400 m/s at the outer radius of the centrifuge the local separation
factor would be about 1.10. By creating a weak countercurrent flow inside the centrifuge the
separative factor can be increased. The countercurrent flow can be achieved by traffles,
molecular pumps or an axial temperature gradient. The result is that the U-238 diffuses to the
bottom and the U-235 to the top of the centrifuge, where they are collected (see Fig. 3.6).
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Fig. 3.6. Russian gas centrifuge design according to Kamenev [11].
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3.9 Gas centrifuge technology

New materials have to be used to increase the peripheral speed of the centrifuges. Table 3.7
shows the tensile strength, the density and the approximate maximum peripheral speed these
materials can attain and endure in a gas centrifuge.

Material Tensile strength Density o/p approx. max.
o (kg/em?) p (g/em’) (cm) peripheral speed

(m/s)

Al-alloy 5200 2.8 1900 425

Titanium 9200 4.6 2000 440

Maraging steel 22500 8.0 2800 525

Glass fibre 7000 1.9 3700 600

Carbon fibre 8500 1.7 5000 700

Table 3.7. Maximum peripheral speeds for thin-walled cylinders [10].

Gas centrifuges based on aluminum or steel can have a peripheral rotor speed in the range
of 400 m/s. Composite materials allow peripheral velocities in the range of 600-700 m/s. For
enrichment of natural uranium to 4% low enriched uranium for LWR fuel about 16 stages of

gas centrifuges must operate in cascade if an enrichment factor of o = 1.2 and a tails assay of
0.2% U-235 are assumed (Section 3.4).

3.10 Russian centrifuge design

The highest installed capacity in gas centrifuges is located in Russia (Section 3.2). A detailed
review of Russian centrifuge technology is given by Bukharin [11]. Some characteristic
design data of Russian centrifuges designed around 2000-2010 are given in Table 3.8.

Generation Separative capacity | Peripheral speed
[SWU/a]
6 2.5 580 m/s
7 3.2 630 m/s
8 4.2 690 m/s

Table 3.8. Russian centrifuge characteristic data [11].

Modern designs of the centrifuge rotor consist of an inner metal sheet around which
aramid and graphite fibers are wrapped to achieve the required high strength.

3.11 Rotor dynamics

No matter how carefully rotors are balanced, this balancing can never be perfect. This leads
to vibrations at certain speed which become violent at a certain critical resonance speed.
These critical (resonance) speeds are determined by the rotor design (length/diameter ratio or
L/D) and characteristics of its materials.
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L/D Critical speeds [m/s]
lst 2nd 3rd 4th
7 400
11.6 145 400
16.3 74 204 400
21 45 123 242 400
25.5 30 83 162 269

Table 3.9. Critical peripheral speeds as a function of length/diameter L/D for aluminum
rotors [10].

A subcritical rotor with L/D = 7 would have no critical (resonance) speed as long as it runs
of a peripheral speed of 350 m/s. A rotor with L/D = 11.6 would have to negotiate one critical
speed at 145 m/s before it would experience another one at 400 m/s [Tab. 3.9].

A centrifuge operating below its first resonance is termed subcritical (short centrifuge). A
centrifuge operating above the rotors vibrational resonances is termed supercritical (long
rotor with damping measures). Modern design centrifuges with high stage separation factors
and high separation capacity (Section 3.10) operate in the supercritical range. They have an
energy consumption of about 100 kWh/SWU.

3.12 Laser enrichment [4,7]

Laser isotope enrichment is based on photo-excitation. The slight difference in electron
energy levels of U-235 and U-238 is used for this enrichment technology. Laser light
produced at the same wave length as these electron energy levels leads to resonances,
enhanced ionization or molecular dissociations. Two main laser enrichment methods have
developed:

Atomic vapor laser isotope separation (AVLIS)

Molecular laser isotope separation (MLIS)

3.12.1 The AVLIS enrichment technology

Two different ALVIS techniques were developed and tested at Livermore Laboratories in the

USA.

— An oven at 2600 K produces uranium vapor. A xenon laser operating in the ultraviolet
range excites only the U-235 atoms. These atoms are then ionized by a krypton laser. The
ionized U-235 atoms are collected on a plate in an electric field.

— A sequence of three tunable dye lasers driven by a high-repetition copper laser excite the
U-235 atoms. These laser photons produce auto-ionizing of the uranium atoms. The
uranium ions can be collected from the vapor as described above.

Both AVLIS technologies were given up in 1994 and did not enter the commercialization
phase.
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3.12.2 Molecular Laser Isotope Separation (MLIS)

The MLIS process developed at Los Alamos, USA is based on the vibrational modes
(vibrational and rotational frequencies) of a UF¢ molecule. The UF¢ gas together with
hydrogen is expanded through a hypersonic nozzle to cool it down to about 30 K. This brings
the molecules into the lowest vibrational ground state. In a next step an infrared laser
operating at 16 pm wavelength selectively excites the 235-UFs molecules. The laser radiation
in the ultraviolet part of the spectrum at 0.308 um is used to dissociate the 235-UFg
molecules into U-235-UFs and F,. The U-235-UF;s precipitates as a fine powder.

A variant of the MLIS process called SILEX originally developed in Australia is the basis
of the first laser enrichment plant in USA (Section 3.2).

3.13 Conversion of UF; into UO; powder

The UF¢ coming from the enrichment plant must be converted into UO, powder in the UO,
pellet fabrication plant. One of the chemical processes applied is the so-called AUC-process.
The UFs is vaporized and mixed with water to form uranyl fluoride UO,F,. This is mixed
with ammonia NH; and carbon dioxide CO, which react to ammonium uranylcarbonate
(NHy)4 UO; (CO3)s which precipitates from the suspension. Further heating leads to thermal
decomposition and uranium trioxide UOs. This can be reduced by means of hydrogen to
uranium dioxide UO..

After homogenization of the UO, powder, binders and lubricants, are added. This mixture
is pressed to cylindrical pellets of 10 mm diameter and height. In a furnace the pellets are
sintered at temperatures of 1600 to 1750 °C in hydrogen. Densities of the UO, pellets of
about 10.4 g/cm’ are achieved. Afterwards the pellets are ground to the required dimensions.

Finally the pellets are filled into the zircaloy tubes which are welded tight. These fuel rods
are assembled to fuel assemblies (Section 5).
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4 Neutron and reactor physics

Only some basic nuclear processes and data are presented in this Section. This shall help to
increase the understanding of the subsequent Sections. For a deeper understanding of nuclear
reactor physics the literature given in the reference list is recommended [1,2,3,4,5,6,7,8,9].

4.1 Fission process

If a neutron of a certain velocity (kinetic energy) is absorbed by a fissile heavy nucleus, e.g.
U-233, U-235 or Pu-239, the resulting compound nucleus can become unstable and split
(fission) into two or even three fragments. The fission fragments are created essentially
according to a double humped yield distribution function with mass numbers between about
70 and 165. The mass yield distribution functions are similar for heavy nuclei fissioned by
neutrons with kinetic energies up to about 2 MeV. They depend slightly upon the kinetic
energy of the incident neutrons causing fission and on the type of heavy nuclei (U-233, U-
235, Pu-239).

fission product

/l
fission
. 11 —=e
i — neutrons
Neutron
2200 m/s Uranium-235 \l

fission product

Fig. 4.1. Fission of U-235 nucleus by a neutron.

In addition to the fission products (fragments), 2-3 prompt neutrons are emitted during the
fission process. These prompt fission neutrons appear within some 10™* s. They are created
with different kinetic energies following a certain distribution curve. In some heavy nuclei
with even mass numbers, nuclear fission can only be initiated by incident neutrons with a
certain, relatively high, threshold kinetic energy (Table 4.1).
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Heavy Nucleus Th-232 | U-233 | U-234 | U-235 | U-238 | Pu-239

Incident neutron kinetic | >1.3 0 >0.4 0 >1.1 0

energy [MeV]

Table 4.1. Threshold kinetic energy for incident neutrons causing substantial fission in
different heavy nuclei [6].

The fission products can be solid, volatile or gaseous. Some of the fission products decay
further emitting so-called delayed neutrons, B-particles, y-rays and anti-neutrinos. The
delayed neutrons resulting from the decay of particular fission products — called precursors —
represent less than 1% of all neutrons. The fraction of delayed neutrons originating from
fissioning by thermal neutrons of U-235 is 0.67%, and 0.22% from fissioning of Pu-239.
They appear with decay constants of 0.01 to 3 s™ for U-235 and 0.01 to 2.6 s™' for Pu-239.
These delayed neutrons are of absolute necessity for the safe control of nuclear fission
reactors [11,12,13].

The energy release per fission Qy appears as kinetic energy of the fission products, Ey, of
the prompt fission neutrons, E,, as B-radiation, Eg, as y-radiation, E,, or as neutrino radiation,
E,, (Table 4.2). The neutrino radiation does not produce heat in the reactor core. However,
antineutrinos are relevant for safeguards and surveillance measures (Section 8.1.7). Table 4.2
also shows the total energy, Qi and the thermal energy, Qu, released during fission of a
nucleus. Some of P-radiation and y-radiation of the fission products is not released
instantaneously but delayed according to the decay of the different fission products.

Heavy Incident E¢ E, Eg E, E, Qtot Qu
Nucleus neutron
energy
U-235 0.025eV | 169.75 |4.79 |6.41 13.19 | 8.62 |202.76 | 194.14
0.5MeV |[169.85 |4.80 |6.38 13.17 | 8.58 |202.28 | 193.7
U-238 3.10 MeV | 170.29 |5.51 |8.21 14.29 | 11.04 | 206.24 | 195.82
Pu-239 0.025eV |176.07 | 5.9 5.27 1291 |7.09 |207.24 | 200.15
0.5MeV |[176.09 |5.9 5.24 12.88 | 7.05 [206.66 | 199.61
Pu-240 2.39MeV | 17598 | 6.18 | 5.74 12.09 | 7.72 | 206.68 | 198.94
Table 4.2. Different components of energy release per fission of some heavy nuclei in

MeV by incident neutrons of different kinetic energy (in eV or MeV) [10,11].

On the average, about 194 MeV or 3.11x10"" J are released per fission of one U-235
atom. Most of the fission energy is released instantaneously. However, a small fraction
appears with some delay, the associated decay constants ranging between about 107" to
1 pers.

Since 1 g of U-235 metal contains 2.56x10*' atoms, the complete fission of 1 g of U-235
results in:

7.96x10" Jor 2.21x10*kW  or  0.92 MWd thermal energy

For other fissile materials like U-233 or Pu-239 the energy release per fission is similar.
Fission by neutrons with thermal energies (0.025 eV) or by energies of 0.5 MeV leads to
almost equal energy releases.
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Usually the thermal energy produced in the fuel of a fission reactor core is given in
MWd(th) per tonne or GWd(th) per tonne of fuel which also corresponds roughly to the
number of grams or kg, respectively, of U-235 fissioned in one tonne of fuel [2].

4.2 Neutron reactions

Neutrons produced in nuclear fission have a certain speed or kinetic energy and direction of
flight. In a fission reactor core they may be scattered elastically or inelastically or absorbed
by different atomic nuclei. In some cases the absorption of neutrons may induce nuclear
fissions in heavy nuclei (U-235 etc.) so that successive generations of fission neutrons are
produced and a fission chain reaction is established.

In addition to fission the scattering and absorption reactions also contribute to the energy
release in a nuclear reactor.

4.2.1 Reaction rates

If n (7,v,Q) is the number of neutrons at point 1, with speed v and the direction of flight Q,
then these neutrons can react within a volume element dV with N-dV atomic nuclei (N being
the number of atomic nuclei per cm’ of reactor volume). The number of reactions per second,
e.g. scattering or absorption, is then proportional to
v-n(r,v,QQ) and to N-dV

The proportionality factor o(v) is a measure for the probability of the nuclear reactions
and is called microscopic cross section of the nucleus for a specific type of reaction. The
microscopic cross section o(v) is measured in 10%* cm” 2 1 barn. It is a function of the speed
or kinetic energy of the neutron and of the type of reaction and differs for every type of
atomic nucleus. As for an absorption reaction the neutron can either remain captured or lead
to fission of a heavy nucleus the relation

Ga(V) = oc(v) + odV)

is valid with
Ga(v) microscopic absorption cross section
G6«(V) microscopic capture cross section
ofv) microscopic fission cross section

The reaction rate can be written
R(7,v)=o(Vv)N(T)vn(r,v)=Z(1,v)d( T,v).

The quantity X(T,v) = N-o(v) is called macroscopic cross section.

The quantity:
¢(T,v) =vn(T,v) is called the neutron flux.

Fig. 4.2 shows the microscopic fission cross section as a function of the neutron kinetic
energy for the heavy nuclei U-235, U-238 and Pu-239. The fission cross sections for U-235
and Pu-239 increase with lower kinetic energies. In the energy region of about 0.1 eV to 10’
eV this behavior is superposed by resonance cross sections.

The capture cross section for U-238 are shown in Fig. 4.3.
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Such microscopic cross sections are steadily compiled,
nuclear data libraries, e.g. JEF [19] etc.

supplemented and revised in
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Fig. 4.2. Microscopic fission cross section for U-235, U-238 and Pu-239.
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Fig. 4.3. Microscopic capture cross section of U-238.
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4.3 Spatial distribution of the neutron flux in the reactor core

The spatial distribution of the neutrons with a certain speed or kinetic energy and flight
direction can be described by the Boltzmann neutron transport equation or by Monte Carlo
methods [2,14]. For both cases, numerical methods in one-, two- or three-dimensional
geometry were developed. Computer program packages (deterministic codes for the solution
of the Boltzmann transport equation and Monte Carlo codes) are available for applications
[14,15,16,17,18].

For many practical applications it is sufficient to solve the neutron diffusion equation
which is an approximation to the Boltzmann neutron transport equation. The continuous
energy range can be approximated by a subdivision into a number of energy groups with
specifically defined microscopic group cross sections, e.g. JEF [19], ENDF/B [20], or
JENDL [21]. Group cross section sets for a given number of energy groups are, e.g. WIMS
[22] and the ABBN set [23,25].

Fig. 4.4 shows the neutron energy spectra of a pressurized water reactor (PWR), of a
sodium cooled fast reactor (SFR) with metal, oxide and nitride fuel as well as of a very high
temperature reactor (VHTR) as neutron flux ¢(u) = E-¢(E) per unit lethargy u. The lethargy u
is defined as In(E,/E), where E, is the upper limit of the energy scale. This logarithmic
energy is suggested by the fact that the average logarithmic energy loss per elastic collision
of a neutron with a nucleus is an energy independent constant.

0.50 +
045+ | — SFR, metal
SFR, oxide
040 T |—SFR, nitride il
—— VHTR
0351 | PWR

Flux/ Lethargy
s o
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o [=]

o
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0.05 + wl L

1.0E03 1.0E-02 1.0E-01 1.0E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07
Energy (eV)

Fig. 4.4. Neutron energy distribution (spectrum) in a PWR and an FR [36].

Fig. 4.5 displays the spatial distribution of the neutron flux in the range of thermal
energies for a PWR [24]. The absorber or control rods are partially inserted in axial direction
in the PWR core. The control rods absorb neutrons and are responsible for the spatial
distortions of the thermal neutron flux. They influence the criticality level and the spatial
power distribution.
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Fig. 4.5. Spatial distribution of the thermal neutron flux, ¢,(f), in a PWR core with
partially inserted control rods [24].

4.4 Criticality factor Kes [1,2,3,4]

The ratio between the number of newly generated neutrons by fission and the number of
neutrons absorbed in the reactor core or escaping from the reactor is called the criticality
factor or effective multiplication factor, Kegr.

For a ke = 1 the reactor core is critical and can be operated in steady state. At ke <1 the
reactor core is subcritical, e.g. with the control or absorber rods fully inserted in the core.
Boron, cadmium or gadolinium etc. can be used as absorber materials, either as metallic
alloys in control rods or as burnable poisons in ceramic form in fuel rods and special rods or
as a fluid, e.g. boric acid in the coolant of a PWR.
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For kegr >1 the reactor is supercritical. More neutrons are produced than are absorbed in
the reactor core or do escape from the core. The neutron chain reaction is ascending (reaction
rates and the number of neutrons increase as a function of time).

The neutron flux in the reactor core can be controlled by moving or adding, e.g. absorber
materials. This is done in a keprange, where the delayed neutrons are dominating the
transient behavior of the neutron flux. The delayed neutrons come into being in a time range
of seconds. Therefore, the neutron flux in reactor cores can also be controlled safely by
moving absorber materials in the time range of seconds.

4.5 Design of a reactor core

The choice of the type of fuel, e.g. natural or enriched uranium as well as plutonium or U-233
and the choice of the moderator, coolant as well as the structural materials determine the type
of nuclear reactor. In addition the type of fuel can be used as metallic, oxide, carbide or
nitride fuel. Coated particles used, e.g. in VHTRs and pebble bed HTR module reactors, or
molten salts (fluorides or chlorides) have also been employed in the past or are still
investigated. However, these reactor types are outside the scope of this Section. Table 4.3
shows the combination of fuel, moderator, coolant and structural materials for the most
common types of reactors: high temperature reactors (HTR), heavy water reactors (HWR),
light water reactors (LWR) and fast neutron reactors (FR) (Sections 5 and 6).

Reactor type Fuel Moderator Coolant Structural
material
HTR Natural or slightly Graphite Gas: CO,, He Graphite,
enriched uranium Mg-alloys
HWR Natural or slightly Heavy water Light or heavy | Zircaloy
enriched uranium water
LWR Enriched uranium Light water Light water Zircaloy
4-5% U-235
+ U-238
Fast neutrons | 20-30% Plutonium No moderator | He-Gas, sodium, | Stainless steel
Reactor (FR) +U-238 Lead or Lead-
15-25% U-233 Bismuth
+ Thorium

Table 4.3. Combinations of fuel, moderator, coolant and structural material in different
reactor types.

The characteristic thermal properties of the coolant/moderator and of the structural
material determine the power density in kW/I of the reactor core, e.g. 100 kW/I in a PWR and
300 kW/1 in an FR. Assuming a certain power output of the reactor core leads to the required
volume of the reactor core (radius and height of the reactor core). The thermo-hydraulic and
thermal properties of the coolant together with assumed coolant inlet and outlet temperatures
result in the required coolant mass flow for cooling the reactor core. With these rough design
parameters, the necessary enrichment in fissile isotopes in the fuel can be determined by
solving, e.g. the Boltzmann neutron transport equation or the multigroup diffusion equation.
This is done for the given geometry of the reactor core by solving the equations for kegr.

The fissile fuel enrichment is determined such that kg is slightly above 1 to allow
(insertion of control material) for control of the reactor core over a full operation cycle i.e.
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account for the effects of decreasing concentrations of fissionable material, e.g. U-235, and
of the accumulation of fission products or temperature changes.

For nuclear reactor cores with a thermal neutron spectrum the ratio of fuel volume to
moderator volume is determined by the number of scattering collision required to slow down
the fission neutrons to thermal energies. This leads to moderator/fuel volume ratios for the
different reactor types as given in Tab. 4.4.

The spatial distribution of the neutron flux in fuel rods and surrounding moderator is
determined by subdividing the reactor into cells [2,3,4].

Reactor type (thermal) Moderator/Fuel volume ratio
LWR 2-3
HWR 20
HTR 54

Table 4.4. Moderator/Fuel volume ratio for different reactor types.

Fig. 4.6 shows such a cell arrangement for a square lattice as used for most Western
LWRs. Triangular cells and hexagonal subassemblies are used, e.g. for Russian PWRs. These
cells have a micro distribution of the neutron flux. This micro-distribution of the neutron flux
is obtained by solving, e.g. the Boltzmann neutron transport equations in multigroup form for
the geometry shown in Fig. 4.6 (fuel rod with cladding, surrounding moderator and the
respective boundary conditions).

Fig. 4.6 shows a two group representation of the neutron flux within a lattice cell for, e.g.
LWRs. The fast neutrons are generated by fission in the fuel rod. They move relatively fast
out of the fuel to the moderator region, where they are slowed down to thermal energies. This
avoids to a large extent undesired captures in the resonance energy region (see Figs. 4.2 and
4.3).

The thermal neutrons in the moderator region diffuse back into the fuel rod where they are
absorbed by the fuel nuclei and cause fissions. The fast neutron flux is highest in the fuel rod
and lowest in the moderator region, whereas the thermal neutron flux is highest in the
moderator region. Most of the thermal neutrons are already absorbed in the outer regions of
the fuel rod (spatial self shielding effect). Therefore the radial fission power density
generated is also somewhat higher in the outer region than in the center of the fuel rod.

The radial fission power density distribution is given by

G
P(F) = 3.11-107"" - Sum - Zp (D - 0,(F) [W/cmﬂ (4.1)
g=l1
with
2tq (T) macroscopic fission cross section of energy group g
drg (f) neutron flux in energy group g

In the above example the number of energy groups is G = 2.
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Fig. 4.6. Square lattice cell with fuel rod, cladding, and moderator of a LWR-fuel element.

With these multigroup neutron flux distributions in the cell spatially averaged multigroup
cross sections can be determined. With these spatially averaged cross sections the Boltzmann
multigroup neutron transport equations can be solved numerically for the whole reactor core
with boundary conditions. The real neutron flux then results in a superposition of the micro-
distribution of the cell averaged over a subassembly, e.g. fuel rods with different fuel
enrichment and burnable poison or water channels, and the macro-distribution over the entire
core.

4.6 Fuel burnup and transmutation during reactor operation

During reactor operation over months and years the initially loaded U-235 in the low
enriched uranium fuel will be consumed due to fission and neutron capture processes. As a
consequence also the initial criticality factor k. decreases. Neutron capture in fertile
isotopes, e.g. U-238 or Th-232 leads to buildup of new fissile isotopes, e.g. Pu-239 or U-233.
This increases somewhat the criticality factor ke Fission products originating from the
fission of fissile isotopes decrease the criticality factor ke due to their absorption cross
section. The combination of these three effects results in a time dependent change — usually a
decrease — of the criticality factor ke during reactor operation.

This burnup effect on kesr is accounted for by special design of the reactor core. The
enrichment of the initially loaded fuel is increased such that kegr becomes slightly >1. As the
ke shall be equal 1 during the whole operation cycle, this is balanced by absorber materials
in the core (movable absorber rods or special rods with burnable absorber material or
burnable absorber materials dissolved in the coolant or mixed with the fuel). The
accumulating fission products and the decreasing kerr are counteracted e.g. by moving
absorber rods slowly out of the core during reactor operation. At the end of the operation
cycle the absorber rods are almost withdrawn out of the core and spent fuel must be unloaded
and replaced by new fuel elements.

The calculation of the change in concentration of all fuel isotopes, actinides and fission
products requires the knowledge of the microscopic cross section and decay constants of all
isotopes as well as the yields of fission products during the fission process. Fig. 4.7 shows the
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uranium-plutonium reaction chain with a- and B -decays and their decay half-lives. Only the
most important nuclear reactions and isotopes are shown. More details, e.g. about the Am-
isotopes will be discussed in Section 11.
2?2
242Cm " {/ 244Cm

[ p(T,,=16h) [
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Fig. 4.7. Uranium-plutonium reaction chain with buildup of neptunium, americium and
curium.

The concentrations of the various isotopes in the reactor core can be described by a
coupled set of ordinary differential equations which balance the production and destruction of
the different isotopes [25,26]. This is explained in the following for only some fuel isotopes
using the following indices (left side) and neglecting minor important contribution like the o.-
decay of the fairly stable uranium isotopes.

Index Isotope

24 U-234 %N24 = -024 (I) N24

25 U-235 %N% =624.9-Npyy —02%.¢-Nps

26 U-236 %NZG =62 ¢ Npg — 2% - ¢-Nyg

27 U-237 9Ny =628 -4 Npg — 028, -¢-Nog -127 N
27 T o ¢-Nog =052, - ¢-Nog 27
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This set of coupled differential equations must be carried on for all fuel isotopes and
fission products, structural material, absorber and coolant
— N represents the number of isotopes per cm’,

— ¢ the neutron flux n/(cm™s),

— o the one group microscopic cross section in cm?, averaged over the neutron energy
spectrum for capture (index c), absorption (index a), or n,2n reactions (index n,2n)

— A the decay constant.

The above coupled set of differential equations is solved numerically by computer
programs for each point T in the reactor core assuming the initial concentrations of the
isotope as initial conditions and a specified level of neutron flux or power density. Often this
burnup chain has to be truncated appropriately accounting only for the most important
isotopes [27,28,29]

One of the computer codes used internationally to predict the evolution of the fuel and
fission product isotopes is ORIGEN-S developed at ORNL. Its modification, KORIGEN,
[27] can treat 129 actinides, more than 1100 individual fission products and about 700
isotopes associated with coolant, absorber and structural materials.

The evolution chain in concentrations of all isotopes must be determined for each point of
the reactor core with different spatial neutron flux. Therefore, the code ORIGEN is coupled
with a code which solves the Boltzmann neutron transport equation. Such a code package is,
e.g. SCALE developed by ORNL [30]. Another code package based on a MONTE CARLO
code is MONTEBURNS [33].

Figs. 4.8a and 4.8b show the decrease of fissile U-235 nuclei (burnup), the buildup of U-
236 and of the different plutonium isotopes as well as the buildup of Np-237, Am-243, Sr-90
and Cs-137 in one tonne of LWR fuel over a period of about five years of operation. It is seen
that the isotopic distribution of plutonium (Pu-239, Pu-240, Pu-241, Pu-242) also changes as
a function of burnup or time. While the enrichment of U-235 has dropped from 5% to
roughly 0.77% or 7.7 kg in 1 tonne of fuel, i.e. similar but slightly higher than the U-235
concentration in natural uranium by the end of the period of operation (burnup of 60.000
MWd/t), the concentration of plutonium (sum of all plutonium isotopes) has risen to almost
0.9% over the same period. The plutonium buildup is caused by neutron capture processes. In
this way the fissile isotopes Pu-239 and Pu-241, produced during operation make
contributions to the heat production. From Fig. 4.8a it is understood that the sum of the
concentrations of the two fissile plutonium isotopes exceed at a burnup of 60 GWd/t the
concentrations of U-235.
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Fig. 4.8a. Isotope concentrations for U-235, U-236, Pu-239, Pu-240, Pu-241 and Cs-137 as
a function of burnup [GWd/to] of LWR fuel. Initial fuel enrichment: 5% U-235
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4.7 The conversion and breeding process

4.7.1 Uranium-plutonium cycle

Neutron capture in the fertile isotopes U-238 or Pu-240 creates the new fissile isotopes Pu-
239 and Pu-241 in the reactor fuel. This is depicted in Fig. 4.7 and Fig. 4.8a and 4.8b.

Neutron capture in U-238 creates U-239 being subject of B -decay to Np-239 (decay half
life 23.5 min). Similarly, Np-239 decays to Pu-239 with a decay half life of 2.35 days.
Neutron capture in Pu-239 results in Pu-240 and neutron capture in Pu-240 leads to Pu-241
which follows B -decay to Am-241 with a half-life of 14.3 y. Finally neutron capture in Pu-
241 results in Pu-242. Further neutron capture in americium leads to the curium isotopes.
Also the neutron capture in U-235 and U-236 as well as the buildup of Np-237 and Pu-238
are shown there (Fig. 4.7).

4.7.2 Thorium-uranium cycle

Similarly, as depicted in Fig. 4.9, the thorium conversion chain leads to Th-233 after neutron
capture in the Th-232. This Th-233 decays first to Pa-233 with a decay half life of 23.4 min
and then to the fissile isotope U-233 with a rather long decay half-time of 27 days.
Subsequent neutron capture in uranium isotopes leads to U-234, U-235 and U-236 (see
equations in Section 4.6).

233y — 234y —> 235y —>»236
927 (n,y) 927 (n,y) 92 (n,y) 92

B(T,, =27d)

B (T,, =23.4m)

232Th—’ 233Th
90 (n, y) 90

Fig. 4.9. Thorium-uranium reaction chain.

4.7.3 Conversion and breeding process

The production of new fissile isotopes Pu-239 and Pu-241 in the U/Pu-cycle (Fig. 4.10) and
U-233 in the Th/U-233 cycle is called conversion process. The conversion ratio CR is
defined as the ratio of creation of new fissile isotopes to the rate of destruction of fissile
isotopes. The conversion ratio CR depends on the fuel cycle and on the neutron energy
spectrum in the reactor core.
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Fig. 4.10. Conversion process of U/Pu fuel cycle.

It is determined by computer calculations in building the ratio of the sums of the total
number of newly generated and destructed fissile isotopes in the reactor core between
periodic refueling sequences. The conversion ratio for reactors with thermal neutron
spectrum is CR <I. Only in the case of thermal breeders with U-233 it might slightly exceed
unity. If the conversion ratio becomes >1 it is called breeding ratio BR. The conversion ratio
CR can also be expressed by the relation

CR=7n-1-a-/+f

where M is the neutron yield, i.e., the total number of fission neutrons generated per neutron
absorbed, averaged over all fissile isotopes, the neutron energy spectrum and the whole
reactor volume. The quantities a, ¢ and f are equivalent corresponding averages. a

describes the absorption of neutrons in the coolant, structural and control materials. ¢ is the
leakage from the reactor core. f describes the small contributions of fast neutron fissions in
U-238, Pu-240 and Pu-242 or Th-232 (fast fission effect.). The largest contribution in the
above relation for CR is the neutron yield n. It is shown for different fissile isotopes
belonging to different fuel cycle options in Fig. 4.11:

More refined calculation methods for the determination of CR or BR and other parameters
like doubling time were described, e.g. in [9].
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Fig. 4.11. Neutron yield as a function of energy of incident neutron causing fission for
U-233, U-235, Pu-239, Pu-241 [32].

In the range of thermal neutron energy spectra U-233 assumes the highest values of e.g. n
= 2.25 for U-233, whereas U-235 has the lowest n-values. This is the reason for proposals of
reactor designs with thermal neutron energy spectrum and U-233/Th-232 fuel.

In the neutron energy range >100 keV the two plutonium isotopes Pu-239 and Pu-241
assume the highest n values of n = 2.6-2.7. Therefore, in this neutron energy range a
breeding ratio

BR >1

is possible. Liquid metal cooled (lead or sodium cooled) reactors have a neutron spectrum in
this range and are able to operate as breeder reactors. They are called (fast) breeder reactors
(FBRs) due to their fast energy neutron spectrum. If particularly high BR values shall be
achieved, e.g. in a rapidly expanding nuclear energy economy the neutrons escaping from the
core can be captured in thick blanket regions with natural or depleted uranium.

Thermal energy spectrum reactors initially must start operation with the only available
natural or enriched uranium. They can attain only a conversion ratio of 0.5 to 0.8 depending
upon their absorption factor a in the coolant (light water, heavy water, graphite) and in their
structural or absorber materials.

U-233 and Pu-239/Pu-241 are artificial man made fissile materials which must be
produced first in thermal or fast neutron spectrum reactors. Only then U-233/Th-233 or Pu-
239/U-238 can be used in reactors which attain high conversion or breeding ratios. Table 4.5
shows the conversion or breeding ratios for the main important different reactor systems
operated in the near future.
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Reactor type Initial fuel Fuel cycle Conversion/
breeding ratio

PWR/BWR 3-5% U-235 U/Pu 0.55

PWR/BWR - Pu recycl. 5% Pu U/Pu 0.7

PWR -U-233/Th 4% U-233 U/Th 0.8

FBR — Pu/U 15-25% Pu U/Pu 1.2-1.4

FBR — U-233/Th 12-20% U-233 Th/U-233 1.03-1.15

Table 4.5. Conversion/breeding ratios for different reactors.

4.8 Fuel utilization

The fuel utilization is defined as the fraction of original nuclear fuel that can be ultimately
converted into fission energy. This includes also the conversion of fertile isotopes like U-238,
Pu-240 or Th-232 into fissile isotopes. Some of the converted fissile nuclei can be extracted
after unloading of the spent fuel by chemical reprocessing. This collected fissile fuel can be
used for refabrication of new fuel elements which can be loaded again (recycled) in nuclear
reactors.

This means that the determination of the fuel utilization must account for recycling of the
fuel including possible losses of fuel during reprocessing and refabrication.

For the once-through fuel cycle the fuel utilization will be lowest. For Pu/U recycling, e.g.
in LWRs, the fuel can be recycled only several times (Section 12). For FBRs multi-recycling
of the fuel is possible. FBRs attain the highest fuel utilization factor. The fuel utilization
factor depends on the enrichment of the fuel, the tails assay after enrichment, the conversion
factor (reactor design and fuel cycle) and in case of recycling on the burnup of the fuel per
cycle and fuel losses during reprocessing and refabrication.

The fuel utilization factor can be determined by detailed analysis following up the
remaining fuel in a balance sheet for each operating cycle of the reactor core [31]. This leads
to Fig. 4.12.

Fig. 4.12 shows the fuel utilization as a function of the conversion or breeding ratio.
Nuclear reactors operating not in the fuel recycling mode, e.g. LWRs in the once-through
fuel cycle with a conversion ratio of 0.5 to 0.6 attain only a fuel utilization factor of about
0.6%. Reactors operating in the recycling mode, e.g. LWRs with U/Pu recycling attain a
conversion ratio of CR = 0.72 and a fuel utilization of almost 1%. This can be further
improved somewhat by LWRs with tight lattice fuel elements and higher conversion ratios
[34].
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Fig. 4.12. Fuel utilization [%] as a function of the conversion ratio for LWRs (PWRs or
BWRs), plutonium recycling PWRs or BWRs and FBRs operating in the U/Pu-
cycle or the Th/U-cycle [31].

The fuel utilization factor shows a sharp increase above conversion factors of CR = 0.9
and a step type increase for breeding ratios of about BR > 1.03 (assumed fuel losses of 1.5%
during reprocessing and 1.5% during refabrication). Above this limit the reactor system is
able to make up for the fuel cycle losses by breeding sufficient fissile material. FBRs
operating in the uranium/plutonium closed fuel cycle operate beyond this limit. The fuel
utilization factor is then only dependent on the average fuel burnup (number of recycle steps
or fuel loss during recycling). FBRs with a breeding ratio above, e.g. BR > 1.03 can attain a
fuel utilization factor of 60% which is about a factor of 100 higher than the fuel utilization
factor of LWRs in the once-through cycle. Similar high fuel utilization factors can be attained
by FBRs operating in the Th/U-233 cycle.

In thermal spectrum reactors the concentration of the fission products, especially Xe-135
and its precursor [-135 as well as Sm-149 must be accounted for because of their high
absorption cross sections in the thermal neutron energy range. Their variation of
concentration affects the criticality kes considerably after shut down of the reactor may
prevent restart of the reactor for a certain period of time. Due to the decay half-life of I-135
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of 6.61 h the decay of this precursor may induce so-called Xenon oscillations in large power
reactors during operation.

4.9 Radioactive Inventories in spent fuel

The amount of fission products and actinides as well as the radioactivity inventory in
structural material is a function of the operating time or of the burnup in MWd/tyy of the
spent fuel. With the methods described in Section 4.5 and computer programs, e.g.
KORIGEN [27] it is possible to calculate the amount of different substances in the spent fuel
and their radioactivity. Table 6.4 lists the radioactivity of the most important fission products
and actinides in 1 tyy of spent fuel after a burnup of 60,000 MWd/tyy. The radioactivity is
measured in Curie [Ci] or Becquerel [Bq].
1 Curie =23.7 x 10" Bq

1 Bq corresponds to one disintegration per second in a §~, a or y decay of a nucleus.

Fission products Specific radioactivity (Ci/tum)

Isotope half 1ife discharge 1 year 3 years 5 years 7 years

H 3 12.349 y  9.714E+02 9.184E+02 8.209E+02 7.337E+02 6.558E+02

KR 85 10.720 y  1.701E+04 1.595E+04 1.402E+04 1.232E+04 1.082E+04

SR 90 29.121'y  1.166E+05 1.139e+05 1.086E+05 1.035E+05 9.871E+04

Y 90 2.6667 d 1.171E+05 1.139E+05 1.086E+05 1.035E+05 9.873E+04

ZR 95 63.981 d 1.752E+06 3.354E+04 1.229E+01 4.501E-03 1.649E-06

NB 95 35.150 d  1.765E+06 7.548E+04 2.728E+01 9.992E-03 3.660E-06

RU106 1.0080 y  9.339E+05 4.696E+05 1.187E+05 3.002E+04 7.591E+03

RH106 29.900 s 1.040E+06 4.696E+05 1.187E+05 3.002E+04 7.591E+03

Cs134 2.0619 y 4.163E+05 2.975E+05 1.519E+05 7.755E+04 3.960E+04

Cs137 29.999 y  1.847E+05 1.805E+05 1.723E+05 1.645E+05 1.571E+05

BA137M  2.5517 m  1.752E+05 1.707E+05 1.630E+05 1.556E+05 1.486E+05

CE144 284.26 d  1.409e+06 5.784E+05 9.745E+04 1.642E+04 2.767E+03

PR144 17.283 m 1.423e+06 5.784E+05 9.745E+04 1.642E+04 2.767E+03

PM147 2.6235 y  2.038E+05 1.629E+05 9.605E+04 5.663E+04 3.339E+04

EUL154 8.6001 y 1.473E+04 1.359E+04 1.157E+04 9.845E+03 8.380E+03

Actinides Specific radioactivity (Ci/ta)

Isotope half 1life discharge 1 year 3 years 5 years 7 years

U 234 2.45e05 y 3.380E-02 5.823E-02 1.080E-01 1.573E-01 2.058E-01
U 235 7.04E08 y 1.220E-02 1.220E-02 1.220E-02 1.220E-02 1.220E-02
U 236 2.34e07 y 4.034E-01 4.034e-01 4.035eE-01 4.035E-01 4.036E-01
U 238 4.5e09 y 3.067E-01 3.067E-01 3.067E-01 3.067E-01 3.067E-01
NP237 2.15e06 y 6.062E-01 6.183E-01 6.188E-01 6.197E-01 6.208E-01
NP239 2.3553 d 2.718e+07 6.636E+01 6.635E+01 6.634E+01 6.633E+01
PU238 87.744 'y 8.287E+03 8.766E+03 8.752E+03 8.620E+03 8.485E+03
PU239 24064. y 3.748E+02 3.822E+02 3.821E+02 3.821E+02 3.821E+02
PU240 6537.3 y 6.997E+02 7.012E+02 7.039E+02 7.064E+02 7.087E+02
PU241 14.399 vy 1.996E+05 1.902E+05 1.727E+05 1.569E+05 1.425E+05
PU242 3.87E05 y 4.637E+00 4.637E+00 4.637E+00 4.637E+00 4.637E+00
AM241 432.23 'y 1.810E+02 4.928E+02 1.072E+03 1.596E+03 2.069E+03
AM243 7380.2 y 6.629e+01 6.636E+01 6.635E+01 6.634E+01 6.633E+01
CM242 163.19 d 1.206E+05 2.569E+04 1.155E+03 5.200E+01 2.398E+00
CmM244 18.110 y 1.458E+04 1.406E+04 1.303E+04 1.207E+04 1.118E+04

Table 6.4.  Radioactivity of fission products and actinides of spent PWR fuel after a burnup
of 60 GWd/tym. The specific radioactivity is given for the time of unloading of
the spent fuel and several years of cooling (Broeders [32]).
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4.10 Inherent Safety Characteristics of Converter and Breeder Reactor Cores

4.10.1 Reactivity and Non-Steady State Conditions [2,5,11,12,13,26]

It has been explained in Section 4.4 that ke =1 corresponds to the steady state condition of
the reactor core, in which case the production of fission neutrons is in a state of equilibrium
with the number of neutrons absorbed and the number of neutrons escaping from the reactor

core. For kegr + 1, either the production or the loss term becomes dominant, i.e., the number
of neutrons varies as a function of time. The neutron transport equation or, by way of
approximation, the multigroup diffusion equation for calculation of the time dependent
neutron flux must then be solved for the non-steady state case. However, in most cases it is a
sufficiently good approximation to solve the so-called point kinetics equations in connection
with equations describing the temperature field and its impacts on Kegy.

Axial movements of the absorber rods in the core or compaction of the core change the
loss term for neutrons and influence kes. The relative change as a function of time of kes(t) is
called reactivity:

Reactivity
Lk, (-1 Ak (D)
U= 0 ko (44

The point kinetics equation describing the reactor power as a function of time can be
derived from the time dependent multigroup diffusion equation and the time dependent
equations for the precursors of the delayed neutrons under the assumption of separation into
space and time functions. The point kinetics equations read

dP(t) _ {p(t)—&ﬁp(tw.ca) (45)
dt L,

ey Ba .

= TR CO+ P

eff

with the initial conditions of

P(t = 0) =P, (steady state reactor power)

C(t=0) = C, (steady state concentration of the parent nuclei (precursors, see Section 4.1) for
all delayed neutrons combined in one group).

In these equations, P(t) is the reactor power, C(t) describes the averaged concentration of
parent nuclei (precursors) of the delayed neutrons, A is the average decay constant of all
parent nuclei of delayed neutrons, B, the effective fraction of all delayed neutrons
(integrated over all fissile isotopes and averaged over the reactor), l.s the lifetime of the
prompt neutrons in the reactor, i.e., the average time required for a prompt fission neutron to
induce a new fission process. Values of B and A are calculated from those indicated in
Section 4.1 by suitably averaging the decay constants with the corresponding delayed neutron
fractions of the usually used 6 groups of delayed neutrons. Values of I are in the range of
107 to 10” s for thermal reactors and around 4 x 107 s for FBRs. The average decay constant
for a one-group treatment is in the range of about A= 0.08 s for all fissile fuel isotopes.
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For p(t) > the influence of the delayed neutrons can be neglected and the solution for P(t)
can be simplified to

_ PO | _ Kepr (-1
PO = e |:leff t} P Leff(o)'leff t} )

The reactivity, p(t), is composed of the superimposed or initiating reactivity, p;i(t), which
can be caused, e.g., by movements of absorber rods or fuel and the feedback reactivity, p«(t),
which takes into account all repercussions of temperature or density changes in the reactor
core,

p(t) =p.()+p, (1)

Movements of absorbers or density changes produce local changes in the macroscopic
cross sections and the neutron flux in certain material zones in the reactor core and,
accordingly, also in kem(t) and p;(t) (superimposed or initiating perturbations). The resultant
change as a function of time of the neutron field and the power level alters the temperatures
in the reactor core. Temperature changes provoke changes in material densities (expansion
and displacement) and microscopic cross sections by the Doppler broadening of resonances.
Also the neutron flux spectrum can be shifted by changing the moderation of the neutrons.
Moreover, the dimensions of the reactor core and its components are changed by thermal
expansion. All these feedback reactivities, pg(t), resulting from changes in power and
temperature together with external perturbation reactivities constitute a feedback circuit (Fig.
4.13).

For numerical treatment, the feedback reactivity, ps, is split up into individual
contributions by different temperature effects

I ok
dp; = Sum—¢L

i=l 0T,
where dT; are the average changes in the temperatures of the fuel, moderator, coolant,
structural or absorber materials. In LWRs, the coolant is also the moderator. In other types of

reactors (HTGR), the moderator (graphite) is distinct from the coolant (gas).

Pitt) P : REACTOR P(t)
KINETICS s
F;( 1)
TEMPERATURE THERMO-
COEFFICIENTS | DYNAMICS

F;m T

Fig. 4.13. Schematic of the reactor dynamics feedback loop.
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4.10.2 Temperature Reactivity Coefficients
4.10.2.1  Fuel Doppler Temperature Coefficient [11,12,13,25,26,32,33]

The fuel Doppler temperature coefficient is due to the fact that the neutron resonance cross
sections depend on the temperature of the fuel and the relative velocities, respectively, of
neutrons and atomic nuclei.

The resonance cross sections, 6(E,T), for U-238, Th-232 and U-233, U-235, Pu-239, etc.
show very pronounced peaks at certain neutron kinetic energies. An increase in fuel
temperature, Ty, broadens this shape of the resonance curve which, in turn, results in a change
in fine structure of the neutron flux spectrum in these ranges of resonance energy. The
reaction rates are changed as a consequence. Above all, the resonance absorption for U-238
increases as a result of rising fuel temperatures, while the effect of a temperature change in
the resonance cross sections of the fissile materials, U-235 and Pu-239, is so small that it can
generally be neglected if the fuel enrichment is not extremely high. For these reasons,
temperature increases in the fuel result in a negative temperature feedback effect (Doppler
effect) brought about by the increase in neutron absorption in U-238. For Th-232, the effects
are similar. The Doppler effect is somewhat less pronounced at very high fuel temperatures
because adjacent resonances will overlap more and more. The resonance structure then is no
longer as pronounced as at low temperatures, which leads to a reduction of the negative
Doppler effect.

Due to the specific energy distribution of the neutron spectrum, the Doppler effect in
thermal reactors follows

1 ok B -1 @7
Kegp 0T \/T—f
whereas in FBRs it follows the relation
1 dp —LX with - <x <3/2 4.8)

The Doppler coefficient is always negative in power reactor cores because, given the
relatively low enrichment in U-235 and Pu-239, respectively, the resonance absorption of
U-238 will always dominate. It is an instantaneous negative feedback coefficient of
reactivity, which immediately counteracts increases in power and temperature. (The Doppler
feedback is virtually missing for highly enriched fuel.)

Besides the fuel Doppler coefficient, the fuel expansion coefficient also leads to a negative
feedback coefficient of reactivity. Especially in fast breeder cores it may well attain an
importance equal to the Doppler coefficient. However, the response times of these feedback
effects are different.

4.10.2.2 Coefficients of Moderator or Coolant Temperatures [32]

The main contributions to the coefficients of moderator or coolant temperatures stem from
changes in the densities of the moderator or coolant and from resultant shifts in the neutron
spectrum. Temperature rises decrease the density of the coolant and accordingly reduce the
moderation of neutrons. The neutron spectrum is shifted towards higher energies. As a result
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of the lower moderator density and the correspondingly higher transparency to neutrons of
the core it is also possible that far more neutrons escape from the reactor core and neutron
losses due to leakage rate will increase.

For the present line of PWRs, the sum total of the individual contributions to changes in
various energy ranges finally leads to a negative coefficient of the moderator temperature
which, however, also depends on the concentration of boric acid dissolved in the coolant and
the burnup condition of the reactor core. In large graphite moderated HTGRs containing U-
233, the moderator temperature coefficient is usually positive. In small HTRs the moderator
coefficient is negative.

Also in sodium cooled FBRs with core sizes in excess of about 100-150 MW(e), the
coolant temperature coefficient is positive because the neutron spectrum is shifted towards
higher energies as a consequence of the reduced moderation. The resultant increased
contribution by the fast fission effect of U-238 as well as the higher n-values (see Fig. 4.11)
add to the reactivity. These positive reactivity contributions cannot compensate all negative
contributions coming from an increase in the leakage rate of neutrons escaping from the core
(which is the dominating effect in small sodium cooled FBRs with power levels of less than
approx. 100-150 MW(e)).

4.10.2.3  Structural Material Temperature Coefficient

Especially in FBRs, the structural material temperature coefficient also plays an important
role. Increasing temperatures cause the core structure to expand radially and axially and, in
this way, result both in indirect changes in material densities and in changes of size of the
reactor core and, as a consequence, of neutron leakage. The structural material temperature
coefficient must be determined by detailed analyses of all expansion and bowing effects for
given core and fuel element structures also taking into account the core restraint (clamping)
system. For FBRs, the structural material coefficient is also negative. This is accomplished
by the specific design of the core support plate and the core restraint system.

For analysis of the control behavior of a reactor core and its behavior under accident
conditions, the non-steady state neutron flux, power, temperature and all feedback reactivities
must be considered in detail. Negative feedback reactivities or temperature coefficients
always counteract increases in power and temperature. Positive coefficients of moderator or
coolant can be tolerated as long as all the other temperature coefficients, above all the
sufficiently fast prompt Doppler coefficient, are negative and larger in magnitude than the
positive coefficients of moderator or coolant. Table 4.7 shows typical temperature coeffi-
cients of reactivity for various types of reactors.

Temperature coefficient

AK/K PWR BWR LMFBR
Moderator or -9x10° -10x10°%° +5x10°
coolant (fresh fuel)

Doppler coefficient -1.7x107 to -2.7x107 -2.5x107 to -1.3x10° | -1.1x10" to -2.8 x10°°
(500-2800 °C)

Table 4.7. Typical temperature coefficients of reactivity for various reactor lines.
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PWRs or BWRs have highly negative coolant or moderator temperature coefficients.
Sodium cooled FBRs throughout their whole operating cycle have positive coolant
temperature coefficients. Thermal reactors, such as PWRs and BWRs, have more negative
Doppler coefficients than FBRs.

4.10.3 Reactor Control and Safety Analysis [2,9,18,27,28]
4.10.3.1 Reactivity Changes During Startup and Full Power Operation

As the reactor core is slowly being started up from zero power to full power the temperatures
of coolant and core structure rise by several 100 °C. At the same time, the fuel temperature
increases by more than 1000 °C. This causes a negative reactivity effect, which must be
overcome by moving absorber (control) rods out of the reactor core. In LWRs, this reactivity
span is in the range of several percent. In sodium cooled FBRs, it is somewhat smaller mainly
because of the lower value of the negative Doppler coefficient.

The buildup of fission products and actinides as well as the burnup of fissionable isotopes
leads to a reactivity loss of up to 12% in LWRs and about 3% in sodium cooled FBRs.
Sufficient excess reactivity, i.e., ke 1, therefore must be provided in a core with fresh (non-
irradiated) fuel and zero power at the beginning of an operating cycle. At this time, the excess
reactivity is counterbalanced by the insertion into the core of such absorber materials
(Section 4.4), which provide a sufficient reactivity span for reactor control. Due to the burnup
effects as well as fission product buildup mentioned in Section 4.6, the negative reactivity
must be reduced during the operating cycle. This is accomplished by several methods, e.g.,
withdrawing absorber rods, reducing the concentration of soluble poisons, such as boric acid,
and by the diminished absorption effect of burnable poisons, such as gadolinium or erbium
contained in fixed rods. The strongly absorbing isotopes of these elements suffer
considerable depletion during reactor operation.

The fraction of excess reactivity for fissile isotope burnup and fission product buildup
designed into the fresh core determines the length of operation of a core (operating cycle).
The reactor core is shut down by moving into the core absorber rods with sufficient negative
reactivity. In this case, the reactivity span from full power (high temperature) to zero power
(low temperature) has to be overcome. In addition, the reactor core must be held subcritical,
which means that it has to attain and maintain a ke well below 1.

References Section 4:

[1] Weinberg, A.M., Wigner, E.P., The Physical Theory of Neutron Chain Reactors,
University of Chicago Press, Chicago (1958).

[2] Glasstone, S., Edlund, M.C., The Blankets of Nuclear Reactor Theory, D. Van
Nostrand, Princeton, NJ (1952).

[3] Lamarsh, J.R., Introduction to Nuclear Reactor Theory, ond ed., Addison-Wesley,
Reading, MA (1983).

[4] Duderstadt, J.J., Hamilton, L.J., Nuclear Reactor Analysis, Wiley, New York (1976).

[5] Henry, A.F., Nuclear-Reactor Analysis, MIT Press, Cambridge, MA (1975).

[6] Bell, G.I., Glasstone, S., Nuclear Reactor Theory, Van Nostrand Reinhold, New York
(1970).

61



[7]
[8]
[9]
[10]
[11]
[12]
[13]

[14]

[15]
[16]

[17]

[18]

[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]

[29]

62

Meghreblian, R.V., Holmes, D.K., Reactor Analysis, McGraw-Hill, New York (1960),
pp. 160-267 and 626-747.

Radkowsky, A., ed., Naval Reactors Physics Handbook, U.S. Atomic Energy
Commission, Washington, DC (1964), Chap. 5.

Ott, K. et al., Introductory nuclear reactor statics, American Nuclear Society, La Grange
Park, Illinois, USA (1983).

Michaudon, A.: Nuclear Fission and Neutron Induced Fission Cross Sections. Oxford:
Pergamon Press (1981).

Keepin, G.R., Physics of Nuclear Kinetics, Addison-Wesley, Reading, MA (1965).

Ash, M., Nuclear Reactor Kinetics, McGraw-Hill, New York (1965).

Hetrick, D.L., ed., Dynamics of nuclear systems, University of Arizona Press, Tucson,
AZ (1972).

Lewis, E.E., Miller, W.F., Computational methods of neutron transport, Wiley-
Interscience, New York (1984); reprinted by American Nuclear Society, La Grange
Park, IL (1993).

Ronen, Y., ed., CRC Handbook of Nuclear Reactors Calculations I, CRC Press, Boca
Raton, FL (1986).

Alcouffe, R.E., et al., DANTSYS: A diffusion accelerated neutral particle transport
code system, LA-12969-M, Los Alamos National Laboratory, USA (1995).

Lawrence, R.D., The DIF3D nodal neutronics option for two- and three-dimensional
diffusion theory calculations in hexagonal geometry, ANL-83-1, Argonne National
Laboratory, USA (1983).

Briesmeister, J.F., editor, MCNP — A general Monte Carlo N-Particle transport code,
Version 4C, Technical Report, LA-13709-M, Los Alamos National Laboratory, USA
(2000).

Koning, A., et al., The JEFF-3.1 Nuclear Data Library, JEFF Report 21, NEA No.
6190, OECD/NEA, Paris (2006).

Roussin, R.W., Young, P.G., McKnight, R., Current status of ENDF/B-VI, Proc. Int.
Conf. Nuclear Data for Science and Technology, Gatlinburg, TN, Vol. 2, p. 692 (1994).
Kikuchi, Y., JENDL-3, Revision 2: JENDL 3-2, Proc. Int. Conf. Nuclear Data for
Science and Technology, Gatlinburg, TN, Vol. 2, p. 685 (1994).

Askew, J. et al.,, A general description of the lattice code WIMS. J. British Nuclear
Energy Society, Vol. 5, 564 (1966).

Bondarenko, L.I. et al., Group constants for nuclear reactor calculations, Translation —
Consultants Bureau Enterprice Inc., New York (1964).

Oldekop, W.: Einfiihrung in die Kernreaktor- und Kernkraftwerkstechnik, Teil I.
Miinchen: Karl Thiemig (1975).

Waltar, A., et al., Fast Breeder Reactors, Pergamon Press, New York (1981).

Stacey, W., Nuclear reactor physics, John Wiley & Sons, New York (2007).

Wiese, H.W., Fischer, U., KORIGEN - Ein Programm zur Bestimmung des nuklearen
Inventars von Reaktorbrennstoffen im Brennstoffkreislauf. Kernforschungszentrum
Karlsruhe, KfK-3014 (1981).

Haeck, W. et al., An optimum approach to Monte Carlo burnup, Nucl. Sci. Eng., 156,
180-196 (2007).

Fission Product Nuclear Data (FPND) - 1977. Proc. Second Advisory Group Meeting
on Fission Product Nuclear Data, Energy Centrum Netherlands, Petten, 5-9 September
1977. Vienna : International Atomic Energy Agency, IAEA-213 (1978).



SCALE: A modular code system for performing standardized computer analyses for
licensing evaluations, ORNL/TM-2005/39, Version 5, Vols I-I1I (2005).

Heusener, G., Personal communication, KfK Karlsruhe (1980).

Broeders, C.H.M., Personal communication, KIT Karlsruhe (2010).

Poston, D.I. et al., Development of a fully-automated Monte Carlo burnup code
MONTEBURNS, LA-UR-99-42 (1999).

Broeders, C.H.M. et al.,, Neutronenphysikalische und thermodynamische Auslegung eines
Referenzentwurfs fiir einen FDWR-Gleichgewichtskern, KFK-Nachrichten, Jahrg. 23, 1/91,
p. 16 (1991).

Dresner, L., Resonance absorption in nuclear reactors, Pergamon Press, New York
(1960).

Trellue, H.R., Safety and neutronics: a comparison of MOX vs UO; fuel, Progress in
Nuclear Energy, 48, p. 135 (2006).

63



64



5. Nuclear reactors with a thermal neutron spectrum

5.1 Introduction and historical development

The probability to fission the isotope U-235 by neutrons is highest if the neutron velocity is
relatively low, i.e. at so-called thermal energies (average 0.025 eV corresponding to 2200
m/s). The fission neutrons originate at relatively high average kinetic energies (=2 MeV).
Therefore the neutrons are slowed down in thermal nuclear power reactors by scattering
processes in a moderator, e.g. light water, heavy water or graphite.

The first commercial nuclear power reactors were ordered in the USA in 1963. These were
pressurized water reactors (PWRs) developed from the experience with submarine nuclear
reactors. Boiling water reactors (BWRs) were also ordered after successful testing of the
Experimental Boiling Water Reactor at Argonne National Laboratory (USA). Both reactor
types needed low enriched uranium oxide fuel.

Russia developed PWRs around the same time. It built the first experimental reactor at
Obninsk in 1954 and commercial size reactors (Novo-Voronezh) in the 1960. A first
experimental BWR (Dimitrovgrad) was not pursued for development to a commercial size
reactor.

In the begin the USA started with graphite moderated reactors cooled by water (Hanford).
The UK and France started with MAGNOX reactors using graphite as a moderator and
pressurized carbon dioxide as coolant gas. These MAGNOX reactors could use natural
uranium as fuel.

Canada also started with natural uranium as fuel, but used heavy water as moderator and
coolant. These CANDU reactors were developed and built as commercial size units with an
electrical power from 200 to 700 MW(e).

MAGNOX and CANDU reactors initially used natural uranium fuel. Therefore the burnup
of their fuel elements was relatively low (7 GWd/t). Their fuel is being enriched now to about
1.5-2% U-235 to attain a burnup between 12-15 GWd/t for commercial reasons. They are
designed to load and unload their fuel continuously at full power. High temperature gas
cooled reactors (HTRs) are being developed in Europe, USA, Japan and China.

PWRs and BWRs are operated in a batch loading and unloading scheme with shutdown of
the reactor every 12-24 months for exchange of the spent fuel. For better economy the burn
up of the fuel was steadily increased. PWRs and BWRs need enrichment up to 4.5 and 5% to
reach a burnup of their fuel of 55-60 GWd/t.

5.2 European Pressurized Water Reactors (PWRs)

About 265 PWRs were operating in the world in 2008 (Section 2.1). These PWRs were
manufactured and built by several manufacturers, in the USA, Russia, Europe and Japan.
Their technical concept is very similar.

The 1600 MWe European Pressurized Water Reactor (EPR) designed, manufactured and
built by AREVA (Framatome-Siemens) as a so-called Generation-3 PWR will be described
below. Fig. 5.1 explains the main design principles [1].

The heat generated by nuclear fission in the reactor core is transferred from the fuel rods
elements to the coolant in the primary coolant system. The power is controlled by absorber
rods. The highly pressurized water (15.5 MPa) is circulated by the primary coolant pumps
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and heated in the core from 295 °C to 328 °C (Table 5.1). A pressurizer controls the primary
pressure of the coolant. The primary coolant flows to four steam generators, where steam of
7.8 MPa and 293 °C is generated. This steam drives the turbine and generator. Behind the
turbine the saturated steam is precipitated in the condenser and the condensate water is
pumped back as feedwater into the steam generators. The waste heat is discharged from the
condenser to the environment either to a river or through a cooling tower to the atmosphere.
The thermal efficiency is about 35.5%.
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Fig. 5.1. Main design principles of the European Pressured Water Reactor (AREVA).

5.2.1 Core with fuel elements and control elements

The EPR core consists of 241 fuel elements (Fig. 5.2 and Fig. 5.3). For the initial core these
fuel elements are split into four groups of different enrichment in U-235. Different fuel
enrichments shall adapt already from the beginning to the later equilibrium core. This
equilibrium core will have fuel elements with different burnup which can be unloaded every
one and a half to two years (batch loading and unloading). The fuel elements can reach a
maximum burnup of about 70 GWd/t. Some fuel elements contain gadolinium in the uranium
fuel as a burnable poison either mixed homogeneously with the fuel or arranged hetero-
geneously in special rods. In addition, the coolant water contains soluble boric acid as
neutron absorber. Both gadolinium and boric acid compensate from the beginning and during
the operation for the negative reactivity effects of the decrease on U-235 enrichment and
build-up of fission products. They guarantee an operation cycle length of 1.5 to 2 years. The
fuel assembly of square geometry consists of 17x17 rods, 265 of which are fuel rods. The
fuel element has bottom and top pieces and 10 spacer grids distributed over the axial length
of 4.2 cm (Fig. 5.3). The spacer grids hold the distance between the fuel rods (lattice pitch).
In addition, 24 guide thimbles support the whole structure of the fuel element. The guide
thimbles are also used as guide tubes for moveable absorber rods or for the in-core
instrumentation [2,3,7].
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Reactor core

Thermal power 4,500 MWth
Operating pressure 155 bar
Nominal inlet temperature 295.6 °C
Nominal outlet temperature 328.2°C
Equivalent diameter 3,767 mm
Active fuel length 4,200 mm
Number of fuel assemblies 241

Number of fuel rods 63,865
Average linear heat rate 156.1 W/ecm

Table 5.1. Characteristic data of EPR reactor core (AREVA).

The fresh (non irradiated) fuel rods contain a stack of low enriched uranium dioxide
sintered pellets with a U-235 enrichment of about 5%. The fuel rod cladding consists of
zircaloy-MS5 with an outside diameter of 9.5 mm and a radial thickness of 0.57 mm. A gas
plenum is provided axially at the upper end of the fuel rod where the fission gases can
accumulate.

The core has a fast acting shutdown control system consisting of 89 rod cluster control
assemblies (RCCA). Each RCCA contains 24 absorber rods which dive into the 24 guide
thimbles of fuel assemblies. These absorber rods contain neutron absorbing materials like Ag,
In, Cd or boron carbide pellets.

High enrichment " [] Medium enrichment
with Gadolinium [] Low enrichment

M High enrichment
without Gadolinium

Fig. 5.2. Nuclear reactor core of EPR with fuel elements (AREVA).
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5.2.2 Reactor pressure vessel

The reactor pressure vessel (RPV) and its closure head are made of ferritic steel. The RPV
contains the inlet and outlet water nozzles for the coolant flow and the upper penetrations for
control rod drive mechanisms (CRDM) and instrumentation tubes. Its outside diameter is
about 4.9 m and its height including the closure head is 12.7 m. Its cylindrical wall thickness
1s 250 mm. The bottom wall thickness is 145 mm, the closure head wall thickness is 230 mm.
The RPV internal structures support the fuel assemblies of the core. The space between the
polygonal core structure and the cylindrical core barrel is filled with a neutron reflector. This
reduces the neutron leakage from the core and protects the reactor pressure vessel wall from
too high neutron damage. The upper internal structures house the rod cluster of the control
assembly guide tubes. They also maintain the fuel elements axially in their position.
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Fig. 5.3. EPR 17x17 rods fuel element Fig. 5.4. Cutaway of reactor pressure vessel of
(AREVA). EPR (AREVA).

5.2.3 Primary coolant pumps, pressurizer and piping

The primary coolant pumps provide the forced convection circulation of the coolant water
which transports the heat from the reactor core to the steam generators (Fig. 5.1). The power
needed for one primary pump is about 9 MWe. The coolant pipings have an inside diameter
of 780 mm and a wall thickness of 70 mm.
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The pressurizer maintains the pressure of the primary system of 155 bars within narrow
limits. It is connected via a so-called surge line to the hot leg of one of the four primary
circuits. The pressurizer (Fig. 5.1) is equipped with electrical heaters to raise the pressure
and, with a water spray system, to lower the pressure. Relief and safety valves at the top of
the pressurizer protect the primary system boundaries against overpressure. Additional
motorized valves provide the operator with the possibility to rapidly depressurize the primary
system in case of specific accident situations.

5.2.4 Steam generators

The four steam generators are vertical U-tube natural circulation heat exchangers (Fig. 5.5)
equipped with an axial economizer. It consists of two parts:

- the lower part ensuring vaporization of the secondary feed water

- the upper part for drying the steam water mixture.

It produces saturated steam of 78 bars and 293 °C. The secondary feedwater is split
between the cold and hot legs, which leads to an overall thermal efficiency of about 35.5%.
The steam generator consists of 5980 tubes made of Inconel 690 with 19.05 mm diameter and
1.09 mm wall thickness. More data are given in Table 5.2.

CHARACTERISTICS

Steam generators

Number 4
Heat transfer surface per steam generator 7,960 m2
Primary design pressure 176 bar
Primary design temperature 361 °C
Semndén_.r design pressure 100 bar
Secondary design temperature 311 °C
Tube outer diameter/wall thickness 19.05 mm / 1.09 mm
Number of tubes 5,880
Triangular pitch 2743 mm
Overall height 23m
Materials

* Tubes Alloy 680 TT*
* Shell 18 MND 5
= Cladding tube sheet Ni Cr Fe alloy
* Tube support plates 13% Cr improved stainless steel
Miscellaneous

Total mass b00 t
Feedwater temperature 230 °C
Moisture carry — over 0.1%
Main steam flow at nominal conditions 2,6b4 kgis
Main steam temperature 203 °C
Saturation pressure at nominal conditions 78 bar
Pressure at hot stand by 90 bar

*TT: Thermally treated

Table 5.2. Characteristic design data of EPR steam generator (AREVA).
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Fig. 5.5. Cutaway of EPR steam generator (AREVA).

5.2.4.1 Chemical system and volume control system

The chemical system:

— ensures permanent monitoring and adjustment of the boron concentration in the coolant

water

— enables adjustment of other chemical characteristics of the coolant water

The volume control system:
— provides the pressurizer spray water

— 1injects water in the primary pump seal system
— provides filling and draining of water during reactor shut down or power rise up

conditions.
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5.2.5 Safety injection and residual heat removal system

The safety injection system has four independent trains each injecting water at medium
pressure (92 bars) into the primary system from water stored in accumulators. A low pressure
injecting system pumps water into the primary system when the pressure will have been
already decreased to low pressure. The residual heat removal system cools the reactor core
when the reactor is shut down and the steam generators cannot provide efficient cooling, e.g.
at lower than 120 °C. In addition it cools the spent fuel pool.

5.2.6 In-containment refueling water storage tank (IRWST)

The IRWST contains a large amount of borated water and collects water which is discharged
inside the containment. It is located at the bottom of the containment.

Double containment with
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through filters
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Fig. 5.6. EPR double containment with RPV, cooling systems and molten core spreading
area (AREVA).

5.2.7 Emergency feed water system (EFWS)

The EFWS ensures that water is supplied to the steam generators when all those systems are
unavailable which supply the feedwater under normal conditions.
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5.2.8 Emergency power supply systems (EPSSs)

The EPSSs ensure power supply in case of loss of external electrical power supply by
electrical grids. These are four emergency diesel generators in a protected concrete building.
In case these emergency diesel generators should fail (station black out) two additional
generators (diesel or gas turbine) provide the necessary power. They are located in separate
buildings.

5.2.9 EPR safety concept and containment system [4,5]

The EPR safety concept follows the optimization of all safety systems according to the
results of a probabilistic safety analysis. This leads to an extremely low frequency of
occurrence for core melt down accidents. In addition the containment of the EPR is designed
such that accidents are eliminated which could lead to large releases of radioactive materials.
Relocation or evacuation outside of the immediate vicinity of the plant, limited sheltering or
long term food ban would not be necessary in case of a core melt accident.

The EPR nuclear reactor system is, therefore, equipped with a strong double
containment of prestressed concrete which can withstand the mechanical consequences of
severe accidents. In addition it contains a molten core spreading area and cooling system
below the reactor pressure vessel. Leak tightness of the containment and filter systems
guarantee extremely low releases of radioactive materials even in case of severe core melt
down accidents.

5.3 Russian Light Water Reactors

5.3.1 Main design characteristics [6]

Russian LWRs, called VVERs, are built at electrical power of 640 MW(e), 1000 MW(e) and
1500 MW(e). The design characteristics of the reactor pressure vessel and of the reactor core
of these VVERs are similar to PWRs built in Europe (Section 5.2). However, the fuel
elements have hexagonal shape, and the steam generators are arranged horizontally.

Table 5.2 shows the main design characteristics of the VVER reactors. Fig. 5.7 shows a
cross section of VVER reactor pressure vessel with the core and the control rod drive
mechanisms.

VVER-640 VVER-1000 VVER-1500
Electrical Power [MWe] 640 1000 1500
Thermal Power [MWth] 1800 3000 4250
Pressure of primary water [MPa] 15.7 15.7 15.7
Pressure steam generator [MPa] 7.1 6.3 7.1
Average linear power [W/cm] 100 166 156
Outer diameter of fuel rod [mm] 9.1 9.1 9.1
Outer diameter of RPV [m] 4.54 4.54 5.3
Number of coolant loops 4 4 4

Table 5.2. Some design characteristics of Russian VVERs [6].
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5.3.2 Safety concept of VVERSs

The safety concept of modern VVERSs is very similar to the EPR safety concept. It is based
on active and passive emergency cooling systems. The VVERs are shut down by 121
control/shut down rods falling into the core by gravity. In addition, boric acid is injected into
the primary coolant.

In case of a loss of coolant accident (LOCA) the pressure in the reactor pressure vessel
drops and water must be inserted from four high pressure emergency hydro accumulators
which are initially at a pressure of 5.9 MPa. These are followed by eight low pressure hydro
accumulators at a pressure of 1.5 MPa. The water reservoir of these hydro accumulators is
sufficient to cool the reactor core for at least 24 hours.

Special depressurization valves connect the hot and the cold legs of the loops with the
spent fuel pool. They open passively at a certain pressure difference in case of a large coolant
pipe break or long term loss of coolant. The coolant coming from the rupture of the coolant
pipe is collected in the lower part of the containment forming the so called emergency pool.
When the emergency pool level will have risen to a level between the cold leg and hot leg,
the valves connecting the emergency pool and the spent fuel pool will open. From that
moment on all water in the emergency and the spent fuel pool will be available for cooling
the reactor core and the spent fuel. A molten core retention and cooling device is located
underneath the reactor pressure vessel.

The reactor containment is a double containment. The inner containment contains
measures (hydrogen igniters) to alleviate the consequences of hydrogen combustion.
Radioactive materials leaking out of the inner containment into the space between the double
containment are passed through filters. As a consequence similar safety standards are attained
as described in Section 5.1 for EPR.

5.4 Boiling Water Reactors (BWRs)

The development of commercial boiling water reactors (BWRs) started in the USA in 1956.
The BWRs built today by a number of manufacturers in the USA, Europe and Japan are
characterized by almost identical technical designs. This chapter will mainly deal with the
1250 MW(e) Generation-III+ SWR-1000 designed by AREVA in Europe. This modern BWR
is characterized by passive safety systems. Its reactor core and fuel elements are very similar
to other modern BWRs. Fig. 5.8 shows the main design principles of the SWR-1000.

The saturated steam produced in the reactor core flows from the reactor pressure vessel
directly to the turbo-generator system and is pumped back from the condenser to the pressure
vessel. The condenser is cooled by cooling water from a cooling tower or from a river.
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Fig. 5.8. Main design principle of the boiling water reactor SWR-1000 (AREVA).

54.1 Core, Pressure Vessel and Cooling System

The reactor core consists of an array of 664 fuel elements about 3.0 m long [3,7,8,10]. The
fuel element contains 128 fuel rods with outer diameters of 10.28 mm in a closed square box
called ATRIUM-12 fuel elements. Fig. 5.9 shows as an example an ATRIUM-10 BWR fuel
element having 8 fuel rods less than the ATRIUM-12 fuel element, but equal fuel rod design
parameters. For moderation of the neutrons and cooling of the core, water flows through the
core and is allowed to boil in the upper part of the core. 157 cruciform absorber rods,
containing boron carbide as the absorber material, are installed in between a set of four fuel
elements. The absorber rods are moved hydraulically into and out of the reactor core from
below. The fuel rods have claddings of Zircaloy and contain UO, pellets with an average
enrichment of about 5% U-235. The fuel is unloaded after a maximum burnup of 65,000
MWd(th)/t. Roughly one quarter of the fuel elements are unloaded, in a four batch reloading
scheme after 18 months and replaced by fresh fuel elements. Fuel elements which have not
attained their maximum burnup at that time are reshuffled in the core.

Some fuel rods contain gadolinium as burnable poison to compensate for the burnup of
fissile material and the build-up of absorbing fission products in the fuel during reactor
operation. An internal water channel of 4x4 cm in the ATRIUM-12 fuel element is designed
for power flattening across the fuel element. The average power generation density in the
core is 51 kW/1 or 24.7 kW(th)/kg uranium. The water inlet temperature in the core is 220 °C;
the outlet temperature is 289 °C, which corresponds to a saturation steam pressure of
7.5 MPa.
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Fig. 5.9. ATRIUM-10 boiling water reactor fuel element [7,9,10].

The steam is generated by water boiling in the reactor core. To provide sufficient core
flow for ample heat transfer, BWRs employ internal jet pumps. The core with the absorber
rods is contained in a steel pressure vessel of 23.4 m height and 7.1 m diameter (Fig. 5.10).
Steam separators and steam driers are arranged above the core. The reactor vessel head can
be removed for loading and unloading of the fuel elements. The reactor pressure vessel has a
wall thickness of about 150 mm. It is made of 22NiMoCr37 steel, the inside being plated
with austenitic stainless steel.
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Fig. 5.10. Reactor Pressure Vessel of SWR-1000 (AREVA).

The water circulation is driven by eight internal jet pumps in the reactor pressure vessel
and through the core. The velocity of the circulating water influences the evaporation rate in
the core and can be used for changing the reactor power. Reduction of water flow through the
core will result in a higher evaporation rate and in a larger volume of bubble formation.
Increasing the volume of steam in the core reduces the moderation of neutrons. As a
consequence, the reactivity and the reactor power will be reduced. In this way, changes in the
water flow can be used to control the reactor power without movement of control rods.
Therefore, BWRs can automatically follow the load requirements of the turbine. The reactor
power can be controlled by sensing pressure disturbances at the turbine, transmitting these
signals to the recirculation flow control valve and regulating core flow.

In order to ensure high quality of the reactor feed water, all the feed water recirculated
from the turbine condenser is pumped through filters (demineraliser units) and cleared of any
corrosion products and other impurities.
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5.4.2 The SWR-1000 inner containment system [8,9]

The inner containment system is a reinforced concrete containment with an inner steel liner.
It is subdivided into a pressure suppression chamber and a drywell as well as four large
hydraulically coupled core flooding pools (Fig. 5.11). The core flooding pools serve as a heat
sink for passive heat removal from the reactor pressure vessel by emergency condensers and
the pressure relief valves.

The reactor pressure vessel, the three main steam lines and the two feed water lines are
located in the drywell. The core flooding pools contain four emergency cooling condensers
for passive heat removal in accident situations. In the upper part of the inner containment the
large shielding and storage pool is located, together with four containment cooling
condensers. The large shielding pool is hydraulically connected to the fuel element storage
pool.

The drywell also contains the core flooding lines for passive flooding of the reactor
pressure vessel in case of accident situations and the passive pressure pulse transmitters for
the initiation of safety functions. Finally, the drywell is equipped with two 100% capacity
recirculation air cooling systems, the high pressure part of the cooling water cleaning system
and the lines of the residual heat removal system. Table 5.4 indicates the number of different
safety systems in the inner containment of the SWR-1000. The residual heat removal system
pumps and the heat exchangers are installed underneath the pressure suppression chamber
(Fig. 5.11). The whole inner containment is inertized by nitrogen to ensure fire protection and
prevent hydrogen-oxygen chemical reactions (hydrogen deflagration or detonation) in case of
a serious core melt down accident.

ITEM Number
Pressure suppression chamber 1
Vent pipe 16
Spring loaded pilot valve 8
Safety & Relief valve 8
Scram system 2x2
Core flooding pool 4
Emergency condenser 4
Passive pressure pulse transmitter 3x4
Pilot valve 15
Core flooding system 4
Shielding storage pool 1
Containment cooling condenser 4
Passive outflow reducer 4

Table 5.4. Number of passive shutdown core flooding and residual heat removal system
components.

The three main steam lines and the two feed water lines connected to the reactor pressure

vessel are equipped each with two containment isolation valves, one located inside and
another one outside of inner containment penetrations (Fig. 5.11). These containment
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isolation valves can be closed in the case of any pipe rupture in the inner containment. This
action isolates the reactor pressure vessel from the water turbine or condenser cycles.

The control rod drive and shut down rod system is acting from below the reactor pressure
vessel. The pressure suppression chamber acts as a heat sink in the event of accident
situations and provides water inventory for make up in the reactor pressure vessel via the
residual heat removal system.

5.4.3 Safety relief valve system

The safety relief valve system acts for short term removal of excess steam after a turbine trip
and protects the reactor coolant pressure boundary against overpressure exceeding allowable
limits. It prevents high pressure melt ejection in case of severe core melt down. Similarly it
depressurizes in case of pipe rupture and in the event that the water level in the reactor
pressure vessel falls below specified limits.

The safety relief valve system consists of 8 safety relief valves together with relief lines
and steam quenchers. The latter are installed in the four core flooding pools. All relief lines
lead to the core flooding pools but not into the pressure suppression pool as in earlier BWR
designs. The safety relief valves are spring loaded valves or they act by solenoid pilot or
diaphragm pilot valves via the 12 passive pressure pulse transmitters. No actuation by signals
from the instrumentation and control system is required.

5.4.4 Emergency condensers

The emergency condensers are located in the four core flooding pools (Fig. 5.11). They also
function as completely passive devices for residual heat removal from the reactor pressure
vessel. They are actuated when the water level in the reactor pressure vessel drops below a
certain limit. In this case the upper part of the emergency condensers is flushed with steam
from the reactor pressure vessel which condenses and returns to the lower part of the pressure
vessel. Passive flow reducers installed in the nozzles of the reactor pressure vessel direct the
mass flow in the right direction.

5.4.5 Containment cooling condensers

Four containment cooling condensers are located in the part of the inner containment above
the core flooding pools (Fig. 5.11). They remove passively the residual heat from the
containment atmosphere to the shielding and storage pool. The tube bundles of these
condensers are arranged at a slight angle to horizontal. In that way natural circulation of the
water inside the tube bundles develops and transfers the heat from the inner containment to
the shielding pool.
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Fig. 5.11. Containment and Internals (AREVA).

5.4.6 Passive Pressure Pulse Transmitter

The passive pressure pulse transmitters function without electrical power supply or actuation
by the instrumentation and control system. They serve to initiate reactor scram, as well as
containment isolation of the main steam lines and depressurization of the reactor pressure
vessel.

The passive pressure pulse transmitters consist of a small heat exchanger which is
connected to the reactor pressure vessel. When the water level in the reactor pressure vessel
drops the primary side of the small heat exchanger fills with steam. This causes the water on
the secondary side of the small heat exchanger to evaporate leading to a rapid pressure rise.
This pressure rise triggers the safety function of the diaphragm pilot valves.

5.4.7 Residual Heat Removal and Active Core Flooding Systems

Two active low-pressure core flooding and heat removal systems ensure the cooling during
shutdown conditions. They also remove the heat from the core flooding pools and from the
pressure suppression pool in the event of a loss of coolant accident. In addition they also
transfer water during refueling conditions.

5.4.8 Safety Shutdown Systems

If there are reactivity perturbations or losses of coolant flow, the reactor is shut down in a
short time by rapid insertion of the absorber rods. This is achieved by two diverse shut down
systems:

— an electrical motor driven operational shut down system

— a hydraulically acting fast shut down (SCRAM) system.
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As a backup shutdown system, the SWR-1000 can poison the coolant (moderator) with a
neutron absorbing boric acid and, in this way, also quench the nuclear reaction and shut down
the reactor. This is a completely independent additional shutdown system.

5.4.9 Cooling after a severe core melt

The coolant flooding system can transport water from the core flooding pools to the lower
area of the drywell. This water pool can cool the lower part of the reactor pressure vessel
from the outside. In this way a core melt can be retained within the control rod guide
structures of the lower part of the reactor pressure vessel. The residual heat of the core melt
can be conducted through the lower steel structures to the water pool. This heat power can be
transferred by steam to the containment cooling condensers.

5.4.10 Emergency power supply

Emergency power for the cooling systems can be supplied by an external electrical
emergency power grid. In addition, diesel generators can take over in case the external
electrical emergency power grid would fail.

5.4.11 SWR-1000 safety concept and containment system

The SWR-1000 safety concept follows the optimization of all safety systems according to the
results of a probabilistic safety analysis. The incorporation of passive safety systems together
with proven active safety systems, the application of fail-safe principles and the principles of
redundancy and diversity provide an optimal overall safety design. This leads to extremely
low frequencies of occurrence for core melt down accidents. In addition the safety systems
and the containment system of the SWR-1000 are designed such that accidents which would
lead to large releases of radioactive materials are eliminated. Relocation or evacuation
outside the immediate vicinity of the plant, limited sheltering or long term food ban would
not be necessary in case of a core melt accident.

The SWR-1000 is equipped with a strong double containment of prestressed concrete (Fig.
5.8) which can withstand the mechanical consequences of severe accidents. Its inner
containment is inertized by nitrogen against hydrogen detonations. Leak tightness of the
containments and filter system guarantee extremely low releases of radioactive materials
even in case of severe core melt down accidents.

5.5 Other Types of Fission Reactors

A number of additional types of reactors, with other coolants and neutron moderators, exist
on the market for nuclear electricity generation. Other reactor lines have been proposed as
projects but not so far put into practice. They will be described very briefly below.

5.5.1 Pressurized Heavy Water Reactors

This line uses heavy water as the moderator and heavy or light water as the coolant. It was
originally developed in Canada (CANDU reactor). Its version using heavy water as the
neutron moderator and coolant can be run on natural uranium. The fuel elements are replaced
continuously on-load. More recent developments, such as the Advanced CANDU Reactor
(ACR), also use light water as the coolant and will be operated on 2% low-enriched uranium.
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This type is offered in unit sizes of up to 1000 MWe. CANDU reactors represent roughly ten
percent of all nuclear reactors built and operated in the world (Section 2.1).

The Steam-generating Heavy Water Reactors (SGHWR) developed in the United
Kingdom uses light water in pressure tubes surrounded by heavy water as the moderator. The
light water in the pressure tubes attains boiling temperature. Other heavy water reactors were
developed in Germany and Japan. However, these lines are not pursued any further. The UO,
fuel of heavy water reactors reaches a maximum burnup of 7-18 GWd/t. The spent fuel can
be reprocessed. (Several types of research reactors moderated and cooled by heavy water
have been built and are still operated world wide.)

5.5.2. Gas-cooled Reactors

Gas-cooled reactors use graphite as the neutron moderator and a gas (carbon dioxide or
helium) as the coolant. The gas-cooled reactors developed first in the United States
(Hanford), the United Kingdom, Russia and France allowed the use of natural uranium fuel.
Accordingly, the attainable fuel burnup was only approx. 6-7 GWd/t. Further development of
these reactors led to the Advanced Gas-cooled Reactors (AGRs) with a fuel enrichment of
approx. 2-2.5% U-235 and a maximum burnup of approx. 18 GWd/t. The spent UO, fuel can
be reprocessed.

In the United States, Germany and Japan the gas-cooled reactor line was advanced still
further in an attempt to achieve high gas temperatures of 900-950 °C (Very-High-
Temperature Gas-cooled Reactors, VHTGRs). These gas temperatures are to be employed
technically as process heat. Besides graphite as the moderator, helium needs to be used as a
coolant in these designs. Moreover, the UO, or ThO, fuel is used in small particles coated
with pyrolytic carbon and silicon carbide. These fuel particles are embedded in a graphite
matrix. The graphite matrix is surrounded by graphite as a neutron moderator. This results in
two fuel element designs: so-called prismatic fuel elements and spherical fuel elements
(spheres or pebbles). The prismatic designs are used in demonstration reactors in the United
States (Fort St. Vrain), the UK (Dragon) and in Japan (HTTR). The spherical fuel elements
are employed in so-called pebble bed reactors in Germany (AVR, THTR) and China (HTR-
10). These fuel elements attain burnups of 100 GWd/t and more.

However, reprocessing them chemically is fraught with immense difficulties as the
graphite must first be separated from the fuel particles, and the fuel particles with their layers
of pyrolytic carbon and silicon carbide must be broken up. Only after these steps can the fuel
be dissolved and reprocessed chemically.

High-temperature pebble bed reactors at present are planned mainly as small modular
HTRs of 200-300 MWth. These modular HTRs are to be proposed to produce process heat of
high temperatures in Europe, China, USA, Russia, and South Africa.

5.5.3 Molten Salt Thermal Breeder Reactor (MSBR)

The MSBR originally was developed at Oak Ridge, USA in the 1960s. It is fuelled with a
homogeneous salt fluid containing both the fissile uranium and fertile thorium fuel. The fuel
carrier is a mixture of fluorides of lithium, beryllium, and thorium. The fissile uranium is
present as UFs. Both U-235 and U-233 can be used and plutonium was used as well during
the Molten Salt Reactor Experiment (MSRE) at Oak Ridge (USA). The fuel carrier salt is
pumped through a graphite core structure. The heat produced by the core salt is transferred in
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a heat exchanger to a secondary coolant (molten salt). This molten salt in a steam generator
transfers the heat to a water cycle to produce steam. The fission products and protactinium,
Pa-233, are continuously removed chemically by a purification and on-line reprocessing
system.

Although there are design proposals for this reactor line no plans for construction are
known as yet.

5.5.4 Limitation to LWRs and LMFBRs

The studies and findings described above focus almost exclusively on LWRs. LWRs stand
for eighty percent of the nuclear reactors currently in operation in the world and planned after
2010. LMFBRs, i.e. sodium-cooled (SFR) and lead-bismuth-eutecticum-cooled (LBE-FR)
breeder reactors with fast neutrons, probably will supplement or replace LWRs on a large
scale after 2050. The UO; and PuO,/UQO; fuels, respectively, of these LWRs and LMFBRs
can be reprocessed chemically and recycled. The necessary facilities of the Pu/U fuel cycle,
1.e. reprocessing and refabrication plants, are on stream already and will be expanded further
in the near future.

The CANDU reactors and ACRs moderated with heavy water will not be analyzed any
further in this context as the low burnup (7-18 GWd/t) of the fuel elements makes the
plutonium produced not proliferation-proof (Section 9 to 14). Also, the line of modern gas-
cooled reactors, such as the HTGR and modular HTR reactors, is not analyzed any further as
the technical feasibility of reprocessing their fuels has not yet been demonstrated.

The focus on today's LWR and later LMFBR fuel cycles therefore covers most of the
presently existing and later operating nuclear reactors. A sufficient number of analyses have
been published about the possibility of future proliferation-proof fuel cycles. These
proliferation-proof future fuel cycles also can be combined with transmutation and
incineration of the minor actinides, neptunium, americium (Section 9 to 14).

References Section 5:

[1] EPR — European Pressurized Water Reactor, the 1600 t MWe Reactor, www.areva.com

[2] Sengler, G. et al., EPR core design, Nucl. Eng. and Design, 187, Issue 1, 79-119 (1996).

[3] Giildner, R. et al.,, Contribution of advanced fuel technologies to improved nuclear
power plant, The Uranium Institute 24™ Annual Symposium, London (2009).

[4] Czech, J. et al., European pressurized water reactor: safety objectives and principles.
Nucl. Eng. and Design, 187, Issue 1, 25-32 (1999).

[5] Weisshdupl, H.A., Severe accident mitigation concept of the EPR, Nucl. Eng. and
Design, 187, Issue 1, 35-45 (1999).

[6] Lutkin, G., The Russian advanced VVER design, Nuclear News, June 2002.

[7] Strasser, A., et al., Fuel fabrication process handbook, Advanced Nuclear Technology
International, Surahammer, Sweden (2005).

[8] SWR-1000: An advanced boiling water reactor with passive safety features, AREVA
brochure (2003).

[9] Stosic, Z. et al., Boiling water reactor with innovative safety concept: The generation
I+ SWR 1000, Nuclear Eng. and Design, 238, 1863-1901 (2008).

[10] Garner, N. et al., ATRIUM-10: ten years of operational experience. Nucl. Eng.
International, Vol. 47, No. 572 (2002).

83



84



6. Fast Neutron Reactors (FRs)

Fast neutron reactors, with a fast neutron spectrum, operate in the U-238/Pu fuel cycle or in
the Th-232/U-233 fuel cycle (Section 7). In case of the U-238/Pu fuel cycle plutonium is
used from reprocessed spent fuel of e.g. LWRs. The core of FRs can be loaded with either
metallic (Pu-U-Zr-alloy)-, oxide (PuO,/UQ;)-, carbide (PuC/UC)- or nitride (PuN/UN)-fuel.
Sodium was used in most cases as coolant so far, but also lead, lead-bismuth and helium gas
were proposed.

6.1  Breeding process

As explained in Section 4.7 the relatively high n-value (neutron yield) of Pu-239 and Pu-
241 leads to a breeding ratio >1 in the neutron energy spectrum range of about 200 keV. This
neutron energy range can be achieved with either sodium, lead, lead-bismuth or helium gas.
In the breeding process essentially U-238 is converted into Pu-239 which is fissioned. Fig.
6.1 shows the breeding process for a breeding ratio BR = 1.2.

control material
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Fig. 6.1. Breeding process (U-Pu-cycle).

As explained in Section 4.8, the breeding ratio BR >1 results in a fuel utilization of more
than 60%. This can be compared with the 0.6% fuel utilization of a LWR. As the LWR has a
natural uranium consumption of about 170 t per GW(e)/y at a plant load factor of 0.85
(Section 2.7), the FR has a uranium consumption of a factor 100 lower, which is only
1.7 t/GW(e).

FRs are loaded initially with plutonium or U-233/U-235 coming from reprocessing of
spent fuel of, e.g. LWRs. After this starting phase FRs need only depleted uranium (0.2%
U-235 and U-238) or thorium. As natural uranium contains only 0.72% U-235 and 99.28%
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U-238 the consumption rates for FRs for depleted uranium and natural uranium are roughly
the same.

In the U/Pu fuel cycle FRs are operated with mixed plutonium-uranium fuel. The uranium
commonly will be depleted uranium (tails assay from enrichment plants or reprocessed
uranium). The initially loaded plutonium is acting then like a catalyst and is permanently
replaced in situ by converted Pu-239 along the nuclear reaction chain:

238 ny . 239 B 239 B 239
—t —_— —r
0 U 90U 23.5 min 93 Np 235d 94Pu

Indirectly only U-238 is fissioned and converted into thermal energy.

A similar breeding process holds for the Th-232/U-233 fuel cycle:

238 ny . 293 B 233 B 233
901 h > “oolh 22.1 min g1Pa 71d 0 U

Like the initially loaded plutonium also the U-233 must first be generated, e.g. in LWRs or
HWRs to obtain the initial core inventory of a Th-232/U-233 fuelled FR.

Regarding the available uranium and thorium resources in the world (Section 2) the
breeding process opens up an energy potential which can be good for many thousand years.
The time ranges discussed in Section 2 regarding the natural uranium availability of reactors
with a thermal neutron spectrum (converter reactors) can be multiplied roughly by a factor
100 based on the same nuclear energy production capacity. With the breeding process fission
nuclear energy can provide energy on a time scale far beyond any presently conceivable
planning interest. This is comparable with the energy potential that is hoped to be tapped by
fusion reactors operating on the D-T cycle with lithium as the breeding material [1,2,3].

6.2  Development of FRs

The principle of breeding had been understood from the onset of development of nuclear
fission reactors. Accordingly, FRs have been designed, constructed, and operated in the USA,
the UK, and the USSR since the 1950s [3]. The first generation of FRs were built and
operated with the aim of investigating fast neutron reactor physics, control stability and to
demonstrate the selected technical solutions. Early small FRs like Clementine, EBR-I in the
USA, BR1 and BR-2 in the USSR, Zephyr and ZEUS in the UK were followed by larger
experimental reactors like EBR-II and EFFBR in the USA, DFR in the UK, BOR-60 in the
USSR, Rapsodie in France, and the KNK-II test reactor in Germany. They were equipped
with uranium or plutonium metal — or by PuO,/UO,-fuel and most of them were mainly
cooled by sodium [3].

In the 1960s it was recognised that FRs needed a fuel allowing high burn-up in the range
of 100 GWd/t for economical reasons. Therefore, mixed oxide plutonium-uranium (MOX)
fuel was selected. In addition sodium was adopted exclusively as coolant. Helium gas and
lead or lead-bismuth were also proposed as coolants.

Two principle design concepts have been adopted for sodium cooled fast reactors (SFRs).
Both design concepts need an intermediate sodium coolant cycle. In the loop-type concept,
the primary pumps and intermediate heat exchangers with non-radioactive sodium are located
outside the reactor vessel. They are interconnected by coolant pipes. In the pool-type concept
a larger reactor sodium filled tank houses the pumps and intermediate heat exchangers. Fig.
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6.2 shows the scheme of a pool-type SFR. The heat produced in the fuel elements is
transferred by the primary radioactive sodium to the intermediate non-radioactive sodium
coolant circuit and to the steam generators. Sodium temperatures of 488 °C and steam at a
pressure of 12.7 MPa are attained. This leads to a thermal efficiency of 42%.
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Fig: 6.2. Design scheme of a pool type SFR (AREVA).

6.3 Sodium coolant properties [4-12]

Sodium has a melting point of 98 °C and a boiling point of 880 °C at atmospheric pressure. It
has a high thermal conductivity of 66.1 W/cm °C and a specific heat capacity of 1.30 kl/kg
°C, at 527 °C. Due to its low neutron moderation capabilities the average neutron energy of
the neutron energy spectrum is in the range of 200 keV. The excellent thermal properties
allow a power density of 300-400 kW(th)/1 in the core and a max. linear rod power of the fuel
rods of 400-450 W/cm. SFRs have a relatively small reactor core volume and an enrichment
of the MOX fuel of 15 to 25% fissile plutonium (Pu-239 and Pu-241). Due to relatively low
microscopic fission cross sections of plutonium in the energy range of 100 keV the neutron
flux in the core must be in the range of about 5x10'° n/(cms). This high neutron flux results
in relatively high irradiation damage in the structural materials.

Neutron capture in sodium, i.e. in Na-23, leads to Na-24 which is radioactive and decays
via 3 decay with a half-life of 15 hours.

6.4 Demonstration SFRs [4-13]
Three sodium cooled demonstration FRs were already taken in operation in the early 1970s.

The Soviet BN-350 reached first criticality in 1972 and operated until 1999. The French
Phénix was connected to the electrical grid in 1973 delivered full power until 2009 and the
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British PFR delivered electricity from in 1975 until 1994. For all three demonstration FRs,
with a power output of 150-250 MWe, the original design characteristics were confirmed in
terms of fast reactor core physics, control stability, safety engineering and sodium
technology. Somewhat later, the FFTF (400 MWth) reached its first criticality in the USA. It
served as a fuel and materials test facility until 1992.

First commercial size power SFRs, e.g. BN-600 [600 MW(e)] started operation in the
USSR in 1980/82 and Superphénix [1200 MW(e)] began operation in France in 1985/86 and
was shut down in 1998. Other SFR demonstration reactor projects, e.g. CRBR in the USA or
SNR-300 in Germany were either stopped during the design phase or not taken into operation
for political reasons.

Phénix in France operated over 35 years with good operational performance. The Russian
BN-600 was still operating by 2010 with excellent operational performance over 20 years.
This demonstrates the technical feasibility of sodium cooled FRs.

In Japan, the prototype demonstration MONJU (280 MW(e)) is scheduled to go on full
power in 2012 after problems with a sodium leakage had been overcome and a new licensing
procedure had been completed. Other commercial size SFRs were still under construction by
2010 (BN-800 with 800 MW(e) in Russia and PFBR with 500 MW(e) in India).
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Fig. 6.3 shows the design details of the core fuel element of MONJU. The hexagonal fuel
element contains 169 fuel rods. These fuel rods have an outer diameter of 6.5 mm, a length of
about 2.8 m and a cladding thickness of 0.47 mm. Spiral wires around the fuel rod guarantee
the proper spacing between the fuel rods. The fuel rod contains the PuO,/UO, pellets of the
core zone and the UO, pellets of the lower and upper axial blanket. The inner radial core
zone is enriched by 16% in Pu-239 and Pu-241, whereas the outer radial core zone has an
enrichment of 21%. Above the upper axial blanket a gas plenum zone is located where the
gaseous fission products are collected [11].

6.5  Large scale deployment of SFRs

There are several reasons for the delayed large scale commercial introduction of SFRs,
despite the fact that they were developed in Europe, the USA, the USSR and Japan already
since about 1950.

— The presently assured uranium resources are higher than originally prognosticated.

— The projection for nuclear energy during and after the oil crisis of the 1970s had been
overestimated.

— LWRs are dominating the nuclear energy application now. They demonstrated excellent
operational and economic performance. They will be built and operated over the next 50-
60 years until the enriched uranium availability will decrease, because of shorter natural
uranium availability.

— The next step will be plutonium recycling in the same type of LWRs. The necessary
reprocessing and MOX fuel refabrication plants have been built already in France, the
UK, Russia and Japan.

— SFRs — despite of their technical maturity — are not as economic yet as LWRs. The
reasons are their higher technical sophistication (two sodium coolant circuits, the use of
austenitic steels etc) and their higher fuel cycle costs.

— The use of plutonium in SFR cores and the possibility of breeding relatively pure
plutonium in their blankets have lead to a stop of SFR development in the USA and
Germany between 1980-90 as a consequence of their non-proliferation policy.

Only recently, scientific and technical solutions have been worked out to solve these non-

proliferation problems. They will be explained in Sections 13 and 14.

As already explained in Section 2 a large scale deployment of SFRs and their fuel cycle

can be expected around 2040-2050.

6.5.1 Commercial size SFRs

Only the demonstration sodium cooled fast reactor MONJU in Japan and the near
commercial size sodium cooled fast reactor BN-600 will be operating during the next years.
In addition the commercial size BN-800 and the Indian PFBR (500 MW(e)) will go into
operation between 2010 and 2015. Also several small lead-bismuth cooled fast reactors were
decided for construction in Russia based on experience with submarines.

Japan, France and Russia are developing SFRs up to 1500 MWe which shall become
competitive with LWRs around 2050. SFRs must be developed together with their fuel cycle.
It will take several decades to construct and operate several 1500 MWe size SFRs together
with reprocessing and refabrication plants.
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6.5.2 BN-600 in Russia [9-15]

The 600 MWe SFR BN-600 reached first criticality in 1980 and full power operation in 1982.
It is a pool type SFR design with three secondary heat transfer loops and three steam
generators. Each steam generator consists of eight sections for the evaporator, superheater
and reheater. In case of failing tubes, one of these eight different sections can be isolated and
be replaced while the reactor is operating on partial load. The core and the intermediate heat
exchangers together with the centrifugal primary pumps are housed in a large sodium filled
pool tank (Fig. 6.4). A large head shield plug closes the upper part of this pool tank. It
contains eccentrically rotating plugs for positioning the fuel element transfer machine exactly
above a fuel element position for reshuffling or replacement procedures. The upper sodium
surface in the shield tank is covered by argon gas. The pressure of this cover gas is slightly
above atmospheric pressure.
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Fig. 6.4. BN-600 pool type sodium cooled fast reactor [9].
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The core contains 369 hexagonal fuel elements. The height of the core is 103 cm and its
diameter is 206 cm. The radial blanket has a thickness of 47 cm. The upper and lower axial
blankets are 30 cm thick each.

The sodium flows with a velocity of about 5 m/s upwards through the core. The sodium
core inlet temperature is 365 °C, its outlet temperature is 535 °C.

BN-600 was originally fueled by enriched uranium oxide with 17%, 21% and 26%
enrichment in U-235 in the three radial core zones. From 1998 on this enriched UQO, fuel was
partly replaced by vibro-compacted PuO,/UO, mixed oxide fuel. A maximum fuel burn-up
with this fuel of 110 GWd/t was attained.

BN-600 had already demonstrated excellent operational experience over 28 years by 2010.
Early fuel rod failures and tube failures in steam generators could be overcome by developing
better materials and by design improvements [14,15].

The excellent operational experience of the French demonstration reactor Phénix (250
MWe) and Superphenix (1250 MWe) as well as of the Russian BN-600 demonstrated already
the technical feasibility of these pool type sodium cooled FRs.

BN-600

Reactor Power

Thermal MW (th) 1400

Electrical net MW (e) 600

Plant efficiency % 41
Reactor Core

Fuel UO, and PuO,/UO,

Core outer diameter cm 205

Core height cm 103

Pu eq. enrichment

Inner core zone % 17/26

Outer core zone % 21

Total breeding ratio 0.85-1.0
Pu eq. mass tonne 2.6
Total UO,/PuO, mass in core tonne 12
Fuel rod outer diameter mm 6.9
Length of fuel pin mm 2445
Core power density

Average kW (th)/1 445

Maximum kW (th)/1 603
Residence time of fuel d 420
Max. fuel rod power W/ecm 480
Max. burnup MW(d (th)/tonne 110,000
Blankets

Fuel U02

Axial thickness cm 30

Radial thickness cm 47

Fertile rod outer diameter cm 1.40

Tab. 6.1. Characteristic design parameters of BN-600 (pool type LMFBR) [9,11].
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BN-600

Fissile Fuel Bundles

Number of bundles 369
Number of pins per bundle 127
Pin total length m 2.4
Bundle total length m 3.5
Cladding material stainless steel
Cladding maximum rated temperature °C 695
Fertile Fuel Bundles
Number of bundles 362
Number of pins per bundle 37
Pin total length m 1.84
Bundle total length m 3.5
Cladding material stainless steel
Control Bundles
Main shutdown system:
Number of bundles 14
Number of absorber elements per bundle 7/31/8
Pin length m 1.1
Cladding material stainless steel
Primary System
Coolant sodium
Primary Na mass tonne 770
Rated flow tonne/s 6
Core sodium inlet temperature °C 365
Core sodium outlet temperature °C 535
IHX sodium inlet temperature °C 533
IHX sodium outlet temperature °C 362
Secondary System
Coolant sodium
Secondary Na mass tonne 830
Rated flow tonne/s 6.1
SG sodium outlet temperature °C 315
IHX sodium inlet temperature °C 315
IHX sodium outlet temperature °C 510
SG sodium inlet temperature °C 510
Water-Steam System
SG water inlet temperature °C 240
Turbine steam inlet temperature °C 502
Turbine steam inlet pressure MPa 13.2

Tab. 6.1. Continued

6.5.3 Commercial size SFR design [14-21]

Studies on commercial size FR designs with a power output of 1200-1500 MWe were
performed in Europe, Russia and Japan since about 1990. The objective of such studies was
to investigate the technical and economical feasibility of such large FRs and how they could
be introduced into the already existing market of nuclear power reactors. One of these design
proposals, representing a Japanese sodium cooled loop type fast reactor (JSFR) [16,17,18,19]
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will be described in this section. It is based on the construction experience of the loop type
Japanese demonstration fast reactor MONJU.

JSFR has a thermal power of 3570 MWth and an electrical power output of 1500 MW(e).
The reactor core rests on steel support structures and is housed in a sodium filled reactor
tank. The free surface of the sodium is covered by argon gas at a pressure of slightly above
0.1 MPa. The reactor tank is covered by a thick shield cover plate with eccentrically rotating
plugs. The guide structures of the control and absorber rods penetrate this shield cover plug
from above. The fuel element loading and transfer machine is operating from above the
rotating plugs after the control rod drive mechanisms will have been decoupled.

The primary radioactive sodium coolant enters the reactor tank with a temperature of
395 °C and flows from the lower entrance plenum upward through the core. It is heated up in
the core to an outlet temperature of 550 °C and flows to the intermediate heat exchangers.

JSFR has only two cooling circuits. The primary pumps are integrated into the
intermediate heat exchangers. The secondary non-radioactive sodium is pumped to two steam
generators (SGs) where steam of at 19.2 MPa and 497 °C is produced. The thermal efficiency
of the JSFR plant would be 42%.

In comparison to earlier loop type demonstration SFRs, e.g. MONJU, the 1500 MWe
JSFR has much shorter sodium pipings outside of the pool tank. This is achieved by using
high chromium steels and simplified geometric configurations with inverse L-shaped pipes.
The reactor tank and all primary and secondary sodium piping are double walled to avoid
sodium fire in case of leakage. The space in between double walled pipings is filled with
nitrogen gas which can be heated. Electrical trace heating on sodium piping can be avoided
by this design. The two steam generators are equipped with especially developed double
walled tubes to prevent sodium-water interactions in case of failing steam generator tubes.

Pu0O,/UO; mixed oxide is used as fuel in the core. The reactor core has two enrichment
zones for radial power flattening. The inner core zone has an enrichment of 18.3% Pu-
239/241, the outer zone 20.9% enrichment in Pu-239/241. This leads to a fissile plutonium
core inventory of 8.5 te. The breeding ratio is 1.10. The cladding is made of vanadium oxide
dispersed steel (ODS). It allows a neutron fluence of 5x10* n/cm” equivalent to 250 dpa or a
burnup of the core fuel up to 150 GWd/t over eight years of full operation. After an operation
cycle period of about 26 months about one fourth of the core will be unloaded. The reactor
core and radial blanket are surrounded by a core barrel which restrains the core in radial
direction in order to fulfill earthquake design requirements. Also, the whole coolant circuit
system is design to obey Japanese aseismic design criteria [16,17,18,19,20,21].

JSFR has two diverse shutdown systems, one of which is designed with flexible joint
absorber parts. This allows absorber insertion under robust restraint conditions in case of
earthquakes. A third shutdown system is based on the thermomagnetic properties of
ferromagnetic alloy in the control rod guide structures. The shutdown function is initiated
passively when the sodium outlet temperature exceeds the Curie point of the holding
magnets. This third shutdown system prevents sodium outlet temperatures of more than about
750 °C in case of severe accident situations for which a failure of the shut down systems is
assumed. Thus sodium boiling and failure of fuel rods in case of anticipated failure of the
first two shutdown systems is avoided.
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Fig. 6.5. 1500 MWe sodium cooled JSFR design proposal (JAEA) [16,17,18,19].

Multilayered molten core debris tray structures are arranged underneath the reactor core
support structures. These molten core debris tray structures shall retain molten core fuel,
avoid recriticalities and cool the molten fuel.

Decay heat removal can be accomplished by natural convection of the sodium in the
primary and secondary coolant circuits. Under accident conditions additional emergency
decay heat removal systems start passively. They act on the basis of natural convection of the
sodium with sodium-air coolers and dampers. No pumps, no pony motors and no air blowers
are needed in such cases.

The inner reactor containment is a concrete containment with inside and outside steel
cladding which can resist all mechanical and thermal loads in case of severe accidents. The
surrounding outer containment must be designed against external loads, e.g. earthquakes,
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flooding. etc. As modern pressurized water reactors, e.g. EPR or SWR-1000, also future SFR
containments must have extremely low leakage conditions and very efficient filter systems to
avoid large radioactivity releases in case of severe accidents. Thus, evacuation or relocation
of the population outside of the plant can be avoided even in case of severe accidents.

6.6 Lead-Bismuth cooled FRs

Based on experience with lead-bismuth cooled submarine reactors in Russia lead-bismuth
cooled FRs were proposed first in Russia and later investigated also in Japan and in Europe.

6.6.1 Lead-bismuth coolant properties

Lead-bismuth (44.5% lead and 55.5% bismuth eutectic alloy (LBE)) has a melting point at
125 °C and a boiling point at 1670 °C. Its density at 400 °C is 10.24 kg/m’. Its thermal heat
conductivity at 400 °C is 13.7 W/(m °C) and its heat capacity is 0.146 kJ/(kg-K). Due to its
low neutron moderation capabilities the average neutron energy of the neutron energy
spectrum is in the range of about 200 keV. The excellent thermal properties allow a similarly
high power density in the core as in case of SFRs. The corrosion properties of LBE require
special cladding surface treatment and protection layers of steels [22,23,24,25,26]. The
oxygen content must be controlled accurately. LBE does hardly react with oxygen or water
and, therefore, simplifies the design of LBE cooled FRs.

6.6.2 Design proposals for Lead-bismuth FRs

The core of a LBE cooled reactor has hexagonal fuel elements. The coolant fraction in the
subassembly design is only about 25% due to the thermal properties of LBE. Corrosion
concerns lead to a LBE coolant velocity of about 2 m/s. The core fuel can be about 16%
enriched UO, as in the small size Russian modular type SVBR-75/100 [29,30]. Also
ThO,/UO; mixed oxide fuel or PuN/UN mixed nitride were proposed as fuel in the Russian
BREST-300 design [10,11] or in the Japanese LBE 550/750 MWe design [27,28]. With 16%
U-235 enriched uranium fuel only a conversion ratio CR = 0.85 is attained. The SVBR has no
radial blanket fuel elements.

The coolant circuits can be drastically simplified due to the low chemical affinity of LBE
against oxygen and water. The steam generators can be directly integrated into the pool type
tank. Fig. 6.6 shows the Russian small modular lead bismuth cooled SVBR-75/100 [29,30].
The core, the primary pumps and the steam generators are integrated into a pool tank. The
reactortank structures must be designed to withstand the weight of the LBE coolant.
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Fig. 6.6. SVBR-75/100 reactor design [29,30].

Emergency cooling relies entirely on natural convection as described for the case of SFRs.
In case of failing steam generators the afterheat can also be conducted radially through the
wall of the reactor tank to an outside water tank. The SVBR-75/100 is shutdown by
independent and diverse shut down systems. Due to the relatively high density of the lead-
bismuth coolant all steel structures must have higher thickness than in SFRs. Special care
must be given to an earthquake resistant design. For that reason design proposal for lead-
bismuth cooled FRs are restricted to medium power size up to 500 or 750 MWe in Japan
[16,27,28]. The small modular type SVBR-75/100 can be assembled to a cluster type plant
with 8 or 16 SVBR-75/100 reactors with a total output of 800 MWe or 1600 MWe [29,30].

6.7 The Integral Fast Reactor (IFR)

The IFR is a sodium cooled pool type fast reactor using metallic uranium-plutonium-
zirconium alloy (U-Pu-Zr)-fuel in combination with pyrometallurgical fuel reprocessing and
remote injection casting fuel refabrication [31,32,37]. The reactor plant, the pyroprocessing
plant and the metallic fuel refabrication plant are collocated at one site at Idaho National
Laboratory.

The optimization of reactivity temperature coefficients, e.g. Doppler coefficient, sodium
expansion coefficient, structural expansion coefficients including control rod drive line
expansion and natural convection flow of the coolant sodium results in an inherent control
behavior of the reactor without reliance on control rod scram systems [31,32,33]. Off normal
events with very low probability of occurence, e.g. loss of coolant flow, loss of heat sink or
run-out of a control rod followed by failure of the shut down systems will lead only to a
sodium coolant temperature rise up to about 600 °C which is about 200 °C below the boiling
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point of sodium. The decay heat of the core can be safely removed by natural convection
flow.

IFR core designs were reported for 340 MW(e), 600 MW(e) and 1350 MW(e). Table 6.2
gives an impression of the core design and main design characteristics of a 340 MW(e) IFR
design. The IFR was designed as an LMFBR [31,32,33] with core internal blanket fuel
elements or as an FR burner reactor (Advanced burner reactor) for the incineration of the
transuranium elements (plutonium, neptunium, americium, curium [34,35]).

Electric power MW(e) 340
Reactor outlet temperature (°C) 510
Reactor AT (°C) 135
Core Concept Heterogeneous
Fuel residence time (cycles)
Driver 4
Blanket* 4
Cycle length (full-power days) 292
Fuel material
Driver U-Pu-10% Zr
Blanket U-10% Zr
Clad and duct material HT-9
Active fuel height (cm)
Driver 91
Blanket 112
Axial blanket thickness (cm) 0.0
Number of pins per assembly
Driver 271
Blanket 169
Fuel pin diameter (cm)
Driver 0.72
Blanket 1.0
Cladding thickness (cm) 0.056
Duct wall thickness (cm) 0.36

*Refers to internal and radial blanket

Table 6.2. 900 MWth IFR Core Design Parameters for 340 MW(e).
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7. The Nuclear Fuel Cycles

7.1 Storage of Spent Fuel Elements after Discharge

After discharge from the reactor core, the fuel elements are stored at the reactor site for a
period of one or two years to allow for radioactivity decay and cooling. Spent fuel elements
are then transported in spent fuel transport casks either to intermediate storage facilities or to
storage pools at reprocessing plants. The intermediate storage facilities can also be located at
the reactor site [1,2,3].

7.1.1. Transport of Spent Fuel Elements

Spent fuel elements are transported in special fuel transport casks, which weigh between 60
and some 120 t and have load capacities for up to about 12 t of spent fuel (Tab. 7.1). Fuel
transport casks can be transported by special trucks on the road or on special rail cars. Also
barge shipments on both inland waterways and oceans are made. The spent fuel elements are
cooled within the casks either by air (dry casks) or water (wet casks). About 38 spent fuel
elements are unloaded from a 1300 MWe PWR per year (Fig. 7.1). They can be transported,
e.g. in two CASTOR V/19 transport cask to an intermediate storage facility [4,7].

[ E |

PWR-1300 MWe 2 transport casks Intermediate storage
38 spent fuel elements type CASTOR facility

Fig. 7.1. Transport of spent fuel elements from reactor to intermediate storage (VGB).

The transport casks contain the necessary shielding with steel, lead and water or borated
water. They are cooled by natural airflow over fins on the outer surface or by forced air
circulation. Spent fuel casks are designed to withstand severe accident conditions during
shipment. Releases of radioactivity under such conditions must be rendered impossible.
Therefore, the casks must be able to withstand such impacts as thermal tests (fire), drop tests
under gravity, crash tests, and water immersion tests before being licensed for actual
transport. Special international shipping regulations have been elaborated.

7.1.2 Intermediate Storage of Spent Fuel Elements

Spent fuel elements can be stored for intermediate periods of time in water pools (wet
storage), air cooled casks (dry storage) or in special containers. For wet storage in
intermediate storage pools or storage pools of reprocessing plants, the spent fuel elements
are arranged in racks or baskets kept in water pools. The water serves as a heat transfer
medium for the heat generated in the fuel elements and provides the necessary shielding of
the fuel elements. It is maintained at a sufficiently high level to provide shielding during all
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fuel handling operations. The walls and floors of storage pools are made of reinforced
concrete lined with stainless steel [6].

LWR spent fuel elements can be stored, if needed, in water pools for many decades.
During this time period, the fuel elements will not experience appreciable water corrosion on
their outer surfaces.

Dry storage of LWR spent fuel elements is feasible in air cooled storage casks made of
cast iron. European cast iron spent fuel casks take up to 19 PWR or 52 BWR fuel elements
(FE) (Table 7.1). They are equipped with outside cooling fins and can be stored in large
intermediate storage buildings (Fig. 7.2). The storage building is cooled by air [5,7].

Country | Type Number of fuel Total weight height/
elements (FE) (tonnes) diameter (m)
CASTOR V/19 19 PWR-FE 121 5.86/2.44
CASTOR V/52 52 BWR-FE 123 5.45/2.44
Germany - ASTOR 1la 9 PWR-FE 116 6.01/2.48
CASTOR 440/89 | 84 WWER —440 FE 116 4.08/2.66
France TN 13/2 12 PWR-FE 105 5.60/2.5
Great Excellox 4 7-15 PWR-FE 91t 5.6/2.2
Britain

Tab. 7.1. Design characteristics of fuel element transport casks [4].

Dry storage is also used for HWR and HTGR graphite fuel elements. Spherical graphite
fuel elements of HTRs can be stored under dry conditions in gastight cans.

LMFBR fuel elements are kept first for some time in sodium cooled storage pools on the
reactor site. For intermediate storage they are filled in cans, cooled either by sodium and then
stored under water or only cooled by air or an inert gas (nitrogen). Before reprocessing, the
sodium is removed from the fuel element surface by melting or steam cleaning in a hot inert
gas atmosphere.
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Fig. 7.2. Storage of intermediate storage containers in air cooled storage building (VGB)

7.2 The Uranium-238/Plutonium Closed Fuel Cycle [8,9,10,11]

Uranium can be utilized more efficiently in a closed fuel cycle with reprocessing and
recycling of the fissile and fertile material. This applies to fuel used in LWRs and LMFBRs.
For LMFBRs the closed fuel cycle is imperative. Technical aspects of reprocessing and
recycling (refabrication) in the uranium/plutonium fuel cycle will be described in the
following sections.

7.2.1 Reprocessing of Spent UO; Fuel Elements

Spent fuel elements with irradiated UO, fuel and stainless steel or zircaloy claddings are
transported to the reprocessing plant and stored there prior to chemical reprocessing. The
steps of disassembly of such fuel elements, dissolution of the fuel as well as chemical
separation are the same in principle for LWR and LMFBR fuel elements operated on UO, or
PUOQ/U 02 fuel.

7.2.1.1 Mass Inventories of Spent Fuel and Waste

The mass inventories, their heat generation and their potential of radio toxicity constitute
important parameters on which to base engineered safety measures [7].

Customarily, these data are based on 1 t of heavy metal (HM) fuel. In that case, roughly
1.14 t of UO; or UO,/PuO; corresponds to 1 tyy. When loaded into the core, 1 tiy of fresh
LWR fuel in an equilibrium cycle with 5% U-235 enrichment contains 50 kg of U-235 and
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950 kg of U-238 (Fig. 7.3). When unloaded from the LWR core after a burnup of
60 GWd(th)/t, 1 tuwm of spent fuel still contains 0.7% of U-235 and 91.96% of U-238, but
0.66% of U-236, some 1.05% of different plutonium isotopes, 5.5% of fission products
(FPs), 0.13% of Np-237, americium, and curium.

93.32% Uranium
5.5% Fission products (FPs)
1.18% Transurania

100 % Uran

-‘ ﬂ=-4,3%

—» 0,66%

L » 3,64%

. 186%

| 118

loopl A=-3,04%

Fig. 7.3. Contents (%) of fresh uranium fuel (U-235, U-238) and spent fuel after 60,000
MWd(th)/ton uranium (U-235, U-236, U-238), fission products, plutonium and
minor actinides (Np, Am, Cm).

7.2.1.2  Decay of radioactivity of spent fuel

The decay of radioactivity of the spent fuel is initially dominated by the fission products.
Fig. 7.4 shows the decaying radioactivity in Bq per tonne during the first 10 years after the
spent fuel elements were unloaded from the reactor core. It also illustrates the time periods
for fuel transport, reprocessing and waste treatment (vitrification of the high level waste
concentrate).
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Fig. 7.4. Radioactivity of 1 t of spent fuel as a function of time.

7.2.2 LWR Fuel Element Disassembly and Spent Fuel Dissolution

In a reprocessing plant (Fig. 7.5 shows the head end of such a plant) the storage pools are
arranged close to the fuel element disassembly cells. The fuel elements are moved by means
of a crane from the storage pool into the disassembly cell above it. In this cell, LWR fuel
elements are cut up by large bundle shears. After the end parts have been removed from the
fuel elements, the fuel rod bundles are chopped into pieces several cm long. The bundle shear
is operated remotely and is designed so that it can also be repaired by remotely operating
tools. The fuel element and fuel rod sections drop directly into a dissolver basket located in
the dissolver cell underneath. The basket is filled with boiling nitric acid, which leaches the
fuel out of the chopped fuel rod hulls. After leaching of the fuel, the remaining hulls with tiny
particles of fuel and fuel element structural parts are dumped from the basket into a container,
and the container is moved into the hull storage facility.

The fuel solution still contains small solid parts. This undissolved fraction of plutonium is
about 1%. The undissolved solid particles are removed through coarse filters or by
centrifuges.
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Fig. 7.5. Head end with waste gas purification as well as reprocessing of spent fuel and
waste conditioning.

7.2.3 Gas Cleaning and Retention of Gaseous Fission Products

During the processes of chopping and dissolution of the fuel, gaseous and volatile fission
products are released. They must be removed together with water vapor, nitrous gases and
nitrogen. This mixture of volatile fission products, vapors and gases must be treated in the
waste gas cleaning system. Gaseous and volatile fission products are made up of the
following components:
— Tritium produced by ternary fission and by (n,T)-reactions in light atomic nuclei.
— Carbon, C-14. is produced by an (n,a)-reaction from O-17 and by the (n,p)-reaction of
N-14. In the gaseous effluent it appears as '*COs.
- Krypton is generated as a gaseous fission product. Some 7% of the krypton fission
products produced consist of Kr-85 isotopes.
— Xenon is another gaseous fission product. However, only traces of the Xe-133 isotope
produced must be considered.
All the other fission product noble gases generated are either stable or have very short
halflives.
I-129 and traces of I-131 are partially volatile isotopes initially found in dissolved fuel.
Ru-106 may volatilize as ruthenium tetroxide evaporating from strong nitric acid
solutions, but only some 10™ fractions of Ru-106 enter into the gaseous effluent stream. In a
similar way, small traces of such B-emitters as strontium or o-emitters as uranium and
plutonium can penetrate into the gaseous effluent as aerosols. However, only some 10™ to
10 fractions of the fuel inventory are carried into the gas stream as aerosols.
These gaseous effluents are first passed through a condenser. Afterwards, the nitrogen
oxides are oxidized and washed out. The remaining aerosol fractions only amount to 10 to
10" times the inventory. Scrubbers and high-efficiency particulate aerosol (HEPA) filters
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are used next to remove the aerosols. lodine is retained very efficiently in silver
impregnated (AgNO:;) filter materials. Tritium as HTO contained in water vapor and *CO,
are retained in molecular sieves. The removal of Kr-85 can be achieved by means of low
temperature rectification. In the same process, the xenon noble gas can also be removed.
The separated krypton can be stored in compressed gas cylinders. Alternatives may be the
entrapment in zeolites (crystallized silicates).

7.2.4 Chemical Separation of Uranium and Plutonium (PUREX process) [8,9]

The most applied process to date is the PUREX process (plutonium and uranium recovery by
extraction). The PUREX process uses tri-n-butyl phosphate (TBP), which may be diluted by
kerosene or n-paraffin (hydrocarbon) solvents as organic solvents to extract uranium and
plutonium. TBP is stable in nitric acid and can selectively extract tetravalent and hexavalent
uranium and plutonium nitrate complexes. However, this selective extraction capability of
TBP does not apply to trivalent plutonium nitrate complexes.

FEED SOLUTION SCAUB SOLUTION SCRUB SOLUTION WATER STRIP
FROM DISSOLVER N0, D,
l REDUCING AGENT
ORBANIC 1o
FILTER — ! L TBPIN —
= | omeANc = \ e KEROSENE ' IFCATION
E| u,h,, | E £
<E | nig, | E =
OXIDATION =5 HNO, = ORGANIC =
AND FEED == = U0 ND,), | 2
ADJUSTMENT ] 5 s =
S5 = | =
WO, PN, [ a1 B G
FISSION PRODUCTS, ORGANIC
HNO, TBP IN
KEROSENE UEOUS URANIUM
. Pnuﬂsﬁs :aailﬂ;]z:-.- PURIFICATION
FISSION PRODUCTS, Ny, 3
HNO, REDUCING AGENT
T0 ACID RECOVERY PLUTONIUM
AND HLWC TREATMENT PURIFICATION

Fig. 7.6. Simplified PUREX process flowsheet [9].

For extraction, the fuel solution acidified with nitric acid and containing uranium,
plutonium, higher actinides and fission products is moved from the middle of column A (Fig.
7.6) in a liquid-liquid counter current extraction flow past the specifically lighter organic
solvent (TBP in kerosene) rising from the bottom. In that process, the organic solvent
extracts uranium and plutonium, while the fission products and actinides remain in the
aqueous solution. The solution with nitric acid leaves the column at the bottom as high level
aqueous waste (HLW). It contains the fission products and higher actinides. The aqueous
waste is evaporated to recover the nitric acid. The remaining concentrate is further treated as
high level waste concentrate (HLWC).

The rising organic solvent contains uranium and plutonium and small traces of fission
products, which are removed by a nitric acid solution injected at the top of the column. The
organic solvent leaves the columns at the top and is introduced into column B, where the
tetravalent and hexavalent plutonium is reduced to trivalent plutonium by means of a
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reducing agent stream, e.g. U (IV) nitrate with hydrazine nitrate, hydroxylamine nitrate or
Fe(II) sulfamate. The most elegant method developed uses electrolytic reduction within the
extraction apparatus. This trivalent plutonium is soluble in organic TBP-kerosene and, as a
consequence, is re-extracted into the aqueous phase, while hexavalent uranium remains in the
organic TBP-kerosene phase. Small amounts of re-extracted uranium are extracted again by
organic TBP-kerosene introduced at the bottom of the second column. The aqueous
plutonium product stream leaves the second column at the bottom, while the organic uranium
product stream leaves at the top and enters the bottom of the third column C, where it is met
by a countercurrent stream of diluted nitric acid as an aqueous re-extraction solution flowing
from the top. The uranium product stream with nitric acid then leaves column C at the
bottom, while the organic solvent leaves at the top. After removal of organic decomposition
products and fission products by washing, the organic solvent can be recycled into the
system.

For sufficient decontamination of uranium and plutonium, the uranium and plutonium
product streams are required to pass through two further decontamination cycles. The final
products, after concentration and purification, are plutonium nitrate, Pu(NOs)4, and uranyl
nitrate, UO2(NOs3),. The plutonium nitrate and a part of the uranyl nitrate solution are mixed
to form a so-called master mix which has already the plutonium enrichment which is
needed for the PuO,/UO, mixed oxide (MOX) fuel. The remaining uranylnitrate can be
used as reprocessed uranium for later re-enrichment, or as blanket material in LMFBRs.
The resulting waste streams must be treated separately.

7.2.5 Mass flows and radioactivities in a reprocessing facility [10]

A reprocessing facility with a throughput of 2 tyy/d of spent LWR fuel operating 300 d per
year has a yearly capacity of 600 tym/y spent fuel. Such a reprocessing plant could serve up
to 30 GWe of LWRs.

In the first extraction cycle A such a reprocessing plant would produce about 1 m’/d of
high level waste concentrate (HLWC) with a radioactivity of about 2.2x10'° Bq/m’, about
1 m*/d of hulls and structural materials with a radioactivity of about 0.9x10"> Bg/m’ and
about 0.1 m*/d of sludge and insoluble residuals with a radioactivity of about 2x10'® Bq/m’.

In the second and third uranium and plutonium decontamination cycles B and C some
0.2 m’/d of organic solvent is produced which contains some traces of uranium/plutonium. It
contains about 2x10' Bq/m’ of radioactivity. In addition, about 3 m’/d aqueous MLW of
2x10"* Bg/m’ with traces of uranium/plutonium are produced. Krypton and Tritium enriched
water are recycled and conditioned.

The 600 tywm/y reprocessing plant generates about 125 g/d plutonium as plutonium nitrate
and about 225 g/d uranium as uranyl-nitrate.

7.2.6 Reprocessing capacity for spent UO; fuel [11]

The PUREX process is entirely used in large scale spent UO; fuel reprocessing. The largest
commercial reprocessing plant are operating in France (1700 tiyv/y) and the UK (1200 tywm/y)
whereas medium scale spent UO, fuel reprocessing facilities are also available in Russia
(500 tgm/y) [17] and Japan (800 tonnesyw/y) (Table 7.2). Smaller scale reprocessing facilities
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operate also in India and China. The total commercial UO; spent fuel reprocessing capacity
in the world was somewhat more than 4000 (tsgnm/y) in 2010. In addition the UK still operates
a 1500 (tym/y) reprocessing plant for MAGNOX type fuel.

It is interesting to note that — except for Japan — all other commercial spent UO, fuel
reprocessing capacity is located in Nuclear Weapon States.

Country Plant Fuel type Reprocessing
capacity (tum/y)

France Cap de la Hague LWR 1700
United Kingdom | Sellafield LWR 1200

Windscale AGR 1500
Japan Tokai-mura LWR 90

Rokkasho-mura LWR 800
Russia Mayak LWR 500
India Tarapur CANDU 100

Kalpakkam FBR 100
China Lanzhou LWR 50

Table 7.2. Commercial reprocessing plant capacity for UO, spent LWR fuel in the World
(IAEA) in 2010.

7.3 Conditioning of waste from LWR fuel reprocessing [12,13,14]
7.3.1 Storage and cooling of liquid high level waste concentrates (HLWC)

The HLWC from the first extraction cycle A of the reprocessing plant can be stored in
stainless steel tanks and cooled by tube coils with circulating water such that the temperature
remains <65 °C. The decay heat production of the HLWC is about 7 kW/m’. The tanks are
installed in so-called hot cells lined with steel plates. The tanks stand in a type of pans which
can collect any leakages. The HLWC can be kept in these tanks for at least 30 years.

7.3.2  Solidification of the HLWC by vitrification

For solidification the HLWC is calcinated (expulsion of liquid) and decomposed in oxides at
about 400 °C. Then it is mixed with glass frites (borosilicate glass) and molten together in a
furnace by either induction or Joule heating. The molten borosilicate glass can be loaded with
about 18% of fission products and about 0.4% actinides. The molten radioactive glass is then
filled into stainless steel canisters with a diameter of 43 cm and an overall height of 134 cm.
They contain about 0.16 m’ or 400 kg radioactive borosilicate glass (Fig. 7.7). The decay
heat of such a borosilicate container is about 2.5 kW at the time of vitrification and about
0.4 kW after 50 years of storage.
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Fig. 7.7. Borosilicate HLW container [13].

7.3.3 Conditioning of solid HLW from reprocessing plants

The hulls and structural pieces of the spent fuel elements together with some insoluble
residues represent o-emitter contaminated long-lived MLW from the reprocessing plant.
They are initially stored under water.

Conditioning is achieved by compaction by a factor of five. The structural parts are
introduced in a strong metallic cylinder and compressed with a 250 MPa press to a metallic
pancake. Several of these pancakes are filled in so called CSD-C containers (Fig. 7.8) which
have the same outer dimensions (43 cm diameter, 134 cm height) as the containers with
vitrified borosilicate glass.
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Fig. 7.8. CSD-C container with compacted hulls and steel parts [13].

7.3.4 Conditioning of solid organic waste from reprocessing plants, refabrication
plants and nuclear reactors

Solid wastes like o-emitter contaminated papers, plastics, ion exchange resins sludges etc.
from reprocessing and fuel refabrication plants as well as nuclear reactors are incinerated by
medium temperature pyrolysis systems (400 °C) and treated by calcination (900 °C). The
resulting ashes contain more than 99% of the original radioactivity. They are mixed with
cement based materials (paste of cement, mortar, concrete) and filled in containers of
different size.
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7.3.5 Conditioning of liquid organic MLW

Aqueous MLW solutions are concentrated by evaporation and then treated in a calcinator at
400 °C. The concentrates are mixed with cement based materials and filled in containers of
different size. Another waste treatment technique is mixing the concentrate with hot bitumen.
The product is again filled in drums.

7.3.6 Treatment of Krypton-85 and Tritium

Kr-85 with a half-life of 10.8 years can be forced into pressurized steel cylinders of 50 1
volume. The Kr-85 cylinders are stored in shafts in a Krypton storage facility.

Tritium with a half-life of 12.3 years can be concentrated during the PUREX process. The
water with high concentrations of tritium can be stored in tanks.

7.3.7 Transport and Storage of HLW and MLW

The transport and intermediate storage of HLW and MLW containers (Sections 7.3.2 to
7.3.4) is done in, e.g. CASTOR transport and storage containers. These CASTOR containers
can be filled with 33% of glass containers and 67% of CSD-C containers. Two CASTOR
containers are sufficient to take the conditioned waste produced by a 1.3 GWe LWR per year
(Fig. 7.9). These CASTOR containers can be stored in intermediate storage facilities for
several decades until the waste containers can be finally stored in a deep repository.

= —8&—-

PWR - 1300 MWe
38 spent fuel elements (20 t weight)

2 transport casks type CASTOR® Intermediate storage facility

MOX Fuel

Uranium

e
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20 radioactive glass

containers (HLW) —
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g CSD/C containers

Fig. 7.9. HLW radioactive glass containers and a-emitter contaminated decay heat producing
MLW from a 1.3 GWe LWR plant generated per year (VGB).
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7.4 Long Term Waste Disposal
7.4.1 Low level waste disposal without long-lived a-emitters

LLW without long-lived o-emitters are conditioned in bitumen or filled in concrete
containers. It is then stored in concrete building structures which are covered by a concrete
roof and many meters of sand. Below this concrete building, possible leaks can be detected.
After about 300 years such a LLW repository can be released from surveillance, because the
radioactivity will have essentially decayed. An example of such a non o-emitting waste
containing LLW is located at Aube (France).

7.4.2 Repositories for low heat producing HLW/MLW

Such repositories for low heat producing HLW/MLW are in operation in granite type of
geological formations about 500 m deep in Sweden and Finland. These repositories are
accessible through a vertical shaft or a ramp type gallery. The MLW/LLW containers are
stored in concrete structures and sealed with bentonite.

Another type of repository for low heat producing LLW/MLW shall be operated in
Germany. It is a 800-1200 m deep former iron mine which is protected from water ingress by
very thick layers of clay located above the LLW/MLW repository.

7.4.3 Repositories for HLW in deep geological formations

HLW containers and containers with heat producing MLW will be stored in 500-1000 m
deep geological formations. These deep repositories are arranged like deep mines with a
vertical shaft and horizontal galleries. The HLW containers can be stored in boreholes or
arranged horizontally [15] (Fig. 7.10).

Salt domes or thick layers of salt at a depth of several hundred meters are ideal for deep
repositories. However, granite, gneiss, tuff and basalt formations as well as clays are also
considered attractive. In 2010, there was no HLW repository in deep geological formations in
operation yet. But many countries have test sites for such HLW repositories.

A technical multibarrier system surrounds the HLW glass in order to increase the long
term safety of the vitrified waste against water ingress and dissolution of radioactive
molecules out of the borosilicate glass. This technical multibarrier system consists of e.g.
thick steel containers surrounded by copper or titanium layers. In addition a thick layer of
bentonite and silica sand forms the outer layer. The heat of the HLW will be transferred by
thermal conduction to the outer layers and to the geological formations. When the HLW
canisters will have been placed in prepared holes by remote handling techniques the
remaining void will be backfilled by bentonite and sand.
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Fig. 7.10. Deep repository for HLW and a-emitter contaminated decay heat producing

waste [15].

7.5 Direct Disposal of Spent Fuel

Direct disposal of spent fuel was favored in the United States from 1977 on in order to avoid
reprocessing spent fuel and Pu recycling with MOX fuel following a strict non-proliferation
policy. At the same time, this stopped the development of breeder technology with U/Pu fuel
recycling.

This type of once-through fuel cycle will not be considered any further here for the following
reasons:

Direct disposal of spent fuel is technically feasible. Even while a repository is being
filled, monitoring by IAEA inspectors is possible. However, once the repository has been
closed, it cannot be monitored for many thousands of years. The repository would contain
hundreds of tons of plutonium and neptunium in spent fuel. Historical experience of
mankind speaks against successful long-term surveillance in this case.

The Yucca Mountain repository in the United States, which had been planned for direct
disposal of spent fuel, for these very reasons had foreseen retrievability of the spent fuel
elements after a specific period of time. As a result of a decision by the U.S. Department
of Energy, the Yucca Mountain repository was given up again in 2010.

The direct disposal option would block the following technical possibilities for the future
civil use of nuclear power:

Plutonium multiple recycling with more than 99% incineration of the plutonium,;
Multiple recycling of neptunium and americium and their incineration to a level of more

than 99%.
Only incineration of Pu, Np, and Am allows the radiotoxicity level and the heat load of

the waste to be reduced drastically.
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— Breeder technology and the use of U-238 are possible only by multiple recycling of
plutonium. This extends the supply of fuel for the civil use of nuclear power to many
thousands of years.

— Only reprocessing and Pu recycling allow the production of proliferation-proof plutonium
with a Pu-238 content of about 5%. As is shown in Sections 9 to 14, this is the only way
to achieve a future civil use of nuclear power with proliferation proof plutonium.

7.6 Mixed Oxide Fuel Fabrication [16,17,18,19,20]

Plutonium recycling in thermal reactors, e.g., LWRs, requires the fabrication of mixed oxide
U/Pu (MOX) pellets. The MOX-powder (master mix) coming from the reprocessing plant is
blended together with MOX-powder to achieve the required fissile enrichment. The mixed
powder is precompacted and granulated into a freely flowing powder. This is turned into
cylindrical pellets which are first sintered at temperatures of 1000-1700 °C and then ground
to the required dimension (Fig. 7.11). Finally, they are loaded into zircaloy or steel tubes, to
which end caps are welded. These fuel rods are assembled to fuel assemblies.

A certain fraction of the mixed oxide pellets will be imperfectly fabricated and are rejected
during inspection procedures. Such material and grinder fines, which are designated clean
rejected oxide, can be recycled directly into the manufacturing process. However, a small
fraction of pellets and powder are contaminated by corrosion products, etc.. These must be
dissolved in a nitric acid/fluoride solution and, along with filtrates from wash-leach
processes, be treated chemically as in a PUREX reprocessing step to recover the uranium and
plutonium.

As MOX fuel must be reprocessed after having attained its design burnup, the fuel
fabrication process must guarantee high solubility (> 99%) of the irradiated MOX fuel in
nitric acid. Such high solubility is required to minimize the plutonium loss in the residues
during chemical reprocessing.

Three other refabrication processes can be applied. The sol-gel process allows the direct
fabrication of spherical MOX particles, which can be pressed and sintered into fuel pellets.

The AUPuC (ammonium (U,Pu) carbonate) refabrication process also allows the
fabrication of relatively coarse grain MOX powder. This crystal powder is fabricated
essentially free of Am-241 and then pressed and sintered into MOX fuel pellets.

A third MOX fabrication process is based on vibro compaction. The MOX fuel is broken
into small fuel particles of different size. These are filled into the cladding tube and
compacted by vibro compaction.

A MOX fuel fabrication plant with an annual fabrication capacity of 150 tywm/y roughly
corresponds to the plutonium mass flow produced by the 2 tyw/d or 600 tyv/y model
reprocessing plant described in Section 7.2.6.
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Fig. 7.11. Process scheme for the fabrication of MOX elements.

7.6.1 MOX fuel refabrication capacity in the world

In most cases MOX fuel refabrication plants are collocated with spent fuel reprocessing
plants. This avoids long distance transportation of UO,/PuO, powders.

The MOX fuel refabrication plants are — except in Japan — entirely located in Nuclear
Weapon States. Table 7.3 shows the capacities of MOX refabrication plants. In Russia [21]
and USA additional MOX plants are built for the conversion of weapons plutonium.
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Country Plant Fuel type Reprocessing capacity (tuw/y)
France Marcoule LWR-MOX 195
United Sellafield LWR-MOX 120
Kingdom
Japan Rokkasho-mura LWR-MOX 130
Tokai FBR-MOX 20
USA Savannah River LWR-MOX 70*
Russia Zheleznogorsk FBR-MOX 60
Tomsk LWR-MOX 70*

*Weapons plutonium

Table 7.3. Reprocessing plant capacity for spent LWR fuel in the World (IAEA)
7.7 The Uranium/Plutonium Fuel Cycle of Fast Breeder Reactors [22,23,24,25]

7.7.1 Ex-Core time Periods of FBR Spent Fuel

Like all recycling converter reactors and near-breeder reactors, FBRs must work in a closed
fuel cycle. Their systems inventory, consisting of the core fuel inventory and the fuel
inventory passed through reprocessing and refabrication should be as small as possible for
economic reasons. At present, it is generally assumed that an ex-core time of two years is
feasible for the FBR fuel cycle.

After unloading from the reactor core, the core elements and the radial blanket elements
are first stored at the reactor site for some 180 days. Then they are transported to the
reprocessing plant in transport casks, which can contain six to twelve fuel elements each.
Shipping the fuel elements takes about thirty days. Another thirty days are assumed for
intermediate storage and pre-treatment of the fuel elements prior to cutting and dissolution.
Assuming a reprocessing plant with annual reprocessing capacities of about 260 tyw/y (in
more detail 170 t of core and axial blanket fuel mixed with 90 t of radial blanket fuel), the
total time required for all steps, from chopping the fuel pins to conversion to PuO, and UO,
powder, is estimated to be forty days. Sixty days are assumed for intermediate storage of the
PuO,/UQO; oxide powder, another thirty days for transfer to the fuel refabrication plant. The
reprocessing plant and the fuel refabrication plant are assumed to be collocated at one site.

The associated UO,/PuO, fuel refabrication plant will have an annual capacity of about
110 t of mixed UO,/PuO; fuel for the core and an annual capacity of about 150 t for UO,
blanket fuel (about 65 t for the axial blankets and about 85 t for the radial blanket). The
UO,/PuO, powder will be stored for about thirty days and then transferred in batches to the
fabrication lines. The fabrication process takes about sixty days, and another thirty days are
required for fuel element storage prior to shipment to the FBR power plant. Shipment
requires some thirty days; another thirty days are assumed for storage on the reactor site
before the fuel is loaded into the core for power generation.

117



Assuming another 180 days for unforeseen delays, which may arise from imperfect
synchronization between the various fuel cycle operations, the total ex-core or fuel cycle time
adds up to 730 days or two years.

7.7.2  Mass Flow in an FBR Fuel Cycle [22]

A model fuel cycle for reprocessing the UO,/PuO, fuel discharged from 10 GW(e) FBRs
roughly corresponds to a capacity of 1 tyw/d or, at 250 equivalent full power load days, an
annual capacity of 250 tiy. Such a fuel cycle includes reprocessing and refabrication plants
on an industrial scale.

From the assumed 10 GW(e) FBRs, an annual 170 tyy of uranium and plutonium in core
fuel elements and 90 tyy of uranium and plutonium in radial blanket elements are discharged
and transported to the reprocessing plant per year. These spent fuel and blanket elements
contain 6.45 t of fission products. Of this fission product volume, some 5.8 t is contained in
the core fuel elements and in the axial blankets, and some 0.65 t in the radial blanket

elements. In addition to these quantities of fuel and fission products, there are approximately
200 kg of higher actinides (Np-237, Am-241, Am-242m, Am-243, Cm-242 and Cm-244).

In the reprocessing plant, the fission products and the actinides are separated and go into
the HLWC concentrate. Some 227 tyy of uranium and about 22.1 tgyv of plutonium are
recovered, of which 1.59 tyy of plutonium can be diverted as a breeding gain to start new
LMFBRs or to feed converter reactors. Roughly 0.1%, i.e., 20 kg of plutonium and some
200 kg of uranium, initially remain as high level solid or liquid wastes accumulating in the
reprocessing and refabrication plant. In additional waste treatment steps, plutonium is also
recovered from the waste so that ultimately only some 20 kg/a of plutonium will be lost to
the HLW and MLW.

7.7.3  FBR Spent Fuel Reprocessing [23,25,26,27]

The PUREX process is also used for reprocessing of spent FBR fuel elements. However,
technical modifications are required to take into account the specific characteristics of FBR
fuel elements enriched in plutonium.

The end pieces of the fuel elements are cut off, and the fuel element wrapper is removed
mechanically. The fuel rods are then separately cut into pieces 2.5 cm long by means of a
shear. In this step, core fuel and blanket fuel are mixed. The fuel rod pieces fall into the
dissolver, where the fuel is dissolved in hot nitric acid. The dissolver geometry must be
carefully adapted to the higher plutonium enrichment of LMFBR fuel to avoid criticality.

The fuel solution coming from the dissolver is first clarified by centrifuging or filtration.
Then the PUREX counter current solvent extraction process is applied. However, the contact
times of the solvent and the nitric acid solution must be short to limit radiolysis of the
solvent. For this purpose, pulsed columns or centrifugal contactors are used.

When decontaminating plutonium and uranium, the higher plutonium concentration must
be taken into account to ensure that the plutonium fraction in the waste is kept as small as
possible. The process for conversion of plutonium nitrate and uranyl nitrate into PuO, and
UQ; is the same as in an LWR reprocessing plant. Also, plutonium nitrate and uranyl nitrate
can be directly mixed, co-converted and co-precipitated into mixed UO,/PuO..
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The modifications of the PUREX process described above, the smaller dimensions of all
tanks (higher plutonium enrichment, criticality) ultimately require the construction of special
FBR reprocessing plants.

7.7.4 FBR Fuel Fabrication [17,20,29,26]

The same fabrication processes are applied for FBR fuel as for LWR (MOX) fuel (Section
7.6.1). The reprocessing plant and the FBR fuel refabrication plant are co-located at one site.
After storage in a buffer store, the MOX fabrication process begins with mechanical blending
of UO, and master mix UO,/PuO, powders to establish the desired enrichment. Afterwards,
the fabrication process proceeds with pressing, sintering, grinding and drying of sintered
pellets. This is followed by assembling the pellets inserting the pellets into cladding tubes.
Finally, the fuel pins are welded and assembled into FBR fuel elements.

FBR fuel pellets have somewhat smaller diameters than LWR pellets. The pellet
fabrication and pin loading operations are carried out in glove boxes. To protect the workers
against y-radiation and neutrons originating from various plutonium isotopes and their
radioactive daughters (spontaneous fission and (o,n)-reactions with oxygen), shielding must
be provided at the fabrication lines. Future plants are expected to be operated remotely to a
large extent. Besides the above described fuel fabrication technology also the sol-gel
precipitation technique, the vibro-compaction technique, and the AUPuC process are being
employed.

7.7.5 Status of FBR Fuel Reprocessing and Refabrication

Several small test and pilot plants for LMFBR fuel reprocessing and MOX fuel fabrication in
the UK and France, had been operated for almost twenty years. They were closed after PFR,
Phenix and Superphenix had been shut down (Table 7.4). Japan has small scale reprocessing
test facilities in operation at Tokai-mura for the fuel of JOYO and MONJU. It also has a
MOX fuel fabrication plant with a capacity of 5-10 tyw/y in operation at Tokai-mura. France
operated a MOX fuel fabrication plant of 20 tyy/y throughput at Cadarache. Russia will start
a 60 tyw/y plant at Zheleznogorsk to provide the UO,/PuO, fuel for BN-800 (Table 7.4).

Country Location Capacity Status
tHM/ a

FBR fuel UK Dounreay 5 closed
reprocessing France Marcoule 5 closed

Japan Tokai-mura 5 in operation
FBR fuel Japan Tokai-mura 5-10 in operation
refabrication Russia Zheleznogorsk 60 planned

France Cadarache 20 closed

Table 7.4. Status of FBR fuel reprocessing and refabrication.
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7.8. The Closed Nuclear U/Pu MOX Fuel Cycle for PWRs

In a closed fuel cycle the spent fuel, after its radioactivity has decayed to a certain level in
temporary storage facilities, is shipped to a reprocessing plant for chemical reprocessing.
After chemical reprocessing, the fissile plutonium as well as the residual uranium can be re-
used to fabricate new fuel elements and be recycled in PWRs (Fig. 7.12). A small fraction of
the fissile material (about 0.1%) goes into the radioactive waste during chemical reprocessing
and refabrication of the fuel, where it is lost i.e. stored in a deep geological repository.
Recycling improves the utilization of fuel (see Section 4.8) and, consequently, decreases the
consumption of natural uranium.

MNuclear reactor plant

Fuel element fabrication

Intermediate storage of
spent fuel

A e AT T .
#y ¢ Refabrication of
. MOX-Fuel elements
y I : Reprocessing

' Enrichment

L
y g\f{tﬁﬁcation waste conditioning
uranium mine
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Fig. 7.12. The closed nuclear U/Pu (MOX) fuel cycle for PWRs.

Fissile plutonium from several reactors may be collected and used exclusively in special
fuel MOX recycle reactors. Also, every PWR can recycle its own plutonium generated in
preceding operation cycles. In both cases this is then called self-generated recycling (SGR).

7.8.1.  Plutonium Recycling as Plutonium Uranium Mixed Oxide (MOX) Fuel in the
SGR mode

In the SGR mode (shown by Fig. 7.13), continuous mixing of recycled plutonium with
"fresh" plutonium from spent LEU UOX fuel elements leads to an optimum high percentage
of the fissionable plutonium isotopes Pu-239 and Pu-241 such that up to, e.g. three full
recycles of the plutonium become possible. Thus, the safety parameters, e.g., the coolant void
coefficient of full MOX core PWRs can be kept at tolerable values.
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Figure 7.13.  Scenario for plutonium multi-recycling in the SGR mode for a cluster of M of
PWRs.

The plutonium bearing MOX fuel elements have the same structural design as LEU UOX
fuel elements of PWRs. Each fuel rod of such a fuel element contains UO,/PuO, mixed oxide
(MOX) fuel pellets. The average fissile plutonium enrichment is chosen such that the same
discharge burnup as in the LEU fuel elements can be achieved. If a certain fissile plutonium
enrichment of, e.g., 6% shall not be exceeded for safety reasons, small amounts of U-235 are
added to achieve the required criticality values.

Enrichment zoning within the fuel elements is necessary to avoid local power fissile
peaks. This is achieved by giving the fuel rods at the periphery of the fuel subassemblies a
lower Pu enrichment, while all remaining fuel rods of the inner part of the fuel element have
a higher enrichment.
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Also water filled rods can be arranged evenly distributed in the fuel element. In this case
all MOX fuel rods can have all the same fissile enrichment.

Isotopic Plutonium in wt%
composition 10 years after unloading

(50 GWd/tum)
Pu-238 2.8
Pu-239 55.1
Pu-240 233
Pu-241 9.3
Pu-242 7.6

Table 7.5. Plutonium isotopic compositions of PWR spent fuel after 50 MWd/tyy at burnup
and 10 years of intermediate storage. (This isotopic plutonium composition differs
somewhat from the plutonium in Table 12.2 due to different cross section sets
used.) [28].

7.8.2.  Plutonium incineration in PWRSs during several recycling steps

Broeders [28] analyzed recycling of plutonium in PWRs applying the SGR mode. The

plutonium from reprocessing of spent fuel element of several LEU MOX PWRs is collected

until a first full MOX PWR can be started. This is explained in Fig. 7.13. The assumptions of

Broeders [28] for this SGR recycling strategy were:

—  4.5% U-235 enrichment of the fuel element of the UOX PWRs

— 6% max. Pugg enrichment for MOX fuel (if needed low enriched U-235 is added to fullfil
criticality conditions)

— the plutonium isotopic composition is shown by Table 7.5

— 6 burnup cycles within 10 years, 1.e. 20 month per burnup cycle

— 7 years cooling time of the spent after unloading from the core and time for reprocessing

— 3 years time for refabrication of the MOX fuel including time for transport.

For a maximum average burnup of 50 GWd/tyym and the above time periods for burnup,
reprocessing, refabrication and transport it is appropriate to consider a cluster of M = 8§
PWRs. Initially these PWRs are operated with LEU UOX fuel with 4.5% U-235 enrichment.
Their spent fuel is reprocessed and MOX fuel elements with about 6% Puss enrichment are
fabricated. These MOX fuel elements with an isotopic mixture M1 given in Table 7.5 are
loaded into a first MOX PWR which can be started after 10 years (Fig. 7.14). The plutonium
from the spent fuel elements of this full MOX-PWR is again mixed with plutonium coming
from 7 operating UOX PWRs. This mixing procedure is then continued until after 20 years a
new plutonium isotopic mixture M2 can be loaded to the first full MOX PWR.
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Time Reactors
year Cycle 1 2 3 4 5 6 7 8
0 1 U U U U U U U U
2 U 9] U U U U U U
- U 9] U 9] 9] 9] 9] 9]
10 6 U U U U U U U U
7 U U U 9] U U U M1
- U U U U U U U M1
20 12 U U U U U U U M1
13 U 9] U 9] U U U M2
- U U U U U U U M2
30 18 U U U U U U U M2
19 U 9] U U 9] U M3 | M3
- U U U U U U M3 | M3
40 24 U 9] U 9] 9] U M3 | M3
25 U U U U U U M4 | M4
- U U U U U U M4 | M4
50 30 U U U U U U M4 | M4
31 U U U U U U M5 | M5
- U U U U U U M5 | M5
60 36 U 9] U U U U M5 | M5
37 U U U U U U M6 | M6
- U 9] U U 9] U M6 | M6
70 36 U U U U U U M6 | M6
U: PWR with UOX fuel; Mi: PWR with MOX fuel of generationi=1....6

Fig. 7.14. Scenario for multi recycling of plutonium in full MOX PWR cores in a pool of
8 PWRs adequate for a target burnup 50 GWd/tywm [28].

After 30 years a second full MOX PWR can be added. These two full MOX PWRs
operate with plutonium isotopic mixture M3 between 30 and 40 years, with plutonium
isotopic mixture M4 between 40 and 50 years, with plutonium isotopic mixture M5 between
50 and 60 years and with plutonium isotopic mixture M6 between 60 and 70 years. Table 7.6
shows the plutonium isotopic composition for the MOX fuels M1 to M6.

Plutonium Compositions Pu-238 | Pu-239 | Pu-240 | Pu-241 | Pu-242
(Wt%)
Ml 2.8 55.1 233 7.6 7.6
M2 3.5 49.4 26.2 10.0 9.4
M3 3.9 46.8 27.9 9.2 10.8
M4 4.3 43.1 28.9 9.9 12.3
M5 4.6 41.5 29.3 9.5 13.6
M6 4.8 40.4 29.6 9.1 14.1

Table 7.6.  Plutonium isotopic compositions M1 to M6 for SGR recycling strategy [28].
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This SGR mode plutonium recycling procedure can be terminated, e.g. after 30 or 70 years
(Fig. 7.14) and the plutonium can be loaded into the cores of FRs having better neutronic
characteristics for the incineration of plutonium compositions like M2 to M6. Broeders [28]
noticed that plutonium isotopic compositions like M3 or M4 would lead to untolerable
coolant temperature coefficients. This unacceptable feature could be counteracted by the
selection of wider spacings of the MOX fuel rods in the MOX fuel assemblies.

As can be seen from Table 7.6 the percentage o