(SIPIS)

| swiss physical society

SPGIVIMTEICUNGEN
CONNUNICATIONS DE LA SSP

AUSZUG - EXTRAIT

Why should you be interested in Thorium Power? (Pa

Maurice Bourquin, iThEC, international Thorium Energy Committee, Geneva, Switzerland

This article has been downloaded from:
https.//iwww.sps.ch/fileadmin/articles-pdf/2018/Mitteilungen_Thorium_1.pdf

© see https.//www.sps.ch/bottom menu/impressum/




e la SSP No. 54

Energy Highway, revisited

For decades, the question of a long-term energy solution has
often been driven by ideology rather than based on physical
arguments. Each contestant praised their own advantages
while demonizing the disadvantages of the others, thus in-
hibiting bundling methods to an optimum solution. There is
no doubt that the existing nuclear power plants are based
on aged technology, and that without adequate storage ca-
pacity, renewable energy methods can’t provide band ener-
gy, and thus bring dangerous instability to electricity grids
that already are working at their capacity limits. In addition,
innovative approaches such as nuclear fusion, even in the
most optimistic scenarios, will not be ready for deployment
for several decades to come. Nevertheless, each method
has its advantages, and we should continue to search for
the optimal mix of energy sources, and also taking into ac-
count new constraints. Many innovative solutions are cur-
rently resting, or are not advancing at an adequate pace,
since current energy supplies have apparently become very
cost-effective due to the radical exploitation of new fossil
sources. However, if one looks at the damage they cause in
the long term, disillusion will set in sooner or later.

Thus, in conclusion, the energy issue has to be reviewed
considering all available facts. First, we note that demand for
affordable energy will increase much more than previously
assumed due to the increasing digitalization, mobility and
standard of living of an ever-increasing share of the popu-
lation. Furthermore, global warming, which can no longer

be ignored, forces us to seek urgently low-carbon solutions.
And finally, the problems with the current nuclear power
concept must be tackled, which are the possible release
of radioactive isotopes, the politically apparently insoluble
handling of long-lived radioactive waste, and the production
of weapons-grade plutonium. Especially this last point must
be of great concern when today politicians publicly boast
about having the bigger 'red button' at their disposal.

The following article describes thorium breeding as a con-
tribution to redefine nuclear power technology. It is not new,
but it promises significant benefits over traditional uranium
reactors. It has not been seriously promoted over the dec-
ades, as it can’t provide the big national defense depart-
ments with material ready for nuclear weapons.

In the first part, our author describes the physics of thorium
breeding and its remarkable advantages from a first-hand
account, while in the second part (to be published in the
SPG Mitteilungen Nr. 55) he recalls a method first proposed
by Carlo Rubbia (CERN), using external neutron injection to
control reliably the breeding process. Thorium technology
also provides a solution to the unsolved problem of storing
long-term isotopes by transmuting them to short-lived iso-
topes. These can then be handled safely, without burdening
future generations.

BB, HPB
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Abstract

We live in a world where the demand for energy is increas-
ing, where the use of fossil fuels is threatening the envi-
ronment, and where innovative scientific and technological
solutions are needed to meet the “decarbonization chal-
lenge”. Thorium-fueled systems are being developed in
many parts of the world, to produce electricity, to incinerate
accumulated radioactive wastes, and to contribute to pro-
tecting the climate and reducing atmospheric pollution. Is
there hope for thorium?

Innovative solutions to meet the “decarbonization chal-
lenge”

All climate conferences in the past showed, and the recent
23 UN Climate Change Conference COP23 emphasized it
even more, that the decarbonisation challenge is of central
importance for our planet. But building sustainable energy
policies across the world is increasingly becoming a balanc-
ing act between climate protection, energy security, profita-
bility and public opinion. This calls for:

+ a cost-conscious approach to energy consumption, and
higher energy efficiency,

+ an increased use of new renewable energies, such as
electricity production from solar power and from wind
turbines, taking into account that these sources are in-
termittent and need an equivalent amount of carbon-free
back-up power in order to cover the global needs,
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- a transformation and reduction of the use of fossil fuel,

+ the development of new large non-fossil power plants
that are safe, environment clean and economical; to-
gether with hydropower and wind-based electricity, nu-
clear power is among the lowest greenhouse gas and air
pollution emitters, when their entire life cycle is consid-
ered. However nuclear energy has to be made accept-
able to society, in terms of safety, waste management
and non-proliferation. This challenge may turn out to
be an opportunity, as the innovation required will drive
economic growth. This is particularly true for non-OECD
countries that do not have yet a fully developed nuclear
industry.

The important question is therefore NOT if we should
say yes or no to nuclear energy, but is there an alterna-
tive to the present nuclear technologies? In Switzerland
the law on nuclear energy has been modified in 2017,
to the effect that “the Federal council must report re-
gularly to the Parliament on the development of nucle-
ar technology” (Art. 74a). This paper is in line with this
process.

Toward innovative nuclear power

All commercial-scale nuclear power reactors in operation in
the world today, about 450 of them, rely on the uranium-plu-
tonium fuel cycle, in which the rare isotope uranium-235 is
the principal fissile nuclide providing the fission neutrons
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needed to maintain criticality and power output. They pro-
vide about 11 % of the electric power in the world.

But it must be recognized that this nuclear power based on
thermal reactors has no sustainable future. It cannot solve
its fundamental problems: limited uranium resources, com-
plex safety features (e.g. water-cooled reactors operate
at high pressure), unresolved radioactive waste handling,
economics, proliferation risks, etc. It is generally believed
that the present aging generation of nuclear power stations
should not be replaced by similar technology. A major step
of innovation is required. Most nuclearized countries are
pursuing Generation-1V reactors, where in several options
fast breeder reactors are foreseen, which are not the solu-
tion since this will lead to plutonium driven economies, with
their expected problems of safety, proliferation, etc.

The thorium solution

Can one imagine a world without uranium, without a Cherno-
byl accident, without a Fukushima Daiichi meltdown, without
long-lived radioactive wastes...? The properties of another
element, thorium, have been successfully demonstrated in
the past. Today thorium fuel could provide an alternative,
sustainable, safe, low-waste and proliferation-resistant fuel
for nuclear power generation.

Thorium can be found in
small quantities in most
rocks and soils, it is about
four times more abundant
than uranium and about
as frequent as lead. It is
part of several minerals,
such as monazite, which
can contain up to 12 % of
thorium oxide, as, for ex-
ample, in the rare-earth
Steenkampskraal mine in
South Africa. There are also large deposits of thorium in In-
dia, Turkey, Brazil, Australia, Norway, and the USA. Thorium
is often a by-product of mining for rare-earth metals, e.g. in
China and South Africa. Known and estimated recoverable
resources are between 6.6 and 7.4 million tons according to
IAEA, which represents about 1000 years of present total
world energy consumption (Fig.1).

Fig. 1. Thorium is chiefly refined
from monazite beach or alluvial
sands (credit P. K. Wattal, BARC,
India).

Unlike uranium-235, thorium-232, the only isotope of thori-
um occurring in nature today, is not fissile and must first be
transformed within the core into the isotope uranium-233,
which is fissile (see Info Box). This breeding reaction uses
almost all of the thorium present in the core, giving a po-
tential gain factor of 140 compared to pressurized water re-
actors (PWR), where U-235 used constitutes only 0.7% of
natural uranium, in addition to a factor of 4 in abundance.
Other advantages are a) the negligible production of plu-
tonium, b) the hard gamma radiation from U-232 render-
ing fuel completely unsuitable for weapons, c) the simple
control to avoid the production of macroscopic quantities of
tritium and finally d) the potential to burn present and future
nuclear waste, instead of storing it for hundreds of millennia
underground. Very long-lived plutonium and minor actinides
(neptunium, americium, curium) generated by the uranium
cycle can be mixed with thorium and burnt as fuel, reducing
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Fission reactions in which a natural element is first
bred into a fissionable one:

Uranium BReebiNg CYCLE
Natural U-238 + n —» Pu-239; Pu-239 + n — fission + 2.5 n

THorium BReebpiNG CYCLE
Natural Th-232 + n - U-233; U-233 + n — fission + 2.3 n

4

Extra neutrons needed to sustain a chain
reaction produced by ADS

radiotoxicity by orders of magnitude and turning a liability
into an asset in reactors.

The use of thorium as nuclear fuel is not new. Between 1950
and 1980, several critical reactor prototypes using thorium
were built. They demonstrated that such reactors could be
operated and have very good safety properties. In particular
this technology was investigated at the Oak Ridge National
Laboratory Molten-Salt Reactor Experiment in the 1960s.
However, the uranium-plutonium fuel cycle necessarily had
to be established first (in particular for producing the plutoni-
um to be used in atomic weapons) and once the infrastruc-
ture was in place the thorium fuel cycle was disadvantaged.

U-233 is an excellent fuel for a breeder system, especially
with fast neutrons, where n, the number of neutrons pro-
duced with respect to neutron absorbed, is about 2.3 (Fig.
2). But the environment (the presence of Th-232 and U-238)
has to be taken into account. Th-232 and U-233 cannot sim-
ply be substituted for PWR fuel, mainly because of the high-
er neutron capture rate on thorium and the relatively long
half-life of Pa-233.

Several countries have understood the potential of thorium
for electric power generation and reduction of radioactive
wastes. Many current R&D activities were reported during
the international conference organized at CERN by iThEC
in 2013 [2]. For example, a three-stage strategy to use thori-
um is being developed in India, a test burning spent nuclear
fuel using thorium will be conducted in China in a few years,
thorium fuel is being tested in a light water reactor in Nor-
way, researchers in a Dutch nuclear-material firm have be-
gun tests of nuclear fission using thorium salts. The thorium
fuel cycle should have major advantages over the uranium
fuel cycle:

« Thorium is more abundant and wide-spread than ura-
nium. ThO, should be cheaper than UO, on the world
market. Its price may not escalate as much as that of
UQO,. There are for example already thousands of tons of
thorium stockpiled in the Nevada desert;

+ The reactors can use liquid fuels which have significant
advantages in operation, control and processing over
solid fuels. Liquid fuels work at high temperature without
pressurization;

* The use of thorium minimizes long-lived nuclear waste
production. For instance, it takes 7 successive neutron
captures to produce Pu-239 from Th-232, an unlikely
chain. For similar reasons, the production of minor ac-
tinides is highly suppressed, contrary to U-238, thus
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Fig. 2. Number of neutrons produced per neutron absorbed in various fissile nuclei, as a function of neutron kinetic energy (credit C.
Rubbia, [1]). For breeding to be possible, n has to be larger than 2, which is the case with U-233 for nearly all neutron energies.

reducing the size and complexity of long-term nuclear
waste storage sites;

+ Thorium is an excellent fuel for burning plutonium in both
thermal and fast reactors;

U-233 formed cannot easily be used for weapon manufac-
ture, since U-232 is also produced. U-232 radioactive de-
cay chain leads to highly radioactive thallium 208, providing
resistance to nuclear proliferation. The high decay heat of
plutonium produced, if medium enriched uranium is used
to start the thorium cycle, also provides resistance to pro-
liferation.

Thorium reactor options

There are three main methods:
* Breeding U-233 in thorium “blankets” around critical re-
actors, to introduce it afterwards in advanced thermal or
fast critical reactors; this is the Indian strategy;

Continuously recirculating or recycling the burnt fuel af-
ter removing accumulated neutron poisons and continu-
ously refueling the reactor, in order to always have fresh
fuel to guarantee a positive neutron inventory; this is
the solution implemented in molten salt critical reactors,
such as Liquid Fluoride Thorium Reactors, which can be
operated at atmospheric pressure, thus requiring much
simpler containment than water cooled reactors;

Providing extra fast neutrons with an external source
generated by a spallation target driven by a beam of
high energy protons from an accelerator. In the 1990s,
Nobel Prize laureate Carlo Rubbia gave a major push
to this Accelerator-Driven System (ADS) technology, by
launching a vigorous research program at CERN, based
on the development of innovative simulation of nuclear
systems, specific experiments to test basic concepts,
and construction of an advanced neutron Time of Flight
facility to acquire neutron cross-section data.

The second part of this article will describe present efforts in
developing thorium-fueled ADS.
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