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The rising problem of fossil fuel reserve limitation along with environmental constraints connected with climate change and the necessity to reduce CO, emissions
led to the recognition of nuclear energy as green energy. Currently, nuclear energy amounts to ~10% of the global generating electricity of ~4300 GW. Of the three known
nuclear fuel elements: thorium, uranium, and plutonium, most of the operating nuclear reactors use uranium or a mix of uranium-plutonium as their fuel. As a result of using
such a fuel for more than 50 years, a huge amount of long-lived hazardous radioactive waste has been accumulated. On the other hand, thorium as a nuclear material has
several advantages over uranium. Among others, the advantages include favorable nuclear properties, along with much reduced nuclear waste. The article includes an
overview of thorium as a prospective natural source of future energy. It deals with world thorium reserves (including in Egypt), the rationale of the thorium-based fuel cycle,
the reasons behind the selection of thorium fuel, and issues to be considered while dealing with the thorium nuclear fuel cycle.

Introduction

The world is facing the reality of increasing energy demand
and depleting natural energy resources. The increase is dictated
by several reasons among them are population increase,
economic development and increased urbanization. In 2022
primary energy production totaled 631.6 EJ, of which 88.76%
are fissile fuel, 6.76% are renewables, and 4.48% are nuclear.
Climatic change mitigation requires about 87% reduction of CO,
emissions, the major source of which is the burning of fissile
fuel, in the next 40-50 years, in order to keep the mean global
temperature increase below 1.5 °C. Most energy analysts find
that the replacement of conventional fissile fuel with near-
zero carbon emissions sources cannot be done, in this period at
least, by renewable sources alone [1-3].

On the other hand, nuclear fission energy (NE) has
incomparable advantages over other conventional energy
systems in solving the conflicts between the rapid growth of
energy needs and environmental protection because of its high
energy density, low carbon emissions, and the potential for
sustainable development [4].

Interest in the uses of thorium as fuel for nuclear fission
reactors has accompanied the dawn of various diversifications
in the design and testing of these reactors since the mid-1950s,
when the Oakridge National Laboratory in the United States
of America designed and operated the “Molten Salt Reactor
Experiment” (MSRE), in which it operated successfully at high
temperatures and constant normal pressure. It operated at a
capacity of 7.4 MWth, using different salts for both the coolant
and fuel circuits. In the fuel department, uranium-235 was
used during the period 1965-68, then uranium-233 during the
period 1968-69 [5].

During the seventies, different designs for molten salt
reactors were studied, using molten salts of a mixture of uranium
and thorium or plutonium and thorium in the fuel circuit.
Later, research and development programs demonstrated the
simplicity of design, operation, and maintenance of this type
of reactor and its suitability to operate at higher capacities for
various purposes such as generating electricity or converting/
burning nuclear waste [6].

As for electricity production, the IAEA 2023 estimates based
on a constant 11% nuclear share, suggest a 19% increase in NE
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to 464 GWe in operation in 2030 (from the 2022 371 GWe) and
to 674 GWe in 2050 [7,8].

The present work is to provide an overview of thorium use
as a prospective natural source of future energy. It deals with
world thorium reserves (including in Egypt), the rationale of
the thorium-based fuel cycle, the reasons behind the selection
of thorium fuel, and issues to be considered while dealing with
the thorium nuclear fuel cycle.

Rational of nuclear energy

Nuclear energy systems offer many potential advantages
yielding sustainable energy production [9]. These include:

Proven technology

Nuclear fission energy, in peaceful use since 1955, with
decades of operating experience as a proven energy source
(440 reactors with ~ 19000 reactor* years operating experience
producing about 9% of world 2023 electricity) can make a
serious contribution to carbon emission reduction in the next
30 years.

Extended life for fuel

Present nuclear reactors, mostly light water reactors require
enriched uranium for their operation. Reprocessing of spent
nuclear fuel to extract plutonium is seen as a requirement in
the longer term due to the limitation of uranium resources. The
use of thorium in the fuel mix adds to fuel life extension and
reduces spent fuel burden.

Base load generation

Conventional nuclear power provides a constant energy
output, so it is ideal to supply a base-load generation. NPPs can
operate in a load-following mode with other base-load plants
(fossil fuel, or hydro) to provide 24x7 constant power output.

Proliferation resistant

Both enrichment and reprocessing technologies have been
for many years recognized as proliferation-sensitive. Most
countries utilizing peaceful use of nuclear power follow the
safeguards regime of the IAEA, which aims to prohibit non-
peaceful use of nuclear technologies.

The problem of nuclear waste

Current generations of nuclear power reactors burn
essentially low-enriched 235U. They use less than 1% of the
natural uranium, leaving the remaining (> 99%) as radioactive
waste [10]. A typical 1 GWe LWR unit using U fuel in a year
generates ~ 37 tons of used nuclear fuel (NF) [11]. According
to US EIA over the past four decades, US nuclear industry has
produced ~ 76.4 kt of used NF, expected to reach ~ 162 kt by
2050. In 2016 the world nuclear industry generated a total of
~ 15.5 kt of used NF, expected to reach ~ 26.4 kt in 2050. This
means that in 2050 a total accumulated inventory of ~ 732 kt
of used NF will be added to the 327 kt accumulated till the year
2015.

Hence, for the lifetime of the nuclear industry fleet, total
accumulated nuclear waste may account for ~1 Mt of spent
nuclear fuel. Of which ~ 250 kt of highly radioactive spent
fuel (responsible for more than 95% of the accumulated
radioactivity) are distributed across some 14 countries.

Need for change: Thorium vs. Uranium

Thorium-232 is 3-4 times more abundant than uranium.
Thorium is available in India, Brazil, Australia, the USA, Egypt
Turkey, and many other countries. It is not a fissile material but
it can produce U-233 in a nuclear reactor. From the neutronic
standpoint, U-233 is an excellent nuclear fuel as compared to
other fissile materials namely U-235, and Pu-239.

Thorium dioxide is the only stable oxide of thorium, which
accounts for its greater stability compared to uranium dioxide.
It is much more resistant to chemical interactions and has a
high thermal conductivity.

Thorium produces much less minor actinides from fission,
reducing dramatically the amount of spent fuel nuclear waste.

Thorium fuel fabrication is similar to U-fuel. However,
it requires remote operation because of the gamma emission
from the U-232 decay chain.

In addition, the high chemical inertness of thorium dioxide
makes it very difficult to be dissolved and reprocessed. Because
of these properties, the thorium fuel cycle is considered a more
proliferation-resistant nuclear fuel [12,13].

Thorium resources

Table 1 gives in situ estimated 2020 continent distributed
world thorium resources. The reserves are compared with the
world 2022 in situ total uranium reserves of 7660 kt [14].

Thorium resources in Egypt

Egypt is considered one of the countries with high
resources of thorium ore and ranks Fifth in the world with on-
site resources of approximately 380 thousand tons of thorium

Table 1: Identified thorium resources.

Continent Region Total Resources
° kt Th (in situ )

North Sahara 410

Africa
South Sahara 244
North 606

Americas
South 1287
Central 1530
East 115
Asia South-East 35

South 867
West 260
Australia 474
East 215

Europe
West 520
World total (Th) 6563
World total (U) 7660
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(according to data from the European Nuclear Agency for the
year 2016), which is, approximately 6.25% of the known and
estimated global reserves. Egypt’s estimate of these resources
datesbacktothe1960sand1970s,and most of it is located within
the black sand belt on the Mediterranean coast, extending from
Alexandria in the west to Al-Arish in the east. Recently, there
has been increasing interest in exploring thorium and uranium
deposits in the mountains of the Eastern desert and in the
Abu Zenima area in South Sinai. Table 2 shows in situ thorium
resources, as well as Reasonably Assured Reserves (RAR) for
the first seven countries having in situ resources [14].

Black sands in Egypt

Occurring along the Mediterranean coastal plain North of
the Nile Delta, especially at the Nile outpourings near Rosetta
and Damietta are beach placers deposited from the Nile stream
during flood seasons reaching the Mediterranean Sea at river
mouths.

Two types of black sands: the concentrated ore - very dark
in color and contains 70- 90% of heavy minerals, and the
diluted ore - lighter in color and contains up to 40% of HM.

BS contain some economic minerals such as ilmenite,
hematite, rutile, magnetite, zircon, garnet, and monazite [14].
Some areas were studied in detail, and resources of economic
minerals in the Rosetta area were estimated at 1000 tons
[15,16].

Table 3 gives an analysis of a separated monazite sample.
As is clear thorium content is ~ 10 times more than the uranium
content [17].

Rationale of Th-based Fuel

The thorium element is of higher natural abundance
(10 ppm) characterized by ease of mining operations. Oxide
(ThO,) melting point is ~3370°C, the highest among all oxides.
Thorium is very insoluble, which is why it is plentiful in sands
but not in seawater, in contrast to uranium. ThO, has higher
chemical and radiation stability. Excellent performance of
thorium compounds: ThO,, (Th,U)0,, ThC, and (Th,U)C, as fuel
in HTGRs.

22Th-233U fuel cycle is effective in burning long-lived
transuranics in fast neutron reactors of a ‘once-through’ cycle,
hence reducing the spent fuel nuclear repository burden. It has
excellent possibility as fuel in CANDU-PHWR, ACR, and AHWR.

The thorium fuel cycle does not produce plutonium,
the entry door to nuclear waste. The use of thorium-fuel in
Accelerated Driven Systems (ADS) is more advantageous than
uranium for nuclear fuel breeding [18,19].

Importance of nuclear fuel breeding

Nuclear fuel is not renewable by itself. Current nuclear
power fleets using the once-through fuel cycle may exhaust all
currently known uranium reserves within 100-200 years. The
use of known thorium reserves may extend the fuel lifespan for

an additional 300 years. Prolonging the lifespan of nuclear fuel
could be achieved using two techniques:

1- Reprocessing of the accumulated spent fuel to recover
the remaining valuable fissile isotopes (>98% of
the originally used virgin fuel). The process could
be repeated, however with little improvement of the
remaining nuclear waste

2- Using breeder reactors that generate more fissile
material than they consume. Breeder reactors could,
in principle, extract almost all of the energy contained
in uranium or thorium, decreasing fuel requirements
by a factor of 100 compared to the widely used once-
through nuclear reactors. Here thorium is the best
choice for fuel breeding covering a wide range of
neutron energies from thermal to fast [20,21].

While calculating the time required to provide the equivalent
of total primary energy, the following data were used: world
total U resources 7.66 Mt, world total Th resources 6.56 Mt,
U from phosphate reserves 20 Mt, U from seawater 4000 Mt,
total 2022 primary energy 631,6 EJ, modern 1GWe PWR reactor
requires 29 tUO, out of 245 tu,0,, modern non-breeder reactor
can pull 60 MWd/kg, while a breeder reactor - 900 MWd/kg
[22-24].

The time durations given in Table 4 are compared with
World global reserves that are estimated to last: Oil — 53 years,
Gas — 85 years, and Coal — over 220 years.

Conclusion

The use of both uranium and thorium fissile materials is
essential to meet current and future energy demands. Thorium
has the potential to contribute towards a more sustainable
nuclear electricity production, including more efficient
resource utilization, much less spent fuel burden, and lower

Table 2: Thorium in situ and proven reserves for some countries.

e

Thorium resources on 846 | 632 | 595
site (kt)
Proven reserves (RAR)
(kt) 319 172 122 76 100 NA NA
(130 USD/kg)

Table 3: Concentration in monazite mineral (85% purity), analysed by XRF.

58.7

Table 4: Time providing 100% of primary energy (years).

Non- Non-breeders Breeders | Breeders | Breeders
breeders
Mined U&Th
Nuclear . Mined U & Phosphate . Mined ine
Mined U . Mined U & 20%
Fuel deposits U&Th
Sea-water U
Fuel Mass,
I 77 ~28 766 14.22 ~ 814
Mt
Years 7.4 27.3 9,43e+2  1.75e+3 1.0e+5

Citation: Comsan MNH. Thorium - A Prospective Source of Energy. Insights Nucl Energy Sci Eng. 2024;2(1):001-004.

Available from: https://dx.doi.org/10.17352/inese.000002



™ PeertechzPublications Inc.

https://www.engineegroup.com/inese‘ 8

lifecycle emissions. Advancement in nuclear fuel technology is
vital for better use of known conventional and nonconventional
resources of fissile materials.

The development of fast breeder reactors and the use of
closed and thorium-based fuel cycles may extend at large the
lifetime of nuclear energy generation.

Considerable effort and investment are still needed to
develop and characterize new fuel compounds for use in future
generations of nuclear reactors operating at high temperatures
and high power density.

More research and development are to be directed towards
the use of homogenous reactors for isotope production and
molten salt reactors for power generation.
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