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Thorium is a naturally occurring radioactive element that has been identified as
a potential alternative fuel for nuclear energy production. Additionally,
thorium-based nuclear reactors have inherent safety features that reduce
the risk of nuclear accidents and proliferation. As a result, there has been
growing interest in the development of thorium-based nuclear energy as a
viable alternative to fossil fuels. This paper looks at the present status of
thorium nuclear fuel technology, providing an overview of thorium as a
prospective natural resource for future energy, the global availability of
mineral supplies, and discusses the technical, economic, and environmental
factors that may influence its implementation. Potential advantages and
challenges critical to further development associated with thorium-based
nuclear energy are highlighted as well, and an outlook on its future
prospects is provided. Thorium offers advantageous physical and chemical
properties over uranium, has a higher energy density, and produces less waste,
in addition to its greater natural abundance, making it to be considered a
“future nuclear fuel”. There are concerns about the cost and scalability of
thorium-based nuclear energy, with uncertainty around the cost to develop,
build, and operate thorium reactors, as it has not yet been demonstrated in
large-scale commercial reactors—although almost all current reactor types
have been built and run using thorium—as it is the case with Uranium-based
nuclear technology—the dominant form of nuclear energy for over half a
century, having received much more investment and attention than
thorium-based technology. Thorium has the potential to contribute towards
a more sustainable nuclear industry, including lower lifecycle emissions and
more efficient resource utilization, but for this, an acceleration of efforts to
date is needed to ensure that this becomes an important climate change
stabilizing wedge by the mid-21st century.
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1 Introduction

1.1 Global electricity production,
accessibility, and lifecycle GHG emissions

The major sources of global electricity production are crude oil
followed by coal, natural gas, biofuels/waste, nuclear, and hydro
(Figure 1) (British Petroleum, 2022; EMBER 2022; 2023). Despite
historical gaps in access to electricity among the world’s regions
and between urban and rural populations, the lack of accessibility
to electricity over the globe has decreased, but in regions of greater
population growth the gap 1is still proportionally large
(International Energy Agency, 2011). The lifecycle of GHG
emissions from various electricity sources is presented in
Figure 2, where the highest emissions originate from lignite,
coal, oil, and solar PV sectors, whereas the sectors of nuclear,
hydroelectric, and wind energies are categorized as having
substantially lower emissions (World Nuclear Association,
2022a). Understanding the lifecycle GHG emissions of a
product process
environmental impact by quantifying the emissions according

or is important for evaluating its
to each stage of a product or process’s lifecycle. As an example,
for a car, it would include the emissions from the extraction of raw
materials for the car’s components, the emissions from the
manufacturing process, the emissions from transporting the car
to the dealership, the emissions from the fuel used during its

operation, and the emissions from the car’s disposal at the end of

10.3389/fenrg.2023.1132611

its life. This also makes it possible to identify areas where emissions
reductions can be achieved, such as through more efficient
manufacturing processes, the use of cleaner energy sources, or
the development of more sustainable end-of-life disposal methods.
Nuclear reprocessing is included in the lifecycle GHG emissions of
nuclear energy. It consists in extracting usable nuclear materials
from spent nuclear fuel, which allows for the recovery and reuse of
valuable nuclear materials and reduces the amount of waste that
requires disposal. This process, however, requires significant
amounts of electricity and other energy inputs, which in
consequence, contribute to greenhouse gas emissions. There are
also environmental and safety concerns associated with the
handling and storage of nuclear waste and the reprocessing of
spent nuclear fuel that have to be considered.

Those values are in accordance with the comprehensive study of
(Lenzen, 2008), who proposed that lifecycle emissions for LWR
(light water reactor) and HWR (heavy water reactor) to be 10-130 g
CO,-e/kWh,, (average 65 g CO,-e/kWh,j). These values compare
favorably to those of fossil technologies (600-1,200 g CO,-e/kWh,))
and solar photovoltaic or solar thermal power (90 g CO,-e/kWhy),
though they are measurably higher than for wind turbines and
hydroelectricity (15-25g CO,-e/kWh,). Nevertheless, nuclear
energy is an important component of the transition to more
sustainable energy (Office of Nuclear Energy, 2021), especially in
the case of next-generation reactors and fuels (Ho et al, 2019), and
thus can potentially become a critical climate stabilization wedge
(Haque et al, 2021).

Electricity production by source, World, 2021

Coal

Gas

Our World
in Data
10,085.9 TWh

6,337.96 TWh

Hydropower 4,234.35 TWh
Nuclear 2,739.32 TWh
Wind 1,848.26 TWh
Solar 1,040.5 TWh
Qil 764.52 TWh
Bioenergy . 666.28 TWh
Other renewables I 95.65 TWh
0TWh 2,000 TWh 4,000 TWh 6,000 TWh 8,000 TWh

Source: Our World in Data based on BP Statistical Review of World Energy (2022); Ember (2023)

OurWorldInData.org/energy ¢ CC BY

Note: 'Other renewables' includes waste, geothermal and wave and tidal energy.

FIGURE 1

Global electricity production by various sources year 2021 (data adapted from British Petroleum (2022); Ember (2023)).
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FIGURE 2

Average life-cycle CO; equivalent emissions (data adapted from World Nuclear Association (2022a)).

1.2 Global nuclear reactors by 2030

Countries like China and India, where energy demands have
rapidly grown and are expected to continue growing, plan to build a
large number of nuclear reactors by the year 2030 to fulfill future
demand. It is expected that by the year 2040, the amount of nuclear
reactors in the world is expected to reach 622—considering
123 reactors closing by then, and 308 coming online—from
437 in 2021, achieving an electricity generation of 871 GWe by
2050, up from 389.5 GWe in 2021 (Figure 3) (International Atomic
Energy Agency, 2023; World Nuclear Association, 2022b; World
Nuclear Association, 2023). It is important to point out the situation
in France, where half of its 56 reactors are about 40 years old, and
many are unusually down for maintenance—by September 2022, no
fewer than 25 reactors were out of action: ten for routine
maintenance, the rest for corrosion analysis or repairs (The
Economist, 2022). These trends dictate that the future need for
nuclear fuel will be substantially higher compared to the present
situation, but this is cause for concern given geopolitical instabilities
and the environmental impact that follows new mining activity.
These are key factors to foresee the greater thorium requirement for
future needs (Loiseaux et al, 2022).

2 Uranium versus thorium

Until now, the nuclear energy field has mainly depended upon
uranium resources. Six key factors project the future needs for
alternative nuclear fuel, these are: global energy resources, global
electricity situation, global non-accessibility of electricity, lifecycle of
greenhouse gas emissions, global non-renewable energy resources,
and nuclear reactor technology condition (tied to estimations for
future needs) (Warner and Heath, 2012). Thorium (***Th) is a fertile
radioactive element, i.e., can capture a neutron to become ***Th,
which through double beta decay becomes fissile ***U, a nuclear fuel
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(Banerjee et al, 2011). Tt is available on Earth’s crust at 3 to 4 times
more than uranium (Schaffer, 2013), and is thus an important
resource for future energy (Salehuddin et al, 2019). The global
reserves of uranium and thorium are presented in Figure 4
(World Nuclear Association, 2020b; World Nuclear Association,
2022b). The top five nations for uranium reserves are Australia,
Kazakhstan, Canada, Russia, and Namibia (accounting for 67% of
world reserves, i.e., two-thirds), whereas the top five countries for
thorium reserves are India, Brazil, Australia, USA, and Egypt
(accounting for 47% of world reserves) (Figure 4). Notably,
thorium reserves are more widespread than those for uranium,
which geopolitically can be beneficial but can also signify a lower
number of large concentrated reserves and hence challenges for
economic exploitation. Some factors put thorium in a privileged
position: its contribution to the burning of excess plutonium, less
generation of long-lived waste, higher burn-ups and temperatures
capability, and sustainability, considering uranium reserves [Lung
and Gremm, 1998].

Global nuclear energy consumption has been estimated in terms
of million tonnes oil equivalent for seven regions of the world: North
America, South/Central America, the Commonwealth of
Independent States (CIS) in Eurasia, Middle East, Africa, and
Asia Pacific (Figure 5) (British Petroleum, 2019). It is clear that
nuclear power has been concentrated in regions that have large
population densities and high-income countries in combination
with reduced access to fossil and renewable energy. This makes
for a clear contrast between North America and Europe versus
South/Central America, Middle East, and Africa. The CIS and Asia
Pacific regions have complex factors that place them between these
two extremes. Overall, worldwide nuclear power generation has
slightly increased, with the construction of new power plants in
China. In lieu, there has been reactors shutdown in Europe. A critical
factor that will determine how this balance shifts in coming decades
is the availability of uranium reserves, which are expected to be
depleted leading to a shift toward thorium resources for future
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Total Net Electrical Capacity

Country MW Number of Reactors v
UNITED STATES OF AMERICA 95835 93
CHINA 53188 56
FRANCE 61370 56
RUSSIA 27727 37
KOREA, REPUBLIC OF 24489 25
INDIA 6795 22
CANADA 13624 19
UKRAINE 13107 15
JAPAN 9486 10

Country ol EI(;;HV;;:aI Szl Number of Reactors v
JAPAN 22193 23
INDIA 90 1
Total 22283 24

FIGURE 3

Top 10 countries with the most nuclear reactors (data adapted from International Atomic Energy Agency (2023)).

generations. Another factor is pricing pressures on electricity supply.
Electricity costs for various energy sources are presented in Figure 6.
With the need for carbon capture and sequestration factored in, it
has been estimated that the emissions abatement cost for nuclear
power is between USD 10.4 and USD 15.7 per tonne CO,(q) lower
than for coal-fired and gas-fired power plants, respectively
(Mendoza Espana and Bromley, 2019). Uranium, however less
satisfactory regarding energy production, is, as a general rule,
cheaper. Thorium-uranium fuel is expensive, having a break-even
cost with uranium that would only be reached if the natural uranium
price more than doubled (Serfontein, 2014). It has to be noted,
however, that there are strategic cases, like India and other countries
in which thorium is plentiful compared to uranium. [Lung and
Gremm, 1998] In addition, the revenue generated from electricity
sales combined with the reactor downtime refueling cost shows it
can be advantageous - a 14.8% savings if compared in equivalent
time frames (three thorium-based x four uranium cycles) (Du Toit,
2014). (Ashley 2014) presented normalized fuel cycle costs of 0.77¢/
kWh for a Uranium-fueled European Pressurized Reactor (EPR) as a
baseline comparison against Thorium-Uranium fueled reactors:
another EPR (0.90/kWh), an Advanced Heavy Water Reactor
(AHWR, 0.99¢/kWh), and a General Atomics’ Gas-Turbine
Modular Helium Reactor (GT-MHR, 2.37¢/kWh).

There are several advantages of using thorium as a nuclear fuel
compared to uranium. Thorium oxide has a higher melting point
(3300JC) compared to uranium oxide (2865L1C), and thorium
oxide has better thermal conductivity, a lower rate of fission gas
release (despite higher fission gas production per fission event), good
radiation resistance, and dimensional stability up to 38 MWd/kg
(Banerjee et al, 2011; Gyorgy and Czifrus, 2017). UO, easily oxidizes
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to U30g and UO3, but ThO, is relatively inert, hence, thorium oxide
is much more stable than uranium oxide, and ThO,-based fuels are
expected to have better in-pile performance than UO, and UO,-
based mixed oxide (International Atomic Energy Agency, 2005; Bell
et al, 2019); (Hania, 2012) also mentions that considering the focus
on the burning of Pu in LWRs or HWRs, further irradiation testing
of (Th,Pu)O, in the 6%-10% Pu concentration range to high
plutonium burnups is warranted. Fabrication procedures for
thorium mixed oxides are analogous to that of UO, and (U,Pu)
O,, with the main technical challenges lying in the reprocessing
steps, and subsequent (shielded) refabrication. After reprocessing,
Th**® (ty/, = 1.9 years) is found, making the output radioactive for
decades, so blending the reprocessed uranium oxide with fresh ThO,
and considering the spent thoria as waste is suggested.

The formation of U**? via (n,2n) reactions with **Th, ?**Pa, and
U, makes a great proliferation-resistance impact (International
Atomic Energy Agency, 2012). The half-life of U** is 68.9 +-
0.4 years [Tuli, 2011] and the daughter products have a very
short half-life, with some products, e.g., ***Bi and ***Tl, emitting
strong gamma radiations. From these considerations, it can be said
that Th-based fuels can be used as an intrinsic proliferation-resistant
barrier to highly enriched uranium (HEU) and weapons-grade
plutonium (WPu) (International Atomic Energy Agency, 2005);
(Kazimi, 2003) estimated that Th-based fuels could cost £10% when
compared to conventional U-based fuels, with the biggest
uncertainty being the cost of **U-rich seed, the cost of the fuel
assemblies (which need to be designed to withstand greater exposure
to heat and radiation in the core of the reactor), and the potential
future savings due to a reduction in spent fuel amounts needed to be
stored. HWR has a more flexible neutron economy compared to

frontiersin.org
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Global reserves of uranium (data adapted from World Nuclear Association (2022c)) and thorium (data adapted from World Nuclear Association
(2020a)).
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LWR, as a result of lower neutron absorption by Deuterium, in
addition to presenting the necessity for online refueling, while also
having a thermal neutron spectrum, which is an attractive
characteristic for the thorium fuel cycle (Ault et al, 2018).

3 Thorium as future nuclear fuel

Thorium has some advantageous physical and chemical
properties over uranium and that can make a reason to use
thorium as a ‘future nuclear fuel’ (International Atomic Energy
Agency, 2005), which has been discussed previously. Thorium is
considerably more abundant than uranium in the Earth’s crust, so
the use of thorium in power reactors has been considered since the
start of nuclear energy in the 1950s (Kazimi, 2003). Thorium is said
to be ‘fertile’ rather than ‘fissile’, as a quantity of Th*** transforms
into U** by absorbing neutrons within a reactor (Alexander et al,
2020). The breeding of U** from thorium is much more efficient
than the breeding of Pu* from U?*® because of less production of
non-fissile isotopes, which plays an important role in assessing the
breeding capability of a nuclear reactor design, as a measurement of
the potential for converting non-fissile material into fissile material
through the use of neutron irradiation. The International Atomic
Energy Agency (2005) mentions the absorption cross-section for
thermal neutrons of Th*** (7.4 barns) is nearly three times that of
U*** (2.7 barns), resulting in a higher conversion (to U***) with Th**
than with U*** (to Pu®®). The high neutron yield per absorption
ratio can be identified by looking at the fission-to-capture ratio of
about 10 for U**, which is only about 2.5 for Pu** (Hania, 2012).
However, it is important to point out that the theoretical physics
breeding is different from the actual engineering breeding—which
includes reprocessing losses and large uncertainties in nuclear data
of thorium fuel cycle -, meaning the effective spectrum averaged
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cross sections data would depend on the type of reactor design and
the associated neutron energy spectrum. Ganesan (2016) mentions
under-prediction for the production of U**?, given although it is
possible to apply nuclear data for the cross-section of isotopes of the
thorium fuel cycle to traces of thorium in natural uranium rods, it is
not for the irradiation of bulk thorium rods used for power flattening
in their PHWRs. There are programs, such as the IAEA CRP, that
took place between the years of 2010-2014, on improving nuclear
data of prompt fission neutron spectra. Gunsing (2016) references
the EXFOR database, with experimental nuclear reaction data fed
from the world by the International Network of Nuclear Reaction
Data Centers (NRDC), as well as the contributions from the Neutron
Time-of-Flight Facility (n_TOF) at CERN, measuring and recording
records data, and developing instrumental, detection and beam
imaging techniques, having measured fission cross sections of
Th*?, U*?, U>® among others, through different fission
detectors. Moreover, thorium compounds, such as silicon-doped
cubic ternary thorium phosphides (ThSi,P; , where x = 0, 0.25, 0.5,
0.75, 1),
breeder—theoretical —systems,

from Generation-IV nuclear

have unique chemical and
physical properties such as high melting point, density thermal
conductivity, and oxidation resistance, being prospective fuel
materials for cleaner and safer nuclear energy (Bell et al, 2019;
Siddique et al, 2021). A reactor is defined as a breeder if it produces
more fissile material than it consumes - i.e., even with expected
neutron losses, more nuclear fuel can be made from the additional
neutrons than fissioned. In theory, mastering nuclear fission
thorium breeder cycle reactors could increase the amount of
fissile material by over 100x (Dittmar, 2018).

Combinations of thorium and highly enriched uranium have
been tested in gas or water-cooled reactors, and several countries
such as India, Germany, the UK, France, Japan, Russia, Canada,

Brazil, and China have tested the use thorium-based fuels for their
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reactors (Jiyang et al, 2004; Sahin et al, 2004; Bell et al, 2019;
Mendoza Espana and Bromley, 2019), while some countries like
Tirkiye are considering it (Demirbas, 2005). However, the existence
of natural resources, the cost of exploiting those resources, a
country’s international trade balance position, and its economic
growth policies, the profitability of the electrical power and nuclear
industries are important factors that may help or prevent the
adoption of thorium-based nuclear fuel technology, making
technical ~development critical to overcoming economic
challenges (Mendoza Espana and Bromley, 2019). For example,
the excellent neutron economy in Canada deuterium uranium
(CANDU) reactors potentially enables the implementation of
thorium fuel cycles in these systems as a strategy to conserve
uranium fuel resources and as an alternative to fast breeder
reactors (FBR) (Sahin et al, 2004). An FBR typically uses
uranium and/or plutonium as fuel and liquid sodium as a
coolant, having the potential to produce electricity more
sustainably and efficiently than conventional nuclear reactors.
However, due to the large availability in its territory, India has
been over essential microstructural, mechanical and.
thermophysical properties of thorium-uranium alloys, showing
great interest in Thorium-based metallic fuel applications to
LMFBRs 1986), and its
features—more specifically, (Th, Pu)O, containing from 20% to

80% PuO, (Lainetti, 2017).

(Ramanna, excellent ~ safety

3.1 Global thorium resources

Hans M.T. Esmrak found an unknown black mineral on the
island of Lovo, Norway, and sent it to Swedish chemist Jons Jakob
Berzelius, who identified that mineral as a new element and named it
Thorium after the Nordic God Thor, in the year 1828; after that, the
mineral was described as thorium-silicate thorite (International
Atomic Energy Agency, 2019). Major natural occurrence of
thorium is an oxide (thorianite), silicate (thorite), and more than
60 minerals with thorium in oxides, hydroxides, silicates,
phosphates (monazite), carbonates (rare) (Clarke et al, 2000).
The most common source of thorium is a rare earth phosphate
mineral, monazite (Salehuddin et al, 2019). However, the recovery of
thorium from these minerals is challenging due to the co-existence
of thorium, uranium, and rare earth elements (REE), calling for the
development of new solid extraction techniques that have high
selectivity and capacity (Xiong et al, 2020). India is the only
country today extracting thorium from monazite which has been
announced (International Atomic Energy Agency, 2019). Another
concern is the presence of naturally occurring impurities in
thorium-based fuels, but studies have found that the effect of
impurities at their typical levels has a limited impact on fuel
performance  (exit thus not

burnup and radiotoxicity),

necessitating further refinement (Alexander et al, 2020).

3.2 Major thorium deposits
Major deposit types of thorium are: placer (~2.2 million t Th,

~35%), carbonatite (~1.8 million t Th, ~29%), vein type
(~1.5 million t Th, ~25%), alkaline rocks (~0.6 million t Th,
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~9%), unknown types (~0.1 million t Th, ~2%) (International
Atomic Energy Agency, 2019). Carbonatite, peralkaline rocks,
and associated veins are characteristic of silica under-saturated
magmatic provinces. Thorium is mined in conjunction with
uranium, thus the estimates of reserves for thorium are made
based on uranium content. Thorium is typically found in the
minerals thorite, thorianite, and monazite, however, monazite is
the only mineral from which thorium is currently mined. A
maximum of these monazite deposits are found in placer
deposits in India and the United States. In addition to the
presence of thorium in primary minerals, Chadirji-Martinez et al,
(2022) point to the presence of Th as a substitution in REE sites and
anhydrite, and such substitutions have implications for physical and
chemical recovery in terms of extraction strategies needed
depending on the speciation split of Th in the ores. With limited
dedicated experimental research on thorium recovery from
minerals, geochemical modeling is a powerful tool that can be
used to screen potential extraction, recovery, and purification
processes (Khalidy and Santos, 2021). Examples of thorium
geochemical modeling efforts include studies on determining the
speciation of co-existing thorium and uranium in natural waters
from a contaminant perspective (Lofts et al, 2015), and in assessing
the stability and mobility of thorium in radioactive waste disposal,
storage, and site remediation (Hummel, 2005).

3.2.1 Europe and Turkiye

Main deposits of thorium in Europe are found in Greenland,
Finland, Norway, and Tirkiye, though as of 2019 no mining for
thorium is undertaken in Europe. This may change in the future as
on the 24th of October 2013 the Greenland Parliament lifted a
moratorium on mining radioactive elements (International Atomic
Energy Agency, 2019). The type of deposits found in Europe are:
vein deposits, peralkaline intrusions, carbonatite, volcanic rock of
acidic to alkaline composition, and placers (International Atomic
Energy Agency, 2019). Of the ~1 Mt thorium in Europe and
Tirkiye, only about 10% is estimated to be possibly economically
available, assuming by-product recovery, but under current market
conditions (as of 2019), production of thorium in Europe is not
expected.

3.2.2 Americas

Canada has reported 44 000 t Th of inferred resources that are
estimated to be recoverable at less than USD 80/kg Th, and an
additional prognosticated resource of 128 000t Th [OECD-NEA,
2010]. Most of the thorium resources are associated with uranium,
either in the Blind River-Elliot Lake area or in pegmatite or
carbonatites, and no mining activities presently exist to recover
these resources (International Atomic Energy Agency, 2019).

In the United States, thorium resources primarily occur in veins,
with an estimated 113 000tTh inferred and ~234 000t Th
prognosticated (Van Gosen et al, 2009). The co-occurrence of
thorium with REE can make the former a valuable by-product if
the latter is mined in the near future. Carbonatites and alkaline
intrusions possess limited amounts of thorium and thus are not
currently considered economically potential sources unless
associated as by-products of primary mining (International
Atomic Energy Agency, 2019). One example is the exploration of
rare earth oxides (REO) in the carbonatite of Mountain Pass, where
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29 Mt of carbonatite ore (bastnaesite mineral) containing ~9% of
total REO and 0.02%-0.04% Th. Greater economic potential is seen
in placers, from which Th-minerals (namely, monazite) can be more
readily recovered if demand for nuclear fuel arises. As it stands, no
active production of thorium exists in the United States.

No definite data exists for thorium resources in Mexico, Central
America, and the Caribbean, and likewise no current mining or
processing operations (International Atomic Energy Agency, 2019).

In South America, with the exception of Brazil, no thorium has
been extracted, but the total amount of extracted thorium is limited
(International Atomic Energy Agency, 2019). Total resources are
estimated at ~1 Mt of thorium, though there are uncertainties and
extraction is expected to be only possible as a by-product of mining
activities. For example, in Araxa, where niobium ore is mined and
ferroniobium is produced, thorium ends up in the slag and is
disposed of at a rate of ~1,000tTh per year. Moreover, an
extraction process for thorium from slag has not been developed,
which would be needed before it could be used as a nuclear fuel.

3.2.3 Africa

With few exceptions, knowledge on thorium deposits in Africa is
restricted to previous and active mining projects, mainly for
uranium and for placers (South Africa), or to occurrences in
other placers of probably very limited to nil economic relevance.
Only a few countries, mainly South Africa, have resources in
deposits
Steenkampskraal

readily available for extraction, such as the

deposit, in case demand would develop
(International Atomic Energy Agency, 2019). However, only a
portion as low as 5% of the total resources, contained in placers,
veins, carbonatites, and granites, is estimated to be recoverable as a
by-product of other mining operations. In addition, thorium
resources in addition to the estimated total occur in various

countries.

3.2.4 Asia

Placer deposits in India contain thorium in the form of monazite
(Dhana Raju et al, 2001). Manavalakurichi deposit in Tamil Nadu
has been estimated to have ~125,000t of monazite containing
~9,900 t of thorium. The state of Andhra Pradesh is considered
the largest deposit of monazite in terms of tonnages, but at
concentrations much lower than in Tamil Nadu (International
Atomic Energy Agency, 2019). Brahmagiri in the state of Odisha
is the location of a new commercially explored deposit, containing
610,000t of monazite at a mean concentration of 0.06 wt%
monazite. Monazite content in the Teri sands, which are red
sands in inland regions of India, ranges from 0.01 to 3 wt% and
Teri sands contain 130,000t Th of India’s thorium resources
2011).
categorized state-wise as: Andhra Pradesh ~36%, Tamil Nadu
~20%, Odisha ~17%, Kerala ~14%, West Bengal ~11%, and Bihar
~2%. Total estimation of 846,477 t thorium in India, of which
~493,000 t (~58%) are identified resources, and the majority of
which are in beach placers (~68%), with an additional ~353,000 t
inferred and also primarily located in beach placers (International

(Balachandran, India’s thorium resources can be

Atomic Energy Agency, 2019). Thorium recovery from the ash
content of Indian coal has been identified as an additional potential
source. Thorium has been commercialized as a nuclear fuel in India
due to its resources far exceeding those of uranium in the country.
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Thorium extraction from monazite is performed by chemical
processing, during which REE content is also recovered. Once
extracted, thorium is converted into compounds used in nuclear
reactors.

There is an estimation of thorium resources in the Asian Region
of the former Union of Soviet Socialist Republics (~1500000 t),
China (>100,000 t), and Thailand (~10,000 t); total resources for
Asia are estimated to be more than 2500000t of thorium
(International Atomic Energy Agency, 2019). Quantification of
the thorium resources in Asia is incomplete due to low
commercial interest and information withholding due to strategic
economic reasons. However, based on the developments in India,
thorium can be exploited as a commercial commodity, especially
when it becomes a by-product of REE production, which is in high
demand for green technologies (Odimba and Santos, 2021).

3.2.5 Australia

The latest evaluations show resources containing 386,800 t Th
(65%) in heavy mineral sands (placers), 125,000 t Th (21%) in vein-
type deposits, 50,900 t Th in alkaline complexes, and 30,500 t Th in
carbonatites. Monazite content varies regionally between 0.2 wt% in
the fossil shoreline type deposits to 3.0 wt% or more in the fine-
grained fossil offshore deposits (Geoscience Australia, 2012).
Commercially active mining operations are recovering titanium
and zirconium minerals (ilmenite, leucoxene, rutile, and zircon),
while Th-
(i.e., accumulating in tailings).

and REE-bearing monazite is not recovered

4 Discussion

We are, at present in the third decade of the 21st century, waiting
to see when factors will align to see global dissemination of the
thorium nuclear fuel cycle. Jordan et al, (2015), a few years ago,
summarized the main uncertainties that have slowed this factor
alignment: (i) competing proposals for reactor designs; (ii) fuel
configurations; and (iii) reprocessing options. As a result of these
uncertainties, which will be played out by social, political, and
economic interests, the certainty that we can end with is that the
crustal abundance of thorium is a simpler question than the complex
matter of usable availability.

Thorium is a future prospective nuclear fuel based on major
considerations such as resource availability globally, economic
evaluations that consider it as both a primary and secondary
resource associated with other valuable mining products,
environmental protection in terms of its relatively low short- and
long-term carbon and environmental footprints, and its association
with the mining of natural resources needed for green technologies
such as REE, and the safeguarding of future generations due to the
lower potential for proliferation of fissile materials (Kakodkar,
2006). Carbon emissions are threatening future generations as
well and are a major driver in thinking about meeting future
societal needs with an alternate energy source. At the same time,
with society having negative opinions on nuclear power plants,
especially as a consequence of recent events in Japan (Fukushima
incident) and Ukraine (military threats), it is critical that future
studies also consider the lesser-known health benefits resulting from
the interlink between human lives and nuclear energy such as air
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Energy (2023)).

pollution and birth weight (Shellenberger, 2017). Other studies have
considered the health of mine workers in the pursuit of thorium
resource exploitation; Lindsay et al, (2022) investigated the health
hazards at the Steenkampskraal mine in the Western Cape Province in
South Africa, where high natural thorium concentrations lead to high
thoron activity concentrations. The study concludes that while thoron
concentrations cannot be fully eliminated by mine ventilation, it
should be possible to significantly reduce thoron progeny so that
radiation should be an avoidable hazard with adequate engineered
protections. On top of this, thorium natural resources are more
abundant in Earth’s crust than uranium (Figure 4), so a mindset
change towards thorium exploration is all but expected.

Nuclear energy has a vast scope to fulfill human needs, but there is a
clear need to design nuclear power plants that are properly planned and
that utilize high standards of safety precautions. The low to negligible
extent of air pollution from well-operated nuclear power plants can
support a carbon-free society. After the Fukushima accident in 2011,
Japan decided to close nuclear power plants and replaced them to some
extent with coal power plants, jeopardizing carbon emissions reduction
goals. The country’s nuclear generation dropped to zero by September
2013 for almost 2 years, which jeopardized carbon emissions reduction
goals—as they were replaced mostly with coal and natural gas power
plants, as shown in Figure 7. The reactors have been being resumed
slowly through the years. By September 2020, Japan had 33 operable
nuclear reactors with a total installed net generating capacity of about
32 GW, down from 54 reactors with 47 GW of capacity before the
Fukushima accident in 2011 [Ministry of Economy, 2023, Trade and
Industry-Agency for Natural Resources and Energy, 2023]. The
government’s stated aim is for nuclear power to provide 20%-22%
of electricity by 2030 (World Nuclear Association, 2023). Looking back
in history, the carbon emissions from the top twenty nations from
1960 are compared to the same group in 2018 (Figure 8) (Global
Carbon Atlas, 2021). Cumulative carbon emissions have risen from
9.104 Gt CO, in 1960 to 35.331 Mt CO, in 2018 (Figure 9) (Global
Carbon Atlas, 2021), an enrichment of 3.88 times which is coupled with
a global population expected to reach 9 billion in the coming years
(Lam, 2013). This has called and propelled the high-tech and fourth
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industrial revolution era that has accompanied marked lifestyle changes
in society already in the last two decades. Such changes illustrate that
despite the nuclear power industry seemingly being slow in
development in recent years, progress can rapidly pick up and
thorium can play a leading or important role (Hargraves, 2012).
Moreover, Hargraves (2012) delves into the early days of nuclear
power development to exemplify how the first version of a
technology (the uranium fuel cycle with LWR developed in the first
half of the 20th century) can be far from the technical ideality when
economic and political factors take precedence. What has changed since
then is the climate emergency (Santos and Bakhshoode, 2021).

Most nations operating nuclear power plants have relied on LWR
despite its several disadvantageous features: very short life span of the new
fuel (1-3 years); generated plutonium waste; high pressure leading to
hazard in case of failure and high risk for steam explosion (namely, the
Chernobyl accident in 1986); high risk of fuel melting (namely, the
Fukushima incident in 2011); high core radioactivity; and waste disposal
problems (Dolan, 2017). On the other hand, Molten Salt Reactors (MSRs)
have resurged in the search for constant advances in nuclear energy
technologies. Its concept has been considered promising for further
research and development by the Generation IV International Forum
(GIF), as it offers significant improvements regarding environmental and
safety concerns, by using liquid fuel, as well as economics, as shown in a
model developed by Rykhlevskii (2019) in a simulation around
reprocessing in an MSR. The thorium-uranium (Th-U) fuel cycle is
an approach that can ensure the long-term supply of nuclear fuel, and
that could be implemented in small modular MSR (Yu et al, 2019). Yu
et al, (2019) found that in such applications the thorium energy
contribution starts at 37.6% for the once-through mode of operation,
increasing after several years to 47.4% once the batch reprocessing mode
is implemented. At longer time scales of decades, the fuel transitions from
low enriched uranium to ***U with online reprocessing mode, whereby
the Th energy contribution can reach 89.1%.

In addition, International Atomic Energy Agency (2002) reports
studies around more reactor systems and associated fuels, coolants/
moderators. Some other reactors investigated on the thorium fuel
cycles are PWR, CANDU, VVERT reactor, HTGR, WWER type
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reactors, FR, HWR, and ADS. Table 1 is a benchmark between other
types of reactors, which shows the merit of MSR for the
transmutation of minor-actinides (MA).

The lack of dedicated mines for thorium is somewhat worrying
when compared to current commercial operations of uranium.
However, thorium would be far from being the only natural
resource from the periodic table requiring co-exploitation. Several
examples can be obtained of valuable by-products of mining, simply
by looking at the flowsheet of the Vale Base Metals (former Inco)
operations in Ontario, Canada. While nickel is the main commodity of
these operations, several additional valuable metals are co-extracted and
refined, such as cobalt, platinum group metals (PGMs), selenium, and
tellurium. Ault et al, (2015) thoroughly discuss the opportunities for
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2018 (bottom) (data adapted from Global Carbon Atlas (2021)).

integrated mining of thorium, which would be particularly beneficial as
a means to close the resource gaps of what are currently terms ‘critical
metals’ (or ‘critical minerals’). According to their study, the adoption
and scale-up of the thorium nuclear fuel cycle should not result in
thorium mines being constructed, because there is plenty of
opportunities to recover thorium together with uranium and
titanium mining (as well as smaller amounts recovered during tin,
REE and iron mining), amounting to at least 100,000 t Th annually
(mostly from titanium mines) from such active mines before new mines
need to be brought online. Jordan et al, (2015), on the other hand,
discuss that recovery costs will depend on whether thorium is a direct
by-product of heavy mineral sand mining or a by-product of a by-
product (ie., tailings recovery), the former suggesting higher recovery
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TABLE 1 Comparison of MA transmutation with other types of reactors
(reprinted from International Atomic Energy Agency (2002)).

PWR FBR MSR two-step
Thermal power (MW(th)) 3,424 3,000 @ 2,250
Cycle length (day) 840 1,080  ----
TRU loaded (ton)* 32.97 92.40 = 26.09
TRU transmuted (ton)* 11.77 29.21 | 25.61
TRU transmutation = Ratio (%)* 35.70 31.61  98.18
TRU transmuted (kg/1 GW (th a)* | 19.37 54.84 | 63.24

“PWR and FBR; 6 units operation per 60 years (core life is 30 years).
TRU means MA (excluded Pu).

MSR; operation of 5 Stepl core and 1 Step2 core.

TRU means MA and Pu.

costs. Considering the energy generation potential of this much
thorium, it would take decades to require new resources. Ault et al,
(2015) suggested that if all current nuclear energy generation
switched from uranium to thorium, the by-product potentials
would supply up to 12 times the amount of thorium required,
assuming no reprocessing, and 250 times if reprocessing fuel cycle
were implemented. It should be reminded, according to Ault et al,
(2015), that the once-through thorium cycle still requires enriched
uranium or plutonium as a seed starter, but a closed breeding fuel
cycle does not, plus if uranium mining is reduced the titanium
mining activities would more than sufficiently provided the needed
thorium supply. Ault et al, (2016) go further in discussing the
environmental benefits of not opening new mining activities and
reducing the number of radionuclides ending up in mining tailings
by switching from uranium to thorium fuel cycle. They also point
out that while chemical processing for thorium recovery is needed,
it is not a particularly challenging barrier in terms of technical and
economic requirements.
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