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Introduction

Nuclear energy offers a very effective low carbon source of energy while the demand
for electric power is increasing due to the world population and longer health
expectancy. This is the reason why many countries are building or planning to
build nuclear reactors nowadays. In addition, the development of nuclear energy
becomes more important to sustain energy supply in global perspective.

Generation IV reactors are planned to be an evolutionary step in the history
of nuclear power plants. The unique designs and the advanced features obtain
significant attention because of the improved safety and reliability, sustainability,
economics, physical protection and proliferation resistance. These nuclear energy
systems are capable of extending their benefits to e.g. hydrogen generation, district
heating or water desalination, etc. [GIF, 2012, U.S. DOE and GIF, 2002].

The experts of the Generation IV International Forum (GIF) selected six reac-
tor types which can fulfil the mentioned requirements. These are the Very-High-
Temperature Reactor (VHTR), the SuperCritical-Water-cooled Reactor (SCWR),
the Sodium-cooled Fast Reactor (SFR), the Gas-cooled Fast Reactor (GFR), the
Molten Salt Reactor (MSR) and the Lead-cooled Fast Reactor (LFR). These reac-
tor types are planned to be in operation after 2030 when many currently operating
nuclear power plants will be at or near the end of their operating licenses. Four of
the six reactor types are definitely fast reactors, which, with the aid of extensive
recycling, can reduce the radiotoxicity of spent fuel by several orders of magnitude
via actinide management [U.S. DOE and GIF, 2002].

Thorium can be prospective fuel for nuclear reactors. Thorium reserves repre-
sent an attractive potential energy supply with little or no CO2 emissions. The
great availability makes this material a supplement or potential replacement of
uranium. Thorium is a fertile material which, upon capturing a neutron, may
undergo several nuclear decay processes, mostly leading to the fissile 233U. 233U re-
sulting from the neutron capture can be retrieved via reprocessing and separation.
It is essential to have an initial fissile ”seed” or ”driver fuel”, in case thorium is
applied within the reactor core.

According to the recent scenarios of thorium utilization strategies, in short
term (before 2030) thorium is planned to be used as additive or in separated
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thorium containing fuel rods. In medium term (from 2030 to 2050) the fast reactor
development is the main objective. Besides, thorium is going to be used in LWRs
to reduce the uranium consumption and it will also be important to find the
optimal breeding for recycling. If the required industrial reprocessing technologies
are available, the 100% thorium-cycle may be achievable in very long term (after
2050). Additionally, the plutonium inventories should be dedicated to breed 233U
from thorium [OECD-NEA, 2015].

Expectedly, when the limited uranium deposits are going to be an issue, Gen-
eration IV reactors will operate instead of the nowadays used Generation II and
III reactors.

Goals and methods

The motive of this PhD thesis is the study how thorium can be utilized in
future nuclear reactors.

In order to study this topic, it was necessary to decide which Generation IV
reactor types could be efficient in terms of thorium utilization. Since in medium
term thorium is planned to be used in operating and newly constructed reactor
types it can be reasonable to investigate the possibility whether thorium breeding
would be achievable with little change to the existing Generation IV designs.

To study the effect of thorium, one specific concept of each Generation IV
reactor design was chosen and simplified models were developed to determine
which Generation IV reactor type is the most promising in terms of thorium
utilization. The chosen reactor concepts were the following: High Temperature
Gas-cooled Reactor (VHTR), GFR2400 Gas-cooled Fast Reactor (GFR), High-
Performance Light Water Reactor (SCWR), European Lead-cooled SYstem (LFR),
European concept of Sodium-cooled Fast Reactor (SFR) and Molten Salt Fast Re-
actor (MSR). The investigations shown in the thesis are focused on the change of
the effective multiplication factor, the fissile isotope vector (mainly the produc-
tion of 233U), the delayed neutron fractions and the determination of the spectral
changes.

For the investigations, Monte Carlo neutron transport and burnup calculation
codes were used. For the preliminary calculations, MCNP6 code was used which is
a general-purpose, continuous-energy, generalized-geometry, time-dependent Monte
Carlo N-Particle code. The different reactor types are evaluated according to
the rate of change of the infinite multiplication factor and the isotope composi-
tion [Goorley et al., 2016, Fensin et al., 2015, Fensin and Umbel, 2015].
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Based on the results, the most promising reactor concept was chosen and a full-
core model was developed for further investigations in which two different refuelling
strategies were designed for possible thorium utilization. The analyses were per-
formed with the code Serpent 2, which is a three-dimensional continuous-energy
Monte Carlo reactor physics burnup calculation code. The program is developed
by the VTT Technical Research Centre of Finland. The reason why MCNP was
replaced with Serpent 2 is that regarding the speed in burnup calculations, the
performance of this code is better than other general-purpose Monte Carlo codes
because it uses the Woodcock delta-tracking method and a single unionized energy
grid for all microscopic and macroscopic cross sections [Leppänen et al., 2015].

New scientific results

The results of my PhD research are summarized in the following theses.

1. In the design of the Gas-cooled Fast Reactor (GFR) rhenium is applied on the
inner surface of the cladding of fuel pins in order to prevent the interaction
between the cladding and the fuel. I showed that in the ALLEGRO reactor,
which is the demo reactor of the GFR, and in its thorium-fuelled variation
the most sensitive parameters of the infinite multiplication factor are the
cladding thickness, the pin pitch and the thickness of the pure rhenium layer
and the density of the pellet. On the other hand, the fuel pellet diameter, the
thickness of the tungsten-rhenium layer and the plutonium content have less
significant influence. In this analyses I took the tolerances and measuring
errors of the parameters into account. I also showed that the effect of most
parameters can be reduced when thorium is added to the system [1].

2. I investigated each reactor concept of the six Generation IV reactor design
types regarding the effects thorium could have on the infinite multiplica-
tion factor, the produced amount of 233U and the effective delayed neu-
tron fraction. A reference fuel assembly was investigated for every reactor
type for base values and additional calculations were performed for thorium-
containing fuels. The analyses were performed with fresh (BOL) initial iso-
tope compositions. I have determined the produced amount of 233U, which is
related to the conversion capability of the reactors examined. Based on the
results I have shown that the fast reactors can be the best choice to apply

3



thorium in fresh fuel assemblies without design modification, especially the
Sodium-cooled Fast Reactor (ESFR) which is able to achieve the highest
233U production from the examined reactor types [2],[3].

3. I have designed a new refuelling pattern for the European concept of SFR in
which the fuel assemblies of the inner core (which contains MOX, thorium
and the produced 233U from the previous cycle) are moved to the outer core.
The fuel assemblies of the outer core are supposed to be reprocessed and
all the 233U recovered. I placed the recycled 233U along with the necessary
amount of MOX and thorium in the inner core of this SFR concept, which
is named as the ”Thorium utilization in the full core of SFR” (TSFR-FC)
approach. I proved that the investigated cores showed an ability to convert
plutonium to 233U with decreasing Doppler and void coefficients. The re-
vealed significant power peaking needs to be optimized. In addition, I have
designed a final version of TSFR-FC which can operate only with Th/233U
fuel cycle. This core is a burner reactor, however, the amount of the burnt
fissile isotopes is really low. I have shown that this core has a flat power dis-
tribution with almost the same Doppler feedback coefficients as the reference
SFR, with significantly lower void feedback coefficients. This core consumes
only 170 kg 233U during the investigated 500 days [4].

4. I have constructed another refuelling pattern, for which only the inner core
contains thorium and plutonium with the previously produced 233U. The
outer core contains fresh fuel assemblies which were designed for the reference
SFR. The result is a mixed fuel cycle since the inner core operates with
a Pu/Th/233U cycle while the outer core works with a traditional Pu/U
cycle. This is the ”Thorium utilization in the inner core of SFR” (TSFR-IC)
approach. I have shown that within a few cycles a close-to-equilibrium state
was achieved. The cores of the TSFR-IC produce less fissile 233U than the
cores of TSFR-FC but the power distribution is significantly more uniform.
The final version of TSFR-IC is a variation of the SFR, when the composition
of the inner core is only thorium dioxide with the necessary amount of 233U.
The outer core is equivalent to that of the reference core in this case as
well. I have proved that this core has a less positive void coefficient than the
reference core and lower (in absolute value, larger) Doppler coefficient than
any investigated SFR cores. My calculation showed that in the inner core
only 50 kg 233U is used during the investigated 500 days [4].

5. With uncertainty analyses of simplified SFR models I determined the most
significant isotopes and reactions which contribute to the Doppler coefficient
in case of the reference and both final thorium-containing SFRs at BOC and
EOC. From the calculations I concluded the relation between the Doppler
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coefficients and the amount of thorium within the systems. I have also
proven that the addition of thorium to the SFR core significantly decreases
the void coefficients. My investigations showed that the presence of void,
which makes the neutron spectrum slightly harder, results in increased fission
rates, decreased capture rate in case of the reference SFR. The change in
the leakage is not able to compensate for these effects. However, the final
versions of the thorium-containing SFRs (the TSFR-FC and TSFR-IC) the
void causes less fission reactions within the systems and the decrease in the
capture rate is also less significant. These effects contribute to the negative
(−4.5 pcm/%void at BOC and −3.3 pcm/%void at EOC in the case of TSFR-
FC) and slightly positive (2.9 pcm/%void at BOC and 5.3 pcm/%void at
EOC in the case of TSFR-IC) void coefficients. For the sake of comparison,
the void coefficient of the reference SFR is more than 16 pcm/%void [4].
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