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ABSTRACT 

Long-lived radioactive actinides are produced in light water reactors (LWR) using 
conventional fuel. "Innovative" fuel matrices may reduce the breeding of these nuclides. 
However, inherent LWR safety features have to be preserved, which restricts the possibilities 
for new fuel-carrying matrices. Respective fuel-assembly and LWR-core safety studies 
indicate practicable new fuel options for the near future. 

1. INTRODUCTION 

The main problem with nuclear power plants is the continuous production of big amounts of 
radioactive nuclides. This material has to be contained safely during reactor operation and, 
after spent-fuel unloading, be disposed of in a safe and economic way. Naturally, the 
radioactive fission fragments and their daughter products cannot be avoided in a fission 

reactor. There is, however, 
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Fig. 1: Actinide breeding in LWR. 

another process that builds up 
radioactivity: the (repeated) 
neutron capture by uranium-
238 leading to high quantities 
of long-lived radioactive 
actinides (Fig. 1). The half-
lives of the so-called minor 
actinides (MA) are, on the 
average, much longer than 
those of fission products, so 
that they will determine the 
radio-toxicity in the final 
storage a few hundred years 
after unloading (Fig. 2). The 
production of these nuclides 
cannot be avoided in 
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conventional light-water-reactor fuel, because this fuel is 
either low-enriched uranium (LEU) oxide or uranium-
plutonium mixed oxide (MOX), containing more than 
90 % uranium-238. Burning MOX is a way of reducing 
weapons-grade and reactor-grade plutónium stockpiles 
in the world. However, conventional MOX fuelling of 
light-water reactors (LWR) does not allow a rapid 
reduction of stockpiles, as fissile plutónium is re-bred 
from uranium-238. In order to avoid the continuous 
uranium - actinide conversion during reactor operation, 
other ("innovative") compositions of LWR fuel are 
considered. 

Fig. 2: Radiotoxicity in (average) spent fuel of LWR. 

INHERENT SAFETY FEATURES OF LIGHT-WATER REACTORS 

The majority of nuclear power plants are based on light-water reactors (LWR), because this 
well-established technology satisfies both high safety standards and economic requirements. 
Hundreds of LWR have been operated worldwide for more than four decades without really 
affecting the environment. Even in the worst civil LWR accident near Harrisburg (1979), 
practically all radioactive inventory had been contained in the reactor vessel. 

In LWR, the pronounced negative temperature feedback is a reliable (inherent) safety feature, 
obviously taking effect quite independently from man-made plant control devices. Designing 
modified (innovative) fuel assemblies and introducing them into LWR cores should, of 
course, affect neither the moderator temperature coefficient (MTC), nor the fuel temperature 
coefficient (FTC). The FTC is considered at least as safety-relevant in reactor operation as the 
MTC, because in case of a fission-rate increase, fuel heats up within fractions of a second, 
whereas the coolant / moderator heating will take a few seconds. Thus, during an anticipated 
LWR core perturbation, the negative FTC will contribute faster than the MTC to a self-
stabilisation of the chain reaction. The FTC particularly depends on the composition of the 
fuel rods and, for these and other reasons, any new fuel material must be studied carefully 
before being introduced into a reactor. 

In conventional LWR fuel, the negative fuel temperature coefficient is the result of neutron 
resonance capture mainly by uranium-238 (Fig. 1). It is the broadening of resonances, 
accompanying a fuel-temperature rise ("Doppler broadening"), that causes a growing effective 
neutron-capture cross section, thus leading to the negative FTC. 



3. INNOVATIVE LWR FUEL 

In order to avoid breeding of plutónium and long-lived minor actinides (MA), the uranium-
238 carrying the fissile nuclides may be replaced by a different fuel carrier material. However, 
it is mainly this uranium-238 that provides the neutron resonances, vitally important with 
respect to reactor safety. Thus innovative carrier matrices should also have sufficient 
resonance absorption to ensure a strong-enough negative FTC. This fact and requirements of 
fuel-rod thermo-mechanical and chemical stability will narrow the scope of material to be 
chosen as an inert (i. e. not breeding) matrix to hold fissile nuclides. Recently, so-called inert 
matrix fuel (IMF) is under consideration, e. g. on the basis of zirconium or molybdenum, 
though less pronounced neutron resonance absorption is observed in the isotopes of these 
elements. Erbium can be added to the fuel matrix in order to introduce more (epithermal) 
resonances enhancing the negative FTC. 

The design and study of innovative LWR fuel, for example IMF, is the main objective of the 
EU FP7 project LWR-DEPUTY ("Deep Plutonium burning in thermal systems"). FZD 
participating in this project, contributes to the investigation of alternative fuel matrices based 
on thorium, which is a mono-isotopic element (thorium-232). The absorption cross section of 
this nuclide has quite a similar resonance structure as uranium-238, making it very suitable to 
serve as a fuel carrier material, from the neutron-kinetics safety point of view (FTC). 

Thorium-232 is, like uranium-238, a "fertile" nuclide, producing (by neutron capture and beta 
decay, ti/2 = 22.3 minutes) protactinium-233, which decays with a half-life of 27 days to fissile 
uranium-233. The chance of U-233 fission after absorbing another (thermal) neutron is about 
90%, leaving 10% to build up U-234, which produces fissile U-235 by further neutron 
capture. The capture-to-fission ratio of U-235 is about 1/6; in the end there is very little 
probability for the build-up of higher long-lived radioactive actinides, a situation quite 
different to the case of U-238 fuel matrices (Fig. 1). 

Compared to the well-proved uranium oxide fuel, thoria exhibits even greater chemical 
stability, higher thermal conductivity, and a lower coefficient of thermal expansion. Its 
melting point is at 3390 °C, i.e. some 500 degrees higher than that of U02. These facts are of 
key importance for a thorium-fuel application in LWR. 

Prior to the real introduction of new fuel into a reactor core, performance and safety studies 
have to be carried out. Respective fuel-assembly and core calculations can be carried out by 
suitable neutronic and thermal-hydraulic computer codes. 

4. THORIUM FUEL BENCHMARK CALCULATIONS 

DYN3D [1] is a reactor dynamic code capable of modelling LWR core transient behaviour. 
The lattice depletion code HELIOS [2] is applied to produce fuel-assembly-homogenized few-
group diffusion and kinetics parameters, which are needed as input data for the nodal 
diffusion code DYN3D. In order to verify the respective HELIOS methodology for new 
thorium-based fuel, as a first step, a benchmark problem set up by the IAEA [3] has been 
calculated. The benchmark was defined for a Westinghouse PWR 17xl7-rod-array MOX fuel 
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assembly carrying 5% reactor-grade 
plutónium oxide, embedded in a thorium 
oxide matrix (95%). Fig. 3 has some results 
of the respective FZD HELIOS calculation, 
compared to those of other participants. The 
build-up of fissile U-233 is shown as a 
function of neutron exposure during reactor 
operation (burnup), the latter measured in 
units of produced fission energy, i.e. Giga-
watt-days per tonne of heavy metal (thorium 
+ plutónium) in the fuel. There is similar 
good agreement between the calculations for 
the depletion of Pu-239, which is not shown 
in Fig. 3. Instead, another result is depicted: 
the parameter k-infinity, representing an 
essential feature of a fuel assembly (FA). It 
quantifies the neutron multiplication in an 
assumed (theoretical) PWR core that contains 
an infinite number of identical FA of this 
type, thus providing for neutron zero-leakage. 

The next and more important benchmarking 
step to be carried out in the project LWR-
DEPUTY will be a lattice burnup calculation 
for an experimental thorium-plutonium rodlet 
that had been irradiated during four reactor 
cycles in the PWR core of the German NPP 
Obrigheim (KWO). Post-irradiation examination (PIE) and radio-chemical analysis (RCA) are 
under way to obtain real densities for Pu-239, U-233, and other nuclides, including some 
fission products. The comparison of measured and calculated nuclide concentrations will, 
naturally, be a more relevant validation for the accuracy of calculation methods than a code-
to-code comparison. 

2 

20 30 40 50 

Specific Exposure (GWd/tHM) 

Fig. 3: IAEA benchmark calculations for 
a Th-Pu MOX fuel assembly. 

SAFETY STUDIES FOR A PWR CORE CONTAINING THORIUM FUEL 

A lot of experience has been gathered worldwide in designing and operating PWR cores using 
various fuel assemblies (FA) at different burnup stages. Assemblies with a k-infinity value 
below unity have to be matched by ones with k-infinity > 1 (cf. Fig. 3), so that an effective 
neutron multiplication factor k-eff = 1 (reactivity p = 0) is reached, also taking into account 
neutron leakage through the core edges. At the beginning of a PWR cycle (BOC), excess 
reactivity will be compensated by the neutron absorber boron added to the moderator. PWR 
cycles usually start with moderator boron concentrations of about 1000 ppm (at nominal 
power), a typical value that was also applied for the BOC core calculations considered in the 
following. 



Fig. 4: Core loading patterns for safety studies. 

Fig. 4 has two respective PWR core loading patterns. Uranium fuel assemblies contain fissile 
U-235 (LEU), whereas reactor-grade plutónium gained by reprocessing spent fuel is used in 
MOX. In all conventional PWR fuels the fissile nuclides are embedded in a matrix of U-238. 
Usually, the share of fissile material is not higher than 5 %. The results of safety analyses for 
the two different cores compiled of the FA types depicted in Fig. 4 are described in [4]. In the 
following, an "innovative" MOX FA is introduced, in which the U-238 oxide matrix of [4] is 
replaced by thoria, while the original assembly and fuel-rod geometry is preserved. 64 of such 
thorium-plutonium oxide FA are placed in the positions of the conventional MOX FA of Fig. 
4, thus forming a new core composition to be analysed. 

For the three cores under consideration, all of them studied at the beginning of the PWR 
equilibrium cycle (BOC), Table 1 shows the most safety-relevant parameters calculated by the 
code DYN3D. 

Table 1: Core reactivity coefficients for different core loadings. 

Reactivity coefficient of 

Moderator density [pcm/kg/m3] 

Moderator temperature [pcm/K] 

Total moderator temperature, MTC 
[pcm/Kl 

Fuel temperature, FTC [pcm/K] 

Boron concentration [pcm/ppm] 

U (MOX-free) 

+14.19 

+3.422 

-30.14 

-2.457 

-7.028 

U-MOX 

+18.77 

+3.252 

-40.36 

-2.636 

-5.468 

Th-MOX 

+18.28 

+3.675 

-38.48 

-2.773 

-5.542 

The negative core MTC (4 line of Table 1) is mainly the result of moderator density 
decreasing (2n line) with growing temperature at nominal pressure. Additionally to the 
coefficients discussed in section 2, the boron efficiency, i.e. the effect of soluble boron in the 
moderator on reactivity is given in the last line. The table demonstrates that MTC and FTC are 
roughly the same for thorium MOX as for conventional MOX, the Th-MOX FTC being even 
slightly better, due to the convenient resonance structure in the absorption cross section. 
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Fig. 5: PWR core with different loadings: Primary pressure during an ATWS transient, 
calculated by DYN3D/ATHLET. 

For in-depth safety considerations, also the reactor behaviour during possible transients - in 
fact anticipated transients without scram (ATWS), though they are very unlikely - has to be 
studied. As an example, the course of the safety-relevant primary-circuit pressure in an ATWS 
- caused by the loss of feed water supply [4] - is depicted in Fig. 5. The calculations have 
been performed by the coupled codes DYN3D / ATHLET, the latter of the two modelling the 
thermal hydraulics [5] of the PWR circuits influencing the core neutron kinetics that is 
simulated by DYN3D. In all three cores, the pressure peaks are far from the critical value of 
23 MPa, above which primary-circuit lines might be damaged. The 1/3 Th-MOX core loading 
exhibits a similar behaviour as the respective conventional-MOX version. 

6. REACTOR SAFETY, FUEL RESOURCES, PROLIFERATION ASPECTS 

Thorium-based fuel will not only reduce the production of long-lived radioactive actinides. It 
implies breeding fissile material, uranium-233, in thermal reactors such as LWR. Thorium is 
about three times more abundant than uranium in the earth's crust, and could thus contribute 
significantly to meet the demand of nuclear fuel in the future. 

With respect to better uranium-fuel utilization, fast breeders like sodium fast reactors (SFR) 
have been developed and built. They were designed for maximum breeding of fissile 
plutónium by neutron absorption in uranium-238 (Fig. 1), just the process seen as negative 
side effect in LWR, producing long-lived radiotoxic waste. A major problem with fast 
reactors is their weaker negative power feedback: the inherent safety mechanisms cannot take 
much effect in a core with little neutron moderation. Less safety and worse economy make 
present SFR less attractive. Only few of them have been built and operated. However, 
enhanced fast reactor designs are under consideration. Some of these advanced "Generation 
rV" fast-spectrum concepts are designed mainly for incineration of long-lived actinides. 



In the immediate future, however, well-established LWR, fuelled by thorium-plutonium 
oxide, may offer a practicable approach for radioactive-waste minimization. This concept will 
be better acceptable for the public, because of: 

the current high LWR safety standard, which is being continuously improved, both in 
existing plants and in newly built ones, such as the European Pressurized-Water 
Reactor (EPR) and other "Generation III" designs, 
the excellent economy of LWR, 
much experience in LWR operation worldwide, 
preserving high level of both the safety and economy, when using thorium-plutonium 
oxide, 
excellent resources economy by breeding fissile material, 
less "neutron wasting", which happens in burnable poisons and IMF resonance 
absorbers, and 
a less reactivity swing over fuel lifetime, compared to U-238 and IMF matrices. 

It should be recalled that the idea of thorium-based fuel in LWR is by no means new. The 
Shippingport light-water breeder reactor (LWBR), which was operated 30 years ago, produced 
about 2500 GWh electric energy within five years. After shutdown in 1982, its core contained 
1.3% more fissile material than at the start of operation [6]. However, during the last decades, 
there were no real incentives to replace conventional LWR fuel. Proliferation aspects have 
contributed to reluctance against thorium-based fuel. 

Uranium-233, bred in thoria fuel matrices and chemically separated, theoretically could be 
misused to build nuclear weapons. However, uranium-232 is also formed to a small extent via 
(n,2n) reactions. It is highly radioactive, some daughter products having very short half-lives, 
emitting strong gamma radiation, which requires remote processing and provides some 
proliferation resistance. Potential suicide attackers may not be deterred by the deadly radiation 
- so the thorium could be denatured by a small portion of depleted uranium. 

7. CONCLUSIONS 

Thorium MOX may be a promising alternative to conventional LWR fuel. It is obvious from 
sections 2 and 3 that thorium MOX can excellently satisfy both safety and economic 
requirements. The introduction of this fuel into an existing PWR might be a first step of 
thorium utilization, thus reducing radioactive-waste production. However, prior to real new 
core loadings, be it with or without thorium, a detailed safety analysis has to be fulfilled, 
according to the strict requirements of the nuclear authorities. Only a few of necessary safety 
studies have been carried out and are described in section 4, for a generic PWR core, with 1/3 
of all fuel assemblies consisting of thorium-plutonium MOX. The results may contribute a 
little to encourage the use of such fuel. However, a lot more analyses have to be performed 
before, and the core loading could then be optimized with respect to economics. 

Starting with only slightly-modified core loadings in existing modern PWR might "break the 
ice" for introducing this new fuel. 



ACKNOWLEDGEMENT 

The work is funded by the EU within the 6th frame work programme. 

REFERENCES 

[1] Grundmann, U., Rohde, U., Mittag: DYN3D - Three Dimensional Core Model for 
Steady-State and Transient Analysis of Thermal Reactors. Proceedings of the ANS 
International Topical Meeting on Advances in Reactor Physics and Mathematics and 
Computation into the Next Millennium (PHYSOR 2000). 

[2] Casal, J.J., Stammler, R.J.J., Villarino, E.A., Ferri, A.A.: HELIOS - Geometric 
Capabilities of a New Fuel Assembly Program. Intl. Topical Meeting on Advances in 
Mathematics, Computations and Reactor Physics, Pittsburgh, Pennsylvania, USA, Vol. 
2, 10.2.1-1 (1991). 

[3] IAEA: Potential of thorium based fuel cycles to constrain plutónium and reduce long 
lived waste toxicity, IAEA-TECDOC-1349, Vienna, 2003. 

[4] Kliem, S., Mittag, S., and Rohde U.: ATWS analysis for PWR using the coupled code 
system DYN3D/ATHLET. Ann. Nucl. Energy 36 (2009), 1230-1234. 

[5] Austregesilo, A., Bals, C, Hora, A., Lerchl, G, Romstedt P.: ATHLET, Mod 2.1 
Cycle A, Models and Methods, GRS - P - 1 / Vol. 4, Gesellschaft fur Anlagen- und 
Reaktorsicherheit (GRS) mbH, Germany (2006). 

[6] Water cooled breeder program. Summary report. DOE research and development 
report WPD-TM-1600, USA, 1987. 


