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ABSTRACT 

Nuclear energy needs to guarantee four important issues to be successful as a sustainable energy source: nuclear 
safety, economic competitiveness, proliferation resistance and a minimal production of radioactive waste. 
Pebble bed reactors (PBR), which are very high temperature systems together with fuel cycles based in 
Thorium, they could offer the opportunity to meet the sustainability demands. Thorium is a potentially valuable 
energy source since it is about three to four times as abundant as Uranium. It is also a widely distributed natural 
resource readily accessible in many countries. This paper shows the main advantages of the use of a hybrid 
system formed by a Pebble Bed critical nuclear reactor and two Pebble Bed Accelerator Driven Systems (ADSs) 
using a variety of fuel cycles with Thorium (Th+U233, Th+Pu239 and Th+U). The parameters related to the 
neutronic behavior like deep burn, nuclear fuel breeding, Minor Actinide stockpile, power density profiles and 
other are used to compare the fuel cycles using the well-known MCNPX computational code. 

1. INTRODUCTION 

The world's population is expected to expand firom about 6 billion people to 10 billion people 
by the year 2050 [1]. As the Earth's population grows, the demand for energy as well as the 
environmental impact of the energy generation will grows too, so we must increase the use of 
energy supplies that are clean, safe, and cost-effective; nuclear energy can be used now and in 
the future to meet the growing demand for energy safely and economically, with certainty of 
long-term supply and without adverse environmental impacts. 

Currently, 30 countries operate 435 nuclear, with a total capacity of 370 GW(e), producing 
12,3% of the world's electricity [2]. The environmental benefits of nuclear energy can expand 
and even extend to other energy products besides electricity. For example, nuclear energy can 
be used to generate hydrogen for use in petroleum refinement and as a transportation fuel to 
reduce the dependence upon oil, and to desalinate water in areas where fresh water is in short 
supply [1]. To deliver this benefit, a new generation of innovative nuclear energy systems 
known as Generation IV is in research and development (R&D). 

The following six systems, listed alphabetically, were selected to Generation IV by the 
Generation IV International Forum (GIF) [1]: 

> Gas-Cooled Fast Reactor System (GFR) 
> Lead-Cooled Fast Reactor System (LFR) 
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> Molten Salt Reactor System (MSR) 
> Sodium-Cooled Fast Reactor System (SFR) 
> Supercritical-Water-Cooled Reactor System (SCWR) 
> Very-High-Temperature Reactor System (VHTR) 

The Very High Temperature Reactor system (Figure 1) is the nearest-term hydrogen 
production system, estimated to be deployable by 2020. The VHTR system uses a thermal 
neutron spectrum. The VHTR system is primarily aimed at relatively faster deployment of a 
system for high temperature process heat applications, such as coal gasification and 
thermochemical hydrogen production, with superior efficiency. The VHTR system is highly 
ranked in economics because of its high hydrogen production efficiency, and in safety and 
reliability because of the inherent safety features of the fuel and reactor. It is rated good in 
proliferation resistance and physical protection, and neutral in sustainability because of its 
open fuel cycle. It is primarily envisioned for missions in hydrogen production and other 
process-heat applications, although it could produce electricity as well [1]. 
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Figure 1: Very High Temperature Reactor. 

VHTRs are expected to have attractive features like low electricity generation costs and short 
construction periods. The development of this technology is based on the experience firom 
High Temperature Gas Reactors (HTGR) like Dragon Peach Bottom, firom England, and 
German Work Group Experimental Reactor (AVR) and Thorium High Temperature Reactor 
(THTR), from Germany. The above mentioned are experimental reactors built on 60's to 
prove their viability for electricity and heat cogeneration. They enabled to reach high coolant 
temperatures at the core's outlet. Current projects, i.e. HTTR-2000, from Japan and HTR-10, 
from China, which became operatives on the years 2000 and 2003 respectively, enable to 
reach coolant outlet temperatures higher than 950 °C [3]. 

This paper shows the main advantages of the use of a hybrid system formed by a Pebble Bed 
critical nuclear reactor and two Pebble Bed Accelerator Driven Systems (ADSs) using a 
variety of fuel cycles with Thorium (Th+U233, Th+Pu239 and Th+U) and TRISO fuel (Figure 
2). The parameters related to the neutronic behavior like deep burn, nuclear fuel breeding, 
Minor Actinide stockpile, power density profiles and other are used to compare the fuel 
cycles using the well-known MCNPX computational code. 
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Figure 2: TRISO fuel particle. 

2. THORIUM FUEL CYCLES 

Thorium is 3 to 4 times more abundant than Uranium, widely distributed in nature as an 
easily exploitable resource in many countries. Thorium fuel cycle is an attractive way to 
produce long term nuclear energy with low radiotoxicity waste. In addition, the Thorium fuel 
cycle could be done through the incineration of weapons grade Plutonium (WPu) or civilian 
Plutonium [4]. 

Compared to U -Pu fuel cycle, Th -U cycle produces much less quantities of 
Plutonium and Minor Actinides (MA: Np, Am and Cm). Therefore, the radiotoxicity 
associated to spent fuel is minimized. Consequently, the production of radioactive waste is 
less in a Thorium fuel cycle than in the U - Pu cycle used in traditional Light Water Reactors 
(LWRs) [5]. 

Figure 3: Uranium and Thorium fuel cycle. 
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In this paper 3 Thorium based fuel cycles are presented and compared, they are: 
9^Í9 /^TT 

Th +6%U , in this cycle one fissile isotope mainly sustain the criticality of the 
reactor: U , which represents a certain percent of the fresh fuel, and the U 
produced by transmutation of fertile Th232. 
Th +8%Pu , in this cycle two fissile isotopes mainly sustain the criticality of the 
reactor: Pu , which represents a certain percent of the fresh fuel, and the U 
produced by transmutation of fertile Th232. 

9^Í9 9^ÍS 

40%)Th +60%oU enriched at the 8%> in U , in this cycle three fissile isotopes mainly 
sustain the criticality of the reactor: U235, which represents a certain percent of the 

OQQ 9 ^ 9 9^ÍQ 

fresh Uranium, U , which is produced by transmutation of fertile Th , and Pu , 
which is produced by transmutation of fertile U238. 

3. THE CRITICAL REACTOR 

The proposed reactor is a pebble bed gas-cooled and graphite moderated Very High 
Temperature Reactor, defined and optimized in previous studies [5, 6] and described in Table 
1. This reactor presents a high energy conversion efficiency as it uses a cycle of gas, which 
has a higher thermodynamic efficiency than the characteristic LWR cycles (saturated steam 
cycles), and allows high core's outlet coolant temperatures. 

The fuel in the reactor's core is composed by TRISO coated particles confmed in 263 465 
pebbles approximately. The fuel is burned up at a thermal power of 200 MWt. The core is 
surrounded by a radial graphite reflector and an axial one on the top and the bottom. 

Table 1: Main parameters of the Very High Temperature pebble-bed Reactor 

Parameter Value 
Power (MWt) 200 
Core height (m) 2.9394 
Core diameter (m) 4.175 
Core volume (m3) 40.24 
Fuel volume (m3) 6547 
No. of pebble 263 465 
Burnable poison None 
Average power density (MW/m3) 5 
Packing fraction 0.74 
Reflector thickness (m) 1.80 

4. THE ACCELERATOR DRIVEN SYSTEMS 

As a second step of the deep bum strategy, the burn-up of the fuel extracted firom the reactor 
in two ADSs of the type described in [7], is proposed. The accelerator is a cyclotron with six 
separated sectors and four accelerating cavities enabling to reach energies of 1 GeV with a 
proton beam intensity of 10 mA. The spallation target is based on eutectic lead-bismuth in 
melted state with an innovative geometrical design for the separation window between the 
beam tube and target. In ADS, neutron cascades are used in a subcritical assembly to 
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transmute the unwanted wastes into less harmful species. Current ADS designs suggest 
operating with an effective multiplication factor up to 0.95 to ensure subcritical operation 
under any circumstances and limited neutron source power. 

Helium gas was chosen in both systems as coolant even though it is more expensive than 
other gases like CO2 or Nitrogen, because it is transparent to neutrons and hence, neutron 
spectrum is only determined by the fuel design as there is no neutron moderation. On the 
other hand, there is no reactivity coefficient due to coolant temperature since a Helium 
density variation would produce a negligible increment on macroscopic absorption and 
remotion cross sections. Helium is also chemically inert and doesn't provoke graphite 
oxidation. 

5. CALCULATION METHODS 

The main tool used for the calculation of particle transport and fuel burning was The MCNPX 
2.6e [8]. It is a program based on Monte Carlo probabilistic method for computer modeling 
of time dependent transportation of many types of particles, for different geometries and a 
wide range of energies. Monte Carlo method models probabilistic events which are include in 
a process and determine statistically their probability distribution. The statistical nature of the 
process is based on generating random numbers to form histories. These random numbers 
represent each logical event that neutrons may experience and the study of the neutron 
trajectory from its birth until its capture or escape. 

6. COMPARISON BETWEEN CYCLES 

The pebble mass selected for the three cycles was 10 g/pebble, the enrichment in fissile fuel 
was selected in order to reach a discharge burnup of 75 GWd/ton in the critical reactor. The 
burnup cycle duration was 830 full power days in the reactor and 210, 400 and 1240 full 
power days in the ADSs for each cycle respectively. 

ó.l.Variation of the isotopic composition 

The mass variation of the fuel isotopes and Plutonium isotopes in the hybrid system as 
function of time are shown in Figures 4(a) and 4(b) for cycle 1, 5(a) and 5(b) for cycle 2 and 
6(a) and 6(b) for the 3 cycle respectively. 
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Figure 4(a): Mass depletion of the fuel isotopes (Th232, U233). 
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Figure 4(b): Plutonium isotopes variation in the hybrid system (Pu238, Pu239, 
Pu ). 
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Figure 5(a): Mass depletion of the fuel isotopes (Th232, U233, Pu239). 
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Figure 6(a): Mass depletion of the fuel isotopes (Th232, U233, U235, U238, Pu239). 
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Figure 6(b): Plutonium isotopes variation in the hybrid system (Pu238, Pu240, Pu241, 
B 242 B 243 B 244x 
Pu , Pu , Pu ). 

Fertile isotopes U (cycle 3) and Th (cycle 1, 2 and 3) present minor relative variation 
with burnup and fissile isotope U233 mass tends to reach a constant value (cycle 1, 2 and 3), as 
it can be conclude from Figure 4(a), 5(a) and 6(a). In figure 4(b) and 6(a) it is shown that 

239 232 PuZJ? mass tends to reach a constant value. In the cycle Th +8%Pu 
mass present an important decrease respect to the loaded mass. 

239 see Figure 5(a) Pu 239 
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6.2.Nuclear fuel breeding 

Fuel Breeding Coefficient (BC) values were calculated for the fuel cycles studied. The 
following expression (1, 2 [9] and 3 [5]) was used: 

BC = -
masslnl,JJ J 

maSS,n,tJJ ' 
(1) 

BC = - (2) 

massimHJJ - mass H,U + massPu + massPu + massU 
(3) 

OQG O^Q O^Q O^Q O^Q 

In this equation, Pu , U and Np masses are summed because U and Np have a 
very small Ti/2 and constitute intermediate isotopes between U and Pu . The same 
procedure was done with Pa233, which is also an intermediate isotope [5]. 

Table 2: BC for the fuel cycles studied. 

Cycle 
Th232+6%U233 

Th232+8%Pu239 

40%Th232+60%U 

Reactor BC Reactor + ADSs BC 
0.68 
0.37 
0.72 

0.71 
0.47 
0.98 

6.3. Minor Actinide stockpile 

The mass variations of the Minor Actinide isotopes in the hybrid system as function of time 
are shown in Figures 7, 8 and 9 for the 3 cycles respectively. 
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Figure 7: Minor Actinides isotopes mass variation (Np237, Np238). 
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Figure 8: Minor Actinides isotopes mass variation (Am and Cm). 
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Figure 9: Minor Actinides isotopes mass variation (Np, Am and Cm). 

Insignificant values of masses of Minor Actinides are obtained for cycle 1; for cycle 2 and 3 
239 Minor Actinides masses grow up in all cases except Np in cycle 3 

A comparison between the transuranic accumulated masses per ton of initial fuel values in the 
proposed cycle in the reactor, and the values published in [1] for conventional LWR under a 
40 GWd/ton burn-up and a cooling time of 15 years, is illustrated in Table 3. The Am241 

9 4 1 9 4 1 

quantity formed firom Pu decay at the end of the whole cycle was added to the Am 
quantity accumulated after a cooling time of 15 years [5]. For only the proposed 

9^Í9 9 ^ ^ 

Th +6%U cycle, much smaller values of Am and Cm masses are obtained, despite they 
were calculated under a much higher burn-up (75 GWd/ton). 

Table 3: Comparison of MA accumulation (Mass in kg per ton of initial fuel) 

Isotope Am 241 Am 243 Cm 244 

Th232+6%U233 

Th232+8%Pu239 

40%Th232+60%U 
LWR (After a cooling of 15 years) 

0.00 
6.22 
1.94 
0.77 

0.00 
0.57 
0.16 
0.14 

0.00 
0.16 
0.04 
0.03 
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6.4.Power density profiles 

Axial and radial power density distributions were studied for the proposed fuel cycles, 
Figures 10 and 11 shows the obtained results. 
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Figure 10: Axial power density distribution for the fuel cycles studied. 
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Figure 11: Radial power density distribution for the fuel cycles studied. 
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7. CONCLUSIONS 

The proposed comparison in a Very High Temperature pebble bed Hybrid System between 
the proposed fuel cycles with deep burnup is achieved. In the present work, the fuefs physical 
parameters of the proposed fuels cycles with Thorium were optimized to achieve a final 
discard burnup of 75 GWd/ton in the reactor. It was demonstrated that a relatively low 
enrichment in fissile isotopes (<10%) and a mass per pebble of 10 g in the reactor, permits to 
obtain an excess of reactivity high enough to reach an adequate cycle's duration in the critical 
system (830 full power days). 

The comparison between the proposed cycles (Th232+6%U233, Th232+8%>Pu239 and 
40%Th232+60%U enriched at the 8% in U235), confirms that a high fuel breeding in the three 
cycles in the hybrid system (BC=0.71, 0.47 and 0.98 respectively), can be obtained. The final 
amount of U233 obtained is the main contributor to the breeding coefficient. 

Insignificant values of masses of Minor Actinides are obtained for cycle 1; for cycle 2 and 3 
Minor Actinides masses grow up in all cases except Np239 in cycle 3. For only the proposed 
Th +6%>U cycle, much smaller values of Am and Cm masses are obtained in comparison 
with a conventional LWR discard fuel (40 GWd/ton) and a cooling time of 15 years. 
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