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Abstract 

The growth of the nuclear energy production, as a carbon free energy source, is tied to the 
problem of disposing the current spent nuclear fuel (SNF) inventories and closing the future 
nuclear fuel cycles.  The USA SNF is expected to reach ~70,000 metric tonnes by 2015 from 
the present operating nuclear plants. A significant increase in this inventory is forecasted 
from the planned increase in the deployment of new nuclear power plants. The 
transuranics content of the 2015 US SNF inventory is ~700 MT, which has about  
~115 MT of minor actinides (MA). These transuranics are responsible for a significant 
fraction of the SNF radiotoxicity. Accelerator-driven systems utilising proton accelerators 
with neutron spallation targets and subcritical blankets can be utilised for transmuting 
these transuranics, simultaneously generating carbon free energy, and significantly 
reducing the capacity of the required geological repository storage facility for the spent 
nuclear fuels. The required number of these systems is a function of the accelerator power, 
the system operating life time and system availability, and the blanket fuel composition. 

The proposed system is intended to: a) transmute/fission the MA, which eliminates the 
long-term radiotoxicity of the US SNF, b) generates carbon free energy, and c) significantly 
reduces the geological repository storage requirements per metric tonne of the SNF. A 
fraction of the SNF plutonium will be used with the SNF MA to reduce the disposition cost 
and to accelerate the disposition time. The other fraction of the SNF plutonium can be used 
as a MOX fuel in the current/future thermal power reactors and a starting fuel for future 
fast power reactors. The uranium of the spent nuclear fuel can be recycled for use in future 
nuclear power plants. The short-term fission products decay to reach the radiotoxicity level 
of the natural uranium ore in ~300 years. 

This paper shows that only four to five accelerator-driven systems operating for <33 full 
power years can dispose of the US SNF inventory expected by 2015. Each system consists 
of a proton accelerator with a neutron spallation target and a subcritical assembly. The 
accelerator beam parameters are 1 GeV protons and ~25 MW beam power, which produce 
~3 GWt in the subcritical assembly. This paper presents the design concept and the system 
analyses. 
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Introduction 

The disposal of the US spent nuclear fuel (SNF) inventory using accelerator-driven 
systems (ADS) is examined. The ADS technical assessment [1] confirmed the potential of 
this approach. In this study, several requirements are adopted to minimise the required 
R&D, the infrastructure, and the total cost. The requirements are to: a) avoid multi-
processing steps for the spent nuclear fuel, b) avoid long-term technological 
developments such as new nuclear fuel materials or designs, c) minimise the required 
number of units for disposing the US spent nuclear inventory, and d) use the current 
technologies with minimum extrapolation as much as possible. 

At present, the US SNF is growing by ~2,000 metric tonnes per year from the current 
operating nuclear power plants to reach about 70,000 metric tonnes by 2015. This SNF 
inventory contains ~1% transuranics (~700 MT), which has about ~115 MT of minor 
actinides (MA). The proposed system is intended to: a) transmute/fission the MA, which 
eliminates the long-term radiotoxicity of the SNF, b) generates carbon free energy, and c) 
significantly reduces the geological repository storage requirements per metric tonne of 
the SNF. A fraction of the SNF plutonium will be used with the SNF MA to reduce the 
disposition cost and to accelerate the disposition time. The other fraction of the SNF 
plutonium can be used as a MOX fuel in the current/future thermal power reactors and a 
starting fuel for future fast power reactors. The uranium of the spent nuclear fuel can be 
recycled for use in future nuclear power plants. The short-term fission products decay to 
reach the radiotoxicity level of the natural uranium ore in ~300 years. 

This paper presents that only four accelerator-driven systems operating for <33 full 
power years can dispose of the US SNF inventory [2] expected by 2015. Each system 
consists of a proton accelerator with a neutron spallation target and a subcritical 
assembly. The accelerator beam parameters are 1 GeV protons and ~25 MW beam power, 
which produce 3 GWt in the subcritical assembly. This paper highlights the concept and 
the system analyses. 

Accelerator-driven system 

The system has a CW proton accelerator beam to generate a continuous neutron source 
for driving the subcritical assembly. The analysis shows that the required proton beam 
power for the 3 GWt subcritical system with Keff of 0.98 is 25 MW from 1 GeV protons. 
Figure 1 shows the beam power requirements as a function of the proton energy with 
lead-bismuth eutectic target for 3-GWth system. The parameters are almost optimum for 
such a system. Increasing the proton energy above 1 GeV has a small impact on the 
required beam power but it has a negative impact on the target and the subcritical 
assembly designs. As the proton energy increases, the target length, and the subcritical 
assembly height increase. Such changes increase the neutron leakage, which increase the 
required proton beam power. In addition, the required shielding thickness increases as 
the proton energy increases to attenuate the high-energy neutrons. 

Liquid metal target [3] is selected because it has several design advantages: a) liquid 
material does not suffer from radiation damage or thermal stresses, b) physical 
properties of the liquid material do not change during operation, c) heat removal is much 
easier and efficient, d) liquid target has simple mechanical design, which improves its 
performance, including the neutron yield per proton, and e) liquid target relaxes the 
accelerator reliability design requirements. The target assembly is located at the centre of 
the subcritical assembly to maximise the utilisation of the spallation neutrons. Figure 2 
shows the liquid metal (lead or lead-bismuth eutectic) target design configuration. The 
target assembly is located at the centre of the subcritical assembly to maximise the 
utilisation of the spallation neutrons. Because of the high power density in the target 
material, the target has its coolant loop, which is independent of the subcritical assembly 
coolant loop. 
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Subcritical assemblies with solid fuel materials have been considered in the past in 
order to utilise the gained experience from the operating fission power reactors. However, 
this choice requires the development of new fuel designs with transuranic materials. A 
long and expensive R&D programme is required to develop such a fuel form and its 
fabrication process, to carry out fuel irradiation experiments, and to perform post-
irradiation examination of the fuel materials. In addition, the fuel irradiation and testing 
require a fast irradiation facility, which is not available in the United States at this time. 
Numerous fuel reprocessing cycles will be needed to extract the unutilised transuranics 
from the solid spent nuclear. These processing plants do not exist in the US. In addition 
to the cost, the use of the solid fuel forms will result in much longer time to dispose of 
the minor actinides. These issues have led to the consideration of mobile fuel. 

Mobile fuel forms with transuranic materials without uranium are considered in this 
work to avoid the issues of the solid fuel forms and to eliminate the minor actinides and 
the long-lived fission products of the spent nuclear fuels. Liquid metal (liquid lead or 
lead-bismuth eutectic) is the fuel carrier material. Transuranics are mixed or micro-
particles suspended in the fuel carrier material. The use of the mobile fuel concept 
results in a closed material cycle, which reduces the proliferation risk. The liquid carrier 
has the fission products mixed with the transuranics all the time. A significant fraction of 
the long-lived fission products, from the SNF and the MA disposal, are transmuted during 
the power generation process without extra steps. The continuous feed of the 
transuranics/long-lived fission products during the operation reduces the radioactive 
waste and the required geological storage capacity. 

In addition, the use of mobile fuel forms: a) eliminate the minor actinides without the 
need for extra fuel processing steps, b) relax some of the reliability requirements for the 
accelerators, c) remove fission gases during operation, d) reduce the required R&D to 
qualify the fuel, the deployment time, and the total cost, e) maintain a fast neutron 
spectrum, which results in efficient neutron utilisation, good neutron economy in the 
presence of fission products, and lower probabilities for generating higher actinides,  
f) achieve the transuranics elimination objective, and g) permit controlling the output 
power by adjusting the fuel material concentration in the fuel carrier without changing 
the proton beam power. A thermal-hydraulics performance confirmation for the selected 
carrier with the selected fuel material form is required. This confirmation can be carried 
out in the laboratory without the need for a neutron source or an irradiation experiment. 

Subcritical assembly parameters and performance 

The fuel carrier chemistry defines the upper limit of the transuranic concentration as a 
function of the operating temperature. In defining the system parameters, a transuranics 
concentration range was considered but the upper value is lower than the chemistry 
limit. The system is designed for an effective neutron multiplication factor (Keff) of 0.98, 
which provides adequate operational safety margin. In order to reach this neutron 
multiplication factor, a small fraction of the SNF plutonium is mixed with the minor 
actinides. Different transuranics concentrations are considered with different plutonium 
fractions to achieve a Keff of 0.98. Figure 3 shows Keff and the ADS power from  
25 MW/1GeV proton beam and 7% actinides concentration in the lead-bismuth eutectic as 
a function of the plutonium concentration. Table 1 summarises the obtained subcritical 
assembly parameters. 

Detailed burn-up analyses for the subcritical assembly were performed using MCB5 
computer programme [4] with ENDF/B-VII nuclear data.  In the analyses, the composition 
of the mobile fuel carrier is adjusted every three months, four times per year, to adjust 
the neutron multiplication to the original value of 0.98. Of course, the time interval of the 
three months can be changed to continuous feed or any time interval as needed to 
maintain constant output power and neutron multiplication values within a specific 
range. The transuranics consumption rate is 1.2 metric tonne per full power year. Figure 4 
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shows the sample of the results for lead-bismuth eutectic fuel carrier with 5% actinides 
(35.7% plutonium concentration), 7% actinides (27.2% plutonium concentration), and 10% 
actinides (20% plutonium concentration) during 10 years of operation. The corresponding 
long-lived fission product transmutation is shown in Figure 5. 

Figure 1. Lead-bismuth target design configuration 

 

 

Figure 2. Beam power requirements as a function of the proton energy with  
lead-bismuth eutectic target for 3 GWth system 
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Figure 3. Keff and ADS power from 25 MW/1GeV proton beam and 7% actinides concentration 
in the lead-bismuth eutectic as a function of the plutonium concentration 

 

Figure 4. Keff at each fuel burn-up time step for the ADS system with 5% (35.7% Pu), 7%  
(27.2% Pu) or 10% (20% Pu) actinides concentration in the lead-bismuth eutectic 
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Figure 5. Long-lived fission product transmutation during the first 10 years of ADS operation 
with 7% actinides (27.2% Pu) in the lead-bismuth eutectic 

 

 

Table 1. Subcritical assembly parameters 

Target  

Proton beam parameters 25 MW/1 GeV 

Target material Liquid Pb or Pb-Bi 
eutectic 

Proton beam radius 19.5 cm 

Target length  70 cm 

Target radius including manifolds 35 cm 

Subcritical assembly  

Outer radius 150 cm 

Height 300 cm 

Fuel carrier/coolant Pb or Pb-Bi Eutectic  

Transuranic concentrations 5 to 10% 

Plutonium concentration for the three 
transuranic concentrations  

36 to 20% 

 

Conclusion 

This paper proposes an approach to dispose of the 70,000 metric tonnes of the expected US 
spent nuclear inventory expected by the year 2015. It is based on the use of four to five 
accelerator-driven subcritical systems. Each has an output thermal power of 3 GW, operates 
for <33 full power years with an effective neutron multiplication factor of 0.98, and uses a 
25 MW beam with 1 GeV protons. A mobile fuel carrier concept for the transuranics is 
adopted for the subcritical assembly. 
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According to the MCB5 burn-up simulations, the subcritical assembly with different 
actinide concentrations consumes about 1.2 metric tonnes of transuranic per year. For 
the 7% actinide concentration in the liquid metal fuel carrier, the four ADS will consume 
the minor actinides of the 70,000 metric tonnes in less than 33 full power years and burn 
about 35 metric tonnes of the spent nuclear fuel plutonium. In addition, a significant 
fraction of the long-lived fission products will be transmuted at the same time. 
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