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TRANSMUTATION MISSION
Won SiK YANG
Argonne National Laboratory, Nuclear Engineering Division
Argonne, Illinois 60439, USA
This paper presents a brief summary of the objectives of transmutation mission and relevant fuel cycle strategies and transmutation systems, including a short comparison of the main characteristics of fast reactor and accelerator-driven systems for actinide transmutation. 
1.    Introduction
Nuclear energy is a significant contributor to U.S. and international electricity production, about 20% in the U.S. and over 16% in the world. Given the recent concern over carbon gas emissions, there may be significant growth in nuclear utilization worldwide. 
In the U.S., a once-through fuel cycle has been employed to date. As a result, large quantities of spent fuels are stored at reactor sites, but final waste disposal is not secured. With the expected nuclear expansion, this is not a sustainable approach. Thus, advanced fuel cycles to transmute the hazardous transuranics (TRU) of spent nuclear fuel are being explored.
The primary goal of the transmutation mission is to remove TRU elements from the waste stream and to fission them in advanced nuclear systems such as fast reactors and accelerator-driven systems, producing about one MW-day of energy for every gram. 

The transmutation of TRU would reduce the long-term environment burden of nuclear energy through significant reduction of released dose and radiotoxicity and efficient utilization of permanent disposal space. It would also enhance overall nuclear fuel cycle proliferation resistance by avoiding disposal of weapons usable materials and enhance energy security by extracting energy recoverable in spent fuel, avoiding uranium resource limitations [1].
2.    Transmutation Strategies

The currently considered advanced fuel cycles can be divided into two groups [1]: limited recycle in which spent fuel is recycled a few times in current light water reactors (LWRs) and then directly disposed, and continuous recycle where spent fuel is recycled continuously and only fission products are disposed. The continuous recycle can be further divided into single and double tier systems [2]. In the single-tier system, the TRU from LWR spent fuel is fed into fast systems while the TRU from fast system spent fuel is recycled continuously. In the double-tier system, the plutonium or TRU of LWR spent fuel is recycled in LWRs limited times before fed into fast systems.
2.1.    Radiotoxicity Reduction
Figure 1 shows the impact of the fuel cycle strategies on long-term radiotoxicity [1]. For the conventional once-through strategy, the spent fuel radiotoxicity remains above the level of the original source material (uranium ore) for about 300,000 years. The limited recycle approach produces little improvement over the once-through case due to only partial consumption of the transuranics. 

The continuous recycle is required to meet the environmental goals through significant reduction of radiotoxicity. It can significantly improve the basic nature of nuclear waste disposal through the reduction of thermal load and isolation period. 
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Figure 1. Radiotoxicity for once-through, limited recycle, and continuous recycle.

2.2.    Spectral Effect on Transmutation Physics
Table 1 shows the fission-to-absorption ratios of major actinides in typical pressurized water reactor (PWR) and sodium-cooled fast reactor (SFR) systems. As can be seen, fissile isotopes are likely to fission in both thermal and fast spectrum systems, with higher fission fraction in fast system. 
However, fertile isotopes have very small fission probabilities in thermal system, and thus they are transmuted into higher actinides instead of being consumed by fission. In fast system, the fission probabilities of actinides increase significantly (up to 50%), and more excess neutrons are produced. As a result, transuranics are consumed efficiently with less generation of higher actinides.
Table 1. Actinides fission-to-absorption ratios in thermal (PWR) and fast (SFR) systems.

	
	PWR
	SFR
	
	PWR
	SFR

	U235
	0.821
	0.807
	Am241
	0.011
	0.233

	U238
	0.099
	0.194
	Am242m
	0.812
	0.870

	Np237
	0.014
	0.296
	Am243
	0.008
	0.334

	Pu238
	0.072
	0.711
	Cm242
	0.212
	0.579

	Pu239
	0.637
	0.865
	Cm243
	0.847
	0.943

	Pu240
	0.003
	0.576
	Cm244
	0.054
	0.479

	Pu241
	0.747
	0.873
	Cm245
	0.865
	0.914

	Pu242
	0.015
	0.550
	
	
	


3.    Comparison of Fast Reactor and Accelerator Driven System
Either fast reactor (FR) or accelerator driven system (ADS) can effectively destroy TRU with closed fuel cycle (i.e., continuous recycle of TRU). In reducing the legacy TRU inventory, ADS has an advantage over FR since its TRU conversion ratio (i.e., production to destruction ratio) can be reduced to zero by utilizing uranium-free fuel. However, recent studies [3,4] showed that the TRU consumption rate reaches about 80% of the maximum theoretical value of uranium-free fuel when TRU conversion ratio is in the range of 0.25 to 0.35 and that fast reactors can achieve this low conversion ratio without compromising passive safety behavior of metallic-fuel FR.
On the other hand, the electricity generation cost of ADS is higher than that of FR approaches by 10 to 25%, depending on the level of first-tier burning [2]. In order to provide reliable electricity to the connected grid, the reactivity loss due to TRU fuel burning must be compensated by increasing the external source strength through increased accelerator power and the reliability of proton beam should be enhanced significantly. In addition, FR and ADS have different level of maturity and technical risk. Fast reactors are closer to deployment, while fuel cycle research and development are required for both transmutation scenarios.
From these aspects, FR is ideal as a single-tier system since significant electricity can be generated while consuming TRU. ADS is best suited to the second tier of a double-tier system since the number of the second tier systems can be reduced by targeting deep burnup in the first tier, preferably using commercial reactors.
It is also noted that the future nuclear energy scenario is a key consideration for deploying ADS or FR. Growing scenarios favor FR with a moderate support ratio, while contraction scenarios favor ADS (with uranium-free fuel) that destroys TRU more quickly.
4.    Concluding Remarks
In summary, either FR or ADS system with closed fuel cycle can be used for TRU transmutation mission. However, the preference for either system highly depends on the purpose and strategy of TRU transmutation such as nuclear growth or end, TRU stabilization or burn-down, etc.  

Dynamic scenario studies need to be performed to quantify deployment approaches and impacts to nuclear park, since instantaneous support ratios of scenarios calculated by dynamic and equilibrium simulations differ because of time lag impacts. 

Uranium-free and/or minor-actinide-only fuels are attractive for dedicated transmutation systems but would need a significant development time. Material performance degradation in ADS due to high-energy proton and neutron irradiation also needs to be considered. Innovative design solution may be required to provide inherent beam control and/or shutdown, since subcritical operating state greatly reduces the effectiveness of inherent passive safety reactivity feedbacks.
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