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ABSTRACT 

 
 

The objective of this paper is to discuss the option of recycling and transmutation of radioactive waste against 

Once-through Fuel Cycle (OTC) based on uranium feed under the perspective of sustainability. We use a 

qualitative analysis to compare OTC with closed fuel cycles based on studies already performed such as the Red 

Impact Project and the comparative study on accelerator driven systems and fast reactors for advanced fuel cycles 

performed by the Nuclear Energy Agency. The results show that recycling and transmutation fuel cycles are more 

attractive than the OTC from the point of view of sustainability. The main conclusion is that the decision about 

the construction of a deep geological repository for spent fuel disposal must be reevaluated.   

 

 

 

1.  INTRODUCTION 

 

The current commercial nuclear power plants (LWR, CANDU, etc.) operate in a Once-

through Fuel Cycle (OTC) based on uranium feed. The present time nuclear power plants 

generate important amounts of high level radioactive wastes (HLW) composed of long lived 

trans-uranium materials (TRU), i.e., Plutonium, minor actinides (MA, i.e., Americium, 

Neptunium and Curium), and long lived fission products (LLFP) such as 129I, 99Tc, 135Cs etc. 

In the OTC fuel cycle, these waste requires a long time to decay in order to reach the level of 

radio-toxicity of natural uranium, and must be kept isolated in a deep geological repository for 

thousands years [1]. 

 

Besides the concerns of waste disposal for periods longer than 10,000 years, the buildup 

of radioactive stockpiles also brings the issue of proliferation. To overcome these problems, 

some of the next generation designs of nuclear power plants incorporate the concept of closed 

fuel cycles, which can avoid proliferation, provide a better fuel utilization and natural resource 

savings, and reduce the radio-toxicity throughout time. The objective of this paper is to discuss 

the recycling and transmutation of radioactive waste under the perspective of sustainability 

using a qualitative analysis to compare OTC with closed fuel cycles based on studies already 

performed [2,3]. We intend to discuss possible improvements regarding time reduction for 
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spent fuels storage, environmental impacts, and consumption of raw materials comparing the 

OTC fuel cycle with closed fuel cycles. The alternative closed cycles considered are: a) the 

recycling of Plutonium from thermal reactors and its reutilization as mixed oxide fuel (MOX) 

in the some type of reactors, and b) the advanced fuel cycles with partitioning and transmutation 

of MA. The first alternative cycle is already in use in countries like France, Japan and Russia. 

The second alternative encompasses cycles such as the double strata advanced fuel in advanced 

Fast Reactors or/and a dedicated transmute reactor (e.g. ADS) with fuels using MA. 

 

 

2. COMPARATIVE STUDIES ON SPENT FUEL MANAMENT:  

CLOSED FUEL CYCLE VERSUS OTC 

 

The spent fuel discharged from pressurized water reactors (PWR) constitutes the main 

contribution to nuclear waste with low, intermediate and high levels (LLW, ILW and HLW). 

The LLW and MLW are of lesser concern since they decay in a short period (~102 years). The 

HLW constitute a big concern mainly due to the time required for the radio toxicity to reduce 

to the levels of the natural ore be around 104 to 105 years.  

 

Table 1 presents the typical inventory of radioactive material generated by a 1 GWe 

PWR operating during 1 year. These data show that a typical 1 GWe PWR generates 200 to 

350 m3 of LLW and ILW, such as 90Sr and 137Cs, and 20 m3, or 27 tons, of spent fuels. In an 

OTC fuel cycle these ILW material require a repository volume of 75 m3 after it is put in 

canisters.  However if the option of recycling is used, only 3 m3 of vitrified waste will be 

generated, which is equivalent to a volume of 28 m3 after conditioned in canisters. [4] 

 

 

Table 1- Annual Inventory of a typical 1 GW(e) PWR.[4] 

 

Nuclide Initial mass 

(kg) 

Discharge Mass  

(kg) 
235U 954 280 
236U  111 
238U 26328 25655 

Total U 27282 26047 
239Pu  156 

Total Pu  266 

Minor Actinides  20 
90Sr  13 

137Cs  30 

LLFP  63 

Total FP  946 

Total Mass 27282 27279 

 

 

Some countries had made the option of OTC, and planned to construct deep geological 

final repositories. The USA is an example of this option and built the experiment of Yucca 

Mountain to demonstrate its viability [5]. This decision took in the late seventies showed to be 

inefficient regarding the capacity of storing spent fuels versus evolution of nuclear technology 

over time. Today Yucca Mountain is not capable to store their spent fuel inventory without that 
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country having built any new reactor in the last 20 years. Just the improvements in the capacity 

factor of the present USA fleet generated more spent fuel than was projected during the 

seventies.   

 

Other countries like France, Japan, Russia, India and China decided to adopt another 

option for spent fuel management. They chose the policy of recycling the spent fuel and are 

currently using mixed oxide fuels (U-Pu) O2 in their thermal reactors. They increased the 

energy content of the nuclear fuel, and reduced the volumes needed for spent fuel storage. 

Moreover, they are considering using fast reactors and transmutation of the nuclear waste in 

their future plans in order to further increase the energy content of the nuclear fuel. One of the 

core design alternatives is to incorporate the concept of breeding to reduce the requirements of 

natural resources and of final storage. 

 

Advanced fuel cycles using new reactors concepts are under way, mainly considering 

fast reactors and dedicated transmute reactors such those defined in the G-IV forum. These 

concepts are promising and aim at a future sustainable nuclear energy and at satisfying the 

public concern regarding the utilization of nuclear power [6]. 

 

A study performed by the OECD Nuclear Energy Agency (NEA) considering accelerator-

driven systems (ADS) and fast reactors (FR), show a comparative analysis among several 

closed fuel cycles against OTC. The figures of merit were the sustainability criteria 

encompassing cost effectiveness, environmental impact, and efficiency of resource use, and a 

summary of these results are illustrated in Figure 1, for the scenarios illustrated in Figure 2.  

 
Figure 1: Sustainability Criteria for the Fuel Cycles studied in the NEA Report [2] 

 

Although several results were obtained in this study, the most important one is that the 

scenarios with fully closed fuel cycles (3 and 4), mainly the double strata, reduce the time 

requirement of storage in the final repository by a factor of a hundred. This result brings the 
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requirement for final disposal of HLW to the same level as those for LLW and ILW. In short 

the conclusions obtained by the study were:  

 

 All transmutation strategies with fully closed fuel cycles can, in principle, achieve 

similar reductions in the actinide inventory and the long-term radio toxicity of the high-

level waste, and these are comparable with those of a pure fast reactor strategy. This 

implies that there are no distinct differences between the respective potentials of the FR 

and the ADS. 

 

  With the assumed reactor and fuel cycle parameters, these strategies can achieve a more 

than hundred-fold reduction in the long-term waste radiotoxicity and even higher 

reductions in the heavy metal and TRU losses to repository, compared with the once-

through fuel cycle. This applies for multiple recycling of the fuels, high fuel burn-ups, 

and very low reprocessing and fuel fabrication losses. For the latter, a value of 0.1% for 

all actinides is assumed, as already achieved for uranium and plutonium, though an 

ambitious target for the other actinides. 

 

 

  Regarding actinide waste production and technological aspects, the FR-TRU and the 

ADS-MA scheme are similarly attractive. The first can gradually evolve to a pure fast 

reactor strategy, but requires higher initial investment in fast reactor and advanced fuel 

cycle technologies. The second confines the minor actinides to a small side-stream of 

the fuel cycle where, however, very innovative technology is needed. Here, the ADS 

has the advantage that it can burn pure minor actinides while avoiding a deterioration 

of the core safety characteristics. 

 

 The economic analysis indicates that ADS-based transmutation technology can be made 

more competitive by burning as much plutonium as possible in conventional reactors, 

i.e. MOX fuelled LWRs and FR. This favors the ADS-MA scheme, which, together 

with the FR-TRU scheme, also features the lowest electricity costs of all transmutation 

schemes. In these cases, P&T is estimated to add a relatively modest 10-20% to the 

electricity costs of the once through fuel cycle. Although such cost increases would be 

unacceptable to the market at present, they are limited and might be affordable in the 

future, if price increases rendered fossil fuels less competitive or society placed a 

premium on reducing waste radio toxicity.       
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Figure 2:  Fuel cycle schemes considered in the NEA studies [2] 

 

 

Recently a more complete study was made in the European Community [3] about 

partitioning and waste reduction technologies for final nuclear waste disposal. A unique 

consortium of research institutes, waste agencies and industrial partners (23 partners + 2 sub-

contractors in 11 countries) carried out this study. In this study, the scenarios considered were 

three “industrial” scenarios and three long-term scenarios. The industrial scenarios were: 

 

• A1. Reference scenario - open cycle; 

• A2. Near term scenario - Plutonium single recycling in LWR with standard MOX; 

• A3. Fast reactor with infinite recycling of Plutonium with “standard” MOX.  

 

Three long-term scenarios were: 
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• B1. Gen IV scenario: infinite recycling of Plutonium and Minor actinides in fast 

reactors; 

• B2. Simplified double strata: LWR + ADS; 

• B3. Double strata + Fast reactors + ADS. 

 

Although much more information was obtained in this study, mainly indicators about the 

repository and technologies, the conclusion obtained by the NEA study was confirmed. Figure 

3 shows the reduction of radio-toxicity as a function of time after fuel unloading obtained by 

this study.  

 

From these results, the scenario B2 is the one, which gives the best time reduction in the radio 

toxicity.  

 

3. CONCLUSIONS 

 

This paper has briefly reviewed the main studies made by the European Community on 

closed fuel cycles versus open fuel cycle, regarding sustainability criteria and radio-toxicity 

reduction. In all studies, the main conclusions were that closed fuel cycles with transmutation 

reduce the time requirement in the final repository by a hundred fold. The requirement for final 

disposal of HLW becomes the same level as those for LLW and ILW. Therefore we recommend 

that the decision of construction of deep geological repository be reevaluated, as an option for 

the solution of spent fuel storage, mainly for those countries, such as Brazil, for which nuclear 

energy is an option for the future. 

 

 

 

 

 

 

 

 

 

Figure 3 - Radio toxicity Reduction for different scenarios studied in 

the Red Impact Project  

 

, 
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