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ABSTRACT 

The present investigation has been performed to get an overview about the challenges, 
implications, boundary conditions, assumptions and correlated consequences of different 
scenarios suggested or envisaged for the deployment of nuclear energy on a global or regional 
basis. Advanced fuel cycles, that envisage the transition from Light Water Reactors (LWRs) 
to Fast Reactors (FRs), have been compared against the reference case (only LWRs and 
“once-through” strategy). In order to quantify the impact of the initial hypotheses with regard 
to the main trends, a parametric study has been undertaken. For each parameter, separate 
effects on the selected fuel cycle performance indicators (radiotoxicity in a repository, heat 
load at fuel discharge, resource consumption/utilization and waste inventory) have been 
quantified. The study was done in collaboration between University of Pisa (UNIPI, Italy) and 
Karlsruhe Institute of Technology (KIT, Germany). 

1 INTRODUCTION 

The expected growth of the world energy demand, ca. 4% per year [1] driven by East 
countries, is forcing to look for more sustainable energy mix. Nuclear energy has the potential 
to provide a considerable amount of low carbon electricity and together with renewable 
sources it is expected to be a key factor for this future mix despite the impact of the recent 
Fukushima accident. However, optimizations of nuclear reactors and fuel cycles are 
necessary.  

The present activity has been developed to provide a contribution to the analysis of 
advanced fuel cycles with special attention to resources, waste inventory and infrastructures 
involved. Even thought, it remains the main issue, safety has not been touched in detail here. 

The purpose of the investigation was to get an overview about the challenges, 
implications, boundary conditions, assumptions and correlated consequences of different 
scenarios suggested or envisaged for the deployment of nuclear energy on a global or regional 
basis. In particular, the implications of the Light Water Reactors (LWRs) use and the possible 
transition to Fast Reactors (FRs) have been key points of the analysis. 
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Scenario analysis algorithms have been found to be a suitable tool for evaluating the 
impacts of the advanced fuel cycles associated with the reactor type under study by providing 
some feedbacks for core design. 

In order to quantify key indicators representative of a scenario study a simplified case, 
characterized by constant nuclear energy demand, has been selected. The “once-through” fuel 
cycle, assumed as reference, is compared with advanced Partitioning and Transmutation 
(P&T) fuel cycles where Pu and Minor Actinides (MAs) are recovered and multi-recycled in 
FRs. 

For the reference case, only Gen.III+ systems (based on the European Pressurized 
Water Reactors, EPRs) are considered for covering the electricity needs. In the case of 
advanced fuel cycles, several fast reactor concepts characterized by different coolant, size and 
breeding capabilities [2,3,4] have been compared. 

The most important hypotheses affecting the scenario analysis have been identified. It 
was shown that the choice of the energy demand and mix, reactor concepts and fuel cycle 
strategy has a large impact on the scenario results. Moreover, several other options (e.g. fuel 
burn-ups, or reactor introduction pace) can further slightly affect the main trends. The 
quantification of these impacts with respect to some selected indicators has been done 
providing some type of „sensitivity map“ which can be extrapolated also for other studies in 
order to take into account the uncertainties associated to the hypotheses chosen. 

2 SCENARIO HYPOTHESES AND TOOLS 

The nuclear energy demand chosen for the reference case scenario is shown in Figure 1. 
After a decade of increasing demand due to reactor introduction, a constant nuclear energy 
production has been considered. The chosen amount of 70 TWhe/y corresponds to an 
industrialized country with a population of about 60 millions producing 350 TWhe/y (e.g. 
Italy) where 20% of the total electricity production is covered by nuclear energy (e.g. USA 
electricity mix) [5]. This value corresponds of about six reactors of 1500 MWe each. 

This energy demand is sufficiently small for representing the "unit of measure" for more 
complex regional scenarios (e.g. constituting 1/6 of the French nuclear production [5]) and 
sufficiently large to represent the electricity produced by few reactor systems enabling the 
investigation of several hypotheses for the substitution. 

 

 
Figure 1: Nuclear Energy demand (TWhe/y) assumed for the reference scenario 

 
For the reference case, only Gen.III+ systems (based on EPRs) and “once-through” fuel 

cycle (where spent nuclear fuel, SNF, is sent to disposal without any material recovering) has 
been considered. For the transition to FRs, only the Pu available in the cycle has been 
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recycled for better underlining the impact of FRs breeding characteristics on the dynamic of 
the substitution. The main characteristics of the reactors considered are listed in Table 1.  

A common point for all the scenarios is the first FRs introduction date fixed to be 2080 
(after a LWRs lifetime of 60 years).  

 
Table 1: Reactors characteristics 

 EPR ELSY1 ESFR1 EFR1 
MWth 4500 1500 3600 3625 
MWe 1550 600 1440 1450 

Coolant Water Lead Sodium Sodium 
Spectrum Thermal Fast Fast Fast 

Load factor (%) 81.76 85 85 85 
efpd 4*366.6 4* 456 5*410 5*340 

Efficiency (%) 34.44 40 40 40 
Burn-up (GWd/tHM) 55 60 100 136 

HM mass (tons) ~120 ~50 ~75 ~45 
Fissile content (%) 4.6 16.4 15.6 21.5 

BR - ~1.01 ~1.03 ~1.02 
Fuel (geometry) UOX (17x17) MOX (HEX) MOX (HEX) MOX (HEX) 

 
For the study, the COSI6 code [3], a dynamic scenario and fuel cycle code developed at 

CEA (France) has been used. Suitable libraries (including burn-up dependent one group cross 
sections) have to be provided to the COSI6 code in order to model the reactors. 

For the EPR system, the available library in COSI6 has been adopted [6]. For the ELSY 
and ESFR models, original libraries have been generated at KIT adopting ERANOS2.2 code 
[7] and JEFF3.1 [8] data libraries. The library for EFR has been generated at CEA and used in 
KIT studies [9,10]. 

For comparing the different scenarios, only these indicators that can be quantified have 
been considered. In particular the resources (natural uranium and Pu) inventory, isotopic 
composition, long-term radiotoxicity and decay heat evolution of the material sent to the 
geological repository. In addition, infrastructures needs (i.e. fabrication and reprocessing 
annual capacities) have been compared. More details are reported in [11]. 

3 NUCLEAR ENERGY DEVELOPMENT BASED ON LWRS DEPLOYMENT 

All the hypotheses for LWRs based scenario have already been indicated in Par.2.. The 
resulting main figures of merit for the front-end and back-end are presented below. 

The total cumulative natural uranium amount needed for sustaining the cycle is about 
2.5x105 tons in 2200 (corresponding to about 1,450 tons per year). As expected according to 
the low nuclear energy demand considered, the quantities involved for the reference scenario 
are very low in reference to the total estimated resources of uranium, ca. 40 Mtons [12,13]. 

The total SNF sent to the repository is about 10,400 tons in 2100 and 25,000 tons in 2200 
(mainly due to the depleted and not recovered uranium). In fact, in 2200 the Pu quantity in 
waste is only 274 tons (corresponding to ~1% of the total SNF) and the MAs mass 
accumulated in waste is about 70.4 tons being mainly composed of Am by 63%. 

                                                 
1 Where ELSY is the acronyms for European Lead cooled System; ESFR is the acronyms for European Sodium 
Fast Reactor; and EFR is the acronyms for European Fast Reactor.  
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As previously indicated, the results obtained are hypotheses-dependent. To deal with these 
sources of uncertainties, a parametric study oriented to thermal systems has been undertaken. 
The considered parameters are indicated in Table 2, more details can be found in [11,14]. 
 

Table 2: Parameters considered for the parametric study on LWRs 
Parameters Main influence, impact, aspect 

Burn-up Natural cumulative extracted material. Enrichment capacities. 
Pu quality for the transition to FRs. 

Loading Strategy  
(Batch fraction) 

Annual fabrication and enrichment throughput. 
Mass loaded in core every cycle. 

Energy demand Strongly correlated to Front-end (U-demand) and Back-end (SF-
inventory) parameters. 

Introduction rate Pu mass availability for the early introduction of FRs. 
Start-up core Cumulative quantities (i.e. U and SF masses mainly). 

Check of the COSI6 model. Reactor lifetime 
 

The impact of each parameter has been quantified [11,14]. Table 3 summarizes an 
example for the impact of burn-up and fuel management strategy on uranium resources. 

 
Table 3: Cumulative natural uranium demand versus burn-up 

Burn-up 
(GWd/tHM) 33 50 55 65 

 Batch Fraction 
 3 4 4 4 4 6 

year Tons 
2200 290,900 290,900 256,100 257,700 263,100 263,100 

% change 12.9 12.9 -0.6 Ref. 2.1 2.1 
 

The outcome of the parametric study is a kind of „sensitivity map” which can be 
extrapolated also for other studies in order to take into account the uncertainties associated to 
the hypotheses chosen. The study has provided quantify impacts of the most critical boundary 
conditions (above all the nuclear energy demand) in the definition of a fuel cycle scenario.  

In order to give an overview of the parametric study on LWRs, Table 4 summarizes, in 
a qualitative way, the impact of each parameter over the selected indicators. The impact is 
considered “High” when the trends are significantly changed; “Medium” when the trends are 
only slightly changed (few %) and “Low” when the changes on trends are negligible2. 

 
Table 4: Qualitative comparison of the impact of each parameter for LWRs 

Indicators 
Parameter 

Burn-up Nuclear Energy 
demand 

Reactor 
Introduction rate 

Reactor 
Lifetime 

Resources Medium High to Medium Medium Low 
Medium High to Medium Medium Low 

Spent Fuel Inventory Medium High to Medium Low Low 
Radiotoxicity Low Low Low Low 

Heat Load Low Low Low Low 
Infrastructures needs Medium High to Medium Low Low 

                                                 
2 No economical evaluations are taken into account. 



1407.5 

4 TRANSITION TO FAST REACTORS 

For the transition to FRs, additional constraints have to be considered in terms of Pu 
availability and FRs start-up date. The transition is strongly limited by the Pu available in the 
cycle which is produced only by the thermal reactor fleet in operation since 2020. Under this 
assumption, the power density and the breeding characteristics of the deployed FRs type play 
the central role in the dynamics of the transition.  

The three fast reactor concepts implemented in the study (see Table 1) have similar 
breeder characteristic (i.e. comparable breeding ratio, BR) but their introduction dynamics is 
dramatically different [11,15] as indicated in Figure 2-a. In fact, due to the size and core 
design (i.e. power density, blankets, etc.) the full substitution of the thermal fleet can not be 
performed before the end of the century if ESFR and ELSY systems are considered (lack of 
Pu in the transition cycle). The different substitution dynamic has a strong impact on the fuel 
cycle indicators as shown in Figures 2-b, 2-c and 2-d where the impact on resources, MAs and 
Pu are illustrated. The full substitution by EFR leads in 2150 to the reduction of resources by 
50%, the MAs in disposal by 33% (mainly due to Pu separation) and Pu mass in the cycle by 
40% in 2200. The impact on radiotoxicity and heat load is limited [11,15]. 

 
  (a)                                                                   (b) 

 
(c)                                                                   (d) 

Figure 2: Transition to FRs based fleet: Impact of system type considered on a) substitution 
dynamics; b) natural U resources; c) MAs in disposal; d) Pu in the cycle 

 
Thus, the transition to closed fuel cycles with MAs multi recycling has been furthermore 

considered. In the study, the ESFR core has been homogeneously loaded with several MAs 
mass fractions in the fresh fuel. Figure 3-a shows MAs mass in the full fuel cycle. In closed 
fuel cycle (ESFR-MAs), the total MAs are stabilized to 10 tons (only losses are sent to the 
disposal, see Figure 3-b). If only Am is recycled (partially closed fuel cycle) the MAs are 
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stabilized to 20 tons (same effect for 2% and 4% Am loading) with an accumulation of Cm 
(Figure 3-d) leading to large effects on the long term radiotoxicity (after 1.0E05 years) as 
indicated in Figure 3-c. 

 
(a)                                                                   (b) 

 
(c)                                                                   (d) 

Figure 3: Transition to FRs adopting closed or partially closed fuel cycles a) MAs in cycle; b) 
MAs in disposal; c) long term radiotoxicity evolution; d) Cm in the cycle 

 
As indicated in Figure 3, 2% and 4% Am loading in core have a similar effect on scenario 

parameters but different impact in terms of safety. The adoption of 4% Am loading 
deteriorates void effect, Doppler and kinetics parameters much more then lower i.e. 2% of 
Am loading. In particular the beginning of life void reactivity effect is deteriorated from ca. 
1.2$ in the reference core to 2$ for the case with 2% Am versus ca. 3$ for the case with 4% 
Am. Some preliminary results concerning safety investigations can be found in [17,18,19].  

In the FRs transition study, several parameters have been considered like impact of 
reprocessing options, energy demand, loading factors, etc. [11]. Table 5, gives a summary of 
the impact of each considered parameter over the selected indicators in a qualitative way. The 
sensitivity levels are the same adopted for Table 4.  

5 CONCLUSIONS 

The results have confirmed that for a nuclear economy based on conventional or 
advanced LWRs, the transition to the innovative reactors and advanced fuel cycles are crucial 
for the long-term sustainability point of view. In fact, the expected increase of nuclear energy 
worldwide, could produce stress on resources, that will impact “any” nuclear energy 
deployment program [10].  
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Table 5: Qualitative comparison of the impact of each parameter for FRs 

Indicators 
Parameter 

Breeding and 
Power density Am recycling MAs recycling Reprocessing 

Options 

Resources High Low Low Low 
High Low Low Low 

Spent Fuel Inventory High High High Low 
Radiotoxicity Medium Medium High Low 

Heat Load Medium Medium High Low 
Infrastructures needs Low to Medium Low Low High 

 
In this context, the transition to fast reactors based fleet play a key role considering also 

that FRs can be a unique tool for improved waste management and smaller size of needed 
repository. Several concepts (sodium and lead cooled, self-sustaining or slightly breeders) as 
well as several closed fuel cycle options (e.g. Pu only retrieval and recycle, full TRUs 
retrieval and recycle, Pu and selected MAs retrieval and recycle) have been compared. 

The scenario analyses have proved to be a powerful tool for evaluating various 
strategies. The trends obtained may provide feedbacks for designing the advanced reactor 
concepts under study. 

However in order to perform scenario analyses, several boundary conditions need to be 
fixed which can significantly affect the results changing the general trends obtained. Among 
them, the energy demand and the FRs breeding characteristics are the most important and 
have been analyzed here in detail.  

In order to quantify the impact of the initial hypotheses with regard to the main trends, a 
parametric study (oriented to thermal and fast reactors) has been undertaken. The outcome is a 
kind of elementary "database" (including the effect of each parameter studied separately) that 
can be used for quantifying the potential uncertainties associated to more complex scenarios. 

In summary this study has provided an overview of the aspects to be treated in any 
scenario analysis. The considered reference case has been selected in such a way that the 
extrapolation of the results to more complex scenarios (e.g. increasing energy demand) can be 
readily done. 
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