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CONTEXT – TECHNO-ECONOMIC ANALYSIS OF FUEL CYCLES
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Open Cycle:

- One fuel type (UOX, HALEU…)

- Sizable waste storage

- Pu accumulation

Reference cycle in most countries

Mono-recycling Cycle:

- Fuel types (UOX, MOX, URE)

- Recoverable Pu and/or U

- Requires reprocessing facilities

Reference cycle in France

Multi-recycling

- Industrial reference scenario. Deploiement

planned for 2050.

- Multiple reprocessing of Pu and Rep. U

Not currently used in industry

Existing techno-economic academic evaluation

• Mainly based on the Levelized Cost Of Electricity (LCOE)

• Static modeling of the fuel cycle

• Applied only on simplified macro-reactors fuel cycle

No publicly available techno-economic evaluation

• Current LCOE methodology not compatible with

multiple reprocessing of  the materials

• Difficult to evaluate with static modeling
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Two complementary dimensions are required to evaluate these new fuel cycles :

• A physics based analysis (detailed reactor models + fuel cycle simulation)

• A cost assessment based on the quantification of material flows through the cycle

⇒ Development of a coupling between material flows/management and cost calculations

for the determination of key cost drivers in multiple fuel cycles
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ECONOMIC INTEGRATION IN CLASS

CLASS – A DYNAMIC FUEL CYCLE SIMULATOR

 Definition of scenario assumptions

 Dynamic modeling of the fuel cycle

 Reactor models

 Evolution of fuel cycle facilities

 Generation and analysis of outputs

 Fuel cycle isotopic inventories evolution

 Individual isotopic inventories evolution

Approach

 Developped since 2010

 Historical collaboration CNRS & IRSN

 Academic scenario code

Context

Fig. 2: Output for a French fleet simulation with recycling starting in 1991
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Fig. 1: Example of a fuel cycle in the CLASS model

⇒ The CLASS simulator assesses U and Pu multi-recycling

from a physics standpoint but needs economic modelling
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ECONOMIC INTEGRATION IN CLASS

HANDLING ECONOMIC FLOWS IN CLASS

Fig. 3: Workflow for the Cost of the Electro-Nuclear System assessment within the CLASS framework
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RUNNING MODEL

Physical 
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stocks)

Material Flows

Industrial Process
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FIXED COSTS

• Investment

• Dismantling

• Refurbishment

• O&M

VARIABLE COSTS

• Uranium

• O&M

• CO2

• Transport

Cost of Electro-

Nuclear System

INPUT

⇒ Dynamic coupling provides both the CENS value and detailed cost breakdown 

accross the entire fuel cycle

Comparison of several nuclear fuel cycle evolution strategies with a common metric

OBJECTIVE

• Determine the levelized cashflow over the trajectory

• Output a new metric, the Cost of the Electro-Nuclear System (CENS, €/MWh)

• Output a detailed cost breakdown

STRATEGY

• Integration of plant technical constraints

• Representation of system dynamic capacity

• Endogenous modelling of upstream and downstream production costs

METHODOLOGICAL FEATURES 

82%

11%

7%

Reactor

Front-end

Back-end
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ECONOMIC INTEGRATION IN CLASS

Use case CAPEX – Fixed Capacity

Inputs OCC (€/Capacity)

Construction Time Tc

Lifetime Lt

Discount rate r 

Model TIC (Total Investment Cost)

Construction Annuity

Output Constant annuity (€/metric/year)

Examples Fabrication plant CAPEX

Enrichment plant CAPEX

Use case Dismantling costs

Inputs ODC (€/Capacity)

Construction Time Tc

Lifetime Lt

Discount rate r 

Model Dismantling Annuity

Output Constant annuity (€/metric/year)

Examples Reactor dismantling

Converstion plant dismantling

Input file : a model for defining each cost economic behavior

⇒ Five methodologies implemented: default, static annuities, HLW cashflows, provisions, dynamic annuities
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GLOBAL SENSITIVITY ANALYSIS

SCENARIO PARAMETERS

• Duration: 150 years

• Power output: 63 GWe (Based on the French Nuclear Fuel Cycle)

• Reactor lifetime: 60 years for UOX, 40 years for MOX

• Facilities operate according economic optimums

• Not reused material = waste, send to a final disposal

• Reusable material send to a final disposal only after reactor shutdown REACTORS PARAMETERS

• Burn-up : 45 GWd/tHM

• 235U enrichment in PWR UOX : 3.81%

• Pu content in PWR MOX : 4 – 16%

Fig. 4: Open cycle scenario flow diagram

• Identify the key cost factors in open-cycle and mono-recycling scenarios ;

• Compare the influence of these factors between the two scenarios.

OBJECTIVES

GLOBAL SENSITIVITY ANALYSIS

Understand the input and output relation :

1. Design experiment for input variables

2. Run N simulations

3. Quantify the impact of each input variables on the output variability
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GLOBAL SENSITIVITY ANALYSIS

SCENARIO PARAMETERS

• Duration: 150 years

• Power output: 63 GWe (Based on the French Nuclear Fuel Cycle)

• Reactor lifetime: 60 years for UOX, 40 years for MOX

• Facilities operate according economic optimums

• Not reused material = waste, send to a final disposal

• Reusable material send to a final disposal only after reactor shutdown REACTORS PARAMETERS

• Burn-up : 45 GWd/tHM

• 235U enrichment in PWR UOX : 3.81%

• Pu enrichment in PWR MOX : 4 – 16%

• Identify the key cost factors in open-cycle and mono-recycling scenarios ;

• Compare the influence of these factors between the two scenarios.

OBJECTIVES

GLOBAL SENSITIVITY ANALYSIS

Understand the input and output relation :

1. Design experiment for input variables

2. Run N simulations

3. Quantify the impact of each input variables on the output variability

Fig. 5: Mono-recycling scenario flow diagram
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GLOBAL SENSITIVITY ANALYSIS - VARIABLES

• Focus on the back-end of the fuel cycle

• Reactors + front-end CAPEX/OPEX fixed

• Other costs treated as variables

1Open-cycle only
2 Mono-recycling cycle only

Approach

Technical variables Economic variables

MOX power  fraction in the fleet

0.6% - 9,5%
CAPEX and OPEX

Final Disposal

• Spent Fuel

• Depleted Uranium

• Reprocessed Uranium2

• FP/MA/Pu2

Interim Storage

• UOX

• MOX2

Facilities2

• Reprocessing Plant

• Fab. Plant MOX

Reactors cost

Refurbishment Dismantling

Interim Cooling Time

1 – 60 years

• Depleted Uranium1

• Reprocessed Uranium2

• UOX1

• MOX2

• FP/MA/Pu2
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GLOBAL SENSITIVITY ANALYSIS

DATA SELECTION

Reference value :

• Based on a publicly available reference value from historical French nuclear data

• If no historical data available, data taken from international technical economic literature

• Realistic min and max value selected around this reference value for variables 

DATA SAMPLING

Global sensibility analysis based on 10 000 simulations with Latin Hypercube sampling for each scenario

Two experimental design : uniform and log-normal random draw

Fig. 6: Spent Fuel Final Disposal OPEX variable uniform and log-normal sampling (€/tHM/year)

⇒ Data sampling is challenging due to limited historical economic data and the absence of defined upper bounds
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GLOBAL SENSITIVITY ANALYSIS

RESULTS: The difficulties of a variance based approach with economic variables

First approach : elasticity

• Traditional economic approach

• Measures the responsivness of one economic

variable to a change in another

⇒ ε determination through a multiple linear regression on ln(CENS)

Key cost factors identification Cost factor comparison between fuel cycle Independance from the sampling

⇒ Issue : obtained coefficients εn are extremely

dependant on the sampling methodology as the 

relationship between ln(CENS) and ln(xn) is rarely linear.

Fig. 7: εn comparison between the uniform (purple) and log-normal (red) sampling for the MOX scenario 

- 60.4% - 70.6% - 48.6%

Interim UOX

Investment Cost

Spent Fuel Final Disposal

Investment Cost
HLW Final Disposal

Investment Cost
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GLOBAL SENSITIVITY ANALYSIS

RESULTS: The difficulties of a variance based approach with economic variables

Second approach : MLR level-level

Simplified approach

• Evaluates the influence of each variable 

independently from the others

• Enables comparison across scenarios sharing 

identical variables

⇒ an determination through a multiple linear regression on CENS

⇒ Issue : obtained coefficients an are independant of the 

sampling method for the economic variables, but do not 

permit a key factors identification due to the different scale

and unit.

Key cost factors identification Cost factor comparison between fuel cycle Independance from the sampling

Fig. 8: Normalized an comparison between the uniform (purple) and log-normal (red) sampling for the MOX scenario 

- 0.3% + 4.8% + 3.9%

Interim UOX

Investment Cost

Spent Fuel Final Disposal

Investment Cost
HLW Final Disposal

Investment Cost
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GLOBAL SENSITIVITY ANALYSIS

RESULTS: Mono-recycling, more resilient but still more expensive

Fig. 9: Normalized an comparison between UOX and MOX scenario with log-normal sampling

Only the variables in common are represented on this graph.

- 74.6% - 7.3% - 0.2%
-44.8%

-74.2% -60.0%

-37.4%
- 0.0%

Reactors costs : identical ± uncertainties as 

independant from the strategy

Storage of Depl. U : huge decrease (74.6%)

• Final Disposal Depl. U can only open after

MOX Fab. Plant closing

• Less enrichment needed due to MOX fuel

Storage of UOX costs decreasing

• Interim UOX with less capacity due to the 

reprocessing

• Quantity of spent fuel greatly reduced

New cashflows (Repro. Plant, HLW storage…) 

compensate entirely these costs reduction :

⇒ aMOX_fraction is positive for both sampling ;

the CENS increases with the mox power fraction.

⇒ A Pu mono-recycling fuel cycle with 10% 

MOX is 1 - 3 €/MWh more expensive than an 

open-cycle one.

However

⇒ These first conclusions are perfectly coherent with the literature

Depl. U

Final Disp.

Inv. Cost

PWR UOX

Refurbishment

Cost

PWR UOX

Dismantling

Cost

Nat. U

Purchase

Cost

Interim UOX

O&M
Spent fuel

Fin. Disp.

O&M

Spent fuel

Fin. Disp.

Inv. Cost

Interim UOX

Inv. Cost
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GLOBAL SENSITIVITY ANALYSIS

CONCLUSION

 A conclusive methodology has been developed for the evaluation of complex 

nuclear fuel cycle strategies

 Enables the generation of multiple economic scenario analyses through 

dynamic technical-economic coupling

 Tested on a Global Sensitivity Analysis for the comparison of an open cycle 

and a mono-recycling scenario

 Results coherent with the literature, but no fulfilling metric has been found for a 

complete results analysis

Prospects:

 Pursue the search for a satisfying methodology for analysing outputs

 Broaden the scope to include U+Pu mono- and multirecycling analysis

 Apply the methodology to the historical French Nuclear Fleet with individual

reactors
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Methodology Basic Static annuities Provision on costs Dynamic annuities

Main use Default CAPEX – Fixed capacity Dismantling CAPEX – Evolving capacity

User Input Yearly cost value 

(€/metric)

Overnight Construction Cost OCC

(€/capacity)

Construction time Tc (years)

Lifetime Lt (years)

Discount rate r

Overnight Dismantling Cost (ODC) 

(€/capacity)

Lifetime Lt (years)

Discount rate r

Base Cost BC (€)

Construction Cost CC (€/metric)

Initial Capacity CI (metric)

Construction TimeTc (years)

Discount rate r

Model

computation

None Total Investmement cost :

Annuities :

Dismantling annuity AD :

First years annuity :

When new capacity (CN) is deployed :

Model final input Yearly cost value 

(€/metric/year)

Evolving with time

Annuities (€/metric/year)

Same every year

Dismantling annuity (€/year)

Same every year

Annuities(€/year)

Evolving with time

Applied for Tc years before each new 

capacity extension

Examples Natural uranium 

purchase (€/kg)

Reactor

operational cost

(€/W/year)

Fabrication Plant CAPEX (€/tHM)

Enrichment Plant CAPEX (€/SWU)

Reactors dismantling (€/W)

Conversion Plant dismantling (€/tU)

Interim Storage Construction(€/tHM)

Pool construction (€/tHM)

Input file methodologies
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Variables
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Facilities costs
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O&M costs were determined from the capital annuities using the 70/30 methodology (Patarin, 2002). Assuming a load factor of 1, capital annuities 

make up 70% of the annual costs and operation and maintenance make up the remaining 30%.
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CENS distribution – Open Cycle

CENS (€/MWh) Back-end Front-end Total

Mean 4.1 2.8 44.2

Variance 4.3 0.3 4.6

St. deviation 2.1 0.5 2.2

Log-normal distribution
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CENS distribution – Open Cycle

CENS (€/MWh) Back-end Front-end Total

Mean 11.2 3.0 52.0

Variance 24.9 0.4 25.7

St. deviation 5.0 0.6 5.1

Uniform distribution
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CENS distribution – Pu Mono-Recycling

CENS (€/MWh) Back-end Front-end Total

Mean 3.9 2.7 44.2

Variance 1.0 0.2 1.4

St. deviation 1.0 0.5 1.2

Log-normal distribution
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CENS distribution – Pu Mono-Recycling

CENS (€/MWh) Back-end Front-end Total

Mean 8.3 2.8 49.1

Variance 5.2 0.4 6.0

2.3 5.0 0.6 2.4

Uniform distribution
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RLM level – level – Log-normal distribution

Open Cycle Pu Mono-Recycling Cycle
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RLM level – level – Uniform distribution

Open Cycle Pu Mono-Recycling Cycle
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RLM log-log – Log-normal distribution

Open Cycle Pu Mono-Recycling Cycle
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RLM log-log – Uniform distribution

Open Cycle Pu Mono-Recycling Cycle
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