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Overview 

 Nuclear energy and internalizing the external costs. 

 

  Calculation of the nuclear fuel cycle cost: 

 Corrected thermal efficiency of ADSR 

 Corrected capacity factor of ADSR 

 

  Summary: the LCOE for ADSR and conclusion. 

 

 



Nuclear energy competitiveness 
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 Cost reduction is the common goal of power plants. For instance, in matter of nuclear 
energy, this can be achieved by improving the efficiency of the plants as well as its 
reliability.  Are advances in the fuel cycles the key factor to reduce the costs of nuclear 
energy? 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 Safety 
 Environmental impacts 

Source: 
http://www.world-nuclear.org 

System costs are all 
costs above the 
plant level to supply 
the electricity at a 
given load. 



Internalizing the external costs 

 In the context of external energy goals, internalizing the external costs is crucial: 
  

No carbon taxation  No incentive for energy producers to switch to 
other sources.  

 Definition: “An external cost, also known as an externality, arises when the social or 
economic activities of one group of persons have an impact on another group and when 
that impact is not fully accounted, or compensated for, by the first group.” [1] 

  

Air pollution is a typical example of this. 

 The costs of waste disposal are very difficult to estimate: this is a multi-dimensional 
problem.  

  

 Also, as mentioned in [2], “the most important fact to keep in mind in considering any 
estimate of the cost of alternative fuel cycles is the high degree of uncertainty about key 
components of each cycle”.  

Ex: 
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Calculation of the Nuclear Fuel Cycle Cost  

- t : the year in which the electricity is produced and the expenses are made. 
- r : annual discount rate 
- Investmentt : investment cost in the power plant in the year t 
- O&𝑀t : operations and maintenance cost in the year t 
- Fuelt : fuel costs in year t 
- Carbont : carbon cost in the year t 
- Decommissionnongt : decommissionning cost in the year t 
- Electricityt : amount of electricity produced in the year t (in MWh) 

 The LCOE ($/MWh) represents the price that has to be paid to produce electricity, taking 
into account all costs of the fuel cycle, including the back-end, i.e the waste disposal. 
 

 This is a standard measure for comparison of different fuel cycles and different 
technologies.  

  

[3] 
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Main specifications of the model plant 

Capacity factor 85 % 

Durability 40 years 

Discount rate 7.6 % 

… 

 Disposal costs include transportation and packaging. 
 Reprocessing costs include storage, transportation and vitrification. 
 The cost of direct disposal is based on theoretical studies and concepts that are not yet 

given international consensus. 

For more details about the assumed model, see [MIT 2011 study: “The Future of 
Nuclear Fuel Cycle” [2]]. 
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The LCOE for the Fast Reactor Recycle 

78% 

8% 

9% 
5% 

Light Water Reactor 
Investment

Front-end fuel cycle

O&M (non-fuel)

Back-end fuel cycle

 Light Water Reactor burning fresh UOX fuel. 
 
 The most important factor in the Front End Fuel Cycle is the enrichment (not the cost of 

raw uranium). Scarcity is not yet a problem ... 
7.6 % discount rate 

The back-end fuel cycle is 
composed of the costs of : 
- Reprocessing 
- Disposing of the separated HLW 
- Charge paid for the separated 

transuranics 

 The LCOE calculated at the 
back-end of the fuel cycle is 
strongly dependent on the 
discount rate. 

5 The nuclear fuel cycle accounts for ~ 𝟏𝟑 % of the total power generation costs. 



Impact of the Accelerator on LCOE 

 All parameters in the above formula change by adding an accelerator to an already 
existing reactor: the investment cost should increase by roughly 10%. 

     The cost of the 1.4 MW SNS linac is estimated to be 0.7 B$.   

 
 The saving potentially comes from the back-end fuel: we assume that the ADSR is a net 

burner. In the best case scenario, most of the offending radioisotopes, i.e the minor 
actinides are eliminated, yielding a reduction in the volume of the waste disposal 
facility. This is reflected as a saving in the cost of the Fuel. 
 

 The amount of electricity produced with an ADSR is lower than with a fast reactor 
concept. 
 

The main question to answer is whether the costs of deploying the external source of 
neutrons will be offset by a reduction of the costs of the nuclear waste disposal? 
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Energy efficiency parameters 

- C is the capacity factor of the plant defined as the ratio of the plant’s actual output to its 
maximum possible output: for an ADSR, one key parameter to determine C is the 
reliability of the accelerator. 
 

- η𝑡𝑕 is the thermal efficiency of the power plant: for an ADSR, the power drained by the 
accelerator lowers the overall efficiency of the installation. 

Electricity𝑡 MWh = 𝐂 × ∆𝑡(𝑕)  × 𝜼𝒕𝒉 × 𝑃𝑡𝑕,𝑐(𝑀𝑊)  

 If we define 𝐶0 and η𝑡𝑕0 as the uncorrected capacity factor and uncorrected thermal 
efficiency, i.e without an accelerator, then the electricity produced by an ADSR writes: 

Electricity𝑡,𝐴𝐷𝑆 =
𝐂

𝐂𝟎
×

𝜼𝒕𝒉

𝜼𝒕𝒉𝟎
× Electricity𝑡0 
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Corrected thermal efficiency of ADSR 

We evaluate the overall efficiency of an ADSR by adding the cost of the accelerator beam: 
 
 
 First, one shows that: 𝑃𝑡𝑕 𝑀𝑊 = 𝐸𝑓 𝑀𝑒𝑉 × 𝐼 𝐴 ×

N0

ν
 × 𝑘1𝑆 + (𝑃𝑑𝑕) 

where 𝐸𝑓 𝑀𝑒𝑉 ~200 𝑀𝑒𝑉  ;  𝐼 is the beam current, ν  is the number of neutrons 

produced per fission  (~2-3), 𝑁0 is the number of neutrons per proton (n/p) and 𝑆 is /   

𝑆 = 1 + 𝑘2 + 𝑘2𝑘3 + 𝑘2𝑘3𝑘4 + ⋯ + 𝑘2𝑘3 … 𝑘𝑝 + ⋯ 𝑘𝑖  is the multiplication factor of 
the generation i.  

 It results: 
η𝑡𝑕

η𝑡𝑕0
= 1 −

𝐸𝑝

𝐸𝑓
×

ν

𝑁0
×

1

𝑘1𝑆
×

1

η𝑎𝑐𝑐 η𝑡𝑕0
 

η𝑎𝑐𝑐 is the wall-plug efficiency 
of the accelerator. 

The first generation of neutrons (𝒌𝟏) has the same energy efficiency impact as the 
wall-plug efficiency of the accelerator.  

η𝑡𝑕 =
𝑃𝑒𝑙,𝑐 − 𝑃𝑎𝑐𝑐,𝑔𝑟𝑖𝑑

𝑃𝑡𝑕,𝑐  
 ; 
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 Assuming the list of parameters in the table below and 𝑘𝑖 = 𝑘𝑒𝑓𝑓 ∀ 𝑖  , this yields: 

Corrected thermal efficiency of ADSR 

η𝑡𝑕  ≈ η𝑡𝑕0 − 0.6
1−𝑘𝑒𝑓𝑓

𝑘𝑒𝑓𝑓

1

η𝑎𝑐𝑐
 

The wall-plug efficiency of the accelerator has a major impact on the economics of the system. 
9 

[4] 



Accelerator efficiency: where does it 
stand today? 

 The wall-plug efficiency of an accelerator is given by: 

η𝑎𝑐𝑐 = η𝐴𝐶→𝐷𝐶 × η𝐷𝐶→𝑅𝐹 × η𝑅𝐹→𝑏𝑒𝑎𝑚 × η𝑜𝑡𝑕𝑒𝑟  

where  η𝑜𝑡𝑕𝑒𝑟 =
𝐴𝐶

𝐴𝐶 + 𝑚𝑎𝑔𝑛𝑒𝑡 + 𝑐𝑟𝑦𝑜 + 𝑐𝑜𝑓𝑓𝑒𝑒 + ⋯
 → 100 % 

The projected accelerator efficiency for an ADSR lies in the range [20% : 30%]. 

for high power 
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Corrected capacity factor of ADSR  

 Capacity factor is the main strength of the nuclear industry compared to other energy 
sources:  

Period Nuclear Hydropower Wind Solar 
Photovoltaic 

Coal 

2014 91.7% 37.3% 34.0% 25.9% 61.0% 

2015 92.2% 35.9% 32.5% 28.6% 54.6% 

Capacity Factors for Utility Scale Generators in the USA [data from US Energy Information Administration]. 

 Let’s assume that the accelerator has N well separated beam trips during the operation 
period T, long enough to induce a reactor shut-down lasting ∆𝑡𝑏𝑡. Then the corrected 
capacity factor of the plant writes: 

𝐶

𝐶0
= 1 −

𝑁 × ∆𝑡𝑏𝑡

𝑇
 

 It is particularly difficult to estimate the time required to reach the nominal power of 
the reactor after a scram. Multi-dimensional problem but vital for ADSR. 

(Record reached in 2015) 
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Courtesy Mike Seidel, PSI. 

With the current state of the art in terms of reliability, an ADS system will never work. 

Corrected capacity factor of ADSR  
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Source: Nuclear Energy Institute (NEI). 



Fuel parameters 

The burden of the radioactive waste can be reduced by two orders of magnitude 
through reprocessing and transmutation.  13 

Courtesy of MYRRHA 



Fuel parameters 

 In all studies, the cost of the spent nuclear fuel management represents a small 
fraction of the total LCOE. 

 The total quantities of waste to deal with are almost the same in all different fuel 
cycles. However, the types of waste are changed: HLW reduce considerably, which 
allows more compact wasteforms. This has a major impact on reducing the volume of 
the repository. 
 

Comparison of the waste volumes for the TTC and the OTC  [5]. 
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Summary: the LCOE for ADSR 

𝑳𝑪𝑶𝑬 =
𝐂𝟎

𝑪
×

𝜼𝒕𝒉𝟎

𝜼𝒕𝒉
 𝑳𝑪𝑶𝑬𝒎𝒊𝒏 

where one assumed  
- an order of magnitude reduction in the footprint of the waste repository. 
- 10% increase in the investment as well as the O&M costs 

yielding  𝐿𝐶𝑂𝐸𝑚𝑖𝑛  ≈ 𝐿𝐶𝑂𝐸𝑓𝑎𝑠𝑡 𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑟𝑒𝑎𝑐𝑡𝑜𝑟 

The (achievable) supplemental 
cost of ADSR (on the LCOE) lies 
in the range 20% to 70% in 
comparison with fast critical 
reactors. 

Strong dependence on 𝒌𝒆𝒇𝒇 

and 𝜼𝒂𝒄𝒄. 
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Summary: the LCOE for ADSR 

 The additional costs of the ADSR fuel cycle compared to the OTC are not offset by the 
reduction of the costs of the nuclear waste disposal: this is mainly due to the effects of 
the discount rate on the long term expenses: since the strategy of waste disposal is 
implemented over a long period of time, any small discount rate decreases the 
contribution to the LCOE. 
 

 OTC with direct storage is cheaper. However, this solution requires more time for the 
spent fuel to become stable than any empire or state has ever lasted (Roman empire 
lasted 2214 years versus 300 000 years for the waste). 

𝑳𝑪𝑶𝑬 =
𝐂𝟎

𝑪
×

𝜼𝒕𝒉𝟎

𝜼𝒕𝒉
 𝑳𝑪𝑶𝑬𝒎𝒊𝒏 

where one assumed  
- an order of magnitude reduction in the footprint of the waste repository. 
- 10% increase in the investment as well as the O&M costs 

yielding  𝐿𝐶𝑂𝐸𝑚𝑖𝑛  ≈ 𝐿𝐶𝑂𝐸𝑓𝑎𝑠𝑡 𝑟𝑒𝑎𝑐𝑡𝑜𝑟 

CONCLUSION: 
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Conclusion 

 It is often affirmed that the cost of disposing of high level waste after reprocessing and 
transmutation will be less than the cost of disposing of it directly, i.e OTC. However, the basic 
conclusion from what preceded is that, even if the cost of reprocessing were zero, the 
conclusion that reprocessing is uneconomic remains the same. Same conclusion in a 2003 
MIT study and 2012 CEA study [6]. 

 
 
 Low-cost is the main driver for modern economic decision making. However, the cost of the 

associated risks of the different technologies is not necessarily taken into account. 
 
 
 Impacts on the environment and on future generations are very different depending on the 

strategy: the economic comparison between the different approaches should not be the only 
driver for decision making. 
 
 

  The accelerator wall-plug efficiency, its reliability as well as the effective multiplication 
factor are the key parameters for competitiveness with other advanced fuel cycle 
technologies. 
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