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ABSTRACT 
 
A growing number of prospective studies envision that nuclear energy, because it is carbon-free, will 
play an important, possibly essential, role in the world energy mix of the 21st century, would mankind 
succeed in embarking on a sustainable development path.  
 
Among the challenges that must be taken up for this vision of a large expansion of nuclear power to   
occur, economics, from a liberalized market perspective, is sometimes put forward as the major one, 
ahead of waste and natural resources management. 
 
The present paper relies on the main European economic studies on the comparative costs of 
electricity generation, published over the last six years, to show that nuclear power meets the 
challenge and is an economically competitive choice in the European electricity market. Indeed, 
although these studies were made for different purposes, by different actors and based on different 
methods, they all converge to show that the total base-load generation cost for new nuclear plants 
build in Europe is projected to be in the range of 22 to 32 €/MWh, a total generation cost that may be 
20% cheaper than the cost for combined cycle gas turbine (CCGT) units. Moreover, the prospects of 
internalization of the greenhouse gas emission cost in the total generation cost will boost even further 
the competitiveness of nuclear against gas-fired plants in Europe. All this is confirmed by the most 
recent French detailed study (DIDEME 2003), essentially performed from an investor standpoint, 
which concludes, for base-load generation units starting operation around 2015, that nuclear power, 
with a levelised generation cost of 28.4 €/MWh, is more competitive than CCGTs (35 €/MWh). This 
study also shows an overnight investment cost for nuclear power, based on the considered scenario (a 
series of 10 EPR units including a “demonstrator”), of less than 1 300 €/kWe. 
 
The other major challenge, waste management (and more broadly the challenge of sustainability, 
including the optimization of natural resources) obviously also includes an economic dimension. 
 
This issue is addressed in the present paper which provides a synthesis of relevant detailed French 
and OECD economic studies on the cost assessment of the fuel cycle back-end. They show the 
economic affordability of the benefits, in terms of sustainability, brought by the spent fuel reprocessing 
and plutonium recycling strategy which induces only a 2 to 6% increase in the total kWh cost 
(depending on the assessment method) compared with the direct disposal option. In more concrete 
terms, given projected operating lifetime of the amortized current fuel cycle facilities and accumulated 
financial provisions, the current economic calculation carried out by the French utility EdF shows an 
accounting value of less than 0.15 c€/kWh for future discounted back-end liabilities, including both 
spent fuel interim storage and reprocessing, and high level waste storage and final disposal. This 
evaluation does not take into account any further optimization of the whole back end process that 
could be expected in the future. 
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I. Introduction 
 
A growing number of prospective studies envision that nuclear energy will play an important, possibly 
essential, role in the world energy mix of the 21st century, would mankind succeed in embarking on a 
sustainable development path. 
 
For this vision of a large expansion of nuclear power to materialize, new systems will be needed, 
requiring near term deployment of new nuclear plants and significant R&D on next (4th)-generation 
systems that meet the conditions of a sustainable development. 
 
Among the challenges that must be taken up along this path, economics is sometimes put forward as 
the major issue, ahead of sustainability (minimization of waste volumes and toxicity, and effective use 
of natural resources), safety and  resistance to proliferation. The economic competitiveness of new 
nuclear plants vis-à-vis other technologies (in particular CCGTs) in liberalized electricity markets is 
indeed a condition for nuclear power expansion scenarios to occur. 
 
The sustainability challenge also exhibits an strong economic dimension: the broadly recognized 
eventual answer to this challenge (the implementation of the closed fuel cycle option in 4th generation 
fast spectrum nuclear power systems), and its interim solution currently implemented in LWRs (the 
reprocessing and recycling option) need to be compatible with the required economic competitiveness 
of nuclear power. 

The present paper therefore aims at providing some insights into these two economic issues from a 
French and European perspective through:  
 
1. an overview of the main European economic studies published over the last six years on the 

comparative costs of electricity production (€/MWh total generation cost range; nuclear versus 
combined cycle gas turbine units).  

2. a short synthesis of relevant detailed French (and OECD) economic studies on the cost assessment 
of (Purex) reprocessing and recycling, and the impact induced by this fuel cycle back end strategy 
on the total generation cost per kWh.  

 
 

II. Competitiveness of nuclear electricity generation in Europe 
 
A number of studies, regularly published in Europe over the last sixth years, all demonstrate the kWh 
cost competitiveness of nuclear as compared to the Combined Cycle Gas Turbine (CCGT) technology 
as well as coal technologies:  

- 1997: the French study from the Ministry in charge of Industry issued by a division in charge of 
gas, electricity and coal planning (DIGEC); 

- 1998: the International study from the OECD which extends beyond the European countries;  

- 1999: the French Parliament Report written by two MPs, Mr. GALLEY and Mr. BATAILLE; 

- 2000: The French report prepared at the request of the Prime Minister by three high-level experts, 
Mr. CHARPIN, Mr. DESSUS and Mr. PELLAT; 

- 2000: the Belgian report from the AMPERE Commission; 

- 2000: the Finnish study (Sauli RISSANEN and Risto TARJANNE) in view of building the fifth 
domestic reactor for electricity generation; 

- 2003 : the most recent French study from the Ministry in charge of Industry, issued by DIDEME 
(DIGEC’s successor), which updates the 1997 DIGEC study. 
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Each one of these studies is introduced hereafter. Their results are then compiled to provide ranges of 
generation costs in Europe. Regarding competing technologies, the paper  focuses on the Combined 
Cycle Gas Turbine as the best technology to be compared with nuclear. 
 
Data from the most recent study (France/DIDEME 2003) are also used to provide details of the 
nuclear kWh levelised generation cost structure and its underlying technical-economic basis.  

Finally, the issues of the cost of capital and the level of overnight investment cost for a nuclear 
reactor are also specifically discussed, as well as the gas price issue.  

DIGEC 1997 study [1] 

The results of this detailed study on “The reference costs of the electricity production” in France, 
performed by the Ministry of Industry (Special Division DIGEC of the Ministry in charge of gas, 
electricity and coal planning), were issued in April 1997. Aimed at informing the decisions of 
investment in new power plants, the study confirmed the competitiveness of nuclear electricity 
generation over other technologies (gas turbine, coal-fired plants and windmills), with a levelised cost 
around 26 and 32 €/MWh (1995 value) respectively for real discount rates of 5 and 8%. Estimates for 
CCGT’s kWh varied from 31 to 40 €/MWh depending on the gas price variation between 2 and 
3.9 US$/MBtu.  
 
This early study takes into account the already achieved progresses in performances and costs for the 
Combined Cycle Gas Turbine. It takes into account as well the nuclear technology improvements and 
demonstrates that nuclear competitiveness would only be jeopardized if the price of the gas would stay 
on the very low side on the long term together with a stability of the exchange rate between French 
Franc and US Dollar currencies. Coal technologies are not in a position to challenge either nuclear or 
gas. Windmills cost of electricity are far out of the competitive range. 
 
The results of the recent (2003) study performed by the Ministry in charge of Industry to update this 
1997 assessment are presented later in this paper. 

OECD 1998 study [2]  

This joint study of the International Energy Agency and Nuclear Energy Agency entitled “Projected 
cost of generating electricity – update 1998” has involved many experts from 19 countries all over the 
world. All base-load technologies producing electricity have been investigated. Discount rates 
between 5% and 10% have been assumed for all the studies.  
 
Canada, the US, Japan and China have taken part in the assessment as well as 9 European countries: 
Belgium, Denmark, Finland, France, Italy, the Netherlands, Portugal and Spain. In some cases, an 
additional estimate was made with a country specific discount rate in the pre-defined range. In two 
European countries comparison could also be made between nuclear and gas: Spain and France which 
provided information on both technologies. The results show that nuclear generation is competitive in 
every case except for Spain when the 10% upper bound value is selected for the discount rate.  

Galley–Bataille report – 1999 [3]  

In 1996 and 1997, the Parliamentary Office for Assessing Scientific and Technological Choices 
(OPECST in French) was requested by a commission of the National Assembly to assess the technical 
and economical evolution of the electricity production in France. Two MPs (and members of the 
OPECST), Mr Galley and Mr. Bataille have been in charge of the study and reported its results.  

In the foreword of the report, Mr. Bataille tells the readers that the French nuclear program has 
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allowed to divide by 4 the contribution of the primary energy expense to the GDP. At less than 
29 €/MWh since 1995 (all costs included1), nuclear electricity appears to be the most competitive of 
any other generation technology. In the future, nuclear cost would stay low. Indeed, the capital cost of 
the existing fleet of nuclear reactors is partly written off and nuclear electricity generation is expected 
to provide a high profitability from now on. The extension of reactors lifetime by about ten years 
beyond the initially planned thirty years of operation should lead to an additional profit of about 15 to 
23 billions €.  
 
The report points as well to the fact that each power technology has to be used in its right place: 
nuclear for base-load production and other energies for demand adjustment purposes. It underlines that 
nuclear electricity is a CO2-free energy. 4.3 billions metric tons of CO2 have been saved by nuclear 
electricity in France from 1973 to 1997, as compared to classic thermal plants.  
 
The recommended discount rates in the reports are 5% for power plants components and equipment 
(until 40 years) and 0.5% for longer term charges (impacts on environment for example). The report 
stands that for such investments, the long term interest rate of capital should be used in place of other 
higher private profitability rates. Such a standpoint was consistent with the status of EDF at that time, 
a French national utility which is essentially a government own corporation. 

Charpin–Dessus–Pellat (CDP) report – 2000 [4,5]  

This “Economic Forecast Study of the Nuclear Option” was requested by a letter from the Prime 
Minister dated May 7th, 1999, and performed by three high level experts (JM Charpin, B Dessus, R 
Pellat). Their report was published in 2000. An in depth analysis was made possible by the 
involvement of many energy experts (e.g. from ENERDATA and CEA).  
 
This review of economical data on nuclear power generation in France, especially the back-end of the 
fuel cycle, including spent fuel processing, presents as well the other electricity generation 
technologies and  considers environmental costs. The review aimed at providing undisputed 
information, and gave extensive explanations on all technical, economical and ecological throughputs. 
The question of the life extension of the existing fleet of reactors was addressed, and different 
possibilities were examined for the future investments needed to match the electricity demand during 
the 2000-2050 period. 
 
The method used in this report differs from the economic assessment methods of the other studies. It 
does not lead to a true economic life cycle cost. Still it provides a most useful insight in comparing 
different scenarios for the future of nuclear energy in France. 
For the existing fleet of reactors, the historical economical balance (total passed and projected 
expenditures in constant €,including all capital investments, divided by the total lifetime electricity 
production) leads to an electricity cost for nuclear of about 23 €/MWh. This cost is an average cost 
over the period and is obtained without discounting.  
 
The report also provides discounted results for prospective scenarios during the period 2000-2050 
involving new nuclear reactors technologies. The values of discount rates are 6% from 2000 to 2030 
and 3% from 2031 to 2050. The nuclear electricity generation cost for those scenarios ranges from 20 
to 23 €/MWh.  
In case of tension on the gas market, the nuclear kWh cost is always found to be 25 to 45% cheaper 
than the CCGT’s kWh for the period 2000-2050. However, assuming a low gas price stability, nuclear 
competitiveness depends on the considered period. In only two scenarios with advanced reactor 
technology for the period 2020 to 2050, did the kWh from CCGT happen to be cheaper, by 10%, than 

                                                 
1 29 € was the overall generation cost of the nuclear MWh produced by EDF in 1995, the cost structure of which 

was : capital charges  27%,  provisions for dismantling 5%, operation and maintenance costs 36%, fuel supply 
costs 17%, provisions for spent fuel reprocessing and waste storage 15%. 
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that from nuclear, whereas nuclear would still be cheaper in every scenario for the whole 2000-2050 
period. 

AMPERE report – 2000 [6,7]  

The AMPERE Commission for analysis of electricity generation technologies and energy 
development and its mandate were established by the royal decrees of 19 April, 18 October and 
25 November 1999. The Commission was composed of 16 members, experts in the field attached to 
Universities or research institutes. The aim of the work was to recommend options for the future 
choice of electricity production in Belgium for the 21st century.  
 
The Commission has focused its work on the 2000-2020 period and on mature industrial technologies. 
The results of their life cycle costs assessment is that nuclear electricity production, with a value 
around 30 €/MWh, is cheaper than Combined Cycle Gas Turbine by about 10%. The considered 
discount rate is 5%. For the period 2020-2030, the Commission expects a slow increase in the price of 
oil and natural gas which should rise the operational costs of CCGT plants.  
 
In its conclusions, the Commission has recommended to use firstly the cheapest total cost technologies 
which have a low external cost, which is the case of nuclear technology.  

S.Rissanen - R.Tarjanne study - 2000 [8]  

In May 2002, the Finnish Parliament ratified the Government decision to approve the built of a new 
nuclear power reactor, the fifth one in the country. This decision is, in particular, aimed at facilitating 
the achievement of the national objectives for climate control, first during the initial commitment 
period (2008-2012) of the Kyoto Protocol and especially during the subsequent commitment periods 
with more stricter emission limitations. This decision will also optimize the national energy mix 
providing more energy security supply for Finland in the next decades. 
 
Before that decision, by June 2000, Professor Tarjanne from the Lappeenranta University whose 
specialty is energy economics, issued the results of his electricity cost study. Comparing the four 
possible alternatives for new power generation capacity in Finland showed that nuclear would be the 
clear winner in terms of total generation costs per kWh, above a capacity factor of 70%.   
 
Investment and operation costs of the reactor are based on the assumption that it would be built on an 
existing nuclear site. All expenses relating to the treatment of nuclear waste -including spent fuel – 
and eventual plant decommissioning are included in the operation and maintenance costs in the form 
of annual payments to a nuclear waste fund.  
At a 91% capacity factor (which corresponds to the mean capacity factor of Finland’s four existing 
power units averaged over the last decade), the levelised cost of the nuclear MWh is about 22 € 
against 26 € for the CCGT (real interest rate of 5%).  

DIDEME study - 2003 [9]  

Following the release in early 2003 of a provisional version, the French Ministry in charge of Industry 
published in December 2003 the first part (devoted to centralized production means), of its study 
performed to update its 1997 assessment of “the reference costs of electricity production”.  
 
This new study is essentially performed from an investor standpoint: it takes into account all 
generation costs including fiscal ones, and adopts a base case real discount rate of 8% consistent with 
the return on investment requirements currently observed in the electricity sector2 (a “high variant” at 
11% is also considered for providing an idea of the kind of return on investment still sought until 

                                                 
2 See specific discussion on the “cost of capital” later in this paper. 
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recently by private investors; as well as a “low variant” at 5% for the sake of comparison with the 
previous 1997 study and other international studies as well). However, the study also provides 
indications on external costs (costs not directly supported by the producer). 
 
The main conclusion of the study is that, for base-load generation units entering commercial operation 
around 2015, nuclear power, with a levelised generation cost of 28,4 €/MWh, is more competitive 
than CCGTs, which stands at 35 €/MWh3 for a gas price of 3.3 $/MBtu, and coal (8% discount rate).  
Nuclear and CCGT technologies exhibit comparable generation costs at a 11% discount rate.  
 
As shown in Figure 1, nuclear power competitiveness is further increased when costs related to 
greenhouse effect gases (CO2) are taken into account when estimating the MWh cost (two 
assumptions are considered : a very low cost of 4 € per metric ton of CO2, and 20 €/t). Indeed, the 
internalization of costs related to the CO2 emitted by fossil fuel fired technologies should become 
mandatory in the EU as early as 2004 following the adaptation of the relevant European directives into 
the national law of each EU member state.  
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Figure 1. Levelised “2015” base-load electricity generation costs (8% discount rate) Source [9] 

 
 
The breakdown of the base-load nuclear kWh levelised generation cost, is given in Figure 2 in terms 
of investment (including decommissioning), operating and maintenance, fuel cycle, and fiscal costs.  
 
 

58%
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Figure 2. Base-load Nuclear kWh levelised generation cost breakdown (8% discount rate). Source [9] 
 

As far as nuclear investment costs are concerned, the study relies on the costs of the EPR basic design 
as derived following a detailed economic optimization phase carried out by Framatome-ANP and 
                                                 
3 In this study, all calculations are performed with constant € at the economic conditions of 2001, and assuming 

the parity 1 $ = 1 €. 
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EDF4 in consultation with about thirty supplier companies. The study assumes an EPR series of ten 
1590 MWe5 net units, including a demonstration unit and 9 subsequent units6 built at a rate of one per 
year7 starting around 2015 after having accumulated a 2-year operation experience on the 
demonstration unit. This scenario results in an overnight investment cost of 1283 €/kWe 
(1663 €/kWe including interests during construction at an 8% real discount rate with the cautious8 
assumption of a 67 month construction time -between the first concrete and the start of industrial 
operation- for the demonstration unit and 57 months for the subsequent ones). A reduction of the 
number of units of the series from 10 to 6 is calculated to increase the levelised generation cost by 3% 
only (i.e. a ~5% increase in the overnight investment cost at ~1350 €/kWe). 
 
Based on the feedback of the previous 1300 MWe and N4 series, operating and maintenance costs for 
base-load operation, including fiscal and exceptional maintenance costs, are estimated to amount to 
50.9 €/kWe/year plus 0.61 €/kWh. 
 
Regarding fuel cycle costs, the study retains a 5% enriched UOX fuel irradiated at an average of 
60 GWd/tHM and 18 months reload cycles, with the plutonium recovered from the reprocessed fuel 
being recycled as MOX fuel under the same conditions. This lead to a total fuel cycle discounted cost, 
averaged over the unit lifetime (60 years), of 4.4 €/MWh (at an 8% discount rate).  
 
Finally, the EPR availability estimated in this study for base-load operation is 90.3%9, with levelised 
kWh generation cost calculations taking however into account a 20% unplanned unavailability during 
the first year of commercial operation.  

Synthesis of the kWh cost in Europe 
 
Based on the above cited studies, the following range of costs can be given for base-load electricity 
generation by nuclear and gas in European countries:  
 

€/MWh* Nuclear Gas turbine CCGT 

Total cost of base-load generation 22 to 32 26 to 57 

Cost of impacts on environment (including 
climate change: ExternE 99 study [10]) 

2 to 7 5 to 35 

Total 24 to 39 31 to 92 

*Real discount rates from 5% to 10% for power generation and 3% for external costs. 

                                                 
4  EDF is its own architect-engineer with overall responsibility for its reactor projects, including design of 

balance of nuclear island and selection of suppliers.  
5  The net efficiency under ISO conditions retained for the study is 36.1% 
6  The assumption is a demonstration unit built on an existing site, a second unit built on the same site, and 4 

mean two-units sets subsequently built on the sea or river side. 
7  The EDF nuclear fleet has been built after the oil crisis at an accelerated rhythm which has reached 

5 GWe/year, i.e. the equivalent of 3 EPR reactors per year. This gives an idea of the replacement needs. Even 
if one considers lifetime extension for part of the fleet beyond 40 years, and the possibility that some of the 
existing nuclear fleet could be replaced by fossil fuel plants, this scenario appears a cautious assumption. 

8  Indeed, the construction time of the “demonstrator” unit should be on the order of 57 months, and it should be 
possible to build the subsequent units more quickly.  

9 although under operating conditions comparable to those prevailing in countries like the USA, it would be 
possible to achieve with the EPR an availability of 92%. 
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Nuclear benefits from a low external cost as compared to fossil power generation which must include 
in their costs the price of their greenhouse gases emissions.  
 
 
Comments on key parameters 
 

 Level of the overnight investment cost for the nuclear reactor 
 
All existing types of reactors may benefit from return of experience and series effects to reduce their 
cost for building new capacities. Among them, the European Pressurized Reactor (EPR) from 
Framatome ANP which is a light water reactor of about 1600 MWe has similar investment cost as 
existing reactors but with increased performances (improved safety, better thermal yield, higher fuel 
burn up ,…). Major competing reactors are: the ABWR from General Electric and the AP1000 from 
Westinghouse,….  

The reported overnight cost for such capacities exceeding 1000 MWe ranges from 1280 €/kWe to 
1700 €/kWe. For smaller units, the overnight cost is higher: the AMPERE report for example 
considers the range 1600 €/kWe to 1850 €/kWe for the AP 600 from Westinghouse.  
 

 What is the cost of capital ? 
 
The cost of capital has a great influence on the competitiveness of nuclear electricity.  
 
European life cycle cost studies levelise the flows with discount rates usually in the 5 to 10% range, 
without directly addressing the question of financing, while Northern American countries often exhibit 
higher discount rates in their studies (11% to 12%), and implement financial studies which consider 
the investment to be financed partly by equity fund and partly by debt/loan and account for their 
different costs. To compare the cost-of-capital assumptions between the two approaches requires 
explicating the relationship between European studies discount rates, and the return on equity (ROE), 
debt cost/loan interest rate, and debt to equity ratio, and the way corporate income taxes are dealt with. 
 
In financial studies, only net profit flows are discounted (that is to say after deduction income taxes 
and other taxes), and nominal rates may be considered together with inflation rate assumptions, while 
life cycle cost studies generally do not take into account taxes10 and use real discount rates (i.e. net of 
inflation). So that real rates have to be used for the comparison as well as ROEs before taxes.  
 
In real terms, the discount rate used in the power generation cost assessment is formally equivalent to 
the Weighted Average Cost of Capital (WACC) calculated in financial studies. 

WACC = % of equity fund * ROEBT + (1- % of equity fund) * i 

Where :  

(1- % of equity funds) is the share of debt in the investment cost 

ROEBT is the real rate of return on equity before tax 

“i” is the real rate of loan interest 
 
Building a new reactor is the kind of project that can be financed with an equity share of 30%. Some 
studies considerer however an equity share up to 50%. The expected rate of return on equity after tax 
in this business sector is expected to reach about 9% real, meaning about 14.5% real before tax 
(assuming an income tax of 38%). Long term risk-free interest rates are nowadays around 2.5% real. 
Including a risk premium for the loan raises then the interest rate to 5% real. 

                                                 
10 Note that the DIDEME 2003 study, which is performed from an investor standpoint, accounts for fiscal taxes 
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These previous assumptions with an equity share of 30% lead to a WACC of about 8% (exactly 
7.85 %).  
 
Another approach to the determination of an appropriate discount rate, implemented in the DIDEME 
2003 study [9], relies on the Capital Asset Pricing Model (CAPM) which estimates the return “r” 
required on an given asset on the basis of the risk-free rate “rf” (the return rate on an asset that has 
virtually no risk), of the overall market return “rm”, and of a factor “β” measuring the volatility of the 
considered asset in comparison with the market as a whole: r = rf + β (rm - rf). The “β” of electricity 
generation companies was relatively low at the end of the 90’s. It was ranging from 0.23 for the 
Japanese TEPCO to 0.81 for the Spanish ENDESA, with most European utilities being around 0.6 
(E.On 0.61, RWE 0.58, Electrabel 0.54, Iberdrola 0.62, Hidrocantabrico 0.66). With a risk-free rate at 
2.5% in real terms (yield of long term European inflation-indexed treasury bonds) and a market 
premium classic in Europe of 4%, the return after corporate income tax must be on the order of 5%, 
which corresponds to a return applied to cash flows before income tax on the order of 8%.  
Both approaches confirm that a discount rate of 8% in real terms is consistent with the average 
return on the considered assets as observed on the European market. 
 

 The gas price issue 
 
Power generation cost of nuclear electricity is very stable in the long term because the natural uranium 
price has low impact on the total kWh cost.  
Unlike the nuclear, the gas price represents more than 70% of the discounted cost of the CCGT kWh 
and may be submitted to market tension in the next years. For Europe, the gas price projections show a 
business-as-usual value of about 3 $/MBtu that could largely be shifted up to about 5$/MBtu in case of 
market pressure (a situation which is currently been encountered). Considering increasing gas 
consumption and required investments in Europe for future gas supply (from Russia, Middle East,..), 
the price is in fact likely to rise up to 4$/MBtu beyond 2010. 
In case of market tensions, the profitability of CCGTs becomes negative and most of the installations 
are then mothballed as long as allowed by the over capacity of the electricity market.  
 
 
Conclusion 
 
The performances of the existing reactors have been greatly improving for the last three decades: life 
time, load factor and availability, fuel burn-up, fuel cost, etc…leading to a highly profitable nuclear 
electricity production.  
 
In Europe, new units may be more profitable compared to Combine Cycle Gas Turbine technology. 
The economic studies show that nuclear may be 20% cheaper than CCGT. Nuclear benefits 
additionally of a low environmental cost compared to fossil fuel. The birth of a new CO2 exchange 
market in Europe by 2005 when the European Directive enter into force and the implementing national 
regulations impose to internalize the greenhouse gases emissions cost in the total kWh cost. 
 
 

III. Spent fuel management : the cost and benefits of reprocessing 
 
As highlighted in the introduction, in the nuclear fuel cycle business, comparing the costs of the once-
through and the recycling options has been also a matter of numerous studies and animated debates. 
Under these conditions it has seemed important to further investigate that issue.  
 
Preliminary points of caution should be emphasized before initiating any cost comparison: 

 The two options do not provide the same overall services ; recycling responds to more extended 
requirements (minimizing ultimate waste and resource consumption) than bare spent fuel 
management. 
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 For the power companies, the cost of reprocessing and recycling is well established on the basis of 
commercial practice and prices. On the contrary, spent fuel conditioning for direct disposal is still 
under development and associated costs are forecasted with more uncertainty. 

 More widely, it should be kept in mind that the meaning of a “cost assessment” is related and 
limited to the perimeter of the actor who makes the assessment for a given decision : the fuel 
manager of a single power plant will mainly consider short term expenses related to spent fuel 
management, but a utility company which is responsible for long term reliable power supply will 
take a more extended approach, balancing short term costs with benefits in the longer term, and a 
government in charge of a national energy policy will consider still more extended issues and 
associated costs. 

Cost comparison of both options 
 
Several methods have been used as follows: 
 

a. Life cycle ex ante assessment 
 
A first approach is based on the accounting of all expenses along the lifecycle of a given nuclear 
power plant. Then all annual expenses are discounted to the year of commissioning and the sum gives 
the levelised discounted cost. This approach is followed by international OECD/NEA groups of 
experts [11] and also by the French Ministry of Industry to compare different electricity generation 
technologies for future investments [1]. 

As an example, Table 1 reproduces the results of the French 1997 assessment (DIGEC [1]) for a 
French EDF nuclear reactor (N4 type, 1450 MWe). The fuel cycle cost amounts to 4.4 Centimes of 
Franc, i.e. 21% of the total life cycle cost (15% front-end and 6% back-end). Considering a rate of 
exchange of 6.5 French Francs per US Dollar, the fuel cycle cost amounts to 6.7 mills/kWh. 
 

Table 1 : Cost breakdown 
Capital cost (including decommissioning) 61% 
O&M 16% 
Fuel cycle (front-end) 15% 
Fuel cycle (back-end, including waste disposal) 6% 
R&D 2% 
TOTAL 100% 

Basis : N4 1450 MWe reactor, DIGEC 1997, total levelised discounted cost of 20.9 Centimes 
(Currency = 1995 Francs), based on a 8% discount rate. The average fuel burn up is 43.5 GWd/t. 
 
 
The OECD/NEA 1994 study (“Economic aspects of the nuclear fuel cycle”) [11] had developed a 
complete cost comparison between the once-through and the recycling options, following the same “ex 
ante” lifecycle assessment approach. The case was also a N4 reactor, with an average burn up of 
42.5 GWd/t, and a uranium price evolving from 20 to 30 $/lb U3O8.  
The recycling option cost was calculated as 6.2 mills/kWh (US dollars 1991) versus 5.5 mills/kWh for 
the other option. The difference was deemed as non significant considering the margin of error. Such a 
cost difference, considering the share of fuel cycle cost around 20% in the total, means a variation of 
about 2.5% in the total generation cost.  

b. Ex post accounting 

Another approach consists in “ex-post” accounting of expenses on a given fleet of power plants, 
including the associated fuel cycle installations. This approach has been applied to the fleet of 
58 LWRs now operating in France in a review performed by Mr. CHARPIN, Mr. DESSUS and Mr. 
PELLAT [5], as previously mentioned.  
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All expenses associated with electricity generation from 1977 (commissioning date of the first French 
LWR unit) to 2050 (last spent fuel unloading from the last LWR still in operation among the 58 
present ones) are considered : dedicated R&D, investments, operating and maintenance, 
refurbishments, fuel cycle, waste disposal, dismantling. A mean life expectancy of 41 years is assumed 
(45 in a variant) for the reactors.  
 
Actual expenses were available until 1997, then extrapolations were used to best estimate  future 
expenses depending on the considered 7 scenarios. The average fuel burn up was assumed to rise from 
45 GWd/t in 2000 up to 55 GWd/t in the end. Uranium price was assume to evolve from 45 to 
60 US$/kg between 2000 and 2050. Best estimates from ANDRA national radwaste agency were used 
for the waste disposal cost elements (geological repository concept in clay).  

All costs were expressed in real terms (French Francs, 1999 value). Overall costs were aggregated 
without discounting and divided by the total generated electricity to get levelised costs over the 1977-
2050 period. Tables extracted from their report are given in appendix to provide details on the 
various fuel cycle back-end cost items. 
 
Several conclusions can be drawn from the results. 

 Differences between the scenarios 

It can be seen (Cf. Table A1) that a decision on reprocessing in 2010 would have a very limited 
impact on the total levelised cost. In two scenarios (S1, S4) where reprocessing would be stopped 
in 2010, the total levelised cost of electricity would be 1% lower than in the other scenarios that 
consider continuation or extension of the current reprocessing and recycling strategy (that is only a 
3% reduction on the fuel cycle cost itself). Also shown in the appendix, the total waste disposal 
cost itself is only slightly sensitive to the 2010 decision, for several reasons (including the share of 
historical waste common to all scenarios, and the assumed high specific cost of spent MOX fuel 
disposal).  

 A special S7 scenario : imagine another story 
The authors also imagined a scenario without reprocessing from the beginning (1977) : thus, the 
UP2-800 reprocessing plant at La Hague would not have been built. The authors have tried to 
reckon the nuclear materials mass balances and cash flows of such a virtual scenario (called S7). 
According to their estimate, the total fuel cycle expenses over the period would have been 14% 
less than in scenario S6 (100% reprocessing). That would mean a total levelised cost of 
generation 6% lower than for S6. Such a re-construction ex-post is somewhat questionable, as it 
does not exhibit the reliability of the historical expenses on which the other variants were based. 
Anyway the impact of the back-end option on the total generation cost remains limited. 

c. Consistency between the two approaches 

In the Charpin – Dessus – Pellat (CDP) report, the total levelised cost of electricity varies from 21.8 to 
23.3 €/MWh, that is lower than the 31.9 €/MWh from DIGEC 1997: this is due to the 0% discounting, 
since discounting increases the relative weight of initial investment on the total cost of generation.  
 
The back-end cost in absolute value is quite similar in both studies : 1.5 to 1.8 mills€/kWh11 in DIGEC 
1997 and 1.6 to 2.0 according to the scenario in CDP. As a result of discounting difference, the share 
of the back-end in the total cost is slightly higher in CDP, between 7% and 9% depending on the 
scenario, instead of 6% in DIGEC (table 1). Discounting makes also a difference in the levelised waste 
disposal cost estimate : 0.84 mills€/kWh in CDP instead of 0.45 in DIGEC 1997. 

                                                 
11 1 mills€ is one thousandth of an Euro 
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d. Accounting value of EDF’s future discounted back-end liabilities 

In order to fulfill its long term responsibilities and to avoid creating undue future burden, The French 
utility EDF has duly accumulated, all along the operating time of its nuclear reactors fleet, under 
governmental control (Audit office), fuel cycle back-end financial provisions related to 
decommissioning and high level waste management liabilities resulting from current nuclear 
electricity production..  
 
In line with accounting principles, and from the very beginning of nuclear production in France, the 
price of nuclear kWh includes, in a prudent way, the total cost for spent fuel reprocessing and for 
associated high level waste conditioning, interim storage and final disposal. Another point is the 
alignment as of 2002 with International Accounting Standards (IAS) for calculation of future nuclear 
liabilities which take into account future discounted expenses schedule.  
 
In this way, given projected operating lifetime of existing amortized fuel cycle facilities and already 
accumulated financial provisions, current EDF calculations show a value of less than 1.5 mills€/kWh 
for future discounted fuel cycle back-end liabilities, including both spent fuel interim storage and 
reprocessing, and high level waste storage and final disposal. This evaluation does not take into 
account any expected future optimization of the whole back end process.  

e. What are the benefits of recycling, balancing a 2 to 6% cost increase ?  

As already stressed in the introduction to the cost comparison of the reprocessing and recycling 
strategy versus the once-through open cycle option, the cost of waste management solutions cannot be 
the only parameter to define a strategy for the fuel cycle back-end. 
 
The benefits of the reprocessing and recycling strategy have already been widely described and 
recognized (see for instance [12]) : 

 Cleaner waste management (a 5 fold volume reduction, plutonium better be incinerated than 
buried, immediate conditioning and safe long term interim storage of waste, long term effective 
containment by the glass matrix) 

 The more effective use of natural resources (25% reduction of natural uranium consumption) 

 A better preparation to more advanced and efficient nuclear systems (advanced partitioning, TRU 
transmutation, breeding…) 

 
They can be summarized as a more sustainable policy, satisfying the needs of the present generation 
with a low cost electricity, without undue constraints on the next generations.  
 
As soon as nuclear energy is recognized as a reliable, secured and cost effective source of electricity, 
considered as a long lasting component of the energy policy, the benefits of recycling cannot be 
ignored. 

IV. Conclusion 
 
From a French and European perspective, there is a clear confidence in the economic competitiveness 
of new nuclear builds, as well as in the economic affordability of the benefits brought by the 
reprocessing and recycling option currently implemented in LWRs:  

 the main European economic studies published over the last six years on the comparative costs of 
electricity production, show that new nuclear builds in Europe are projected to be in the 22 to 
32 €/MWh total base-load generation cost range, and may produce a kWh 20% cheaper than 
for combined cycle gas turbine units. Moreover, prospects of internalization of the 
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greenhouse gas emission cost in the kWh cost should boost the competitiveness of nuclear 
against gas-fired plants in Europe.  

  Relevant detailed French (and OECD) economic studies on the cost assessment of reprocessing 
and recycling show that the benefits of this fuel cycle back end strategy induce only a 2 to 6% 
increase in the total kWh cost of electricity.  

Thus, the latest French detailed study (DIDEME 2003), performed from an investor standpoint, 
confirms that new nuclear power units implementing this back-end strategy, with a levelised base-load 
generation cost at 28.4 €/MWh, are an economically competitive choice for base-load electricity 
generation compared with CCGTs (35 €/MWh) and coal-fired plants. 

Acknowledgements: the authors are very grateful to D. Beutier and N. Dellero (AREVA) for their 
essential contribution to the elaboration of this paper. 
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APPENDIX 

 
Summary of back-end fuel costs in the “Charpin Pellat Dessus” Report (2000) 
 
Considered scenarios 
 41 years average 

reactor lifetime 
45 years average 
reactor lifetime 

Reprocessing stops in 2010 (switch to an open cycle 
strategy) S1 S4 

Partial reprocessing with 20 MOX loaded reactors 
(continuation of current situation) S2 S5 

100% Reprocessing with 28 MOX loaded reactors
(extension of reprocessing, and corresponding 
extension of MOX use) 

S3 S6 

 
The fuel cycle back-end scope considered in the report includes: 

- spent fuel reprocessing (including waste conditioning), 
- Pu recycling in MOX fuel, 
- conversion and interim storage of depleted uranium and reprocessed uranium, 
- UOX and MOX spent fuel interim storage, 
- waste interim storage (vitrified high level waste and compacted medium level waste in 

standardized canisters). 
 
The assessment  is based on the following assumptions:  

- UP2-800 reprocessing plant investment cost : 37 BFF12 (paid by EDF), 
- no reprocessing of depleted uranium and reprocessed uranium, 
- estimated UP2-800 dismantling cost : 20 BFF (covered by EDF).  

The R&D expenses are included in the total generation cost assessment. For the current reactor fleet 
they have reached 55 BFF from 1970 to 1999 (17.5 BFF for reactors and 37.5 BFF for fuel cycle). 
 
The back-end fuel cycle component of the total cost is summarized as follows: 
 

Table A1. Fuel cycle back-end cost assessment for the current reactor fleet13 
 S1 S2 S3 S4 S5 S6 
Back-End (not incl. waste final disposal) 

1977-1998 period 
1999-2049 period 

  

Total (BFF, 1999 value) 

 
93 
97 

 

190 

 
93 

120 
 

213 

 
93 

147 
 

240 

 
93 

102 
 

195 

 
93 

139 
 

232 

 
93 

170 
 

263 

Waste final disposal14 (BFF 1999) 103 101 99 112 110 107 

Back-End + Waste Final Disposal (BFF 1999) 239 314 339 307 342 370 

Power generation (TWh) 18 111 18 111 18 111 20 238 20 238 20 238 

Back-end cost (FF99/MWh) 10.5 11.8 13.2 9.6 11.5 13.0 

Average total generation cost (FF99/MWh) 151.3 152.0 152.8 142.7 143.8 144.6 

Back-end cost/Total generation cost 7% 8% 9% 7% 8% 9% 
 

                                                 
12 BFF means billions of French Francs (1999 value). 1 FF (1999) is 0.152 € (1999), or about 0.161 € (2003). 
13 Excerpt from p 56 of the “Charpin-Dessus-Pellat” Report [4] 
14 Includes varying quantities of waste from reprocessing, UOX spent-fuel, MOX spent-fuel 
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The cost related to the future back-end expenses (1999-2049 period) is assessed as follows: 
 
For interim storage expenses, the report is based on the two main following assumptions:  

- first option, the La Hague site is assumed to be used for interim storage (even if reprocessing 
is stopped), 

- second option, the La Hague site cannot be used for interim storage. 
 
Due to the long interim storage period required for MOX fuel (150 years), the use of La Hague for 
interim storage of such fuel is excluded. 
 

Table A2. Expenses from 1999 to 2049 in billions of French Francs (constant 1999 value)15 
 

Items S1 S2 S3 S4 S5 S6 
Reprocessing 23.9 45.1 72.2 23.9 57.5 87,1 
Pu recycling 9.1 15.1 22.2 9.1 18.3 26.5 
Depleted uranium conversion & 
storage 

15.9 15.3 14.7 15.9 17.8 17.1 

Reprocessed uranium conversion 
& storage 

1.1 2 3.2 1.1 2.5 3.8 

Spent UOX fuel interim storage 
(without La Hague) 36.3 28 18.4 41 28.6 17.6 

Spent UOX fuel interim storage 
(with La Hague) 21.9 13.6 4 26.6 14.2 3.2 

Spent MOX fuel interim storage 5.1 7.5 10.4 5.1 8.8 12.1 
HLW interim storage 
(without La Hague) 0.08 0.13 0.19 0.08 0.16 0.24 

HLW interim storage  
(with La Hague) - - 0.07 - 0.04 0.12 

Dismantling 20 20 20 20 20 20 
Total without La Hague 111 134 161 116 154 184 
Total with La Hague 97 120 147 102 139 170 

 
 

                                                 
15 Excerpt from p 150 of the report prepared by the Working Group on the “Existing (French) Fleet of Nuclear 

Plants” at the request of the authors of the Charpin-Dessus-Pellat report [5]. 
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