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Nuclear power fleet replacement: an opportunity for the French energy mix?

In France, 27% of the electricity is to be produced by renewable resources by 2020. This share is intended to grow continuously up to 2050. The recent European agreement and the French "energy transition law" will promote such a development. The French power system is characterized by high nuclear penetration and nuclear power is meant to remain a significant contributor in the medium and long term, as a low-carbon power source. More than half the French nuclear power fleet was installed in the late seventies / early eighties. Thus, the issue of its replacement is at the core of the French power mix issue. The objective of this paper is to provide some insights about the opportunity it enables for the energy mix. Two plausible replacement scenarios are developed and analyzed as regards the energy cost provided by nuclear power. For a given target level of nuclear installed capacities, the penetration of non-dispatchable renewables with dispatch priority will increase the need for nuclear power modulation at reduced average load factor. The impact of modulation on the nuclear levelized cost of electricity is assessed, according to the considered replacement scenario and for different renewable and nuclear energy penetration scenarios. Results show that, according to the selected assumptions, implementing a progressive shut-down (based on an increased operation lifetime of Nuclear Power Plants) appears a relevant choice since it both provides a lowest power production cost even at reduced average load factor to participate to load following and allows the possibility of "waiting" for choosing most sustainable technologies.

I. INTRODUCTION

The general 3X20 European directive proposes renewable penetration goals 1 . In France, 27% of the electricity is to be produced by renewable resources by 2020 [START_REF] De L'ecologie | Plan d'action national en faveur des énergies renouvelables[END_REF] and this share is intended to continuously grow up to 2050. In 2013, the share of renewable power already reached 18% of the domestic production, namely approximately 100 TWh [START_REF] Rte | Bilan prévisionnel de l'équilibre offre-demande d'électricité en France -édition 2014[END_REF] .

Among these resources, some are not dispatchable (i.e. they cannot be started (or stopped) at the Transmission System Operator request), which triggers challenges to maintain the reliability target level of the power system, both in the short and long term [START_REF] Gross | The costs and impacts of intermittency: an assessment of the evidence on the costs and impacts of intermittent generation on the British electricity network[END_REF][START_REF] Hart | The potential of intermittent renewables to meet electric power demand: current methods and emerging analytical techniques[END_REF] . Wind and solar are expected to contribute to about 10% of the French electricity production in 2020 [START_REF] Rte | Bilan prévisionnel de l'équilibre offre-demande d'électricité en France -édition 2014[END_REF][START_REF] Ancre | Scénarios de l'ANCRE pour la transition énergétique[END_REF] , and according to voluntaristic scenarios they could contribute to over 50% of the total electricity production by 2050 [START_REF] Ademe | L'exercice de prospective de l[END_REF] . The recent European agreement appears voluntaristic; by announcing a binding target of at least 27% of renewable energy used at the European level by 2030, and will promote such a development [START_REF]Energy and climate goals for 2030[END_REF] . The French power system is currently characterized by a high nuclear penetration: it supplied 82% of the French domestic consumption and 73% of the total demand (including exportations) in 2013 [START_REF] Rte | Bilan prévisionnel de l'équilibre offre-demande d'électricité en France -édition 2014[END_REF] . As a matter of fact, nuclear power is meant to remain a significant contributor to the French power system in the medium term, as a lowcarbon power source.

More than half the French nuclear power fleet was installed in the late seventies / early eighties [START_REF]Power Reactor Information System (PRIS) database[END_REF] . Thus, the issue of its replacement is at the core of the French power mix issue: the objective of this paper is to provide some insights about the opportunity it enables for the energy mix.

In an academic approach, first two plausible replacement scenarios are developed and analyzed as regards the energy cost provided by nuclear power, according to the composition of the nuclear mix. Then, different scenarios in terms of non-dispatchable renewable and nuclear energy penetration are confronted in order to identify the availability for a "nuclear back-up", in a lowcarbon power mix perspective. Finally, the impact of modulation (loss of load factor) on the nuclear levelized cost of electricity is assessed, according to the considered replacement scenario.

II. NUCLEAR FLEET REPLACEMENT SCENARIOS

II.A. Scenario Design

In order to investigate the issue of the nuclear fleet replacement with an academic viewpoint, two plausible scenarios have been designed as regards the French operational nuclear fleet. The first one is driven by the power plants' age while the second one is designed to be progressive, in order to smooth the investment requirements:

-Current reactors are operated 40 years and then shut down ("40 yrs" scenario); -The current fleet is progressively replaced to avoid massive investment in a short period of time: 2 GWe are shut down each year starting from 2017 ("prog." scenario). Other more progressive scenarios could also have been considered.

In each case, the current fleet made of Pressurized Water Reactors (PWR) is completed by Evolutionary Power Reactors (EPR™) in order to achieve the target nuclear penetration level of the selected scenario (an example is provided in Fig. 1 for a 50% nuclear penetration in terms of produced energy; the total energy production is assumed to be 543TWh (2012-2013 level) 10 , load factors are assumed to be 0.75 for PWRs and 0.8 for EPRs™). As a result, the installed capacity for each nuclear technology can be assessed according to the selected replacement scenario, as displayed in Fig. 1.

Fig. 1. PWR & EPR™ capacity evolution scenarios (for 50% nuclear penetration), own calculus

In both scenarios, the nuclear contribution to the total energy production of the power mix declines from 73% in 2015 to 50% in 2030, when it stabilizes at this level (for a 50% nuclear penetration case, as illustrated in Fig. 1. Other assumptions will be examined in sections III and IV).

In the "prog." scenario, the PWRs shut down is slower than in the "40 yrs" scenario: for a given year, more PWRs are in operation for the same level of nuclear production capacity.

II.B. Impact on the Nuclear Fleet Production Cost

The scenarios presented in the previous section have been established based on realistic expectations. They will result in different annual levelized production costs according to the composition of the nuclear mix:

-the Capex of the nuclear mix is computed from the share between amortized power plants (PWR) and recently installed ones (EPR ™); -Opex and life extension costs (up to 2025) have also been included; -Increased load factor is assumed for EPR™; -A learning rate is assumed for the EPR™, investment cost is decreased from the first-of-akind to the tenth power plant, and then considered constant. Recent cost assumptions are issued from the French Court of Auditors in-depth study of the nuclear costs in the French context [START_REF] Cour Des Comptes | Les coûts de la filière électronucléaire[END_REF] .

The nuclear annual levelized production cost of electricity is computed according to the retained assumptions and the nuclear fleet replacement scenario. To this end, the "Economic Current Cost" methodology has been retained for a discount rate of 7.8% (i.e. annual levelized production cost is assessed by annualizing the investment including interests over the selected amortization period. After this date, the investment burden is zero: this is the characteristic of this method). The results are presented on Fig. 2 for a 50% nuclear penetration in terms of produced energy, between 2030 and 2050: the two deadlines that will be considered in next sections. The ratio between the nuclear annual levelized cost of electricity for the "prog." scenario and the "40 yrs" scenario is displayed in the figure .   In 2030, life extension costs are already taken into account. As a result, they do not appear on the Fig. 2 results. Fig. 2. Ratio of the nuclear annual levelized cost of electricity between the "prog." scenario and the "40 yrs" scenario (50% nuclear penetration), €2010/MWh / €2010/MWh, own calculus In 2030, there are almost no more PWRs in the fleet for the "40 yrs" scenario (approx. 10 GW), whereas the PWR power is still significant in the "prog." scenario (approx. 40 GW). As a result, from 2030 to 2050, the "prog." nuclear generation cost appears less expensive, first because EPRs™ are introduced at a slower pace than in the "40 yrs" scenario, second because it takes advantage of amortized PWRs. The scenarios converge by 2050, since the nuclear fleet is only composed by EPRs™ by then, for both scenarios.

Thus, results highlight the interest of taking advantage of amortized power plants, as long as additional costs due to extended operating life are not too high.

III. TOWARDS A LOW-CARBON POWER MIX: RENEWABLE AND NUCLEAR PENETRATION PROSPECTIVE SCENARIOS

III.A. Scenario Design

The aim is to achieve a low-carbon power mix in the medium to long term, the so-called energy transition that needs to take into account the national specificities (power mix history and inertia, regional resources etc.).

In this respect, the French Government launched a broad national consultation on the energy transition in 2013 [START_REF] De L'ecologie | Synthèse des travaux du débat national sur la transition énergétique de la France[END_REF] . In this framework, several institutions designed energy prospective scenarios for France. They propose scenarios in terms of renewable and nuclear energy penetration.

The Institute for techno-economics of energy systems of the Commissariat à l'Energie Atomique et aux Energies Alternatives (CEA/I-tésé) was involved in the contribution of the ANCRE (Alliance Nationale de Coordination de la Recherche pour l'Energie, the French National Alliance for Energy Research Coordination), that proposed three contrasted scenarios that all satisfy the factor 4, i.e. a reduction by four of the greenhouse gas emissions in 2050, compared to the 1990 level [START_REF] Ancre | Scénarios de l'ANCRE pour la transition énergétique[END_REF] . The specificity of these scenarios is a voluntaristic approach in terms of scientific and technological innovation. All these scenarios propose a similar non-dispatchable renewable penetration for a given time horizon, leading to a maximum energy penetration of 30% by 2050 (wind and solar). As regards nuclear power, two cases are considered: a 50% value (of the annual electricity production), in line with present status of the "energy transition law", and a "high nuclear" case with a 65% value.

In order to consider an "extreme" scenario in terms of non-dispatchable renewable penetration, we also considered the scenario proposed by the ADEME (Agence de l'Environnement et de la Maîtrise de l'Energie, the French Environment and Energy Management Agency), which examines the case of 50% non-dispatchable renewable penetration by 2050 [START_REF] Ademe | L'exercice de prospective de l[END_REF] . The ADEME also considered lower nuclear penetration (down to 20%).

At the opposite, as regards nuclear power contribution to the French electricity mix, we also considered a "business-as-usual" value of 75%, which corresponds to the nuclear current contribution to the French annual electricity production [START_REF] Rte | Bilan prévisionnel de l'équilibre offre-demande d'électricité en France -édition 2014[END_REF] . II gather the assumptions selected for non-dispatchable renewable resources and nuclear share in the total French power production according to the ANCRE and ADEME scenarios. From them, we established generic scenarios by crossing the renewable and nuclear penetration assumptions, and studied each of them. For readability issues, only three contrasted cases will be presented in the results. They provide conceivable target capacities in line with the current energy policy as regards renewable energy development and the specific French context characterized by the significant place of nuclear power in the power mix:

Table I and Table

1. "median scenario" (med): 16.5% wind and solar in 2030, 30% in 2050, 50% nuclear in both cases; 2. "high nuclear scenario" (high nuc): 65% nuclear, wind and solar shares as in the median case; 3. "high non-dispatchable renewable scenario" (high ren): 30% wind and solar in 2030, 50% in 2050, 50% nuclear in both cases.

In each scenario, we deliberately focus on nuclear and non-dispatchable renewable resources without clarifying the remaining part of the energy production which is off topic here.

III.B. Impact on the Nuclear Fleet Load Factor

Renewable resources have today a dispatch priority: they have a priority access to the grid and the rest of the power system should adapt to renewable energy production. To assess the impacts of non-dispatchable renewable resources on other power plants capacity requirements and annual productions in a power system, two major types of approaches can be distinguished.

First, the construction of load duration curves net of wind and solar (called "residual" in what follows) for different wind and solar penetration levels allows determining the optimal mix of other generation resources in the long term [START_REF] Davis | Determining the impact of wind on system costs via the temporal patterns of load and wind generation[END_REF][START_REF] Keppler | Nuclear energy and renewables: system effects in low-carbon electricity systems[END_REF][START_REF] Ueckerdt | System LCOE: What are the costs of variable renewables?[END_REF] .

Secondly, a minimum cost economic dispatch model can serve refining the general trends obtained from the first approach [START_REF] Davis | Determining the impact of wind on system costs via the temporal patterns of load and wind generation[END_REF][START_REF] Keppler | Nuclear energy and renewables: system effects in low-carbon electricity systems[END_REF][START_REF] Connolly | Modelling the existing Irish energy-system to identify future energy costs and the maximum wind penetration feasible[END_REF][START_REF] Barnacle | Modelling generation and infrastructure requirements for transition pathways[END_REF] . The use of such a time step model allows short term supply and demand balancing in response to technical, economic and political constraints.

We focus here on the first approach to put a light on general trends in the long term.

The developed methodology proceeds in several steps. On the one hand, the construction of annual residual load duration curves allows assessing the annual energy production to be fulfilled by dispatchable power plants. The need for nuclear energy production is then deduced knowing its contribution to the system as a "baseload" power. On the other hand, nuclear load following dedicated energy is evaluated based on the realistic French nuclear fleet scenarios that were presented in the previous section. Thanks to the annual residual load duration curves, we evaluate and compare nuclear fleet effective full power hours.

III.B.1. Construction of Annual Residual Load Duration Curves

A load duration curve represents the sorted hourly load of one year, starting with the highest load hour. The residual load curve is obtained by withdrawing the wind and solar production to the total annual production (considered constant on an annual cumulated basis in this study, hourly variations have been computed into the residual load duration curve based on the historical data from the French Transmission System Operator (RTE)). Wind and solar production was estimated by calculating mean hourly power values of historical data (between 2010 and 2013) also from RTE 10 , and by calibrating their hourly power to fit their assumed energy penetration level to satisfy a given demand (cf. Table I). The resulting curves are displayed on Fig. 3.

Even if wind and solar penetrations are aggregated in the displayed rates, separate assumptions were considered and the corresponding production profiles were treated separately in the calculations.

It should also be noted that the considered demand, to which wind and solar production are withdrawn, actually includes the exportations. Thus, exportations are assumed exogenous. Additional exportations in case of excess capacities for certain hours may be of interest, if the interconnection capacities allow it. 

III.B.2. Assessment of Nuclear Modulation Availability

As regards the use of nuclear power, we retained an empirical approach based on the historical availability factor of nuclear in France (return on operating experience) [START_REF]Power Reactor Information System (PRIS) database[END_REF] . The selected value is 7000 hours. This value is used to assess the "baseload" nuclear power (called Pbaseload in what follows), according to the residual load to supply. The "baseload" nuclear production (corresponding to an installed capacity of Pbaseload) will then be compared to the nuclear production corresponding to the installed nuclear power provided by the selected scenario, to assess the available load following available energy (cf. Fig. 4). Fig. 4. Example of assessment of the nuclear power modulation capacity ("high nuc" 2030), own calculus Firstly, scenarios are compared through the corresponding "baseload" nuclear production. We adapted Fig. 4 to each renewable penetration scenario and calculated the share of the total annual electricity production (i.e. 543TWh) that would be provided by nuclear, according to the renewable penetration, when nuclear is operated at least 7000 hours per year. Results are displayed in Table III. From this table, we can point out that, for 16.5% renewable penetration, 57% of the electricity should be supplied by nuclear as "baseload", according to the retained assumptions. Hence, 50% nuclear penetration (corresponding to the "med" scenario in 2030), would be underestimated compared to the "baseload" reference and thus no nuclear load following capacity would be available.

III.B.3. Assessment of Nuclear Load Factor according to Renewable Penetration

When the nuclear share is higher than what was identified in Table III as the "baseload" power, some load following capacity is available. In other words, the average nuclear load factor is decreased for the total fleet. Table IV presents the results according to the scenarios, as the load factor reduction compared to the "med 2030" case for which there is no modulation ("Ref" case). high ren -9% -32%

Nuclear power would then contribute to a higher extent to balancing services. Further R&D works are still needed though, to verify if implementing higher modulation needs appears feasible from both technical and economic viewpoints. The relevance of operating nuclear power plants with low load factors would be indeed highly linked with payments for grid services (i.e. reduction of system costs). Other tracks should also be explored, such as taking advantage from the available energy to produce valuable services and products. Detailed business models are still to be developed in this field.

IV. CONFRONTING THE NUCLEAR FLEET REPLACEMENT SCENARIOS

Considering the nuclear and renewable penetration scenarios that have been defined in section III (med, high nuc, high ren), and the nuclear fleet replacement scenarios that have been presented in section II, we are now confronting the nuclear fleet cost resulting from both the renewable and nuclear energy penetration (impact of load factor reduction), and selected fleet replacement (impact of the nuclear fleet composition). For each nuclear penetration scenario and nuclear fleet replacement policy, the nuclear annual production costs are calculated based on the total nuclear annual production (i.e. the load factor assessment depending on the wind and solar penetration scenario, cf. Fig. 4).

By 2050, both nuclear replacement scenarios lead to a fleet made of EPR™ exclusively, hence costs converge. In what follows, we focus on 2030 to point out differences between scenarios.

In section II, it was shown that in 2030, the "prog." scenario leads to lower nuclear production costs than the "40 yrs" scenario. In section III, it was highlighted that nuclear load following (particularly resulting from renewable dispatch priority) induced reduced average load factors, hence higher production costs.

Therefore, the question arises: is the nuclear "prog." replacement scenario still cheaper than the "40 yrs" scenario, even when operating the nuclear fleet in a load following mode? To answer this question, the comparison is carried out against the "40 yrs" replacement scenario with nuclear operating as "baseload" (cf. section III).

We compare annual levelized production costs in the two following cases:

Case 1: for 16.5% renewable penetration in 2030, "high nuc" scenario (65% nuclear), with a nuclear fleet composition derived from the "prog." scenario, costs are compared to the "baseload" nuclear penetration with a nuclear fleet composition derived from the "40 yrs" scenario. Case 2: for 30% renewable penetration in 2030, "high ren" scenario (50% nuclear), with a nuclear fleet composition derived from the "prog." Scenario, costs are compared to the "baseload" nuclear penetration with a nuclear fleet composition derived from the "40 yrs" scenario.

Relative differences of nuclear annual levelized costs for case 1 and 2 are displayed in Table V.

TABLE V

Relative difference between the annual nuclear levelized production cost for case 1 and case 2 in 2030, own calculus Case 1 ("high nuc" / "baseload") -25 % Case 2 ("high ren" / "baseload") -33 % For 16.5% and 30% non-dispatchable renewable penetration in 2030, the "prog" scenario nuclear replacement policy allows to consider the possibility for nuclear to operate at reduced load factors in order to participate in load following. Indeed, in such case, the annual nuclear levelized production cost still remains lower than the case with nuclear operating as "baseload" with a "40 yrs" replacement policy. It makes it possible to take advantage of the amortized power plants, the history of the French power mix.

Besides enabling a lower production cost for the nuclear fleet, smoothing the replacement of the nuclear capacities would be also beneficial for the whole power mix. Indeed, in the case of which nuclear power would be partly replaced by renewables, delaying somewhat the capacity replacement makes it possible to "wait" for cheaper technologies and possibly reduce the overall production cost. In such a case, effective capacity credits should be taken into account according to the nature of the renewable resource and the level of penetration into the power mix. As a matter of fact, to replace a given capacity of dispatchable power, higher amounts of non-dispatchable resources are needed due to intermittency issues. Renewable capacity credits tend to decrease with higher penetration levels [START_REF] Keppler | Nuclear energy and renewables: system effects in low-carbon electricity systems[END_REF] .

V. CONCLUSIONS

In the French current electricity mix which is characterized by a high share of nuclear power, and in the context of current design of energy transition policies, the nuclear fleet replacement is a central issue.

To examine it with an academic viewpoint, we designed and proposed prospective scenarios in terms of renewable and nuclear power, together with nuclear fleet replacement scenarios.

Results showed that, according to the retained assumptions of the present study, implementing a progressive shut-down (i.e. with a longer lifetime of PWRs) appears a relevant choice since it both provides a lowest nuclear power production cost even at reduced load factors to participate in load following, and allows "waiting" for choosing most sustainable technologies.

In other words, even if the political guidelines are in favour of a reduction of electricity produced by nuclear plants, if nuclear power capacities are maintained so that it opens room for participation in load following, there is a strong interest in opting for a progressive replacement of PWRs by EPRs™ in order to cope with the intermittence of variable renewable resources. First studies demonstrated that, to reach a low-carbon power mix, both nuclear and renewables are needed, in a strongly-interconnected energy system perspective [START_REF] Caumon | Flexible hydrogen production implementation in the French power system: expected impacts at the French and European levels[END_REF] . In such a synergistic power system, both nuclear power plant flexibility and nuclear plant operation time extension should be examined, also by considering novel uses. New economic tools have to be built to address these important questions.
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 3 Fig. 3. Residual load duration curves according to the renewable penetration, own calculus
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TABLE I Renewable

 I 

			energy penetration scenarios	
		(% of produced energy)	
	Time horizon	Wind penetration (%)	Solar penetration (%)	Total (%)	Reference
	2015	5 %	1 %	6 %	ANCRE 6
	2020	8 %	2 %	10 %	ANCRE 6
	2025	10 %	3 %	13 %	ANCRE 6
	2030	12 %	4.5 %	16.5 %	ANCRE 6
	2040	16 %	7 %	23 %	ANCRE 6
	2050	20 %	10 %	30 %	ANCRE 6
	2050	30 %	15 %	45 %	ADEME 7
	2050	35 %	15 %	50 %	ADEME 7

TABLE III "

 III 

	Baseload" nuclear contribution to satisfy the total power
	production according to the renewable penetration
	(% of produced energy), own calculus
	Renewable	Baseload Nuclear
	penetration (%)	penetration (%)
	16.5	57
	30	41
	50	17

TABLE IV Nuclear

 IV average load factor reduction for the total fleet, own calculus

	Scenario	2030	2050
	med	Ref	-9%
	high nuc	-5%	-19%
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