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Storage cost induced by a large substitution of nuclear by intermittent renewable energies: the French case

This paper explains some adverse effects due to a massive injection of renewables when electricity storage is not available, such as a fall of electricity prices on the spot market or a crowding-out effect for nuclear power stations due to the merit order logic. From the French experience, it presents a model that calculates the additional cost of electricity production when the share of nuclear generation is reduced to 50% instead of 72% today and when, in compensation, renewable energy (wind and solar) is stored either by batteries or by power-togas. The simulations minimize the cost of the energy mix by optimizing the electricity storage mix: batteries (daily storage) and Power-to-Gas/Gas-to-Power (seasonal storage). The paper also estimates the negative externalities of intermittent renewable energies that lie in between 44 and 107 €/MWh. It also examines the impact on the merit order when those negative externalities are accounted for. Finally, the simulation results lead us to provide some recommendations concerning R&D electricity storage policy and electricity mix fine tuning.

Introduction

The EU energy strategy has been mainly driven by the need to promote renewable energies and indirectly to contribute to the decarbonization of the energy sector. The objectives of the European Directives for 2030 are, compared to 1990 levels, 40% GHG emissions reductions, 27% renewable energy share in the primary energy mix, a large proportion (30% to 40% depending to the country) of renewables and 27% improvement in energy efficiency. Various support schemes for renewable energy (RE) are operating in Europe, mainly feed-in tariffs, fixed premiums, and green certificate systems. The feed-in tariff (FIT) is the most favorable one for a variety of REs, especially for wind and solar power generation. RE has also been given priority access to the grid over conventional power plants, i.e. fossil fuel, nuclear and hydro. However, in France, the wind and solar share of gross electricity generation is only about 7%, whereas the nuclear energy share is around 72% or 73%. The share of hydraulic is 12%, with the balance is made up by thermal power stations, mainly gas-fuelled (about 8% of electricity generation). EDF (Electricité de France), which operates the world's largest fleet of nuclear reactors, is being challenged by the growing market share of RE sources such as wind and solar and by the impact of their decreasing price ("merit order" effect). In fact, many power generators across Europe are being disrupted by renewables, with some of them forced to mothball or close plants that are not sufficiently used to be profitable, or cannot quickly respond to swings in supply and demand. Most nuclear plants were designed to generate power steadily around the clock, but not to follow load dynamics induced by weather conditions. However, since the late 1980s, France has developed tools to enable its nuclear power plants to follow demand during the day. Nowadays part of the nuclear fleet is dedicated to following the load.

Empirical findings show that nuclear energy may be seen either as a back-up to renewables or as a casualty through a "crowding-out" effect. If nuclear power is used as a back-up, a "nuclear paradox" is likely to arise, because excess nuclear electricity is transformed into H2 or CH4 (power-to-gas), whereas logically it is renewables that should be stored in this form.

Consequently, increasing the share of wind generation and photovoltaic feed-in induces a fall in nuclear generation. Moreover, this impact varies during the 24 hours of the day due to the dynamics of daily electricity demand and to the intermittency of wind and solar photovoltaic feed-in. This is why short-term to seasonal storage of intermittent electricity is now a priority.

Large-scale storage and retrieval of renewable electricity becomes a priority as the share of renewables increases in the electricity mix, in order to avoid both a fall in wholesale prices in the spot market and a crowding-out effect on nuclear power. France's energy policy plans to reduce the share of nuclear power to 50% by 2035 or 2040 so as to provide more room for renewables. Given the intermittency of these energies, doing so will require significant storage capacity. Storage can take two main forms: the use of batteries, which will be facilitated by the development of electric mobility, and the use of "power-to-gas". However, such storage is costly given the current state of technology and yields relatively low returns.

The purpose of this paper is to evaluate the cost of large-scale storage of intermittent electricity in a 50% nuclear power mix, which is the target of the French energy policy by year 2035. Let us recall that the nuclear share was 75% in 2018 and 72% in 2015 that is our reference year. The study will be conducted using hourly data provided by RTE (the French Transmission System Operator) for 2015.

The paper is organized as follows. Section 2 explains the adverse effects due to the massive injection of renewables when electricity storage is not available. Section 3 presents a model that calculates the additional cost of electricity production when the share of nuclear generation is reduced to 50% and uses, in compensation, renewable energy (wind and solar) that can be stored either by batteries or by power-to-gas. Section 4 gives the results of numerous simulations, Section 5 provides some tracks to revisit the merit order logic and section 6, the conclusion, provides recommendations.

2 Adverse effects of a massive injection of renewables in the absence of storage

Electricity prices fall on the spot market

In order to supply electricity, different power generation technologies compete with each other according to their availability of supply and their marginal cost of production (fossil fuels such as coal or natural gas, nuclear power, and renewable energy sources such as hydroelectric generators, wind and solar energy).

The electricity market operates on the basis of day-ahead bidding. Transmission system operators receive bids from all power producers for the quantity and cost for each hour of the following day and then assign dispatch based on the lowest cost producer until demand is met.

All dispatching producers get the marginal price of the last producer that dispatched. As a result, even if the last producer theoretically produced only one kWh, then that is the price within the system. This standard approach involves ranking the power plants of the system in ascending order of their marginal cost of generation ("merit order").

The merit order effect has gained increasing attention in the literature, both theoretically and empirically. [START_REF] Jensen | Interactions between the power and green certificate markets[END_REF] point out that RE generation enters at the base of the merit order function, thus shifting the supply curve to the right and crowding out the most expensive marginal plants from the market, with a reduction in the wholesale clearing electricity price.

Several papers have carried out empirical analyses on the impact of RE in electricity markets, finding evidence of the merit order effect. Indeed, one of the central empirical findings in the literature on RE is that an increase in generation from intermittent sources puts downward pressure on the spot electricity market price by displacing high fuel-cost marginal generation.

Although RE installations are very capital intensive, they have almost zero marginal generation cost and thus are always dispatched to meet demand. More expensive conventional power plants are crowded out, and the electricity price falls.

A number of authors have studied this topic. For Germany, [START_REF] Würzburg | Renewable generation and electricity prices: Taking stock and new evidence for Germany and Austria[END_REF] explored the merit order effect on the joint German and Austrian market using daily data on electricity prices. They showed that each extra GWh of renewables generation led to a reduction of the daily average price by approximately 1 €/MWh in the German and Austrian markets and estimated an overall reduction in the electricity spot price of 7.6 €/MWh between mid-2010 and mid-2012. [START_REF] Ketterer | The impact of wind power generation on the electricity price in Germany[END_REF]) also examined wind power in German electricity markets and found that additional RE generation of 1GWh led to a reduction of the daily spot price of approximately 1€/MWh. [START_REF] Cludius | The merit order effect of wind and photovoltaic electricity generation in Germany 2008-2016 estimation and distributional implications[END_REF] estimated the merit order effect of wind and photovoltaic electricity generation in Germany between 2008 and 2012. They show that the average specific effect (reduction of the spot market price per additional GW of renewable energy) lies between 0.8 and 2.3 €/MWh. [START_REF] Benhmad | Wind power feed-in impact on electricity prices in Germany 2009-2013[END_REF] also examined daily data of wind power in German electricity markets between 2009-2013 and found that additional wind generation of 1GWh led to a reduction in the daily spot price of approximately 1€/MWh, and given average wind electricity generation during 2009-2013, the merit order effect corresponds to an average price decrease, in absolute terms, of approximately 6 €/MWh. For Denmark, [START_REF] Munksgaard | Wind power in the Danish liberalised power market-Policy measures, price impact and investor incentives[END_REF] conclude that if there is little or no wind (<400MW), prices can increase up to around 80 €/MWh (600 DKK/MWh), whereas with strong winds (>1500MW) spot prices can be brought down to around 34 €/MWh (250 DKK/MWh). [START_REF] Lhir Huisman | Hourly electricity prices in day-ahead markets[END_REF] [START_REF] Gelabert | An ex-post analysis of the effect of renewables and cogeneration on Spanish electricity prices[END_REF] find that an increase of renewable electricity production of 1 GWh reduces the daily average of the Spanish electricity price by 2 €/MWh. [START_REF] Woo | The impact of wind generation on the electricity spot-market price level and variance: The Texas experience[END_REF] carried out an empirical analysis for the Texas electricity price market and showed a strong negative effect of wind power generation on the state's balancing electricity prices. (Percebois and Pommeret, 2018a) show that the introduction of renewable energy paid offmarket disrupts the demand-price relationship in the electricity wholesale market and then, for the French case, they quantify the transfers of revenues induced by this disturbance among consumers, producers and providers.

Conversely [START_REF] Traber | German Nuclear Phase-Out Policy: Effects on European Electricity Wholesale Prices, Emission Prices, Conventional Power Plant Investments and Eletricity Trade[END_REF] calculated that the accelerated phase-out of nuclear power in Germany would lead to an increase of the wholesale electricity price between € 2 and € 6 per MWh.

Nuclear crowding-out effect

Thus the large-scale penetration of renewables has the effect of crowding out conventional nuclear and even fossil fuel, because these energies have priority both for legal reasons and for reasons related to the logic of merit order: calling on plants in the order of rising variable costs. This situation is likely to weaken the profitability of the existing power station fleet when it is not fully amortized, and in the long term calls into question the very principle of calling on power plants according to their marginal costs. There is therefore a risk that the spot price will be zero much of the time, which will jeopardize the recovery of the fixed costs of all installations, both traditional and renewable. The energy-only market cannot operate with a high proportion of electricity at zero variable cost. Hence the need to combine a sustainable capacity market in order to finance fixed costs and ensure that the plants will be available to meet electricity demand .

The development of renewable energies can be coupled with electric mobility, in order to provide an outlet for renewable energy, and the use of electric vehicle batteries for storage and retrieval, provided that the cost of batteries decreases sharply. Batteries are charged at night during off-peak hours or when the production of renewables is maximum and are discharged when the production of renewables is insufficient to meet the demand. Another possibility is the power-to-gas (P2G) option. Such a solution is now being extensively studied in the literature. [START_REF] Mckenna | The future role of Power-to-Gas in the energy transition: Regional and local techno-economic analyses in Baden-Württemberg[END_REF] analyze the future role of power-to-gas in the energy transition at a regional and local level. [START_REF] Robinius | Power-to-Gas: Electrolyzers as an alternative to network expansion -An example from a distribution system operator[END_REF] present power-to-gas as an alternative to network expansion. [START_REF] Parra | An integrated techno-economic and life cycle environmental assessment of power-to-gas systems[END_REF] show that P2G systems are used in the Swiss wholesale electricity market and include several services in addition to the generation of low fossil-carbon gas. [START_REF] Mcdonagh | Modelling of a power-to-gas system to predict the levelised cost of energy of an advanced renewable gaseous transport fuel[END_REF] analyze P2G as a means of producing advanced renewable gaseous transport fuel, whilst providing ancillary services to the electricity grid through decentralised small-scale energy storage.

What would be the impact of a 50% reduction in the share of nuclear power in the electricity mix in France? This paper proposes to test this hypothesis on the basis of hourly production data provided by RTE for 2015. But if the share of nuclear is reduced in order to promote renewables, it is necessary to anticipate storage capacities so that the intermittency of wind and solar production can be managed.

It is assumed that French electricity consumption is unchanged in volume and structure and that what is no longer produced by nuclear power is now provided by a solar-wind mix. The injection of renewables follows a profile identical to that observed in 2015, but with a greater intensity, and storage is introduced in the form of batteries and power-to-gas. Excess renewable electricity is stored if necessary and is removed from storage when needed.

Assumptions about the performance of this storage and the cost of grids are introduced. It is assumed that all renewable electricity (solar and wind) is injected into the grid. Surplus electricity that cannot be stored is exported and in the event of insufficient supply (storage) electricity is imported from elsewhere in Europe. The relative weight of solar in the renewables mix also plays an important role in the simulations.

The objective of the paper is ultimately to provide the cost differential that this decrease in the share of nuclear energy ultimately induces regarding the total cost of the production and distribution of electricity compared to the figures recorded in 2015. The non-programmable character of solar and wind energy requires massive storage when the share of these energies exceeds a certain threshold, and this is expensive for the consumer.

Computational method

Simulating the energy mix

The general algorithm for the computation of the configurations is shown in Figure 1. The algorithm is designed to minimize the importation of electricity and is based on RTE data on electricity demand and production in 2015. In a previous publication (Percebois and Pommeret, 2018a), we used these data to analyze the contribution of renewable energies to the day-ahead spot price of electricity. In all our calculations, we assumed that the nuclear share in the French electricity mix was reduced to 50%. In the 2015 RTE data total electricity production is 533 TWh and the total from nuclear energy is 415 TWh. To reduce the share of nuclear energy, we multiply the hourly data of nuclear production by 266.5 415 ⁄ = 0.64 to obtain nuclear power at each hour of each day. The 415 -266.5 = 148.5 TWh not being produced by nuclear power is assumed to be produced by a mix of renewable energies (wind and solar). The time dependency of this added renewable energy follows its time dependency in 2015. As a result, total renewable energy production in our simulations is always 175.7 TWh, whereas production reported by RTE in 2015 was 26.8 TWh. The added renewable energy production is a mix of wind and solar that may vary from solar alone to wind energy alone. Hence, considering the 26.8 TWh reported by RTE in 2015 and broken down into 7.2 TWh of solar and 19.6 TWh of wind, the solar fraction in the renewable energy mix may vary in our simulations from 0.04 (only wind energy added) to 0.89 (only solar energy added).

To manage the large intermittence introduced by renewable energies, we introduce two types of energy storage: batteries and power-to-gas (P2G) followed by gas-to-power (G2P). For battery energy storage, we assume that the energy efficiency is 1, which is almost the case for Li-ion batteries. For P2G-G2P, overall electrical efficiency is dependent on the gas being produced (hydrogen or methane) and on current research efforts to increase the overall electrical efficiency of those technologies [START_REF] Ademe | Etude portant sur l'hydrogène et la méthanation comme procédé de valorisation de l'éléctricité excédentaire[END_REF][START_REF] Götz | Renewable Power-to-Gas: A technological and economic review[END_REF]. In order to overcome the difficulty, we decided to carry out our simulations for different yields for the overall P2G-G2P process ranging from 0.25 to 0.5. Hereafter we denote that yield by YP2GG2P.

In all our calculations, battery loading and P2G are taken as electricity demand and battery discharge and G2P as electricity production.

The key value in the calculation is the mismatch between electricity demand and electricity production at each hour of each day of the simulation:

ℎ, = ℎ, - ℎ, Eq. 1
The role of batteries is to smooth the mismatch on a daily and weekly basis (Figure S1). The mean charge of batteries is set at half total battery capacity (CBatt). Daily optimization (Figure S2) will set EDiff(h,d) at its daily mean value if CBatt is large enough. Weekly optimization (Figure S3) is activated if the batteries are never fully loaded during a complete week. If CBatt is large enough, the algorithm will set EDiff(h,d) at its weekly mean value.

Once the battery load has been optimized, it is possible to compute the total excess energy production EExcess (sum of all the positive values of EDiff(h,d)) and the total missing energy EMissing (opposite of the sum of all negative values of EDiff(h,d)). The optimization of P2G and G2P will depend upon the fate of the following inequality:
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If the inequality is verified, there is enough excess electricity to produce the gas needed by G2P; if not, the electricity mix is unable to produce enough energy to ensure self-sufficiency, and electricity will have to be imported. The P2G (Figure S4) and the G2P (Figure S5)

optimization algorithms aim at reducing the installed capacities.

The programs were written in language R (R core team, 2018) and used the following libraries: zoo [START_REF] Zeileis | zoo: S3 Infrastructure for Regular and Irregular Time Series[END_REF], doParallel [START_REF] Weston | doParallel: Foreach Parallel Adaptor for the[END_REF], parallel (R core team, 2018) and ggplot2 [START_REF] Wickham | ggplot2[END_REF]. As stated earlier, the key parameters of the simulation are the battery capacities (CBatt), the solar fraction in the renewable energy mix (fSun) and the overall energy efficiency of P2G-G2P (YP2GG2P). We simulate the energy mix for 7 values of CBatt ranging from 0 to 150 GWh, 41 values of fSun ranging from 0.04 to 0.89 and 26 values for the electrical efficiency YP2GG2P ranging from 0.25 to 0.50. The total number of simulations is thus 7,462.

Key parameters

Figure 2 shows the peak power-to-gas capacities of our simulated electrical mix as a function of the solar fraction in the renewable energy mix for different values of electrical efficiency (YP2GG2P) and the total installed battery capacities (CBatt). From Figure 2, it is clear that the introduction of short-term electricity storage with high electrical efficiency dramatically reduces the need for power-to-gas. For a renewable energy mix dominated by photovoltaic the need for power-to-gas capacities can be reduced by a factor of ten when batteries are introduced on a large scale into the grid. For an energy mix dominated by wind power technologies, the benefit of short-term energy storage is far less pronounced.

Figure 3 shows the power-to-gas loading factor in our simulated electrical mix as a function of the solar fraction in the renewable energy mix for different values of electrical efficiency (YP2GG2P) and of total installed battery capacities (CBatt). From Figure 3, it is clear that the introduction of short-term storage capacities results in a better use of industrial capacities.

Like (Percebois and Pommeret, 2018b), who used a simplified model that does not include batteries for short-term electricity storage, we confirmed the sensitivity of our results on the electrical efficiency of P2G -G2P (YP2GG2P). Moreover, electrical efficiency (YP2GG2P) and total installed battery capacities (CBatt) interact with one another. It is extremely difficult to predict what will be the future the electrical efficiency of P2G -G2P. To take that uncertainty into account, we now assume that electrical efficiency is distributed according to binomial laws. We put forward three hypotheses (see Figure 4) on the expected values of energy efficiency (Low, Medium and High):

-Low: Electrical efficiency is randomly chosen from among the 26 calculated values accordingly to a binomial law of probability 0.25; the mean value of YP2GG2P is 0.312;

-Medium: Electrical efficiency is randomly chosen from among the 26 calculated values accordingly to a binomial law of probability 0.50; the mean value of YP2GG2P is 0.375;

-High: Electrical efficiency is randomly chosen from among the 26 calculated values accordingly to a binomial law of probability 0.75; the mean value of YP2GG2P is 0.438;

Estimating the differential cost

Once the energy mix has been simulated, its cost needs to be computed. Our aim was not to establish an overall cost but rather a differential cost. Accordingly, we assumed that the total cost of the reference electricity mix ( 2015) is known and we calculate the differential cost between the simulated costs and the 2015 cost. Production sources that are not affected in our simulations, such as hydropower, fossil power, etc., do not contribute to the differential cost.

Thus the only contributions we have identified are:

1) Nuclear power, which makes a negative contribution since we are producing less electricity with it;

2) Solar power, which makes a positive contribution (increased production);

3) Wind power, which makes a positive contribution (increased production); 4) Batteries, which make a positive contribution (not present in the 2015 mix); 5) P2G installations, which make a positive contribution (not present in the 2015 mix); 6) G2P installations, which make a positive contribution (not present in the 2015 mix);

7) The electrical network, which has to be reinforced to accommodate the renewable energies;

8) The cost of the gas network used by the P2G and the G2P installations; 9) Change in the importation-exportation of electricity.

Nuclear, wind and solar power

For these three energy sources, we choose the price according to a truncated normal law. For wind and solar power, we take values for the energy cost that are more optimistic than the most optimistic forecast by ADEME [START_REF] Ademe | Mix électrique 100 % renouvelables à[END_REF]. For nuclear power, we set the minimum price at the value fixed by ARENH (Accès Régulé à l'Electricité Nucléaire Historique), created by the Nome law, and the maximum price at the value set by the contract for difference of the Hinkley Point C EPR project. These values are significantly higher than the running cost claimed by EDF, which is around 32 €/MWh. For these three energy sources the charge factor of the installations is not modified in our simulation and the prices listed below are for the observed load in 2015.

Battery storage

Estimating the cost of the battery storage is not easy because an industrial installation is a rather complex system that includes AC/DC converters, maintenance, etc. According to Eon Musk, giga-factories will in the near future be able to produce Li-ion batteries at a cost of 100 USD/kWh (~80 €/kWh). The typical future lifetime of a Li-ion battery will be 3,000 cycles (roughly 10 years, with one cycle per day). Considering that the battery cost represents half of the total cost of a battery power station we estimate that the mean cost of a battery power station is 16 €/kWh/year.

Power-to-Gas and Gas-to-Power

For power-to-gas we based our estimations on the ADEME study [START_REF] Ademe | Etude portant sur l'hydrogène et la méthanation comme procédé de valorisation de l'éléctricité excédentaire[END_REF]. The cost of power-to-gas transformation depends on the gas being produced: hydrogen or methane. The yield of such a transformation is also dependent on the gas being produced. With massive electricity storage, methanation would be required, because it is unlikely that the existing gas network can cope with very high partial pressure values of hydrogen due to the high diffusivity and the reductive character of hydrogen. Nevertheless, we deliberately chose highly optimistic values for the running cost of a P2G station based on high temperature water electrolysis.

For the gas-to-power, we based our cost estimation on the cost of combined cycle gas power station (investment, working cost, maintenance). These costs are usually estimated to lie in the 15-25 €/MWh price range.

The price of the P2G and P2G installations tabulated above are for installations working at their maximum capacity. In reality, those installations are used only partially. To take this into account, we divide the tabulated prices by the observed charge factor, which is simulation dependent.

Gas and electricity network

To calculate the cost of an electricity network, we based our estimation on the turnover of Enedis, the French entity responsible for the electricity grid. Typical peak power that Enedis deals with is 90 GW. By dividing Enedis turnover by typical peak power, we obtain 147 M€/GWpeak. We thus assume that the additive cost of the electrical network per GWpeak above 90 GW will lie in the 50-150 M€/GWpeak price range.

For gas network usage we based our estimations on data from GRDF, the entity responsible for the gas network in France. According to its data, the gas transport cost is 5 €/MWhPCS and the gas storage cost is 3.6 €/MWhPCS. We thus estimated that the transport and storage cost of the gas produced by P2G installations and consumed by G2P installations is 8.6 €/MWhPCS.

Importation -Exportation

Our recent studies on the influence of the renewable energies on the day-ahead spot market price (Percebois andPommeret, 2018a, 2016a) and on the French interconnections with the surrounding Europeans countries (Percebois andPommeret, 2018a, 2016b) clearly demonstrated that a massive increase in renewable energies will seriously perturb the electricity wholesale market. This perturbation will be amplified if all the European countries greatly increase their renewable energy production. The recent French experience with the shutdown of a substantial proportion of its nuclear power plants showed that electricity prices can skyrocket when a country faces strong demand without any production reserve. Thus on 9

November 2016, at 7 p.m., the day-ahead spot price rose to 220 €/MWh. In Germany, where penetration of renewables is considerably higher than in France, the day-ahead spot price becomes negative on a regular basis. Finally, a careful analysis of the data produced by our simulations shows that the excess power reaches values above 40 GW, which is clearly higher than existing interconnection capacities. Thus part of the energy produced will be destroyed.

For the importation/exportation of electricity we thus assumed that the price will be the one observed in the day-ahead spot market in 2015, multiplied by a factor. The factor is chosen according to a normal law centered on 1 and with standard deviation 1. For exportation the law is truncated to between 0 and 1, and for importation it is truncated to between 1 and 5.

Cost computation methodology

We make 3,000,000 guesses for each energy efficiency hypothesis. Each guess results in a different value for the cost parameters and YP2GG2P according to their respective probability law. For each of these guesses, we calculate the differential cost between the simulated and real energy mix of 2015. The values presented below are the mean values for an energy efficiency hypothesis with respect to the solar fraction in the RE mix and the battery capacities installed on the grid.

Results

Total differential cost

To calculate the minimal differential cost of a 50% nuclear energy mix compared to 2015, we choose -for a given P2G cost, P2G -G2P efficiency and solar fraction in the renewable energies mix-the amount of installed batteries on the grid that minimized it. The introduction of batteries connected to the electricity grid makes it possible to release the constraint on the solar fraction in the renewable energy mix that was pointed out by (Percebois and Pommeret, 2018b). From Figure 5 it is clear that the total amount of batteries needed depends on the renewable energy mix. As expected, the higher the solar energy penetration, the greater the battery capacity needed in order to smooth the daily fluctuation of solar energy.

From Figure 5, we can observe three scenarios as a function of solar energy penetration:

1) 0 < fSun < 0.25: In this scenario, the differential cost is decreasing when the solar fraction is increasing. The introduction of batteries does not contribute efficiently to reduce the need for power-to-gas in a mix dominated by wind energy. As noted by (Percebois and Pommeret, 2018a), wind energy has a characteristic memory time of 36 hours and batteries are too costly to store energy over a period longer than 24 hours.

2) 0.25 < fSun < 0.60: In this scenario, the differential cost is almost independent of the solar fraction. The introduction of 100 ± 25 GWh of battery capacity is enough to ensure an efficient consumption shift, while the level of wind power is large enough to avoid massive seasonal effects.

3) 0.60 < fSun < 1.00: In this scenario, the differential cost dramatically increases with the solar fraction in the renewable energy mix. While the batteries are large enough to operate the consumption shift, power-to-gas is greatly needed to correct for the strong seasonal effect of photovoltaic production. This finding is corroborated by those of Figure 2 and Figure 3, where we observed that the loading factor of P2G vanishes and P2G peak power is increasing.

Estimating the real cost of the renewable energies

In our simulations, we decided to keep the nuclear power plants load factor constant and to introduce the technical means (batteries, P2G and G2P) to ensure the supply of energy to consumers connected to the distribution network. This choice allows us to estimate the negative externalities associated with electricity generation by renewable energy to ensure the satisfaction of domestic demand. To do this, let's recall some key figures of our simulations:

we replaced 148.5 TWh of nuclear energy with 148.5 TWh of renewable energy compared to 2015;

the total production of RE is 176.7 TWh, breaking down into 28.2 TWh (the RE production in 2015) and 148.5 TWh replacing the 148.5 TWh of nuclear energy;

the average cost of production of renewable energy is € 60/MWh, while the average production cost of nuclear power plants is € 75/MWh. This difference of 15 €/MWh represents a positive externality for renewable energy. That positive externality must be associated to the whole RE production (176.7 TWh). Thus the net positive externality per MWh of RE being produces id thus € 12.6 / MWhRE. This positive externality is the only one we have identified.

The additional costs calculated and presented in Figure 5 43.8 €/12ℎ 3$ < +, < 106.9 €/12ℎ 3$ Eq. 3

The storage cost (Batteries, P2G, G2P) represents more than 80% of RE externalities.

Finally, it is possible to estimate the real cost of REs by summing the production cost and the externalities. The REs full cost ranges in between 103.8 and 166.9 €/MWhRE whose production part may fall down to 30%.

A revisited "merit order" approach

The French government's decision to reduce the share of nuclear power to 50% by 2035 from nearly 75% in 2015 implies to replace 100 TWh of nuclear power with 100 TWh of renewable electricity if we assume that the total electricity consumption will remain unchanged. The electricity demand is not easy to forecast but the assumption that the total demand will remain more or less constant is confirm by recent studies within a hypothesis of +2°C global warming [START_REF] Damm | Impacts of +2 °C global warming on electricity demand in Europe[END_REF]. The intermittent nature of wind and photovoltaic electricity will therefore require significant storage capacity and our simulations show that the cost of RE externalities that include the storage ranges in between 43.8 and 106.9 €/MWhRE.

This result relaunches the debate on the need of differentiated framework according to the nature of the means of electricity production: intermittent renewable energies on one side and centralized power station on the other side. The production of renewable energies is indeed a fatal production that is not correlated with electricity demand. By nature, REs cannot replace centralized power stations as long as the short and long term electricity storage capacities are insufficient to satisfy the demand. The massive introduction of RE on the grid results in massive erasure of conventional means of production during favourable weather windows.

Patches should be now implemented to integrate the injection of intermittent renewable electricity into a system that was initially created for centralized power stations.

Option 1: business as usual

The principle of a merit order based on marginal costs is maintained. The massive injection of intermittent renewable energies with zero marginal cost will cause the equilibrium price on the wholesale market to fall, increasing the consumer surplus but reducing the producer's surplus. Spillover effects are possible and the fall in prices on the national market will be reflected at European level on the wholesale markets of the neighboring countries, because of interconnections [START_REF] Phan | Is the depressive effect of renewables on power prices contagious? A cross border econometric analysis[END_REF]. As renewable and non-renewable electricity producers will experience difficulties covering all their fixed costs with depreciated market prices, it will become necessary to establish a capacity market for centralized power station and to maintain FITs (feed-in tariffs) or FIPs (feed-in premiums) for renewables. The cost of this system will be borne by the consumer (via taxes that will dramatically increase) and therefore the impact on the consumer's surplus will decrease even if the fate of the all taxes included electricity price remains undetermined a priori. As an example, a very comprehensive study conducted by Clò et al. on the case of Italy between 2009 and 2013 concludes that the savings made by the consumer due to the fall in prices caused by the "merit order effect" does not compensate the cost of RE support mechanisms [START_REF] Clò | The merit-order effect in the Italian power market: The impact of solar and wind generation on national wholesale electricity prices[END_REF].

Option 2: RE as negative load

A second option is to treat renewables as a "negative load" and replace the load curve with the net (or « residual ») load curve. This allows to use a supply curve that is stable and a residual demand curve that varies over time. The management of the spot market is now a demandside management and not a supply-side one. This way may be achieved with a "power purchase agreement" (PPA) or with a large proportion of self-consumption. A PPA is a contract between an (renewable) electricity generator (provider) and a purchaser (buyer, generally a large industrial buyer). Contractual terms are signed for several years. The power purchaser buys energy and sometimes ancillary services from the electricity producer. Such type of agreements play a key role in the financing of independently owned electricity assets;

this is particularly true for the renewable ones. Such a mechanism reduces the "residual" demand for electricity on the spot and does not require any storage. The buyer adjusts its demand load curve to the supply load curve of the provider. The amount of renewable electricity production sold through those bilateral contracts has no impact on the supply of electricity on the wholesale market as long as the buyer adjusts its demand to the supply. If it is not the case, capacity markets, FIT or FIP will have to be implemented as in Option 1.

Nevertheless, these contracts and self-consumption are reducing the electricity demand on the market. In such a context, the equilibrium price on the wholesale market will again diminish not because of an excess of supply but because of a lack of demand. Once more, one will have to implement capacity markets, FIT or FIP.

Option 3: beyond the marginal cost

Another option is to call the plants according to the merit order based on the marginal production cost per MWh for classical centralized power plants and on the average production cost for intermittent RE plants (suggested notably by [START_REF] Dambrine | Analyse micro-économique de l'intégration des EnR électriques intermittentes dans un système de production électrique[END_REF]). Investment in intermittent RE plants is not and cannot be guaranteed since its availability depends on meteorological considerations and is only justified if it allows savings on the marginal production costs of classical plants (and/or if it reduces CO2 emissions). It is therefore necessary to compare the average cost of intermittent renewable MWh with the marginal cost of MWh produced by a classical power plant that adjust its production to the demand.

Let us pose:

-55 : annual capital cost of an intermittent renewable power plant (wind or solar) in : load factor of an intermittent renewable power plant.

According to the actual merit order logic, an intermittent renewable power plant has priority on the spot if m < m ; since m ≈ 0 this inequality is generally satisfied.

According to a revisited merit order logic, an intermittent renewable power plant has priority when the following inequality is satisfied:

<< = = = > + m < m ⇔ A = = >
+ m < m Eq. 4

In this inequality, the load factor (: ) of an intermittent renewable power plant is related to plant's geolocation. In order to satisfy this inequality, one will have to reduce dramatically annual capacity cost (ki) of intermittent renewable power plant. Renewable energies are likely to satisfy Equation 4 in the near future when compared with gas or coal-fired power plants.

Indeed, RE's capacity cost is on a downtrend while the price of CO2 is on an uptrend.

Nevertheless, it is unlikely that Equation 4 will be satisfied in the near future when comparing RE to nuclear power plant (NPP). Indeed NPP marginal cost remains relatively low.

Option 4: Take into account the storage cost

Another option is to associate an average storage-destocking cost with the marginal cost (modest or even zero) of non-controllable power plants. The solution is close to the previous solution but it is a negative externality (the obligation to store and destocking) and not the cost of electricity production which is then the criterion for selecting non-controllable plants.

The cost of storage-destocking is a kind of back-up to be integrated into the operating cost of non-controllable installations. A non-controllable power plant will have priority if and only if:

+, + B < B Eq. 5
With +, being the externality cost of RE i per MWh of electricity.

Indeed, the externalities due to the intermittent character of renewable energy must be borne to the RE producers; if it's not the case the RE producers are free riders on the electricity grids creating a competition's distortion. The consequence in the case under consideration will not lead to prevent the substitution of nuclear by renewable electricity since the political will is to reduce nuclear's share. However, such an evaluation of the market price will prevent fall in electricity prices on the wholesale market since this renewable electricity will participate in auctions at a largely positive bid price. This will benefit all producers of electricity. Moreover, this may lead to the replacement of CO2 intensive thermal electricity by renewable electricity depending on the respective marginal cost levels of these two energies and contribute to the 1.5°C objectives (Intergovernmental Panel on Climate Change, 2018).

The higher the oil and the CO2 ton will be the faster the transition to renewable energies will be. Without introducing a storage cost, the spot price risks being zero much of time, which will jeopardize the recovery of the fixed costs of all the installations, traditional but also renewable ones. Consequently, the need to support classical centralized power station via a capacity market to finance their fixed costs is no longer necessary.

Energy storage technologies can help with integrating intermittent renewable electricity generation but it is, until now, costly. The use of storage to absorb excess renewable electricity can counterbalance the downtrend of electricity prices and create the favorable economic conditions for an equilibrated electricity market [START_REF] Bushnell | Setting with the Sun: The Impacts of Renewable Energy on Wholesale Power Markets[END_REF][START_REF] Hirth | What caused the drop in European electricity prices? A factor decomposition analysis[END_REF].

What is the best option?

Option 1 is expensive for the consumer as well as for the producer since it is necessary to finance the extra cost of feed-in tariffs, to provide back-up or storage facilities to deal with intermittent renewables, and to support a decline in electricity prices on the wholesale market, which jeopardizes the profitability of classical power plants.

Option 2 is only applicable in cases where renewable electricity generation remains marginal.

Beyond a certain volume, the production of solar or wind energy must necessarily be sold on the wholesale market. Moreover, this does not fundamentally change the equilibrium price on this wholesale market since the demand satisfied on the market will be on a downtrend.

Option 3 is perfectly justified from an academic point of view since it takes into account the particular nature of non-controllable plants, but it remains difficult to implement in practice. It will be difficult to control that the producers of renewable electricity will participate in auctions on the basis of their average costs and not their marginal costs, especially since in practice some producers are already auctioning at zero prices or even negative price.

Option 4 is makes sense, is realistic and pragmatic. Intermittent RE plants are constrained by the same principles as classical power plants: namely the inclusion of the negative externalities in the marginal cost. In the case of coal, gas or oil fired power plants, this is the cost of the carbon emitted. In the case of a NPP it is the cost of the nuclear waste storage; an estimation of the fuel cycle back-end including the storage has been proposed by the Cour des comptes in 2019: 6.7 €/MWh (Cour des comptes, 2019; [START_REF] Duplessy | Assesment Report N° 11[END_REF]. In the case of intermittent RE plants, one has to evaluate the negative externalities that are dominated by the cost of electricity storage as demonstrated in the present contribution. Despite the relatively large uncertainties on the intermittent RE externalities evaluation, in such a framework, all plants participate in auctions at the merit order on a fair basis. As all incremental costs will tend to increase, the equilibrium price in the wholesale market will tend to be higher, which will help in financing the fixed costs of all facilities. Such a framework respects both the principle of "truth of costs" and the principle of "equity" between all operators. From Figure 6, it is clear that a fine-tuning of the CO2 ton price may greatly contribute to create a market where the RE despite their strong externalities are competitive. The amount of nuclear energy may be adjusted by leveling the amount of NPPs connected to the grid. Taking into account negative externalities (storage and carbon) will increase the equilibrium price on the wholesale electricity market. Such an effect will make possible to avoid using the guaranteed price mechanism for supporting renewables (FIT and FIP).

Conclusion and Policy Implications

The large-scale penetration of renewables results in crowding out conventional nuclear and even fossil fuels, as REs have priority for both legal and economic reasons: according to the merit order logic, REs are called on first because they do not have variable costs. This fact is likely to reduce the profitability of the existing centralized power fleet in the short term, as already observed by (Percebois andPommeret, 2018a, 2018b). In the longer term, the largescale introduction of REs will result in a fall in the spot price that will jeopardize the recovery of the fixed costs of all installations (conventional centralized power utilities, but also REs).

Thus one may question the sustainability of the energy market if, as a consequence of the introduction of the REs, REs on the one hand and the centralized power fleet on the other have to be subsidized. There is some evidence that the energy-only market will not operate properly with a high proportion of electricity at zero marginal cost. Hence the need to combine it with a sustainable capacity market to finance fixed costs and ensure that plants will be available to meet the demand for electricity. That is what the United Kingdom is implementing with the contract for difference for the Hinkley Point C EPR project.

Another drawback to the large-scale introduction of REs that should not be underestimated is the storage of energy to overcome the intermittency of REs. For the production of RE does not coincide with demand: there may too much electricity generated (when REs are at peak power, during sunny days in summer, or when it is windy) or too little generated, according to weather conditions independently of demand. To overcome this intermittency, electricity has to be stored. Storage can be broken down into two components: intra-day (battery storage in the present contribution) and seasonal storage (P2G -G2P in the present contribution). In order to stabilize an electrical system with massive injection of REs without introducing fossil fuel backup, electricity storage systems have to be introduced on a large scale. The costs of storage unquestionably need to be explicitly included in the cost-benefit analysis related to the promotion of renewable energy.

The differential cost induced by the replacement of about 25% of nuclear energy by renewables (wind and solar) is difficult to evaluate, due to uncertainty regarding the key parameters discussed above. It is, of course, largely positive, subject to the need to introduce large storage capacities to smooth RE intermittency. In our calculation the differential cost ranges from 5.5 to 16.6 billion euros per year. The introduction of short-term storage using batteries enables intermittence to be accommodated and produces a far less expensive mix than one without short-term storage and based only on power-to-gas storage. However we want to stress that the production of hundreds of GWh of batteries has an ecological impact that has to be assessed. The large-scale extraction and refinery of certain key components of REs, such as rare earth elements, lithium, or cobalt, are likely to have negative environment effects.

Another conclusion is that there is an optimal share of solar power within the renewables mix: 25% to 60%. This optimal mix range is linked to the specific energy storage constrains of each RE and their interplay. As a result, the optimal electricity mix is highly dependent on local weather conditions and each country should fine tune its mix to take advantage of them.

To reduce storage costs, various solutions can be considered jointly or as alternatives.

1. It is necessary to introduce the cost of the negative externalities linked to intermittency: thus the cost of storage will be accounted for in the marginal cost of renewables, just as the cost of CO2 emissions is accounted for in the marginal cost of classical plants. The call of electricity producers based on the proposed merit order 37 / 43 
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  capacity cost per MW of an intermittent renewable power plant (euros), -: annual electricity production of an intermittent renewable power plant (MWh), -8: number of hours per year (8760), m : marginal cost of an intermittent renewable power plant (euros/MWh), generally equal to zero, m : marginal cost of a classical centralized power plant (Nuclear, Coal, Gas), CO2price included (euros/MWh),
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Table 3

 3 Minimum Maximum Mean 1 Standard deviation 2

	P2G (€/MWh) 20	40	30	10

Table 3 :

 3 Truncated normal law parameters for power-to-gas. The cost does not include the electricity cost and gas transport and storage.
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Table 4 :

 4 Truncated normal law parameters for gas-to-power. The cost does not include the gas cost.

Table 5

 5 NetworkMinimum Maximum Mean 1 Standard deviation 2

	Electrical (M€/GW above 90 GW) 0.05	0.15	0.10	0.10
	Gas (€/MWhPCS)	8.0	9.0	8.6	0.2

Table 5 :

 5 Truncated normal law parameters for the cost of the gas and electrical networks.

Mean: mean value of the normal law. It may differ from the mean value of the truncated normal law.

Standard deviation: standard deviation of the normal law. It may differ from the standard deviation value of the truncated normal law.

will thus be more in line with the reality of the costs and will make possible to respect the principle of equity.

2. The development of smart grids should increase the capacity to manage the load curve and make the necessary electrical shedding during the busiest periods. Such demandside management will reduce the need for storage.

3. The development of renewables can be coupled with electric mobility in order to provide an outlet for renewable energy and the use of electric vehicle batteries for storage and retrieval. The cost of batteries will be shared between two uses: mobility and electricity consumption. However, the business model of such a shared use of batteries is still to be built.

4. Innovation can be encouraged in order to develop more efficient storage systems than at present. The cost of batteries has already dropped significantly and further technical progress is expected. The large-scale production of batteries should also reduce costs.

Progress is also predictable in terms of yields in the power-to-gas sector.

Up to now fossil plants have been used to back up renewables. Consequently, the massive introduction of REs in a country has almost no effect on CO2 emissions per kWh. For example, Denmark, with almost 60% RE penetration in its electricity mix, still emits 0.41 kg of CO2 per kWh, while France, with a lower proportion of RE penetration (18%), emits only 0.05 kg of CO2 per kWh. Governments pushing for an increased share of renewables in their electrical mix should also strongly encourage research in electricity storage. Indeed affordable and efficient electricity storage is a milestone toward sustainable REs and massive reductions in CO2 emissions.