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Executive summary 

The European Union has embarked on an energy transition aimed 

primarily at replacing fossil fuels by electrifying demand. This objective is 

based on a massive increase in renewable energies (wind, solar) to 

complement the nuclear and hydroelectric infrastructures. However, the 

natural variability of these sources imposes new demands in terms of the 

flexibility of the electricity system. 

Developing flexibility in the electricity system is essential to support 

Europe’s energy transition. A pragmatic and integrated approach will make 

it possible to maximise the use of renewables while ensuring the stability of 

the grid and the continent’s economic competitiveness. 

Demand-side flexibility is essential and based on several 

complementary levers, which can be considered at two distinct levels. 

At the first level, accessible to private individuals, small businesses, 

and local authorities, simple solutions make it possible to capture a 

significant proportion of the flexibility potential without excessive 

complexity. For example, well-calibrated time-of-use tariffs encourage use 

in line with solar photovoltaic production, while a critical peak pricing 

system helps to manage periods of low renewable production, such as the 

so-called Dunkelflaute period associated with low wind power. These 

approaches, which are easy to understand and adopt, appeal to users 

because of the economic interest they represent. 

At the second, more sophisticated and largely automated level, 

flexibility has greater potential. In the building sector, intelligent devices 

such as connected thermostats, automated management of electrical 

equipment, and shifting of energy-intensive consumption (heating, air 

conditioning, household appliances) adapt in real time to renewable 

production. Electric mobility also plays a key role, thanks to dynamic 

recharging infrastructures. In industry, factories can modulate their 

consumption via load-shedding programmes, temporarily reducing their 

activity during peaks in demand, or by adopting more flexible processes. 

Finally, the installation of thermal batteries makes the most of variable, 

highly competitive electricity to decarbonise industrial heat. 

Essentially, the electrification of buildings, industry and transport is 

providing more flexible uses than most, thanks to various forms of heat 

conservation and the electric vehicle batteries needed for their autonomy. 

 



 

 

Supply-side flexibility is based on several complementary solutions. 

Improving electricity interconnections between European countries 

balances production and consumption, making it easier to export surpluses 

and import when needed. The development of storage plays a key role, with 

batteries for rapid response, pumped storage hydropower for large-scale 

storage, and hydrogen for long-term conversion. Finally, oversizing 

renewable infrastructures, combined with curtailment strategies to limit 

surplus production, secures supply and reduces the risk of shortages during 

periods of low production. 

There is no point in trying to store all the surplus kilowatt hours of 

renewable electricity: storage facilities should be sized according to 

demand, not production. The price of renewable electricity has fallen so 

much that the economic optimum dictates that part of the production 

should be curtailed when there is a surplus. If we curtail 5% of wind or solar 

production, this will increase the price of wind or solar electricity by the 

same amount, but in many cases, it will still be the least expensive low-

carbon solution when it comes out of the power station. 

Developments in the regulatory framework must encourage the 

emergence of flexible solutions, on both supply and demand sides, 

including in the context of capacity markets, or possible mechanisms for 

reducing network costs for certain industrial consumers, as envisaged in 

certain countries. Financial incentives and electricity market reforms are 

needed to encourage these new practices. 



 

Résumé 

L’Union européenne est engagée dans une transition énergétique visant 

surtout à remplacer les combustibles fossiles par l’électrification de la 

demande. Cet objectif repose sur une augmentation massive des énergies 

renouvelables (éolien, solaire) pour compléter les infrastructures nucléaires 

et hydroélectriques. Cependant, la variabilité naturelle de ces sources 

impose de nouvelles exigences en matière de flexibilité du système 

électrique. 

Le développement de la flexibilité du système électrique est essentiel 

pour accompagner la transition énergétique en Europe. Une approche 

pragmatique et intégrée permettra de maximiser l’utilisation des énergies 

renouvelables tout en assurant la stabilité du réseau et la compétitivité 

économique du continent. 

La flexibilité de la demande est indispensable et s’appuie sur plusieurs 

leviers complémentaires, qui peuvent être envisagés à deux niveaux 

distincts. 

Au premier niveau, accessible aux particuliers, petites entreprises et 

collectivités, des solutions simples permettent de capter une part 

significative du potentiel de flexibilité sans complexité excessive. Par 

exemple, des tarifications en fonction de l’heure d’utilisation (time-of-use) 

bien calibrées encouragent les usages en phase avec la production solaire 

photovoltaïque, tandis qu’un système de tarification pour les pics critiques 

(critical peak pricing) aide à gérer les périodes de faible production 

renouvelable, comme les Dunkelflaute liées à l’éolien. Ces approches, faciles 

à comprendre et à adopter, attirent les utilisateurs par l’intérêt économique 

qu’elles représentent. 

Au deuxième niveau, plus sophistiqué et largement automatisé, la 

flexibilité touche un potentiel plus important. Dans le secteur du bâtiment, 

des dispositifs intelligents comme les thermostats connectés, la gestion 

automatisée des équipements électriques et le décalage des consommations 

énergivores (chauffage, climatisation, électroménager) s’adaptent en temps 

réel à la production renouvelable. La mobilité électrique joue aussi un rôle 

clé grâce à des infrastructures de recharge dynamique. Dans l’industrie, des 

usines peuvent moduler leur consommation via des programmes 

d’effacement, réduisant temporairement leur activité lors des pics de 

demande, ou en adoptant des processus plus flexibles. Enfin, l’installation 

de batteries thermiques valorise une électricité variable et très compétitive 

pour décarboner la chaleur industrielle. 



 

 

Pour l’essentiel, l’électrification des bâtiments, de l’industrie et des 

transports apporte des usages plus flexibles que la plupart des usages 

habituels, grâce à diverses formes de conservation de la chaleur et aux 

batteries des véhicules électriques nécessaires à leur autonomie. 

La flexibilité de l’offre repose sur plusieurs solutions complémentaires. 

L’amélioration des interconnexions électriques entre les pays européens 

équilibre production et consommation en facilitant l’exportation des 

surplus et l’importation en cas de besoin. Le développement du stockage 

joue un rôle clé avec les batteries pour une réponse rapide, le pompage 

hydraulique pour un stockage à grande échelle et l’hydrogène pour une 

conversion longue durée. Enfin, le surdimensionnement des infrastructures 

renouvelables, combiné à des stratégies d’écrêtement limitant la production 

excédentaire, sécurise l’approvisionnement et réduit le risque de pénurie 

lors des périodes de faible production. 

Il est inutile d’essayer de stocker tous les kilowattheures d’électricité 

renouvelable excédentaires : il faut dimensionner les stockages en fonction 

de la demande et non de la production. Le prix de l’électricité renouvelable 

a tellement baissé que l’optimum économique commande d’écrêter une 

partie de la production quand elle est excédentaire. Si l’on écrête 5 % d’une 

production éolienne ou solaire, cela augmentera d’autant le prix de 

l’électricité éolienne ou solaire, mais elle restera dans bien des cas la 

solution décarbonée la moins coûteuse en sortie de centrale. 

L’évolution du cadre réglementaire doit favoriser l’émergence de 

solutions de flexibilité, tant du côté de l’offre que de la demande, y compris 

dans le cadre des marchés de capacité, ou des mécanismes éventuels de 

réduction des coûts de réseau pour certains consommateurs industriels tels 

qu’envisagé dans certains pays. Des incitations financières et des réformes 

du marché de l’électricité sont nécessaires pour encourager ces nouvelles 

pratiques. 
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Introduction 

Faced with the need to decarbonize its economy and find ways of becoming 

more energy self-sufficient and more competitive, the European Union 

(EU) and the United Kingdom (UK) have chosen to massively develop their 

electricity production in order to replace very high-carbon (coal) and largely 

imported (oil and gas) fossil fuels in buildings, industry and transport. 

Of course, this only makes sense if electricity generation itself is highly 

decarbonized. 

To achieve this, Europe can rely on a base of nuclear and hydroelectric 

power, but it must develop energy savings and renewable energies at the 

same time. Wind energy, both onshore and offshore, and solar energy, 

mainly photovoltaic, are the only sources available in sufficient quantities 

and likely to be deployed quickly enough to replace fossil fuels. 

But how can we imagine that our societies, so complex and accustomed 

to consuming energy on demand, could function thanks to such variable 

sources? The sun does not shine at night; the wind does not blow all the 

time. Beyond daily flexibility, weeks with too little wind and sun really do 

exist, so much so that the Germans have given them a name: Dunkelflaute. 

What solutions are available? 

This study shows that flexibility in electricity production and 

consumption is needed to make the most of the sun and the wind, and to 

put a rapid end to the virtual hegemony of fossil fuels in the energy supply. 

Europe is in the process of going down this road, and a pragmatic 

approach is needed to make this transition swift, real and competitive, to 

avoid getting stuck in a rut of status quo, fossil interests and inaction.



 

Overview of the European 

electricity system 

Background: recent developments 

Carbon dioxide (CO2) emissions from European electricity generation will 

fall by 8% in 2024, to less than half the historical peak of 2007, despite a 

slight increase in demand. An increase in the production of solar-generated 

electricity, helped by a rebound in hydroelectric and nuclear production, 

explains this good performance. In total, renewable energies provided the 

EU with 47% of its electricity, compared with 34% in 2019 when the 

Green Deal was launched. Over this period, wind energy has grown rapidly 

from 13% to 17% of European electricity, overtaking gas; solar energy has 

jumped from 4% to 11%, overtaking coal. 

The EU has revised its ambitions for 2030, setting the share of 

renewables in the final energy mix at 42.5%. The REPowerEU project sets 

the share of renewables in the EU’s electricity mix at 69%. The sum of the 

Member States’ targets is 66%, slightly lower. 

The role of variable renewables 

In 2024, Électricité de France (EDF) published its vision of a low-carbon 

energy system in 2050 for around 15 European countries. According to this 

vision, by that date, 68% of electricity production will be solar (24%) or 

wind (22% onshore, 22% offshore). Nuclear power has not been forgotten, 

however: EDF forecasts that its production will increase by 50%, which 

would represent an industrial feat given that a large proportion of the 

reactors currently in operation will be shut down by this date. Despite this, 

its share of total production in these countries is set to fall from 25% to 

16%, with EDF forecasting an 80% increase in demand for electricity to 

replace fossil fuels in buildings, industry and transport. 



 

 

Figure 1: EU electricity mix  

according to the “Announced Pledges Scenario”1 

 
Source: World Energy Outlook 2024, International Energy Agency (IEA), 2024. 

 

Similarly, at the global level, the International Energy Agency (IEA) 

envisages that 72% of electricity production will be variable (wind and 

solar) in 2050, supplemented by hydroelectricity (10%) and nuclear power 

(9%) in its Net Zero scenario by 2050. Its “Announced Pledges Scenario” 

gives figures for Europe (Figure 1) that are very similar to those in the EDF 

Net Zero scenario. Wind power dominates the mix on a temperate 

continent where electricity demand is higher in winter than in summer, 

while solar power dominates the global average. In the shorter term, 

according to the IEA, 42% of European electricity should be variable in 

2028, i.e., in three years’ time (Figure 2). 

How can an electrical system be so dependent on the sun and the wind 

without interrupting its vital activities like a surgical operation at the 

slightest cloud? 

 

 

 

 

 

 

 
 

1. The pledge scenario makes it possible to achieve the pledges made by the States Parties to the Climate 

Change Convention at a lower cost. It is more ambitious than the public policy scenario currently in 

place. 



 

 

Figure 2: EU electricity mix, history and projection to 2028  

 

 
Source: Renewables 2024 – Analysis, IEA, 2024. 

 

The variability of renewables  
and the impact on the electricity system 

Wind and solar power have two distinctive features that set them apart 

from conventional means of generation: their intrinsic variability linked to 

weather conditions and their low inertia. These developments give rise to 

new needs in terms of grid management, as detailed below: supply-demand 

balance, and frequency and voltage stability.2 Variations in production can 

be extreme: in Germany, for example, wind generation can fluctuate from 

less than 1 gigawatt (GW) to more than 45 GW in a few days, the equivalent 

of 40 nuclear reactors. 

The need for flexibility can be measured by the average size of the daily 

gap between the minimum and maximum residual production, i.e., 

excluding wind, run-of-river hydro and solar generation. In France, this gap 

is 15 GW today, and without efforts to develop flexibility, it would rise to 

25 GW by 2030.3 

Definition of electrical flexibility 

Flexibility is the ability of a means of generation, consumption or storage to 

modulate its injection into or withdrawal from the grid upwards or 

downwards. It determines the ability of an electricity system to reliably and 

economically manage the variability and uncertainty of electricity supply 

and demand at all timescales. Electricity system operators have always had 

to manage the variability and uncertainty of demand and production. The 
 
 

2. Regarding stability, see “Project Inertia Phase II”, ENTSO-E Position paper, 2025. 

3. “Baromètre des flexibilités de consommation d'électricité”, Réseau de transport d'électricité (RTE), 

October 2024. 



 

 

challenge is to build on existing knowledge and methods to continue to 

provide a reliable and competitive electricity system, at a time when the 

need for flexibility is increasing with the introduction of variable 

renewables. 

Flexibility must operate on time scales ranging from milliseconds for 

frequency balancing, to several hours for peak load management, even 

several months for seasonal management and even several years for 

interannual management. The notion of reliability means that flexibility 

solutions must be available with a high degree of certainty when they are 

called upon. The economic criterion is just as important: flexibility must be 

deployed efficiently to maintain acceptable costs for the end user and 

guarantee unchanged security of supply.  

The different needs for flexibility 

The main problem for electricity system operators is to ensure that supply 

and demand are always matched; this is particularly difficult when variable 

renewables are producing little while demand is high, for example, in the 

early evening in winter, when it is cold and a high-pressure system extends 

over a large part of Europe. If demand is too high, the frequency decreases, 

and there is a risk of power cuts. When there is a lot of wind and sunshine 

in relation to demand, a rather different problem arises, that of the 

frequency stability of the current; with no “rotating masses” at constant 

speed, wind turbines and solar panels provide little inertia, leaving the 

electricity system at the mercy of slight deviations between production and 

consumption. 

The electricity transport operators (in charge of the “high voltage” 

lines) are most often responsible for ensuring these supply-demand 

balances. This mainly involves modulating demand “net of inevitable 

generation”, i.e., demand minus wind, run-of-river hydroelectric and solar 

generation. In France, this role is played by Réseau de Transport 

d’Électricité (RTE), a subsidiary of EDF and the Caisse des dépôts.  

Wind and solar power affect modulation requirements in very different 

ways depending on the time scale:  

 Over the course of a single day, solar power requires the most 

modulation, while wind power plays this role for intra-week 

modulation.  

 The interseasonal variability of wind largely offsets that of solar. As the 

Ember think tank notes, according to the monthly data for 2023, wind 

and solar worked in tandem, complementing each other to provide 

relatively stable production. Between the different months, combined 

wind and solar production only deviated from the annual average by 



 

 

between -13% and +10%.  It was above average in October, November 

and January, the critical months of the heating season.4 

 From one year to the next, solar variability is very low and wind 

variability represents 12 TWh (out of a French annual production of 

around 350 TWh in 2050 in a 100% renewable mix). 

 Out of an annual consumption of 650 TWh in 2050, 12 TWh of 

modulation is needed from one year to the next, whereas almost 

40 TWh is needed between two seasons, almost as much (35 TWh) on 

an inter-weekly basis, 1.2 TWh on a weekly basis and 0.35 TWh daily.5 

It is crucial to specify the time horizons when talking about 

modulation: the greatest need for flexibility is between two weeks and two 

seasons. It is less important within a day or between two years. 

According to RTE, the modulation needs of the French system in the 

long term (2050 or 2060) would be higher in its M23 scenario (almost 

100% renewables)6 than in a scenario where new nuclear reactors are built. 

Nuclear power can, to a certain extent, modulate its output and reduce the 

need for energy modulation due to solar and wind power.  

At the European level, the Joint Research Centre7 has carried out a study 

to estimate the evolution of the system’s flexibility needs. Its conclusion is as 

follows: in 2050, total flexibility needs will reach the volume of 2,189 TWh 

for all time scales. This is equivalent to 30% of total EU electricity demand in 

2050, compared with 24% in 2030 and 11% in 2021. 

Optimising the system will require flexible solutions, on both supply 

and demand sides, adapted to these different timescales.  

Self-cannibalisation of variable 
renewables 

The recent appearance and rapid increase in the number of “negative price” 

hours on the electricity markets is a spectacular illustration of the effects of 

the lack of flexibility in electricity production and consumption. When wind 

and solar power are sufficient to meet demand, particularly on Saturdays 

and Sundays in spring and summer, there is no point in using thermal 

power stations. Gas turbines are flexible, but steam turbines, with which the 

former are associated (combined-cycle power plants), are much less so. 

 
 

4. “Insights - European Electricity Review 2024”, Ember, 2024. 

5. “Energy Futures 2050”, RTE, October 2021. See in particular figures 7 and 8. 

6. In this “no new nuclear” scenario, the French electricity system will still have 16 GW of nuclear power 

in 2050; in 2060, only the Flamanville EPR (1.6 GW) would still be in service. 

7. D. Koolen, M. De Felice, and S. Busch, “Flexibility Requirements and the Role of Storage in Future 

European Power Systems”, Publications Office of the European Union, March 2023, available at: 

https://publications.jrc.ec.europa.eu. 

https://ember-energy.org/latest-insights/european-electricity-review-2024/insights/
https://publications.jrc.ec.europa.eu/repository/handle/JRC130519


 

 

If the operators plan to restart them in a few hours, it is often simpler and 

cheaper not to stop production and therefore to pay to produce. 

However, this is just the tip of the iceberg, concealing a more general 

phenomenon: the self-cannibalisation of variable renewables. When there is 

“a lot” of wind or sun, all the wind turbines and panels produce, and the 

abundance drives down the price of electricity on the markets.  

Admittedly, the wind does not blow everywhere at the same time or at 

the same speed, and the sun does not shine everywhere with the same 

intensity. Nevertheless, the phenomenon is growing with the increase in the 

proportion of wind and solar power in the electricity production mix. This is 

leading to a gradual fall in the “capture rate” of renewables, which expresses 

the average price of the electricity they produce, compared with the average 

price on the electricity markets. 

According to some analyses, the capture rate for variable energies in 

the main European countries, currently around 80-90%, could fall to 50-

70% for wind power and 40-50% for solar power within the next few years.8 

The renewable capacities currently in place are protected from this 

drop in the capture rate, sometimes totally in the case of those installed 

under the feed-in tariffs, and partially in the case of those installed under 

the contracts for difference scheme. Under this mechanism, each individual 

producer receives the proceeds from the sale of its electricity on the market, 

but the remuneration supplement is calculated on the basis of the 

difference between the strike price defined at the start of the contract in 

competitive auctions and the reference price, which is the average market 

price obtained during the previous month by all producers of the same 

technology. The remuneration supplement is therefore a compromise 

between exposing renewable energies to the volatility of market prices, so 

that operators strive to produce at the best time for the grid, and 

guaranteeing the volume and purchase price, which significantly lowers the 

cost of financing investments, making it easier to build new power plants.  

However, this protection for developers comes at a cost, in the form of 

the widening gap between strike prices and reference prices, a cost borne by 

the community. The drop in the capture rate could become unbearable for 

public finances and put the brakes on the deployment of variable renewable 

energies. Flexibility is therefore key to ensuring their rapid development.  

 

 
 

8. “Trends in Renewable Power Market Earnings- Analysis of Capture Rates in Western Europe”, Export 

and Investment Fund of Denmark (EIFO), Copenhagen, November 2023. 



 

Demand-side opportunities 

Flexibility already exists  

The flexibility of the French electricity system appears limited compared 

with that enjoyed by most neighbouring countries. In fact, even though 

their coal and gas consumption is falling, they continue to have significant 

capacity in highly flexible thermal power stations, particularly gas-fired 

power stations, which greatly facilitates the integration of variable energies.  

Nuclear reactors are less flexible than most of our neighbours’ existing 

capacity. This is, above all, an economic problem: unlike gas-fired power 

stations, nuclear power stations are expensive to build but are fuel-efficient. 

They must therefore operate at full capacity as often as possible.  

As demand is naturally higher during the day and early evening than at 

night, “peak-off-peak” tariffs have long been in place, with the latter 

generally running from 10 pm to 6 am. This encourages customers to shift 

their electricity consumption to the night. What’s more, millions of electric 

water heaters are controlled by a centrally sent signal. 

RTE calculates that 4% of French electricity demand was flexible in 

2019 and estimates that 15% could be flexible in 2050 in its M23 scenario.9  

There are no technical limits to flexibility, but its implementation depends 

on social acceptance, and RTE is considering several scenarios.  

Another dimension of flexibility lies in the existence of electricity 

transmission networks and interconnections (between countries), which 

make it possible to exploit time differences as well as differences in habits. 

The sun rises and sets in Brest two and a half hours after Kharkiv10 and 

almost an hour after Strasbourg. And when the Spanish finish lunch, the 

Germans are not far from starting to prepare dinner... Naturally, like any 

network development, interconnections have a cost, and some governments 

fear that they will pass on price rises to their citizens. 

In the transition scenarios towards zero net greenhouse gas emissions 

in Europe, electricity consumption should increase significantly, rising from 

an average per capita of around 5,500 kWh per year, which is relatively 

inflexible, to around 10,000 kWh per year, which is much more flexible, as 

we shall see. 

 
 

9. “Energy Futures 2050”, RTE, October 2021, p.132. 

10. Ukraine and Moldova joined the synchronized European network on March 16, 2022, less than a 

month after Russian troops entered Ukraine. 



 

 

In buildings 

Buildings (residential and tertiary) in France and Europe are the main 

source of energy consumption and the second largest consumer of fossil 

fuels. Decarbonising mainly involves electrifying this low-temperature heat 

using heat pumps. The alternatives (biogas, solid biomass or solar heat) are 

limited, not always competitive and difficult to generalise due to a lack of 

resources. On the other hand, heat pumps are extremely efficient: they 

require three to five times less commercial energy than a boiler to achieve 

the same result. To be more precise, heat pumps mainly use the free energy 

present in the outside environment, which they transfer to the inside of 

buildings. Wherever possible, we prefer the so-called “geothermal” heat 

pump (ground/water), which uses the constant heat of the ground, to the 

“aerothermal” heat pump (air/air or air/water), which uses the heat of the 

ambient air. 

Decarbonizing buildings means installing as many heat pumps as 

possible. Flexibility can play an important role by taking advantage of dual 

inertia. The first is the building’s inertia, which means that a building can 

be heated a little more before peaks in electricity consumption and a little 

less during them. The second inertia is that of the hot water stored in the 

air/water or ground/water heat pump system. It is possible to pre-heat 

these water tanks outside periods of tension on the network and/or when 

electricity is abundant, and to store it thanks to the insulation and use it in 

the home later. 

Other heat or cold applications can easily provide flexibility, for 

example, in the kitchen. Programmable electric pressure cookers not only 

save a lot of electricity when cooking for a long time, but, if they are very 

well insulated, they can keep dishes hot for a long time. More generally, 

domestic appliances are best used during times of renewable energy 

abundance, especially if they are fitted with programmers. Some suppliers 

(Impulse) sell induction hobs fitted with batteries. 

More generally, by combining heat pumps, decentralized solar power 

and digital management, a wide variety of buildings can be decarbonized 

while minimizing the impact on the grid.11 Owners and managers of 

commercial buildings must install building automation and control systems 

(BACS) before 2027. Connected to a flexibility operator, these BACS 

become “Flex Ready,” enabling energy to be consumed at the best time. 

Putting the industry’s proactive plan into practice means equipping more 

than half of all commercial buildings with “Flex Ready BACs” by 2030 and 

obtaining up to 6.3 GW of flexibility. 

 
 

11. V. Petit, 2024, “Decarbonizing Buildings to the Benefits of Consumers and System Operator”, 

Schneider Electric’s Sustainability Research Institute, May 2024. 



 

 

There are currently more than 26 million heat pumps installed in 

Europe, but the rate of annual installations is falling, peaking in 2022 at 

3 million new installations. Europe’s ambition of nearly 60 million heat 

pumps by 2030 will not be achieved, with a shortfall of 15 million 

installations, unless more effective support policies are rapidly put in place. 

In mobility 

In France, without recharging control, the average power demand of all 

electric vehicles on the roads at 7 pm could represent up to 5.5 GW by 2030 

and 9 GW by 2035. Controlling the increase in this power demand, and 

therefore the evening consumption peak, is vital for the security of supply. 

Conversely, controlling the charging of electric vehicles offers significant 

potential for flexibility, making it possible to optimise the integration of 

electric vehicles into the electricity system. 

In a low-carbon France, all the batteries in cars would make it possible 

to store a day and a half12 of French electricity consumption, which means 

that in a 100% renewable scenario (or almost), RTE would only need to 

develop a more modest capacity of stationary batteries, for just 1 hour 

15 minutes of consumption.13 Load management makes it easy to integrate 

large quantities of variable renewable energy, especially as private vehicles 

are stationary for an average of almost 23 hours a day. Eventually, the 

consumption of electric vehicles, two-wheelers, cars, vans and lorries could 

reach almost 100 TWh a year. What’s more, this control system improves 

the environmental performance of vehicles by ensuring the supply of low-

carbon electricity.14 

A further step can be taken with bi-directional recharging, which 

allows the grid to use a fraction of the “batteries on wheels” as a complete 

storage system, returning electricity to the grid if necessary (“vehicle to 

grid”, or V2G) or returning it to a nearby building (“vehicle to home”, V2H) 

or any local electrical load (V2X), which amounts to much the same thing.  

Many potential users of this technique fear that it will prematurely 

wear out their vehicle’s batteries. Lithium iron phosphate (LFP)15 batteries 

can currently withstand 6,000 charge-discharge cycles before dropping to 

80% capacity, enough to cover two million kilometers (if the range is 

350 km)16. The economic value of two-way recharging lies mainly in its use 

 
 

12. 2,916 GWh of batteries on wheels for 73 GW of average French consumption. 

13. 94 GWh of stationary batteries. 

14. C. Philibert, Pourquoi la voiture électrique est bonne pour le climat, Paris: Les Petits Matins/Institut 

Veblen, 2024. 

15. Lithium iron phosphate (LFP) batteries will already account for 40% of the world market in 2024. 

See “2024 Battery report”, Volta Foundation, 2024, p. 120. 

16. Excluding calendar ageing. 



 

 

for a few days a year, when “net” demand for electricity (excluding wind and 

solar generation) is particularly high, and not in daily or twice-daily use.17 

In factories 

Electricity produced in a thermal power station fuelled by gas or coal, with 

an efficiency of between 40 and 60%, is always more expensive than the 

direct use of these same fuels in factories. This difficulty is sometimes 

mitigated by the greater efficiency of electrical processes,18 but in general, 

the processes that could technically be electrified – eventually 99%19 – are 

not electrified for economic reasons. Electricity generated directly from 

wind and solar power is potentially cheaper, but the difficulty lies in its 

variable nature; only hydroelectricity has traditionally been used in 

industry. 

Perhaps even more so in industry than in other sectors, flexibility is not 

just a service provided to the electricity system; it is a key to electrification, 

since it enables access to cheaper electricity – from existing nuclear sources 

in some countries (including France), and from renewable energies in many 

others. It is essentially a question of electrifying industrial heat, as 

industrial motors are often already electric. 

Numerous start-ups are now developing processes for converting 

variable electricity into continuous heat at various temperature levels. The 

storage material may be concrete (EnergyNest), carbon (Antora Energy), 

molten salt (Malta, Storabelle), crushed rock (Brenmiller), sand (Magaldi), 

steel or aluminium shavings (Azelio), silicon (1414 Degrees), refractory 

bricks (Rondo Energy), or a mixture of several materials, for example, steel 

shavings and ceramics (Kraftblock). In general, the material is heated 

convectively by the circulation within it of a fluid that is itself heated 

externally. Antora Energy and Rondo Energy, on the other hand, heat the 

storage material directly by means of radiator wires inserted into it, 

bringing it up to the required temperature more quickly. Rondo plans to 

heat up to 1,500°C, Antora up to 1,800°C. In most cases, heat is extracted 

by convection by heating a fluid, often a gas or air, which can then be fed 

into a steam generator, depending on the needs of the industry concerned. 

Once again, Antora Energy stands out for its ambition to also be able to 

restore energy in the form of electricity by thermoelectrically converting the 

infrared radiation emitted by its storage. The French company Equans is 

also present in the refractory brick segment (Green Heat Module). 

 

 
 

17. “Bilan prévisionnel 2023-2035”, RTE, 2023, fig 12.79. 

18. See M. Lord (eds), “Electrifying Industry”, Beyond Zero Emissions, 2018. 

19. See S. Maddedu et al., “The CO2 Reduction Potential for the European Industry via Direct 

Electrification of Heat Supply (power-to-heat)”, Environmental Research Letters, No. 15, 2020. 



 

 

Despite the sharp fall in the price of Lithium-Ion batteries, from 

US$450/kWh in 2015 to US$115/kWh in 2025, thermal batteries are more 

cost-effective, estimated at around US$50/kWh in large volumes. Their 

everyday use limits thermal losses, which are potentially greater than the 

self-discharge of Li-Ion batteries. 

 

THE EMERGENCE OF HEAT BATTERIES 

Various reports and studies are exploring scenarios for the use of heat 

batteries in industry in Europe and the United States, and competitive business 

cases are already available, without subsidies.20 In Europe, heat batteries will 

most often be connected to the grid (existing industrial sites and strong space 

constraints to be physically linked to renewable energy parks). The battery 

consumes electricity from the grid for the cheapest 6 hours and continuously 

discharges its heat to the industrial site for 24 hours. Buying this electricity on 

the SPOT market in 2024 is possible at €20/MWh in Finland and Sweden, 

€30/MWh in France and €37-40/MWh in Germany, Denmark, Spain, Portugal 

and the Netherlands. The cost of the battery (CAPEX-O&M) is estimated at 

around €20/MWh stored, giving a total cost of between €40 and €60/MWh. The 

cost of gas-fired heat is around €55/MWh (€30 for the gas, € 15 for a carbon tax 

of €75/tCO2 and € 10 for other miscellaneous costs). By 2024, variable 

electricity via a heat battery could replace gas for industrial heating. 

Batteries might not be subject to payment, or only to a small proportion of 

the transmission and distribution tariff. For a constant infrastructure, this 

considerable flexibility means that more renewables can be accommodated, 

thereby lowering the unit cost of the networks for other consumers. In fact, RTE 

is considering a tariff of €1/MWh for flexible electrolyzer projects (compared with 

€5/MWh without an allowance).21 

This battery can also provide system-frequency services (primary, 

secondary or tertiary reserves). Remuneration levels are uncertain in the 

medium term and depend on the EU countries, but they represent additional 

revenue that a first conservative approximation would put at around €10/MWh. 

Batteries can play a role in the balancing market, and revenues are potentially 

much higher. The electrification of industry is often discredited or delayed 

because electricity is considered expensive. Barring special negotiations, as in 

the case of aluminium, in Germany, inflexible ribbon consumption costs 

€78/MWh, whereas flexible charging over eight hours costs € 46/MWh, and 

participation in the various service markets further reduces this cost. 

 

 

20. K. Speed, J. M. Hagerty and J. Grove, “Thermal Batteries, Opportunities to Accelerate 

Decarbonization of Industrial Heat, Center for Climate and Energy Solution”, 2023; J. Rissman and 

E. Gimon, “Industrial Thermal Batteries, Energy Innovation”, Policy and Technology LLC, 2023. 

M. Guan et al., “Catalysing the Global Opportunity for Electrothermal Energy Storage”, Systemiq, 2024. 

21. “Bilan prévisionnel 2023-2035”, RTE, 2023, hydrogen section p. 73. 



 

 

One of the challenges of the electricity transition is that the price is set by 

the last power station called, which is the most expensive, often gas. This leads 

to sharp fluctuations on the markets, which manufacturers are trying to avoid. 

RTE’s simulations of the operation of the electricity system over the period 

2025-2035 show that wholesale market prices are likely to remain determined 

by the variable cost of thermal generation – and therefore by the price of gas, 

coal and CO2 – for most of the time. In the reference scenario, this share is 

estimated at more than 75% of the time in the medium term, even though more 

than 95% of French electricity generation will be provided by decarbonised 

means – renewable and nuclear – and characterised by low variable costs.22     

Simulations at the European level show that, in a highly interconnected system 

(i.e., with no continuing severe grid constraints), the marginality of the 

electricity system should continue to be dominated by thermal resources. 

Thermal batteries are structurally charged when renewables are abundant and, 

over time, when gas is non-existent, and the price is close to zero. They are 

charged for 25% of the hours and can therefore avoid gas as much as possible. 

Finally, these thermal batteries can have an important systemic effect. 

Taking “excess” production from the grid allows greater integration of 

renewables into the grid and/or a reduction in the investment needed to 

reinforce the grid. This advantage is widely recognised: the European 

Commission has announced a new peak-shaving product aimed at reducing 

electricity demand during peak hours, to which these batteries could contribute. 

In general, gas burners will be kept in place to avoid any interruption 

during a Dunkelflaute. If the industrial process can be made more flexible, then 

there is a potential additional gain for the energy-intensive industries. The EU 

and its Member States should strongly support this type of set-up, because it 

not only increases the continent’s sovereignty, but is also a way of securing the 

cost of energy over the long term by financing these renewable and flexible 

infrastructures. Some of these start-ups are building their first facilities on 

industrial sites. In Europe, Rondo Energy is launching three projects in the food, 

plastics and low-carbon fuels sectors. In Northern Germany, Covestro will be 

able to benefit from heat at half the price of gas for at least 80% of the time, 

with gas providing the balance. For Systemiq, this simple thermal battery 

technology could reduce the use of fossil gas by 40% and overall greenhouse 

gas emissions by 14% by 2050, supporting the expansion of renewables and 

reducing the need to reinforce networks. 

Flexibility can also be applied to processes that are already necessarily 

electrical, such as the electrolysis of alumina to produce aluminium. This 

type of electrolysis is not usually very flexible, as the temperature of the 

crucibles must always remain around 950°C. However, several years ago, 

the Trimet aluminium plant in Germany installed “EnPot”, a heat 

 
 

22. Ibid., BP 2023, electricity system economics section, p. 49. 



 

 

management system from New Zealand, which enables it to vary its 

electricity consumption (at the same time as its aluminium production) by 

around 30% on a permanent basis. In this way, electricity consumption can 

be reduced or increased according to changes in spot electricity prices, 

resulting in substantial savings. Similar cooling systems have been installed 

in some aluminium foundries to increase productivity rather than 

flexibility, no doubt because these very large electricity consumers have 

often been able to negotiate very low tariffs, both for energy and for its 

transport, associated with “ribbons” of constant consumption. To cultivate 

these major sources of flexibility, over and above the traditional short-term 

“load shedding”, specific incentives should undoubtedly be created or 

adapted and, above all, network operators should be made aware of the 

importance of this potential. 

However, with the price of lithium-ion batteries falling from 

US$450/kWh in 2015 to US$115/kWh in 2025, some major aluminium 

producers are installing large batteries to power their plants with cheap, 

low-carbon renewable electricity. This is the case, for example, of Rio Tinto 

in Queensland (Australia), which has signed long-term purchase 

agreements with major wind and solar farms: 1.1 GW from the 1.4 GW 

Bungaban wind project, 1 GW from the 1.3 GW Upper Calliope solar project 

and 540 MW from Edify Energy’s combined solar (720 MWp) and battery 

(600 MW/2 400 MWh) project. 

Similarly, the emergence of water electrolysis to produce “green” 

hydrogen provides an important new flexibility option. All types of 

electrolyzers are largely flexible enough to shut down when electricity is no 

longer supplied by renewables but by one or more backup power stations. 

In a recent note, the Commission for Energy Transitions (ETC) considers 

that hydrogen production provides by far the greatest potential for 

industrial flexibility.23 In fact, it estimates that hydrogen production will 

absorb up to 45% of industrial electricity in 2050, compared with 27% for 

electrified heat and the same for specific electricity. It also estimates that 

80-90% of electrolytic hydrogen production will be flexible, compared with 

only 20-30% for electrified heat and 25-35% for specific electricity. This 

includes the growing demand from data centres, which ETC estimates will 

be 100% flexible by geographical displacement, which seems rather 

theoretical. 

However, even if this estimate proves accurate on a global scale, it is 

not necessarily so at the European level. If hydrogen is mainly used to 

produce ammonia, methanol, pre-reduced iron and sustainable aviation 

fuels, it is possible that a significant proportion of these easily transported 

products (unlike dihydrogen) will be imported into Europe from countries 

 
 

23. “Demand Side Flexibility – Unleashing Untapped Potential for Clean Power”, Briefing Note, Energy 

Transitions Commission, January 2025. 



 

 

with more abundant renewable resources, thereby lowering the cost of 

electricity and also improving the capacity factor of electrolysers.24 

Conversely, the Commission for Energy Transitions may underestimate the 

production and flexibility of electric heat in the light of the most recent 

technological developments. 

In other cases, flexibility will simply be made possible at the cost of an 

increase in the volume of the installations, when the process can be subject 

to variations in rhythm. This is naturally the case for industrial processes 

that operate in batches. 

To date, the integration of industrial demand response into the 

electricity market has been weak, even in countries such as Germany and 

France, despite a high theoretical potential.25 In Germany, participation has 

been limited on the spot market to industries that own their generation 

sources, and demand response on the reserve market represents 2-3% of 

total capacity. Obstacles to incentive programmes remain: a high cost of 

entry, unstable specifications and uncertain ownership of energy not 

consumed, or even long-term contracts favoured for certain industries at 

stable supply levels and prices lower than market levels, which do not 

encourage the implementation of flexibility strategies. Differences in 

market design between countries, such as France and Germany, reveal 

divergences in the integration of demand response, particularly in terms of 

the minimum size of offers (1 MW in France compared with 5 MW in 

Germany) and product specifications. In Germany, industrial sites could 

benefit from a 90% reduction in network charges if they consumed 

electricity uniformly throughout the day. This prevented industrial sites 

from optimising their consumption according to wholesale electricity 

prices. Because of this constraint, it was estimated that only 10-25% of 

German electricity was exposed to wholesale prices.26 

 

 
 

24. C. Philibert, “After the Hydrogen Bubble Bursts The Factors Shaping and Possibly Unfolding 

International Hydrogen Value Chains”, Briefings de l’Ifri, Ifri, September 2021, available at: www.ifri.org. 

25. C. Cabot, “Economic Considerations on the Demand-side of Electricity Markets in a Context of 

Energy Transition: Economics and Finance”, Thesis, Université Paris sciences et lettres, 2023. 

26. “2024 Smarten Map on Wholesale Electricity Markets: Enabling Demand-side Flexibility in Europe” 

SmartEn, January,21, 2025. 

https://www.ifri.org/sites/default/files/migrated_files/documents/atoms/files/philibert_hydrogen_bubble_2021.pdf


 

Supply-side opportunities  

Networks and interconnections 

Electricity is not easy to store, but it is easy to transport. One way of 

bringing competitiveness and reliability to the electricity system is to extend 

the consumption/production area, which makes it possible to pool 

equipment and take advantage of weather differences. The flexibility of 

supply made possible by interconnections between countries takes the 

form, in particular, of the abundance or pooling of variable renewable 

resources. To put it another way, “the wind is always blowing somewhere” – 

albeit more or less strongly. In the middle of the night, the sun is not 

shining anywhere in Europe, but the variations in production that affect the 

solar output of an isolated power station are averaged across a region or an 

entire country. 

Let’s take the example of winter, when solar power is least productive 

and consumption is highest, and wind power is therefore crucial to 

balancing the electricity system. RTE’s analysis shows that for the Hauts-

de-France region, the wind load factor is below 15% for 29% of the time. For 

France as a whole, the time when the load factor is below 15% is only 12%. 

By pooling power27 either with England or with our EU neighbours, wind 

power will produce at least 15% of its maximum capacity for 97% of the 

time in winter (Figure 3). Powerful interconnections are therefore 

invaluable, but sometimes difficult to put in place. We will see later what is 

feasible during winter periods with too little sun and wind.  

 
 

27. It seems that RTE’s analysis was based on a “copper plate” hypothesis. The interconnections are not 

considered to be limiting. 



 

 

Figure 3: Evolution of the wind load factor in winter  

as a function of the expansion factor 

 
Source: “Energy Pathways 2050”, RTE, February 2022. 
 

The networks, therefore, make it possible to make the most of the 

abundance of consumption and renewable production on a European scale. 

It also makes it possible to pool flexibility resources (batteries, 

decarbonized thermal power plants, etc.), with a downward effect on the 

capacity to be deployed and therefore on the costs required for each country 

to ensure security of supply in Europe. 

Without any interconnection, 430 GW of capacity would be needed at 

the European level in 2050 to ensure security of supply. According to RTE 

calculations, with current interconnections (over 400 in Europe, 57 of 

which involve France), this requirement falls to 360 GW. And with the 

interconnections planned between now and 2050, the requirement falls to 

270 GW. In a theoretical situation of infinite interconnection, where the 

European continent is a perfect sheet of copper, requirements would fall to 

just over 200 GW.  

Interconnections are more or less costly, depending on the obstacles 

that may be encountered and whether they are overhead, underground or 

underwater. But they are sources of flexibility, most often competitive,28 

which strengthen our relations with neighboring countries and free Europe 

from critical strategic dependence on fossil fuels, whether vis-à-vis Russia, 

the Middle East or the United States. 

Oversizing and capping 

The variability of sun and wind must be considered when sizing 

installations. If solar panels are installed in quantities that are just 

sufficient to meet summer demand when the sun is at its zenith, then in 

winter the system will be way off the mark. Conversely, if the solar panels 

 
 

28. A. Mezösi, E. Kakzor and A. Diallo, “Projects of Common Interest? Evaluation of European 

Electricity Interconnectors”, Utilities Policy, Vol. 84, 2023. 



 

 

must meet winter demand, not to mention very cloudy days or... night-time, 

then in summer they produce considerable surpluses. Obviously, the right 

seasonal complementarity between sun and wind will help to find the right 

balance. But neither solar nor wind power will be sized “just right”, which 

would make economic life – and everyday life – excessively dependent on 

the whims of the weather. Temporary surpluses in electricity production are 

therefore inevitable.  

It’s not that serious, and there is no point in trying to store all the 

surplus kilowatt-hours: storage facilities should be sized according to 

demand, not production. The price of renewable electricity has fallen so 

much that the economic optimum dictates that part of the production 

should be capped when there is a surplus. If we top up 5% of wind or solar 

production, this will increase the price of electricity by the same amount, 

but in many cases, it will still be the cheapest low-carbon solution when it 

comes out of the power station.  

Peak shaving may be due to congestion on the electricity network, or 

more regularly, to production exceeding demand. In its M23 scenario, RTE 

envisages that only 3.1% of wind and solar power will have to be capped. 

This energy is produced when there is an extreme excess of production over 

demand, and it will not be profitable to try to store it: all storage facilities, 

whatever they may be, are only profitable if they are used regularly. The 

same applies to networks: reinforcements that are rarely used would be 

unnecessarily costly. 

Energy storage solutions 

Energy storage, particularly in electrical or thermal form, can be 

implemented by electricity consumers (see above). It can also be used by 

electricity producers. In reality, the status of storage between production 

and consumption remains ambiguous in Europe. 

Hydropower has long been a major tool for flexibility. France currently 

has 26 GW of hydroelectricity, divided between run-of-river, reservoir dams 

and pumped storage power stations (STEPs). The latter are the only plants 

that can store electricity that is first drawn from the grid. 

A first high basin can release water into a pipe, drive a turbine to 

produce electricity, and, for example, support French production in the 

event of temporary underperformance of wind generation. The water is kept 

in a lower basin and pumped up to the upper basin in a penstock when 

there is an excess of solar production. STEPs take a long time to develop, 

and are subject to geographical constraints, with the head of water being an 

essential factor to consider. 

Traditional dams need to be large to store weeks of rainfall or 

snowmelt, and there are no plans to create new ones in France. On the 

other hand, the creation of STEPs requires much smaller volumes, which 



 

 

are easier to develop. RTE therefore envisages an increase in the installed 

capacity of STEPs of between 5 and 8 GW by 2050.  

Although STEPs have long been the main means of storing electricity 

on the grid, their supremacy is now under threat, in France as elsewhere, by 

the arrival of stationary lithium-ion batteries, while other concepts such as 

sodium-ion or iron-air batteries may yet emerge. A third of this deployment 

is taking place “behind the meter”, at the homes of consumers and 

businesses around the world. In Europe, the percentage is much higher, at 

around 80%. 

Battery costs have fallen rapidly, and look set to continue to do so. 

Their energy density (kWh/l), specific energy (kWh/kg) and lifespan are 

also improving. The needs of electric vehicles are developing rapidly and 

dominating the battery market. Virtually absent from the world of electrical 

networks just a handful of years ago, batteries are now rapidly colonizing 

them. The share of LFPs is much higher (80%) than for mobile batteries. 

In 2021, RTE indicated that a 4-hour battery would cost €220/kWh in 

2035 and €190/kWh in 2050. At the end of 2024, BloombergNEF reports 

an average price of $115/kWh. The price of car batteries is much lower 

because the battery management system is counted separately. The price of 

“cells” alone does not exceed $80/kWh. Moreover, the price per kWh 

decreases slightly with the “depth” (in hours) of the batteries. 

The global capacity of STEPS (180 GW) will soon be overtaken by that 

of stationary batteries, which could rise to 1,200 GW by 2030 and 

1,700 GW by 2035, according to the IEA, to integrate rapidly increasing 

quantities of wind and solar energy. Even if STEPs have greater storage 

“depth” (from several hours to several days), their storage volume itself 

(in GWh) will soon be exceeded. The European Commission expects 

massive growth in batteries in the EU, from 12 GW (16 GWh) in 2023 to 

200 GW (190 GWh) in 2030. 

The first service provided by batteries is to shift electricity over time, 

for a few hours, for example, from the middle of the day to the evening peak 

demand. A battery with a depth (ratio of energy volume to electrical 

capacity, GWh/GW) of just four hours can nevertheless provide continuous 

power where conditions are exceptionally good. In the United Arab 

Emirates, Masdar is developing a project in collaboration with the water 

and electricity company, combining a 5.2 GW photovoltaic plant and a 

19 GWh battery, supplying 1 GW of solar electricity 24 hours a day, seven 

days a week.29 In Australia, Quinbrook has announced plans to deploy 

3 GW/24 GWh of batteries in Queensland, in New South Wales and in the 

Northern Territories to make better use of available wind and solar power. 

 
 

29. The power is given here in direct current, and not in alternating current as usual. 



 

 

Batteries can also provide several other services, such as inertia, 

voltage control, frequency regulation, rapid reserves and helping to restore 

networks quickly in the event of a blackout. Judiciously located, they can 

also help bypass network congestion.30 

Electricity generation supply can therefore be flexible via the 

downward modulation/stopping of wind and solar generation, or the use of 

storage, whether in the form of batteries on the grid or hydroelectricity. All 

these forms of flexibility are made possible by a transmission and 

distribution network that brings these different players together, but there 

come certain times of the year when variable renewable production and all 

the flexibilities are no longer enough. A safety net is needed in the event of a 

solar and/or wind power shortage. 

The case of the Dunkelflaute 

It is crucial to have a safety net in case the sun and especially the wind fail 

for too long during the winter: in the long term, it is the combination of cold 

periods and no wind that will become the main risk factor for the electricity 

system. There may be fewer difficult periods thanks to batteries, but on 

average, they will be longer. A final source of flexibility must therefore 

provide the necessary power and have a “reservoir” large enough to supply 

electricity for as long as the shortage of renewable energy lasts – sometimes 

ten days or so. 

In its hypothetical M23 scenario, in which nuclear power would be 

reduced in 2060 to the Flamanville EPR (1.6 GW), RTE envisages 30 GW of 

“decarbonized thermal power” – in other words, combustion turbines – in 

addition to 21 GW of stationary batteries, and 2.5 GW of bioelectricity and 

waste. Combustion turbines offer remarkable technical flexibility, with fast 

start-up times and a wide modulation range. 

The amount produced in these gas-fired power stations would be 

around 11 TWh per year, compared with French electricity production of 

771 TWh and consumption of 645 TWh. Surprisingly as it may seem, our 

complex societies can depend essentially on the sun and the wind and need 

this safety net for a very small part of the year.  

“Decarbonized thermal energy” could be hydrogen, produced at the 

same time as the hydrogen needed by industry (fertilizer, iron ore 

reduction): 31 TWh of electricity would be consumed for this purpose, as 

well as 50 TWh to produce hydrogen for industry at the same time. RTE 

forecasts 16 GW of electrolyzers, which would have a more than respectable 

average capacity factor of 57%. But “decarbonized thermal energy” could 

also be biogas produced from the fermentation of organic matter. 

 
 

30. “Batteries and Secure Energy Transitions”, World Energy Outlook Special Report, IEA 2024. 



 

 

Between now and 2060, existing gas-fired power stations, run by EDF 

or industrialists as “cogeneration of heat and power”, as well as others to be 

built, could be fueled by fossil gas. However imperfect, there is nothing 

scandalous about this transitional solution. It would go hand in hand with a 

very strong movement towards the substitution of gas used directly in 

buildings and transport. What is more, in this scenario, gas-fired electricity 

generation will be below the lowest levels ever achieved, at nearly 20 TWh 

in 2024. A 97% renewable mix in France with a 3% fossil gas top-up would 

be more decarbonized than the current French electricity mix, which is one 

of the most decarbonized in the world.  

It may come as a surprise to see such a low output for such a large 

capacity, with a utilization rate of just over 4%. Yet it is the traditional role 

of combustion turbines to cover extreme peaks in consumption, in this case 

for around fifteen days a year. 

Figure 4 shows how the different elements of a highly renewable 

electricity mix might interact in a winter week with four days of light winds. 

Seventeen supply and demand elements act in concert to guarantee 

security, competitiveness and independence. The French electricity mix of 

tomorrow will be more complex, and a major educational effort must be 

made, but the high proportion of variable renewables must not be used as 

an excuse to slow down the transition.  

Figure 4: Configuration with little wind in February 2050,  

scenario M23 

 
Source: “Energy Pathways to 2050”, RTE, 2021. 



 

Regulatory framework  

and market  

Demand side 

“Prices should indicate costs like clocks indicate time”, said Marcel Boiteux, 

the charismatic head of EDF for many years. This is indeed the basis of any 

policy to encourage the development of flexibility. We need to find a way of 

encouraging consumers to reduce their demand when energy is scarce, and 

therefore expensive, and to shift it, as far as possible, to times when it is 

abundant, and therefore cheap. The analogy with the clock makes a lot of 

sense, because the point is to have prices that reflect costs at every moment. 

“Time-based pricing” can be applied in a variety of ways. Time can be 

divided into fixed periods, known to everyone in advance (time-of-use 

pricing), or it can be set with very little advance notice, the day before for 

the next day or even half an hour in advance (real-time pricing). The first 

option is well illustrated by the “peak/off-peak” (HP/HC) scheme for EDF’s 

regulated tariff customers. The second option is in force on the wholesale 

electricity markets where large industrial companies and retail electricity 

suppliers are supplied. 

The two options can be combined, for example, with EDF’s “Tempo” 

option: each day has peak and off-peak hours, but the days can be blue, 

white or red. The high price of electricity during peak hours on the twenty-

two red days authorised each year is similar to a principle derived from 

real-time pricing: critical peak pricing. 

These systems were introduced and developed in France when nuclear 

power stations took over from thermal power stations (coal and fuel oil). 

Dividing the day into 16 peak hours and 8 off-peak hours, with different 

tariffs, enabled EDF customers to make savings and EDF to make its 

nuclear power plants more profitable by reducing the gap in demand 

between day and night. The “Tempo” tariff (initially “peak day shaving”) 

was designed to preserve the balance of the system during very cold days, 

avoiding over-investment in "peak" power stations and electricity networks. 

Today, and even more so in the future, the system needs to evolve in 

order to increase flexibility, given the ever-increasing share of variable 

energies (wind and solar) in the electricity mix. Solar production is 

concentrated in the middle of the day, and is higher in summer than in 

winter. Wind generation, or rather its off-peak periods, together with cold 

weather, determine the new critical hours. 



 

 

The French energy regulator Commission de régulation de l’énergie 

(CRE) recently announced changes to the HP/HC system. Nearly nine 

million customers who subscribe to the HP/HC option currently only have 

off-peak hours at night, and nearly four million others have “badly placed” 

daytime off-peak hours. The changeover, illustrated in Figure 5, will begin 

on November 1st, 2025 and will not be completed until the end of 2027. 

When completed, more than thirteen million customers will have five night-

time off-peak hours and three off-peak hours between 11 am and 5 pm, 

particularly in the “summer”, from April 1st to October 31st, enabling them 

to take better advantage of the strong momentum of solar energy.31 

 

Figure 5: Breakdown of customers in France  

with and without HP/HC tariffs 

 
Source: "Focus sur l’évolution du placement des heures creuses", appendix of press release 
TURPE 7, CRE, 2025. 

 

By dividing time into fixed blocks, it is possible to implement a 

significant part of the flexibility potential in the building with a certain 

degree of simplicity. In the UK, the British firm Octopus has tested the 

 
 

31. “Focus sur l'évolution du placement des heures creuses”, Appendix of the press release TURPE 7, 

CRE, 2025. 



 

 

impact of this flexibility in homes that have switched from a gas boiler to a 

heat pump, either with a conventional electricity tariff or with Octopus’s 

“cosy” tariff, which consists of two off-peak periods (4 am-7 am and 1 pm-

4 pm) with low-cost electricity and a peak period (4 pm-8 pm). 

Consumption is halved during peak periods with the flexible tariff, 

including on the coldest days when the network is under the most strain.32 

This initial level of flexibility seems essential if we are to continue to 

develop the variable energies that are vital for decarbonizing the economy. 

However, it will undoubtedly be necessary to use other means to develop 

flexibility further and to bring the prices actually paid by consumers closer 

to market prices. The gap between prices could be wider, and the incentive 

to opt for a flexible tariff stronger. Pricing for critical peak hours, such as 

the “Tempo” tariff and its red days, should be particularly encouraged. This 

offer should be developed: the maximum number of red days should be 

increased to take account of the risk of successive Dunkelflauts and the 

increasing reliance on wind supply. The potentially dissuasive effect of this 

change for consumers would be largely mitigated by another change, 

consistent with the change already underway as described above, consisting 

of inserting a few daytime off-peak hours within the peak hours of red days. 

In this way, we will be able to take account of the increase in cheap solar 

power, which is occurring at the same time as wind power. 

How can we go further still, and move to dynamic pricing for all 

customers, taking advantage of all options, including those relating to 

electric vehicle batteries? No one wants to spend all day looking at 

electricity price indicators. So we need to automate these systems.  

Firstly, choosing the HP/HC option meant that water heaters were 

linked to a signal sent by EDF to its customers, but customers could always 

bypass if they needed to. Electricity suppliers now have the technical means 

to approve thousands or even millions of customers in a more flexible way 

than the “on/off” operation of water heaters, especially as not all uses have 

comparable intrinsic storage capacity. 

In the United States, for example, Renew Home uses smart, connected 

thermostats to aggregate heat pumps and climate control systems, 

modulating them imperceptibly for users so as to relieve the grid. It 

estimates that 44 GW could be modulated between now and 2030 in the US 

for heating/cooling homes.33 These systems are sometimes referred to as 

virtual power plants – far less costly than new gas or battery power plants 

to increase the power available. 

 

 

32. L. Bernard, A. Hackett, R. D. Metcalfe and A. Schein, “Decarbonizing Heat: The Impact of Heat 

Pumps and a Time-of-Use Heat Pump Tariff on Energy Demand”, Working Paper, No. 33036, National 

Bureau of Economic Research, October 2024, p. 35. 

33. “Smart Thermostats and The Future of Virtual Power Plants”, Renew Home, available at: 

www.renewhome.com. 
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In a similar way, Octopus Energy offers dynamic charging for electric 

vehicles in France and the UK. With a compatible charger and car, users 

indicate at the start of the charge when they will need their vehicle and at 

what battery level, and Octopus takes care of the rest. In the UK, where the 

company offers a very competitive rate of €8/kWh, it manages 

180,000 vehicles and 1.2 GW of dynamic charging.34 

The potential, therefore, appears significant, perhaps more than the 

rather conservative assessment made by RTE in its 2021 study. However, 

dynamic pricing, while it may free consumers’ minds while promising 

savings, will have to prove itself to them gradually. Consumers may be put 

off by the idea that they have no control over their consumption when they 

regularly receive information about very high prices on the electricity 

markets, even if these high prices are short-lived.35 

Figure 6: Share of fixed contracts for households  

in various European countries 

 
Source: “2024 Market Monitoring Report”, ACER-CEER, 2024. 

 

However, before hoping to generalise dynamic pricing, we need to 

realise that in France, as in Europe, almost three out of four households 

have fixed electricity contracts, whether regulated or market-based: 

electricity costs the same every hour of the year.36 It is therefore urgent to 

 
 

34. “The UK Energy Company Creating the Utility of the Future”, Cleaning Up Podcast, Episode 175, 
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35. T. Schittekatte, D. Mallapragada, P. L. Joskow and R. Schmalensee, “Reforming Retail Electricity 

Rates to Facilitate Economy-wide Decarbonization”, Joule, 2023. 

36. “Energy Retail – Active Consumer Participation Is Key to Driving the Energy Transition: How Can It 

Happen?”, 2024 Market Monitoring Report, European Union Agency for the Cooperation of Energy 

Regulators (ACER) – Council of European Energy Regulators (CEER), September 30, 2024. 

 



 

 

introduce improved time-block pricing for as many households as possible, 

incorporating pricing for critical days as far as possible. Suppliers’ efforts to 

offer electricity consumers dynamic tariffs with aggregated implementation 

of changes in consumption over time will also need to be encouraged, but 

also monitored and regulated. 

At the European level, the European Commission is working with ACER, 

ENTSO-E and EU DSO Entity37 on a draft regulation establishing a network 

code for demand response, indicating a desire to codify and standardise these 

mechanisms on a European scale and thereby facilitating industry access to 

these flexibility mechanisms. This is now part of the Commission’s Affordable 

Energy Action Plan, published on February 25, 2025. 

You might think that large industrial consumers would be more 

exposed to variations in electricity prices over time, but this exposure, via 

spot prices, for example, is marginal at best. They traditionally contribute to 

flexibility needs through “load shedding”, via various mechanisms. Some of 

these are linked to energy withdrawal, i.e., energy that is not consumed: 

these are the balancing mechanism, managed and activated by RTE in 

France, and “NEBEF” – for notification of exchange of withdrawal blocks, 

which enables direct exchanges between consumers. Other mechanisms, 

such as participation in reserves and interruptibility, make power 

withdrawal available over a given period, which may or may not be 

activated, in return for a fixed premium per MW. Electricity suppliers, who 

must prove that they have sufficient electrical capacity for their customers, 

can supplement the capacity guarantees purchased from producers with 

purchases from load-shedding operators. A major limitation to the 

development of industrial load-shedding capacity is the short timeframe of 

the proposed contracts, which are generally limited to one year. 

Supply side 

Maximum flexibility would, of course, be achieved if all electricity 

production were completely flexible and controllable, but this is not the 

case for either nuclear electricity or variable renewable energies. To ensure 

the development of renewable energies, we need a market design with 

contradictory properties: on the one hand, we need to ensure the financing 

of investments at the best cost by eliminating price and volume 

uncertainties as far as possible; on the other hand, we have to expose 

energies to market fluctuations, which reflect the value of electricity at the 

time it is produced. 

 
 

37. ACER is an EU body for energy regulators. European Network Transmission System Operators – 

Electricity (ENTSO-E) brings together electricity transmission operators in the EU and beyond. European 

Union Distribution Systems Operators brings together electricity distribution operators in the EU. 



 

 

Following the reform of the European aid framework, “contracts for 

difference” (to which the French remuneration supplements are linked) 

have been imposed throughout the EU for capacities of a certain size, with 

the obligation mechanism remaining in parallel for smaller capacities. 

We have seen above that these contracts for difference represent a 

compromise between these contradictory requirements.  

In 2016, a provision was introduced to limit the effects of negative 

prices. If negative prices last for more than twenty hours during the year, 

the feed-in tariff is suspended for each period of negative prices above this 

threshold, for new installations of more than 500 kW. This provision was 

extended in 2021 to installations of more than 250 kW. 

In April 2024, the EU adopted a new reform of market design, which 

facilitates long-term over-the-counter electricity sales contracts (corporate 

PPAs), generally for twenty years. Purchasers may be large industrial 

consumers or suppliers to final consumers. Investors’ need for security is not 

limited to renewables. EDF and its partners signed a 35-year sales contract 

before investing in the Hinkley Point C EPR, under construction in the UK. 

Like regulated tariffs, long-term purchase contracts can be structured in 

hourly or semi-hourly tranches, with or without seasonal variations, creating 

incentives for flexibility on both the supply and demand sides. 

The reform recognises the importance of energy storage for a stable 

and sustainable electricity market. It allows Member States to introduce 

support schemes for non-fossil flexibility resources. In addition, the reform 

requires Member States to assess their electricity system flexibility needs 

and set targets for meeting them. 

Capacity Remuneration Schemes (CRMs)38 aim to ensure that 

resources are matched in the European electricity market, i.e., that there 

are sufficient resources (generation, storage, demand response) to meet 

demand, particularly during periods of Dunkelflaute scarcity. With the rise 

of variable renewable energies, these mechanisms have become crucial to 

compensate for the failings of the conventional energy market, where prices 

are not always sufficient to encourage the necessary investments. The 2024 

reform of the European electricity market reinforced their role by 

considering them to be structural rather than temporary. 

At present, the European market is based on a zonal pricing system, 

where each zone, often corresponding to a country or region, has a single 

price for electricity, without taking account of local variations in 

transmission constraints or supply and demand conditions. Zonal or nodal 

pricing, on the other hand, would set prices at specific zones or nodes in the 

network, such as substations, reflecting the actual costs of supply at those 

points, including losses and transmission constraints. This approach, which 

 
 

38. “Capacity mechanisms”, Florence School of regulation, July 30, 2024. 



 

 

is already used in markets in the United States, offers greater granularity, 

which could lead to better management of bottlenecks and more efficient 

allocation of resources. Despite its complexity and obvious difficulty of 

acceptance, it could be advantageous in countries experiencing severe 

network constraints, such as Germany and the UK. For example, a study by 

Octopus Energy in the UK, evaluating the switch from flat rate pricing to 

zonal pricing, shows net benefits for consumers estimated at around two 

billion pounds a year. The issue is politically and economically sensitive, as 

it could create competitiveness gaps between zones and regions, and was 

excluded in Germany in the recent coalition agreement.  



 

Conclusion 

The study “Demand-side Flexibility: Quantification of Benefits in the EU” 

(DNV for smartEn, September 2022) estimated the benefits of demand-side 

flexibility for European consumers at over €300 billion per year, mainly as 

a result of lower market prices and avoided costs of generation capacity and 

network infrastructure.  

These high figures illustrate the considerable impact of capping and 

shifting demand on the electricity mix at any given time. Flexibility avoids 

the formation of high demand peaks requiring very expensive generators 

that set the price for everyone, and makes it possible to absorb more energy 

when there is a production surplus and prices are low. Even when the 

production costs of these generators are reduced by just 5%, the slightest 

use of the most expensive generators can have a considerable impact, close 

to 50%, on the final price.  

This considerable impact represents a financial shift from the producer 

to the consumer. Demand flexibility has an impact on fossil-fired 

generators (-90% fall in their margins), a little less on biomass (-71%) and 

nuclear power plants (-55%), and much less on renewables (-28%). 

Producers, therefore, have no interest in developing this flexibility of 

demand, which should be encouraged by the public authorities. 

The same study provides elements of a more modest approach to the 

benefits for all stakeholders, by evaluating separately the avoided annual 

costs of generation (€4.6bn), investment in peak capacity (€2.7bn), and 

distribution networks (€11.1bn to €29.1bn), as well as otherwise unsatisfied 

demand (€9bn). These benefits cannot simply be added up. 

Flexibility is sometimes caricatured and criticised. More often than 

not, this conceals a radical rejection of variable renewable energies, either 

because the objective of decarbonising the economy is itself rejected on one 

pretext or another, or because of an exclusive preference for another 

decarbonising energy, nuclear power. The projections, however, whether 

from the IEA, RTE or EDF itself, clearly show that the decarbonisation 

objective cannot be achieved without considerable and rapid development 

of wind and solar energy. 

Rejecting flexible demand would, in fact, be tantamount to demanding 

fixed and unlimited energy conditions. This leads to absurdities such as 

growing strawberries in the middle of winter, air-conditioning an open 

stadium or organising the Winter Olympics in the middle of a desert. On 

the contrary, recognising a certain dependence on natural conditions allows 

us to optimise our use of energy and avoid excessively costly solutions. 



 

 

Flexibility sources are a reflection of the energy transition as a whole: 

they are quite mature technically. It is now more a question of social, 

economic and political decisions. The flexibility solutions examined here 

are designed to enable individuals, businesses and public services to benefit 

from the low cost of wind and solar energy, without any real sacrifice in 

comfort. In his report on European competitiveness, Mario Draghi stated 

that “networks must adapt to a more interconnected, decentralized, 

digitized and flexible electricity system”.39 The uninterrupted deployment of 

the various flexibilities will give Europe greater sovereignty in relation to 

massively imported fossil fuels and enable Europe to play its full part in 

decarbonizing the global economy. 

 

 
 

39. “The Draghi Report on EU Competitiveness”, European Commission, 2024, p. 14. 
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