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Abstract 

One of the main challenges with increasing renewable energy share in electricity distribution networks is 

the regulation of power quality and reliability due to the intermittent nature of certain renewable energy 

resources. In particular, in the cases of increased share of wind and solar power generation systems in 

electricity networks.  

This thesis aimed to investigate the techno-economic feasibility for developing Energy Storage Solutions 

for power generation systems based on renewable energy. It is the European direction to drive energy 

sector towards zero-carbon policy that should only be achieved through integration of renewable power 

generation.  The increased number of wind and solar power plants will lead to congestion and create 

needs for an adapted decentralized power system. This development increases the importance of 

balancing services, in particular the frequency regulation services, and thus introduces the need for storage 

solutions and hybrid systems. The main challenge addressed in this thesis is how the balancing component 

assets such as storage solutions are going to be feasible for renewable energy power producers in French 

Electricity System. 

In this work, at Boralex, a French Renewable Energy Power generation company in France, a system 

model has been developed to evaluate the economic potential of participating in energy storage market for 

renewable power producers in French electricity market while adhering to the current energy policies. 

Using the model, economic analysis of storage solutions were performed for few Boralex, generation 

assets of wind, solar and hybrid power generation.  

According to the case study results, it is shown that, optimizing the grid connection of a 12 MW wind 

power plant(conditions specific to a particular plant taken for the case study) by adding a 2 MW Lithium 

Ion battery to perform balancing and regulation services can bring the storage project an IRR of 8% over 

10 years. The study highlights the need to avoid the grid connection fee and to combine other service 

options such as the frequency regulation (FCR) and the Capacity Mechanism (CM) to make battery 

storage viable according to French policies.  A government incentive program for capacity holders called 

Long Term Tender (LTT), which provides stable revenue on the Capacity Mechanism for 7 years, has 

been identified as the key driver of profitability for storage solutions and enables the IRR of 8% to be 

achieved. This study also reveals that for future energy systems, the decreasing trend in capital costs of 

battery installations will enable French renewable power producers to develop economically profitable 

storage solutions without the support from the Long Term Tender. The decrease of 35% in battery capital 

costs brings an IRR of 8% for similar storage projects providing frequency regulations and balancing 

services without the support from the Long Term Tender.  
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Sammanfattning 

En av de viktigaste utmaningarna av att öka andelen förnybar energi i elfördelningsnät är reglering av 

kraftkvalitet och tillförlitlighet på grund av att vissa förnybara energikällor är dess intermittenta natur.  I 

synnerhet i fall av ökad andel av vind- och solkraftsproduktionssystem i elnät. 

Denna avhandling syftar på att undersöka den teknisk-ekonomiska genomförbarheten för att utveckla 

energilagringslösningar för kraftproduktionssystem baserade på förnybar energi. Det är den europeiska 

riktningen att driva energisektorn mot en nollkolpolitik som endast bör uppnås genom integration av 

förnybar kraftproduktion. Det ökade antalet vind- och solkraftverk leder till trängsel och skapar behovet 

av ett anpassat decentraliserat kraftsystem. Denna utveckling ökar vikten av balanseringstjänster, särskilt 

frekvensregleringstjänsterna och introducerar därmed behovet av lagringslösningar och hybridsystem. Den 

huvudsakliga utmaningen som behandlas i denna avhandling är hur balanseringskomponenterna som 

lagringslösningar kommer att vara möjliga för producenter av förnybar energi i det franska elsystemet. 

I detta arbete, i Boralex, ett franska företag för produktion av förnybar energi i Frankrike, har en 

systemmodell utvecklats för att utvärdera den ekonomiska potentialen att delta i energilagringsmarknaden 

för producenter av förnybar kraft på den franska elmarknaden samtidigt som man följer den nuvarande 

energin politik. Med hjälp av modellen utfördes ekonomisk analys av lagringslösningar för få Boralex, 

genereringstillgångar för vind-, sol- och hybridproduktion. 

Enligt resultaten från fallstudien har det visats att optimering av nätanslutningen av en 12 MW vind 

kraftverk (förhållanden specifika för en viss anläggning som tas för fallstudien) genom att lägga till ett 2 

MW litiumjonbatteri för att utföra balanserings- och regleringstjänster kan ge lagringsprojektet en IRR på 

8% under 10 år. Studien belyser behovet av att undvika nätanslutningsavgiften och att kombinera andra 

servicealternativ som frekvensreglering (FCR) och kapacitetsmekanismen (CM) för att göra batterilagring 

livskraftig enligt franska policyer. Ett statligt incitamentsprogram för kapacitetsinnehavare heter Long 

Term Tender (LTT),  som ger stabila intäkter på kapacitetsmekanismen under 7 år, har identifierats som 

den viktigaste drivkraften för lönsamhet för lagringslösningar och gör det möjligt att uppnå IRR på 8%. 

Denna studie avslöjar också att den minskande trenden i kapitalkostnader för batteriinstallationer för 

framtida energisystem gör det möjligt för franska förnybara kraftproducenter att utveckla ekonomiskt 

lönsamma lagringslösningar utan stöd från Long Term Tender. Minskningen med 35% i kapitalkostnader 

för batteriinstallationer ger en IRR på 8% för liknande lagringsprojekt som tillhandahåller frekvensregler 

och balanseringstjänster utan stöd från Long Term Tender. 
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1 Introduction 

1.1 France geographical data 

France, officially the French Republic, is a country whose territory consists of metropolitan France in 

Western Europe and several overseas territories, the Non-Interconnected Territories (NIT). The 

metropolitan area of France extends from the Mediterranean Sea to the English Channel and the North 

Sea, and from the Rhine to the Atlantic Ocean. It is bordered by Belgium, Luxembourg and Germany to 

the northeast, Switzerland and Italy to the east, and Andorra and Spain to the south. The overseas 

territories include French Guiana in South America and several islands in the Atlantic, Pacific and Indian 

oceans. 

 

 

Figure 1: Map of France 

1.2 France energy profile 

Renewable energy plays a small but growing role in France’s energy mix as total primary energy supply 

(TPES) from renewable sources has increased by 35.4% over the past decade to 2015 (IEA, 2016). 

Biofuels and waste are the main renewable sources with 6.1% of TPES in 2015. Hydropower represented 

1.9% of TPES followed by wind power (0.7% of TPES), solar power (0.3% of TPES) and marginal 

amounts of geothermal energy (0.1%). 

 

 

Figure 2: Shares of renewable in the French mix (1) 
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Wind power is an increasingly significant source of renewable electricity production in France, accounting 

for nearly 28% of all installed renewable power capacity. It can also be noted that France set a record for 

wind power industry development in 2017, with over 1.6 GW of newly installed wind power capacity. 

These installations bring the country’s total land-based installed wind power capacity to approximately 

13.5 GW in 2017, as it can be seen on figure 3 (1).  

 

 

Figure 3: Evolution of the wind power capacity in France (1) 

France defined new trajectories for renewables after adopting the Energy Transition for Green Growth 

Act in 2015. This law defines long-term objectives for the transition to a low-carbon economy and energy 

system. It addresses several aspects including energy efficiency, renewables deployment, and the future of 

nuclear energy. The Pluriannual Energy Program (Programmation Pluriannuelle de l’Energie, PPE) was 

updated during 2015 and 2016 to set renewable energy targets for 2018 and 2023. New trajectories for 

each renewable energy source were defined in the PPE, leading to the following targets for installed 

renewable power capacity by the end of 2018: 

- 15 GW land-based wind power capacity, a target which was achieved (15.3 GW). 

- 0.5 GW fixed offshore wind power capacity. 

- 10.2 GW solar energy. 

- 25.3 GW hydroelectricity. 

Additionally, the target for wind power capacity was set for the end of 2023 to 26 GW onshore wind and 

to 3 GW offshore wind. 

The key statistics for wind power generation in 2018 in France are given in table 1 (2). 
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Table 1: 2018 Key Statistics 

Total installed onshore wind power capacity 15.108 GW 

Total installed offshore wind power capacity 0 GW 

Total electrical energy output from wind 27.8 TWh 

Wind-generated electricity as percentage of 

national electricity demand 

5.1% 

Average national wind capacity factor 22% 

 

1.3 Energy industry interaction and the Company Boralex 

This thesis work was performed at French Renewable Energy Company, Boralex, who develops, builds 

and operates renewable energy production sites in Canada, France, the United Kingdom and the United 

States. Boralex is an expert in renewable energies, which appeared alongside the major French traditional 

energy players in 1998. Concerned by its impacts, Boralex wants to accelerate France's changeover to a 

sustainable energy model for the future generations (3). 

In less than 20 years, the company has become the leading independent producer of onshore wind energy 

in France. Boralex currently operates around 800 MW in France, spread over some 50 wind, solar and 

thermal sites. Worldwide Boralex operates more than 1700 MW of wind power capacities. 

Recently Boralex has started to develop innovative wind and hybrid projects, as the repowering of the 

“Cham-Longe” wind farm and the commissioning of storage batteries at “Comes de l'Arce”. Those are 

two flagship projects that will be developed in 2019 and 2020 in Ardèche, France.  

Boralex’s new strategy for 2025 is based on the diversification of its assets. Indeed, the company is willing 

to strengthen its presence in the solar power sector and participate in developing the energy storage 

market. My thesis fits into this strategy as I will study the opportunities of developing new hybrid and 

stand-alone storage projects in France.  

1.4 Challenges in Renewable Power generation schemes 

Electricity is still difficult to store on a large scale. Indeed, only hydroelectric dams and hydrogen storage 

(in development) currently allow this. Moreover, the growing integration of renewable electricity 

generation systems like wind farms requires the balancing of energy supply and demand. Indeed storage 

systems simultaneously contribute to smoothing out the variations in power generation, optimizing 

generation scheduling, regulating frequency and power quality on the grid, and balancing power supply 

and demand. Significant technological advances in materials and technologies for batteries and other 

storage solutions are thus needed, and this thesis will focus on the study of the Lithium-Ion battery 

technology and the possible hybridization of the French wind farms which are operated by Boralex. 

Indeed, the energy storage market is on the rise and Boralex has decided to play an important part in 

developing this innovative market. 

There are several challenges relating to storage to ensure that renewable energies, and especially wind 

power, are integrated into electricity systems (4). 

First there is an environmental challenge. The lifecycle analysis of storage systems (from design to end of 

life management) ensures that the environmental standards of storage systems are met throughout their 

life cycle and that carbon emissions are reduced by putting an end to peaking power plants 

Then there’s a need to develop the economic potential of storage solutions in order to make them more 

attractive. BESS, battery energy storage solutions are becoming very attractive within the electricity market 

due to the fact that those technologies can perform several different services (load shaving, frequency 
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regulation, tension regulation ...) which are associated with different economic models. This is the variety 

of services that can make storage projects economically viable, but such an economic model, taking all the 

services into account, is still to be developed and proved effective.  

Finally, there’s a focus on security with the aim of securing the electrical services and the supply to the 

grids. As the storage market is at its very beginning, there is no regulatory framework and the laws 

concerning the development of BESS are still being processed in France. 

 

1.5 Expected outcome of thesis project in industrial perspective 

The industrial perspective of this thesis is to analyze the techno-economic benefits (opportunities) for 

developing hybrid parks (storage technologies combined to wind or solar farms that are operated by 

Boralex) performing different grid and energy services. In order to perform an opportunity analysis among 

the wind parks operated and developed by Boralex, relevant selection criteria should be determined. The 

aim of this analysis is to identify the parks that are suitable to hybridization and then to determine how 

those hybrid power plants can generate revenues (through grid and energy services) and become 

profitable.  

Hybrid power plants could consist of wind and/or PV and/or battery storage solution, and the 

opportunity analysis should bring to light the main challenges and constraints to overcome in order to 

develop such power plants. 

 

1.6 Objectives of the thesis work 

The academic perspective of this thesis is to investigate under which conditions (Technical, Economical 

parameters and Regulatory frame works), energy storage solutions are economically feasible for 

introducing into the electricity networks.   

The objective of the study is to determine the techno-economic feasibility of introducing energy storage 

solutions for hybrid energy projects, that combines wind power and battery energy storage solutions, 

applicable in French electricity market. 

A case study has been performed on one of existing wind farms (own and operate by Boralex) to identify 

an optimal configuration of hybrid arrangement (wind and battery storage) that gives best possible 

economical returns, according to different sources of revenues that are currently available in France under 

its energy policies for promoting renewable energy integration. 
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2 Methodology and Tools 

In order to reach the goals defined above, a specific methodology has been established. Moreover, in 

order to perform the technical-economic analysis and the opportunity analysis, EXCEL is the only tool 

that has been used. 

Step 1: First, a literature review was need in order to have a clear view on power markets, the regulatory 

framework and the policies for the renewable industry in France. 

Step 2: Then, in order to capture the state of development of storage technologies in France, a state of the 

art concerning storage projects and hybrid power plants has been performed. 

Step 3: As the analysis concerns the wind and solar farms operated by Boralex, a huge data collection is 

needed. The goal is to gather as much relevant technical information (grid connection parameters, 

technology …) as possible. 

Step 4: As soon as the technical gathering of data is done, a criteria assessment for the opportunity 

analysis will be performed if order to identify the potential in policy and regulatory framework for hybrid 

storage projects to participate in energy markets. 

Step 5: Once the technical analysis is done and opportunities are identified, a techno-economic analysis 

should be performed in order to analyze the feasibility of the identified hybrid projects. A techno-

economic model has been developed for this study. To do so, two models have been used. First a revenue 

arbitrage model for hybrid projects in order to determine the optimal hybrid configuration. Then a 

business model has been developed, depending on the results of the revenue arbitrage model, in order to 

assess the profitability of the project.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Methodology of the study 
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The steps of the analysis conducted in this report are detailed below: 

Step 6: Results and Sensitivity analysis 
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3 Literature review 

3.1 The power markets in France 

The Transmission System Operator (TSO), RTE, and the Distribution System Operators (DSO), Enedis 

being the biggest one, are in charge of maintaining the electricity system stable for all consumers in 

France. Both system operators have the same mission, to ensure the balance between supply and demand 

and to ensure fair and non-discriminatory access to the network.  

RTE is responsible for transporting electricity from production centers on very high voltage lines to 

distribution networks. The company is also responsible for distributing high-voltage electricity directly to 

large manufacturers, as specified by the Energy Regulatory Commission (CRE). 

Enedis is responsible for medium and low voltage distribution for other customers (individuals, 

businesses, communities, etc.) in 95% of the metropolitan area. 

However this task is becoming more challenging with the integration of renewable energy sources onto 

the grid: more and more solar and wind farms are being connected to the grid, new market players are 

starting to sell flexibility services and electric vehicles are starting to appear on the roads. All these 

evolutions are impacting the French power grid, and notably the DSO and TSOs, and the way they 

operate and develop their grids, leading them to adapt and innovate. 

In this context, a new profession has emerged: aggregators. Indeed, with the integration of renewable 

sources on the network, some of which are said to be "fatal" (dependent on weather conditions and 

therefore less stable than conventional energies), the stability of the grid is under severe strain. The 

consequence of this imbalance: a blackout, an area or even a region without electricity. The need for an 

actor capable of administering decentralized injections on the network has therefore steadily increased. 

This is where the aggregators come in. The aggregator is the intermediary between the electricity producer 

and the grid. After buying the production from a producer, he sells it either directly to customers or on 

the European electricity exchange platform, EPEX. Most of these new players work exclusively with 

renewable energy producers. 

But aggregators do not only sell electricity on the wholesale market, they also can participate to many 

other markets, some of those valuing flexibilities. 

RTE’s mission is to ensure the security of the French power system. This includes both security of supply 

and real-time supply-demand balance. For this purpose, RTE calls on flexibility options provided by 

generation and consumption sites on market mechanisms (5). 

A flexibility option is the ability to adapt generation and/or consumption for a given period, on request 

from RTE or an aggregator, to contribute to the supply-demand balance of the electricity system. The 

“flexibilization” of the electricity system is identified as a major driving force for the successful energy 

transition. Flexibility options provide a means to handle uncertainty in generation, consumption peaks, 

local network constraints and to facilitate the integration of intermittent energy sources. 

The generation and consumption balance is represented by the frequency in Europe (50Hz). 
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Figure 5: Goal of frequency Regulation (5) 

A load reduction can be remunerated across all mechanisms in the same way as energy generation. Load 

reduction consists in reducing all or part of a participant’s consumption, on external request, over a given 

period. It thus constitutes an alternative to generation for the power system. France is the first country in 

Europe to have opened up all of its national market structures to all consumers, including those 

connected to distribution networks. 

There are two types of market mechanisms on which flexibility products can be remunerated: 

- Capacity mechanisms guarantee, in exchange for remuneration, availability of capacities that may 

be dispatched according to the needs of the system 

- Energy remuneration mechanisms provide the means to activate and be remunerated for 

flexibility in close to real time. 

The mechanisms presented below may be interdependent: you can be remunerated for your energy 

without participating in capacity mechanisms. However, if you participate in a capacity mechanism, you 

are under obligation to provide your energy. 

- The Capacity Mechanism: 

The Capacity Mechanism (CM) is intended to safeguard the security of electricity supply in France 

during peak winter periods, from 10 up to 25 days (called the PP2) days during January, February, 

March, November and December. It is based on the obligation for obligated parties to cover 

consumption during peak periods and on the certification of generation and demand response 

capacities (5). 

o Power producers as Boralex and Demand Side Response providers are required to verify 

their capacities through certification contracts held with RTE. These contracts commit 

producers and Demand Side Response operators to specific capacity levels and ensure 

the availability of capacity during peak winter demand periods. Providers are issued 

certificates based on the capacities they can offer and their contribution to security of 

supply. In exchange, RTE gives them certificates (capacity guarantees) that they can sell 

during auctions held by EPEX or directly to an obligated party (over the counter 

exchange).  
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o Obligated parties, as any supplier of electricity, have to demonstrate each year that they 

are able to cover their customers’ consumption during the winter peak periods and thus 

have to hold a certain number of certificates. 

 

Figure 6: Capacity Mechanism's function (5) 

In order to participate to the capacity mechanism, capacity operators must certify their capacity 

on an annual basis.  

As renewable energies such as wind and solar are intermittent and non-predictable, the capacity 

mechanism’s rules do not allow the entire capacity of such power plants to be certified and hence 

remunerated. Indeed, renewable power plants do not always product at full capacity during the 

winter peak periods depending on the weather. For instance, Wind power capacities can be 

certified at around 20% of their nominal load due to the intermittency of this energy source.  

On the other hand, BESS can be certified up to their full capacity (but taking some limitations 

into account) considering that they are controllable.  

 

- The Long-Term Tender: 

The Long-Term Tender (LTT) was announced following a European commission review of State 

Aid allocation. This multi-annual tendering for new capacities was introduced to remove 

perceived bias in the capacity mechanism. The decree of 15/11/2018 provides the legal 

framework for the tender. In December 2018 these changes were implemented into the CM rules 

and the first LTT documents were published in June 2019. Those documents provided the full 

details of the tender design and launched the first LTT whose deadline was in December 2019. 

The aim of this tender is to facilitate the participation of new-build projects in the capacity 

mechanism by offering those new capacities, new generation or Demand Side Response (DSR) 

assets, 7-years contracts. These contracts are based on the “Contract for Difference” principle, as 

illustrated in Figure 7. Each year the asset owner will either receive or pay a CfD payment equal to 

the difference between the CfD price as out in the long-term contract and the average CM price 

for that year. 
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Figure 7: LTT CfD payment (4) 

A Long-Term Tender will be organized each year by RTE, with successful providers awarded a 7-

year CfD contract to commence 4 years after the tender award. Exceptionally, in 2019 RTE is 

organizing four tenders for contracts starting in 2020, 2021, 2022 and 2023 (5). 

 

- Ancillary services:  

The Frequency containment Reserve (FCR) is a production capacity that is reserved for 

reducing or increasing (symmetric product) its energy output to contain any possible frequency 

deviation from the required 50 Hz. In order to participate to this market, the capacities must be 

able to ramp up to their nominal power in less than 30 seconds and sustain a constant power 

output for 15 minutes, requirements easily met by lithium-ion batteries. 

The Austrian, Belgian, Dutch, French, German and Swiss TSOs currently procure their FCR in a 

common market. The FCR Cooperation works currently with weekly auctions with one weekly 

symmetric product, but this market will be again changing soon (5):  

 

Figure 8: Evolution of the FCR market ruled by RTE (5) 

Because of the requirements for participating in this market not many machines can deliver this 

service. Originally, hydro, coal, gas and nuclear power plants were providing this regulation 

service (6), but with the energy transition they are going to be phased out and to be replaced by 

sustainable assets as wind power plants or BESS like lithium-ion batteries.  

In France, the need for FCR is assessed each year and was equal to 530 MW in 2018.  
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The Automatic Frequency Restoration Reserve (aFRR) where capacities undertake to 

automatically modulate their procedure according to a signal sent by the TSO, RTE in order to 

return the grid frequency to its nominal value of 50 Hz. aFRR is the only reserve product which is 

not liberalized but mandatory for capacities > 25 MW and with pro-rata activations 

 

- The Rapid and Complementary Reserve Calls for Tender:  

Capacities undertake to be available on the balancing mechanism. The Rapid Reserve (RR) is 

composed of 500 MW which can be activated in less than 30 minutes and for one hour and a half. 

The complementary reserve (or manual frequency restoration reserve mFRR) is composed of 

1000 MW which can be activated in less than 15 minutes and for two hours.  

The different types of reserve, FCR, aFFR and RR, all operate to maintain the stability of the grid 

but at different time (7) as it can be seen on figure 9. 

 

 

Figure 9: Activation of the different reserves (8) 

 

 

- The Block Exchange Notification of Demand Response Mechanism (NEBEF):  

The Block Exchange Notification of Demand Response mechanism, known as "NEBEF", allows 

consumers to participate in energy markets through load reductions. It thus provides an 

additional economic area to the balancing mechanism. This mechanism is built around the notion 

of Demand Side Management Operators (DSMOs), who are able to aggregate the management of 

multiple sites with a single load reduction perimeter. All consumption sites connected in mainland 

France may participate in the NEBEF mechanism by providing demand response in exchange for 

remuneration on energy markets (either over the counter or via day-ahead and intraday power 

exchanges). 

 

 

 

 



-22- 
 

- The Balancing Mechanism (BM): 

RTE ensures the real-time balance between supply and demand and deals with congestion on the 

grid through the balancing mechanism. This mechanism is a permanent and transparent system of 

calls for tender and thus provides a real-time reserve of power that can be used for balancing the 

electric system either upward or downward  

 

 

- Interruptible Load Call for Tender:  

This program was created to manage critical situation in the exploitation of the power system. 

Consumers can participate to the yearly tender and under this program, RTE can interrupt the 

consumer connected to the transmission grid in less than 5 or 30 seconds in order to avoid a 

black out. 

3.2 Regulatory framework for the wind industry in France 

Now let’s have a look at the legal framework implemented in France concerning the wind sector. 

France started setting up support mechanisms for renewable energies in the early 2000s with the feed-in 

tariffs (FiT). This support mechanism enabled the development of renewables in France. However, the 

French government decided in 2015 to move towards feed-in premium for wind energy in order to 

comply with the European guidelines. Indeed, the European State Aid Guidelines required that renewable 

energy be progressively exposed to market competition. Within this context, the Act on Energy Transition 

for Green Growth from 17 August 2015 introduced a thorough reshaping of the existing support schemes 

for renewable energies. This feed-in premium is a “compensation mechanism” in €/MWh. The producer 

is indeed responsible for selling its electricity on the wholesale market (through the aggregators) and 

receives a premium in addition to the market revenues (9).  

 

Figure 10: Remuneration scheme (4) 

This support consists in allocating a premium tariff to renewable electricity producers on top of the sale 

price they get on the electricity market, in order to cover the costs of their installations and ensure their 

profitability.  The Feed-in Premium is called the “complement de remuneration” and is composed of the 

premium in €/MWh plus the management bonus and minus the revenues from the capacity market (as it 

is shown on figure 11).  
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Figure 11: Concept of Feed-In Premium (4) 

Depending on the technology and size of the installation, the French regulation foresees that the premium 

tariff is allocated either through direct guaranteed contracts (“guichet ouvert”) or through a tender 

procedure.   

The two-part framework for wind power (9): 

- Direct contracting under cumulative conditions: 

o A maximum number of 6 wind turbines 

o A maximum power of 3MW for each turbine 

o Distance of 500 m between farms must be respected 

o Environmental permit required 

 

- Tendering process for the projects that don’t meet the direct contracting conditions 

o The criterion for selection is the price of the bid in €/MWh which sets the feed-in 

premium. Thus, there is a risk of not getting the premium tariff through this tender 

process.  

o 7 wind turbines and more 

o Any wind farm with turbines > 3 MW 

o Distance of 500 m between farms must be respected 

o Environmental permit required 

The direct contracting structure was made to avoid some wind farms with good wind conditions being 

over supported. The price which is set by in advance depends on the rotor size of the turbines. Through 

the tendering process, the winners of the tender get feed-in premium contracts and the tariff for each 

winner is fixed by his individual tender offer. 

3.3 Framework for the solar industry 

As from the Decree n°2015-119 February, 19th 2018, installations using photovoltaic energy, with a 

capacity of more than 500 kW and less than 12 MW, can benefit from the feed-in premium (that the wind 

installations were already benefitting) (10).  

As a matter of fact, the French government had decided to exclude photovoltaic installations in the 

Decree n° 2016-691 May, 28th 2016 from the installations which could benefit from “additional 

remuneration”, as listed below: 

- Installations using hydraulic energy, with a capacity of less than or equal to 1MW 
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- Installations using essentially energy generated from thermal power released from household 

waste combustion; 

- Installations using essentially biogas produced by methanization or derived from landfill sites ; 

- Installations using essentially energy extracted from geothermal deposits; 

- Installations using cogeneration of electricity and recovered thermal energy from natural gas, with 

an installed capacity equal to 1MW or above. 

- Installations using mechanical energy derived from wind. 

3.4 Overview of the storage industry 

The international market for stationary battery storage systems has been growing rapidly in the last decade 

(11). Indeed, within almost less than a decade, grid connected battery energy storage system (BESS) have 

evolved from a niche product to a mass market in which today international energy and automotive 

companies are competing for market shares. According to a recent study, BloombergNEF (12), almost 4 

GW of new battery storage systems went online in 2018 worldwide and the market researchers expect this 

number to double by 2020 (12). These are the dramatic recent decrease in pricing, the advances in 

technology and the demand for grid infrastructure resilience that have driven the decreasing trend in 

battery prices projected in the BloombergNEF study (12) as it is shown in Figure 12. 

 

Figure 12: Lithium-Ion battery price projections (12) 

Grid-connected storage systems are nowadays used for a multitude of services, ranging from small-scale 

applications, such as residential home storage systems, to multi-megawatt batteries that provide balancing 

services and mitigate grid congestion problems on all voltage levels. 

However, the situation in France is quite different and only a few stationary battery energy storage systems 

have been implemented. Traditionally, batteries like the Lithium-Ion technology have been used in the 

energy sector to store electricity for off-grid solar projects or in the EV (electric vehicle) industry. In the 

context of the ecological transition and the new objectives of the French “PPE”, grid-connected storage 

solutions as Li-Ion batteries appear to be a required technology in the development of the French electric 

grid. Moreover, the development of storage solutions is clearly linked to the need for flexibility. Indeed, 

the development of the grid with more and more renewable power plants causing an intermittent 

production leads to a need for flexibility in order to be able to adjust and manage the electricity 

production so that it matches at every moment the electricity consumption.  
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Since there was a strong potential in hydroelectricity in France, the major needs for flexibility were 

covered by the hydro power plants with pumped-storage and that’s mainly why the development of BESS 

had lagged behind in France.  

Moreover, traditionally, large generators such as coal-fired, hydro and nuclear power plants performed 

these services. However, decreasing numbers of fossil-fueled power plants in the power grid spark the 

demand for new suppliers. BESS are promising assets for providing balancing services due to their 

extremely fast response, good scalability and quick deployment time. 

Even if the storage market is in its infancy in metropolitan France, storage solutions have been deployed 

in the non-interconnected territories to satisfy the need for flexibility and storage. 

Indeed, a state of the art for battery projects in France has been done using data from the CleanHorizon 

database, and it clearly shows that most of the BESS projects have been developed in the non-

interconnected territories (NIT) (13): 

Table 2: BESS state of the art 

 
Total Rated Power (MW) Total  Energy Capacity (MWh) 

Announced 199,37 293,94 

Lithium-ion Battery 199,37 293,94 

France 87,6 140 

NIT 111,77 153,94 

Operational 76,69 116,11 

Lithium-ion Battery 72,69 102,41 

France 7,1 6,76 

NIT 65,59 95,65 

Sodium Nickel Chloride Battery 2 4,5 

NIT 2 4,5 

Sodium Sulfur Battery 1 7,2 

NIT 1 7,2 

Zinc Bromine Flow Battery 1 2 

NIT 1 2 

Under construction 20,17 22,6 

Lithium-ion Battery 20,17 22,6 

France 6 6 

NIT 14,17 16,6 

Total 296,23 432,65 

 

The announced projects are the ones that are currently under development, the operational projects are 

the ones that are already in commercial operation and the projects under construction should be 

operational soon. As one can see, only 10% of the operational BESS projects are located in metropolitan 

France. However, the number of storage projects should increase in metropolitan France in the following 

year.  

Moreover, although many different chemical battery technologies co-exist, the Lithium-Ion technology is 

the most common one (see Figure 12). As it is also the most mature technology and the one dedicated to 

flexibility services, it was decided to focus on this technology in this thesis (see Appendix 9.1 for more 

detailed information about this technology).  
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Figure 13: International situation of storage technologies (7) 

Indeed, storage systems should soon play a vital role in the operation of the grid. Battery storage solutions 

offer flexibility and are an important mechanism in controlling the frequency, as they can participate to the 

daily FCR auctions and thus create an additional revenue stream. Moreover, they can provide other 

services than grid services that could be economically profitable, such as the energy services when 

combining to another energy asset: 

 

 

 

 

Figure 14: Overview of the services provided by BESS 

In this thesis, work has been focused on grid-connected BESS and on hybrid projects (a wind power plant 

combined with storage) providing frequency regulation services to the grid.  

 

To conclude, as the French government is willing to demonstrate its engagement in the energy transition 

(increase/develop renewables) and the diversification of its electricity mix, there is a growing need in 

stationary BESS. That’s why there is a need for a legal and regulatory framework regarding grid connected 

BESS. Indeed, a lot of things remain unclear and the conditions that are required for the development of 

BESS projects in France still need to be implemented. However, things are evolving fast and a sustainable 

framework should be put in place soon.   
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3.5 Hybridization 

Hybridization appears to be revolutionary in the context of the ecological transition. Indeed, BESS can be 

coupled to solar or wind power plant to ease the integration of renewables into the energy system in 

France and additionally create another revenue stream for the plant. 

BESS can offer different services to a hybrid power plant (apart from the ancillary services and the 

services a standalone BESS can provide): 

- Energy arbitrage by load-shifting: short term reduction in electricity production followed by 

an increase later when power prices or grid demand is lower. Typical applications for energy 

storage connected with variable renewable energy sources shift loads in order to respond to daily 

peaks (when the consumption is large but sun isn't shining and the wind isn't blowing) or avoid 

costly times of consumption, or practice arbitrage (buy low, sell high). 

- Renewable Energy Integration: The energy storage system modifies the power output of a 

Renewable Energy System (RES) to render the generation output more adequate to the need of 

the off-taker or system operator (e.g. smoothing, ramp-rate control, adhering to injection 

constraints for a specific load profile based on forecast or contractual agreement, and/or specific 

storage and renewable-based feed-in tariffs). 

- Peak shaving: leveling out peaks in the production profile (similar to load shifting but in this 

case the electricity shaved is lost) 

- Electricity Bill Services: The energy storage system optimizes the load profile of a consumer 

(typically commercial and industrial) as to reduce the overall energy bill. Such optimization is 

particularly interesting when a part of the bill is based on peak demand or includes demand 

charges (extra charges for consuming at peak hours). 

- Load smoothing: Short term reduction or increase in electricity production in order to smooth 

the load and to operate at a constant load. 

In France, not all these services can generate revenues. For instance, Electricity Bill Services are not used 

as there are no opportunities for BESS to generate more revenues with this kind or services.  

Arbitrage appears to be one of the most promising services in term of revenues. Indeed, arbitrage using 

BESS is done by charging during low-priced hours and discharging during higher priced hours. However, 

the round-trip efficiency of BESS has to be taken into account as the amount of discharged electricity 

won’t be equal to the charged electricity (95-98% for Lithium-Ion battery). In order to make a benefit with 

a battery performing arbitrage, a price spread (difference between the minimum and maximum price 

during one day) is required. However, the price spread has to be quite high in order to make the BESS 

project profitable. Nowadays, with values around 20-30 €/MWh (14) a hybrid project performing 

arbitrage as only service in France cannot be rentable. Moreover, with the decreasing trend regarding the 

spot prices, the average spread has also been decreasing since the beginning of the market in 2006, which 

puts at risk the profitability of arbitrage. The average spread per year has been calculated using the hourly 

spot prices between 2006 and 2009 (15) as it can be seen on figure 15. To do so, the spread has been 

calculated for each day of the year by taking the difference between the maximum and minimum price and 

then the yearly spread is calculated as the average of the daily spread. 
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Figure 15: Average spot price spread 

However, this is not the case in the NIT, where a lot of hybrid solar plus storage power plants are 

emerging.  

Indeed, as it can be seen in the state of the art in France using Clean Horizon data, most of the 

operational BESS projects are performing Renewable Energy Integration. But all these projects are based 

in the NIT. The only operational projects in France are either providing frequency regulation to the grid 

or doing Research and Development (13).  

Table 3: Analysis of Clean Horizon database 

BESS projects Rated Power (MW) 

Announced 199,37 

Frequency Control 73,6 

Load Shifting 29,4 

Renewable Energy Integration 60,37 

Research & Development 36 

Operational 76,69 

Electricity Bill Reduction 1 

Frequency Control 3 

Load Shifting 2,6 

Microgrid 2 

Renewable Energy Integration 63,99 

Research & Development 4,1 

Under construction 20,17 

Frequency Control 11 

Load Shifting 5 

Renewable Energy Integration 4,17 

Total  296,23 

 

Among the announced BESS projects, the majority will provide frequency control, which is in line with 

the new trend of BESS projects providing frequency regulation services. Indeed, the FCR market sis the 

one providing the highest income to BESS. 
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4 Analysis of economic opportunity of hybrid projects under renewable 

energy policy framework  

4.1 Main objectives 

The main objective of the thesis is to determine the development opportunities for hybrid projects within 

Boralex supply inventory and future projects. The goal is to be able to rank the wind and solar farms that 

are already in operation or in development depending on their technical potential for hybridization.  

The next step will be to determine whether such projects are financially profitable. 

In order to do such an analysis, it was important to define the hybridization opportunities. Regarding the 

pipe of Boralex, it is possible to distinguish three types of hybridization opportunities: 

- Hybridization of a renewable asset with a BESS in order to perform ancillary services 

- Hybridization of a renewable asset with a BESS in order to perform energy arbitrage services 

- Combining a wind and a solar asset: the aim of such a hybrid project is combine multiple energy 

sources (wind and solar in this case) in order to smooth the overall power output (load 

smoothing).  

The main opportunity for hybrid projects is to avoid grid connection expenses. Indeed, the whole thesis 

focuses on the concept of iso grid-connection: the possibility of connecting a BESS to a wind or solar 

power plant without increasing the connected load to the grid. Indeed as wind and solar power plant do 

not always operate at nominal capacity (intermittent power generation), but at different rate depending on 

the weather (wind and sunlight), the connection to the grid is not optimal and it is possible to connect 

another asset which will inject onto the grid when the renewable power plant do not operate at nominal 

load.  

The main interest of this concept is thus to avoid paying the connection fee to the TSO, RTE. Indeed, all 

renewable assets and BESS have to pay a specific fee for being connected to the national grid, that it was 

decided to call the “connection fee” in this report (“quote-part” in French). This fee was created in 

accordance with the development of renewables in France, in order to support the cost of adapting the 

grid to the new electric mix. This connection fee is variable: it depends on the localization of the asset and 

on the connected load (16). It is shown in table 4 that this connection fee can cause a significant 

difference on CAPEX (capital expenditures) based on the installation location.  
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Table 4: Connections fees in France 

Regions of France 
Connection Fee (€/kW of connected 

capacity) since February 1st 2019 

Alsace 0 

Aquitaine 24,21 

Auvergne 51,97 

Basse-Normandie 10,16 

Bourgogne 23,46 

Bretagne 10,47 

Centre 21,02 

Champagne-Ardenne 55,56 

Franche-Comté 11,02 

Haute-Normandie 10,56 

Île-de-France 1,55 

Languedoc-Roussillon 37,69 

Limousin 25,63 

Lorraine 18,94 

Midi-Pyrénées 72,2 

Nord-Pas-de-Calais 82,24 

Pays-de-la-Loire 13,98 

Picardie 82,24 

Poitou-Charentes 43,88 

Provence-Alpes-Côte d'Azur 19,15 

Rhône-Alpes 9,94 

 

For instance, a 12 MW wind farm located in Champagne-Ardennes must pay 666 720 € to be connected 

to the grid. And, if it is decided to add a 2 MW BESS to this wind farm and thus to increase the 

connection capacity up to 14 MW, it means paying 2MW of connection fee for the BESS, which is around 

110 000€. But the idea developed in this thesis is to connect the BESS to an existing wind farm without 

increasing the connected load to the grid. With this solution, it is not required to pay any connection fee 

to connect the BESS to the grid.  

The idea behind such hybrid projects (solar or wind power plant plus storage) is to make the most of the 

grid connection of an existing asset in order to avoid paying connection fee for the BESS. It means that 

the connected load to the grid isn’t increased even if the BESS is connected at the same connection point 

as the renewable asset. The technical feasibility of this connection solution is described below.  

As a detailed example, it was decided to study one of the wind farms operated by Boralex, a 12 MW wind 

farm in operation since 2004. This is one of the oldest wind farms of the company and it was decided to 

call this study case “WF1” throughout the report. 
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The power output of the plant is varying throughout the days of a whole year (2018 in this study case) as it 

is shown in figure 17, and although the nominal capacity of the power plant is equal to 12 MW, the plant 

is rarely achieving more than 10 MW of power output. 

 

 

Figure 17: WF1 yearly output 

Moreover, when looking at the power distribution over 2018, it can be noted that the wind farm does not 

achieve power output over 10 MW. 
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Figure 18: WF1 power distribution 

However, those results have to be mitigated. Indeed, the wind patterns change each year, and it is 

important to analyze the production of the wind farm over a longer period. 

It was possible to upload the hourly production data of the wind farm between 2006 and 2019 and to 

determine the hours of production above 10 MW which are detailed on figure 19. 

 

Figure 19: Production above 10 MW between 2006 and 2019 

It is shown on figure 19 that the number of production hours above 10 MW is varying each year 

depending on the weather and the wind pattern. However, it is important to highlight the fact that even 

the highest number, 500 hours in 2007, is quite low. Indeed, in 2007, the wind farm WF1 produced more 

than 10 MW only 6% of the year. It means that 94% of the time, it is technologically possible for a BESS 

connected to the wind farm to produce at its nominal output, 2MW. The rest of the time, curtailment 

might be need if we want the BESS to reach an availability of 100%. 

The possible connection between the two assets is illustrated on figure 20. 
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Figure 20: Concept of iso grid-connection 

Moreover, this connection concept has been studied for two specific scenarios: 

- The first one focuses on connecting a BESS to a renewable asset so that the BESS can provide 

frequency regulation services to the grid. In this case, the BESS operates independently from the 

renewable asset. It means that the storage solution can’t be charged by the renewable power plant. 

The renewable asset injects its electricity directly onto the grid, and at the same time the BESS 

provides regulation services to grid. This can be made possible by the fact that the renewable 

asset does not produce at nominal output and by the curtailment technique.  

- The second one focuses on the possibility for the BESS to interact with the renewable asset and 

thus to be charged by the renewable asset. This could allow the BESS to perform both arbitrage 

and FCR services to the grid. 

 

Finally, the same concept can be used for the hybridization of a solar and a wind power plant. Indeed 

solar and wind production are both intermittent and they also are complementary) on a daily basis(more 

sun during the day and more wind during the night, but also on a weekly or monthly basis (5). Moreover, 

it has been proved that wind power plants produce two times more electricity in winter than in summer. 

Indeed, the load factor of wind power plants doubles during the winter (an average of 15% in summer 

and more than 30% in winter) (17). On the other hand, it is the opposite for solar power plants which can 

produce three times more electricity in summer than in winter (17). 
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One can see the best-case scenario on a daily basis on figure 21. 

 

Figure 21: Combined wind and solar production (4) 

However, in most case, combining those two energy sources may lead to the need for curtailment of one. 

Indeed, if a solar park is connected to a wind farm without increasing the connected load to the grid: 

                 

                        

It means that when both power plants are producing at the same time, curtailment might be needed so 

that the sum of both outputs won’t exceed the connected load.  

4.2 Opportunities and obstacles 

The main opportunity is thus the intermittency of renewables assets like solar and wind allowing the 

possibility of connecting a BESS to the renewable asset without increasing the connected load to the grid. 

As the expertise of Boralex focuses on wind, it was decided to focus on the hybridization of a wind power 

plant. 

However, connecting a battery to a wind farm is easier said than done. There are many obstacles to 

overcome in order to develop a hybrid power plant. Hence the aim of this analysis is to identify both the 

opportunities and obstacles that the development of such a hybrid project will face and to determine 

criteria in order to target and focus on the less risky projects. 

First, the regulatory framework can be considered as the most important obstacle concerning the 

development of hybridization of wind power plants. Indeed, most of the wind plants in operation in 

France have a Feed-In Tariff, which prevent the producer to modify the output of the plant (like 

curtailment). Indeed, under such FIT contracts, producers are required to inject onto the grid the “as-

produced” production of the plant and thus the renewable asset and the BESS will have to operate 

independently. Finally adding a BESS to renewable asset under FIT is considered as risky as curtailment is 

not an option and thus the BESS would be unavailable when wind farm produces at nominal capacity. 

But even if a wind farm has a FIT, the FIT has been obtained for a period of 15 years. After this period, 

the producer is free to do whatever he wants with the production. Thus, there is a huge opportunity for 
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Solar 

Wind 

Power Output 

Day 
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wind farms that will soon be exposed directly on the wholesale spot market. Either the producer decides 

to extend the lifespan of the turbine and sell the electricity directly on the market; either he decides to 

repower the power plant. In both cases, hybridization is technically possible.   

On the other hand, the case of renewable power plants that have a Feed-In Premium is quite different. 

Indeed, the producer is selling the electricity output directly on the market and then receives an additional 

remuneration as defined in the Contract for Difference. Due to this particularity, producers can modify 

the output through curtailment which facilitates hybridization. However, the possibility for the BESS to 

interact with the renewable asset remains unclear, and once again two scenarios can be considered: 

- The BESS can be charged by the grid and by the renewable asset but is only providing FCR to the 

grid. 

- The BESS can be charged by the grid and by the renewable asset and can provide multiple 

services to the grid like FCR and arbitrage. The uncertainty here is to know if when performing 

arbitrage, the electricity injected into the grid by the battery can get the additional remuneration as 

well.  

Therefore, even if arbitrage is technically feasible, the regulatory framework concerning hybridization and 

a wind asset under FIT or FIP has not been clearly defined. That’s why arbitrage is currently only 

considered with wind farm already exposed on the market, without any support mechanism. 

Moreover, it is important to distinguish the power plants that got the premium through the tendering 

process or through direct contracting process. Indeed, the power plants that got the premium through the 

direct contracting had to meet specific conditions as the 3 MW power limit for the turbines. Considering 

the fact that there are very few 3 MW turbines on the market, most of the producers decide to install 

bigger turbines (from 3.15 to 3.75 MW) and to limit the output to 3 MW. It is important to highlight the 

fact that it means losing a certain amount of the production. In this case, connecting a BESS to the 

curtailed wind farm could allow recovering the lost production if removing the limitation to 3 MW is 

possible. Until today, the legal and regulatory framework for storage has remained unclear, and thus it is 

hard to know if this might be possible in the future.  

However, it was decided to keep this option in mind and to focus to the following scenarios: 

- The wind farms that are exposed on the market 

- The wind farms that got a Premium through Direct Contracting 

- The wind farms that got a Premium through the open tendering process 

Apart from the Direct Contracting process, there are other reasons that might oblige a producer to limit 

the power output of a wind farm: 

- The noise curtailment, which means that the wind turbines are curtailed during the night in order 

to conform to the noise limit as from the Decree n°0198 August, 26th 2011 article 26 (limited 

noise increase of 3 dB during the night and 5 dB during the day) (18).  

- The chiropterans and birds’ curtailment, which means that the wind turbines are curtailed in 

specific weather conditions in order to limit the birds and chiropteran’s mortality. 

- The grid curtailment, which means that the wind turbines are curtailed in some cases: 

o Power limitation at grid substation 

o Power limitation from the cable 

Besides, the grid connection plays an important role in the achievement of hybrid projects. Indeed, while 

developing a project, the grid connection is of primary importance (19). Indeed, the dimensioning of such 

projects depends on the power availability of close grid stations. This kind of information can be found 

online on https://www.capareseau.fr/. However, while the development of a renewable project can take 

up to 8 years, the available grid capacity evolves fast and the size of the project could therefore have to 

change.  

https://www.capareseau.fr/
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Figure 22: French power grid connections (19) 

The grid substations are detailed on the figure 22 (small circles), as well as the stations that should be built 

in the future (larger circles). But between the moment where the projects get its dimension and the 

moment where the project has been financed and is ready to be built, a huge amount of time could have 

flown by and the project might have to change its dimensions. That’s why some wind farms have to be 

curtailed in order to conform to the available grid capacity. 

Concerning the development of a hybrid wind and solar or wind and storage project, laws concerning 

mountainous and littoral regions can have a significant impact. Indeed, in those regions, solar power 

plants must be built continuously to existing built framework while wind turbines have to be implemented 

500 meters away from existing buildings. That means that combining those two energies at the same 

localization might prove impossible due to the fact that the cost of connection line for solar power plant is 

high. Indeed, optimizing the grid connection of a wind power plant by adding a solar power plant at the 

same connection point (iso grid-connection) means that the solar installed capacity will be quite low 

(around 30% of the total installed capacity, this has been proved by a study conducted at the company) 

and thus the cost of the connection line have to remain low for the project to be profitable. Moreover, it 

could be the same for BESS, which indeed could be put in the same category as PV. Finally it was decided 

to exclude all wind farms located in those regions in order to avoid the risk of having too high grid 

connection line expenses.  

Finally, the land where the wind farm is implemented plays an important role in the development of solar 

power farms, and hence in the hybridization of wind farm with a solar power plant. Indeed, most wind 

farms are built in agricultural zones, while solar plants are prohibited to be built in those zones. The land 

plays indeed the biggest obstacle in the development of solar projects. Concerning BESS, the regulatory 

framework has not been completed yet and it should be possible to build a BESS on agricultural zones. 

Thus, this is a specific criterion for the hybridization of a wind farm with solar. Indeed, finding a suitable 

zone close to the wind farm, that meets all the required conditions, is onerous and requires spending time 
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on the maps of each wind farm (and on site as well) which was not possible in the context of this thesis. 

That’s why it was decided for this analysis not to take the availability of suitable land into account. This 

will be assessed case-by-case once technical opportunities for hybridization are identified.  

4.3 Technical data Gathering 

In order to analyze the opportunities among the power plants in operation or in development, it was 

necessary to gather technical data. Indeed, for each wind farm, data have been gathered and classified in 

four categories: 

- Technical parameters of the asset: 

o Technology: number and type of turbines or solar panels 

o Curtailment: grid, acoustic or chiropteran’s curtailment 

o Repowering options 

o Lifespan of the turbines 

- Grid connection issues: 

o The connection specification: Each power plant can be connected at different level of 

voltage to the grid (20, 33, 63 and 225 kV). 

o Connection fee: the higher the connection fee is, the greatest savings can be done.  

o Distance between the delivery substation and the grid station which can increase the 

prospection zone for the BESS or solar power plant. 

- Development challenges linked to the localization of the asset: 

o Laws concerning mountainous and littoral regions 

o GHI: the global horizontal irradiation is used in order to estimate the solar potential (20) 

of the different localization. 

o Definition of the zone: agricultural, natural, urbanized .. 

- Market issues: 

o Revenue possibilities: FIT, FIP or exposed on the market. 

o Commissioning date 

The analysis conducted in this thesis takes all Boralex wind farms into account, the ones in development 

and the ones in operation. 

The amount of operational assets reaches 940 MW while the amount of assets that are in development is 

around 1000 MW. The remuneration systems of the operational wind farms of Boralex are shown on 

Figure 23. It is shown that most of the operational assets of Boralex have a Feed-In Tariff (more than 800 

MW of assets) , while the newest assets got a Feed-In Premium and the oldest are now exposed on the 

electricity market.  
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Figure 23: Boralex operational wind farms capacity and support mechanisms 

Boralex also develops a huge amount of wind projects which are at different stages of development as it is 

shown on figure 24. 

 

Figure 24: Boralex wind farms in development 

The idea is to gather as many data concerning all the wind farms of Boralex, data that have an impact on 

the development of a hybrid project, in order to create selection criteria using that information. 

0

100

200

300

400

500

600

700

800

900

Feed-In Premium Market Feed-In Tarif

In
st

al
le

d
 c

ap
ac

it
y 

(M
W

) 

Boralex's wind farms in Operation 

0

50

100

150

200

250

300

350

Prospection Feasibility
Study

Submission of
the project

Appraisal of
the project

Administrative
authorizations
& permitting

process

Appeals Authorized
projects

In contruction

C
ap

ac
it

y 
(M

W
) 

Boralex's wind farm in development 



-39- 
 

To conclude, each wind farm was assessed using different documents (contracts, technical specifications, 

Solargis website) and data were gathered in a data base. Figure 25 illustrates all the available information of 

the wind farm WF1 that have been used in this analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25: Technical data of W1 

 

4.4 Criteria assessment for selecting assets 

It was decided to undertake different studies: 

- Operational wind farms 

- Wind farms still being developed 

First, criteria have been assessed concerning the hybridization of operational wind farms. 

 

 

Development 
Markets 

Technical parameters 

- Commune: Nibas 

- Mountainous or littoral regions: 

No  

- GHI: 1139 kWh/m2/year 

- Agricultural zone 

- Type of turbines: 

Enercon E66 MW 

- Number of turbines: 6 

- Average lifespan of the 

turbines: 25 years 

- Curtailment: No 

 

- Type of support 

mechanism: Market 

- Commissioning date: 

2004 

- Planned repowering: 

No 

 

Grid connection 

- Regional connection fee: 82,24 €/kW 

- Type of connection: 20 kV 

- Distance between substation and grid 

station: 300 m 

WF1 
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Table 5: Opportunity analysis for wind + BESS 

Opportunity: Connection of a BESS to a wind farm in operation 

Data Impact Criteria Notation 

Localization in 

mountainous or littoral 

regions 

The mountainous or 

littoral laws might 

hinder the project 

If the wind farm is 

located in a commune 

concerned by these 

laws, the wind farm is 

excluded from the 

study 

Yes/No 

Support mechanism The support 

mechanism contract 

can hinder the project 

If the wind farm has a 

FIT or a FIP, the wind 

farm is excluded from 

the study 

Yes/No 

Connection fee The highest the 

connection fee, the 

highest the savings. 

Wind farms are rated 

depending on the 

connection fee of their 

region (between 0 and 

1) 

Grade = 

                

             
 

Connection distance The longer distance, the 

better for the 

prospection 

Wind farms are rated 

depending on this 

distance (between 0 and 

1) 

Grade = 

              

         
  

Repowering  For old wind farms, if a 

repowering is planned, 

the wind farm has to be 

considered as in 

development  

Wind farms that won’t 

be repowered are rated 

according to their 

lifespan, while wind 

farms whose 

repowering are planned 

must be studied as in 

development 

Yes/No  

Lifespan of turbines The highest lifespan, 

the longer time the 

wind farm will be 

exposed to the market 

Wind farms are rated 

according to the 

average lifespan of the 

wind turbines 

Grade = 

              

         
 

Curtailment Curtailments are 

considered as 

opportunities for 

hybridization 

Wind farms with 

curtailment have a 

greater opportunity for 

arbitrage 

Yes/No 

 

Then, concerning hybrid wind plus solar power plants, two criteria have been added as it is highlighted in 

table 6. 
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Table 6: Opportunity analysis for wind + solar 

Opportunity: Combining a solar plant to a wind farm 

Data Impact Criteria Notation 

GHI The highest sunlight, 

the better for the 

development of a solar 

power plant 

The wind farms are 

rated according to the 

GHI of the commune 

Grade = 

                  

             
 

Available land Specific types of land 

are looked for in order 

to build a  

Wind farms with 

available and required 

land are being 

considered 

Case by case study 

 

Finally, the wind farms that are in development have been assessed. Those wind farms will eventually get a 

FIP, and thus opportunities can be hindered due to the lack of legal and regulatory framework. However, 

even if arbitrage could not be accepted, there are still possibilities for connecting a BESS to those wind 

farms. 

Specific criteria have been determined for the wind farms in development, as it is shown in table 7. 
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Table 7: Opportunity analysis for projects in development 

Opportunity: Hybridization concerning wind farm still in development 

Data Impact Criteria Notation 

Localization of the 

project in mountainous 

or littoral regions 

The mountainous or 

littoral laws might 

hinder the project 

If the wind farm is 

located in a commune 

concerned by these 

laws, the wind farm is 

excluded from the 

study 

Yes/No 

Connection fee The highest the 

connection fee, the 

highest the savings. 

Wind farms are rated 

depending on the 

connection fee of their 

region (between 0 and 

1) 

Grade = 

                

             
 

Development stage  The different stages of 

the project can hinder 

or not the hybridization 

opportunity 

The development stage 

are considered: 

prospection, study, 

appraisal, permitting, 

appeals, authorization, 

financing and 

construction 

No grade 

Grid connection issues The available grid 

connection capacity 

might lead to 

hybridization 

opportunities 

If there are connection 

issues, it means greater 

opportunities for 

hybridization. But as it 

is not possible to get 

this information for all 

wind farms, it’s not 

possible to take this 

criterion into account 

in the main analysis 

Yes/No + detailed 

information 

Curtailment  Noise or birds’ 

curtailments can also 

lead to hybridization 

opportunity  

If curtailment options 

are already planned for 

the wind farms in 

development, then it is 

notified. But again, as it 

is not possible to get 

this information for all 

wind farms, it’s not 

possible to take this 

criteria into account in 

the main analysis 

Yes/No + detailed 

information 
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4.5 Final results for selection of assets for hybridization 

Considering the operational wind farms, it is possible to rank them according the criteria that have been 

detailed. Indeed, an overall rating can be done using the different grades. For each grade, a weight has 

been attached in order to calculate the overall grade of the wind farms that are not excluded from the 

analysis. This weight should be chosen according to the type of project that is looked for. 

But even if this analysis makes it possible to rank the operational wind farms, the results have limitations. 

Indeed, each power plant is unique and faces different challenges. That’s why it is necessary to look 

thoroughly into the selected wind farms once the list has been done. The economic analysis is part of the 

logical flow in determining hybridization opportunities. Indeed, using this opportunity analysis, it was 

possible to identify specific projects that are technically feasible, and the following economic analysis will 

determine the economic feasibility.  

Considering the wind farms that are being developed, as they all are at different stages of development, it 

is not possible to gather the same amount of information for each asset, and thus it is impossible to rank 

those assets. However, thanks to this analysis, it was possible to identify the need for developing hybrid 

projects. Indeed, once a project is fully developed, it is really hard to modify the grid connection and add a 

BESS. But, if this option is considered early in the development process, then there is a serious 

opportunity. Moreover, as soon as a project faces grid connection issues or curtailment issues, the option 

to add a BESS should be considered as it could solve these issues and even enhance the profitability of the 

whole project. 
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Figure 26: Development process and opportunities 

  

Prospection 

• Start of  the project 

• Opportunities for hybridization can be identified if  expected land surfaces can be 
secured 

Feasibility 
study 

• The feasibility studies can identify the need for curtailment (noise or birds') and 
thus the hybridization opportunites 

Administrative 
authorizations 
and permitting 

• If  opportunities for hybridization have already been indentified, the option to add 
a BESS should be detailed in the submission of  the project 

Appeals 

• Projects in appeal are considred are opportunities as the time between the 
submission and the authorization of  the project is longer, more grid connection 
issues are expected as the initial size of  the wind farm would usually need a retrofit 

Authorized 
projects 

• Once a project is authorized, the final grid connection is secured and thus grid 
connection issues are identified., which could mean hybridization opportunities  

In 
construction 

• As the aim is to build the hybrid project at once, the BESS should be taken into 
account before this stage 
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5 Techno-economic analysis 

5.1 Choice of a representative project 

It was decided to focus on the opportunity to combine a BESS to a wind farm, as it appeared to be the 

most pertinent opportunity considering all challenges linked to hybridization. 

Now that the technical feasibility has been discussed, the economic analysis had to follow. Indeed, it is 

primordial to determine what kind of services the BESS can provide in order to make the project 

financially viable.  

To conduct this analysis, it was decided to model the 12 MW wind farm described in section 4.1, WF1, 

and a 2 MW BESS that would be connected indirectly to the grid through WF1. The connection fee of the 

BESS would be equal to zero due to the fact that the BESS is indirectly connected to the wind farm 

without increasing the grid connected capacity (concept of iso-grid connection).  

WF1 was commissioned in 2004 and has a Feed-In tariff from 2004 to 2019. As the wind farm is now 

directly selling its electricity on the market, it is possible to modify its power output so that the BESS can 

provide grid services with an availability of 100%. However, limiting the wind farm power output would 

have an impact on the revenues from the electricity’s sale and from the capacity mechanism, and this 

impact should be assessed in the business model. 

The lifespan of the model has been set to 10 years due to the lifetime of a Lithium-Ion battery. Therefore, 

it was decided to model the revenues from 2022 to 2032 considering the required time of 2 to 3 years to 

develop and build the BESS project (see planning in Appendix 9.2). 

 

5.2 Revenues opportunities 

 

Even though both will be interconnected, the wind farms and BESS have different revenues streams. 

Figure 27: Revenue streams of both assets 

Explain how the battery can perform services at the same time 

As the wind farm doesn’t have any support mechanism anymore, the electricity output is directly sold on 

the wholesale electricity market. Then, both the wind farm and the BESS participate to the capacity 

mechanism and are being paid for the power capacity they can certify and sell on this market. Finally, the 

BESS can, as it was said before, provide different services. However, it has been shown that energy 

arbitrage is not rentable as the daily spot price spreads are not high enough yet. That’s why it was decided 

Wind Farm 

• Wholesale spot 
market 

• Capacity 
mechanism 

BESS 

• FCR 

• Energy Arbitrage 

• Capacity 
Mechanism 

• Long Term 
Tender 
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to focus on the FCR market and on the Long-Term Tender that can secure a guaranteed price on the 

capacity market. 

It is important to specify that only the new asset, the 2 MW BESS, has been modeled in the business 

model, but the impacts on the revenues of the wind farm also have been assessed and considered in the 

business model. 

First the participation to the FCR auctions has been assessed and analyzed. 

Nowadays, the highest revenue stream for a BESS is the frequency regulation service.  Indeed, battery 

storage solutions like Lithium Ion batteries can be operated in order to balance the frequency of the grid 

(50Hz), which must remain within an acceptable range, and they are paid for this service (in €/MW). 

These kinds of services are designed to respond to and correct any frequency deviations back towards the 

norm of 50Hz to minimize the chance of blackouts occurring.  

There are currently daily auctions (since July 2019, there were weekly auctions before), but this will change 

to 4-hourly periods auctions. This is a “Pay-As-Clear” tendering process between a few countries 

including France. It means that bidders specify a price for each capacity they want to participate to FCR, 

and the market clears the price where supply intersects aggregate demand. The winning bidders are paid 

the clearing price.  

The auctions clearing prices have been downloaded from the FCR website in order to assess the changes 

in prices and thus identify a specific trend (21): 

 

 

Figure 28: FCR prices 

It is shown on figure 28 that the prices follow a decreasing trend. At the beginning of the FCR market, the 

prices were around 2500 €/MW/week, they hit rock bottom at 900 €/MW/week in November 2019 and 

the running average is currently equal to 1700 €/MW/week. 

As the business plan has been done for a period between 2022 and 2032, assumptions concerning the 

prices at this time had to be made. It was decided to model a linear price decrease from 1300 

€/MW/week in 2022 to 700 €/MW/week in 2032 in order to get an average of 1000 €/MW/week along 

the 10 years.  

A sensibility analysis of FCR prices will also be performed. 
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Then the participation to the capacity mechanism has been assessed. 

The capacity mechanism has been created in 2017 as the FCR market. There have been around 1 and 6 

auctions per year, and this is also a “Pay-As-Clear” tendering process which remunerates the availability of 

power capacity (MW) during the PP2 days. As one can see on figure 29, the auction prices (€/MW) have 

been increasing since the creation of the market (22).  

 

Figure 29: CM auctions' prices 

One data that is particularly relevant is the yearly average price auction, which is called the Price of 

Reference. Figure 30 shows that the Price of Reference (€/MW) is slowly increasing, and should stabilize 

in the following years as well. Moreover, the amount of exchanged capacities (GW) has been drawn on the 

figure 30 as well, and this amount is also slowly increasing, which highlights the need for available 

capacities during peak days. 

 

Figure 30: Evolution of the CM 

These data have been analyzed and the hypothesis that it was decided to make in the business model is to 

consider an upcoming price stabilization between 15 000 and 20 000 €/MW. 
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However, those revenues are not guaranteed. Indeed, those are obtained through a tendering process 

which clearing price can’t be forecasted. Hence participating to this market cannot guarantee a stable 

revenue stream over 10 years. 

 

This is why the participation to the LTT is even more relevant, as the aim of this tender is to 

secure a fixed price on the capacity market over 7 years.  

Indeed, the Long-Term Tender has been considered as a key driver of profitability for BESS projects. 

This tender is normally organized each year by RTE and provides 7-years CfD contracts to commence 4 

years after the tender award. Exceptionally, in 2019 RTE organized four tenders for contracts starting in 

2020, 2021, 2022 and 2023 as it is shown on figure 31. Indeed, figure 31 highlights the fact that it was 

possible to participate in 2019 in the LTT for four different periods of 7 years (5). As 2019 was the launch 

year of this tender, the opportunity was substantial considering the deadweight effect linked to the timing 

of the tender. After 2019, it is only possible to participate in the LTT for one 7-years period each year. 

Figure 31: Agenda of the LTT (5) 

This Long-Term tendering process is also a “Pay-As-Clear” tender, which means that the winning bidders 

will all get the same secured price in exchange for their participation to the CM. Indeed the assets, that 

won the LTT, must participate in the Capacity Market for each of the 7 Delivery Years (DY) covered by 

the contract. The additional remuneration provided by the LTT depends on a few parameters: 

- The CCL, which is the certified capacity level of the asset (in MW) 

- The capacity bid, which is the power capacity that was bid/proposed in the tender 

- The guaranteed price, which is the clearing price obtained through the tendering process 

- The price of reference, which was described previously. 

Finally, the remuneration is calculated with the following formula:  

                   (                )  (                       ) 

As one can see, the CfD is based on the Price of Reference, which is the average auction price. In order to 

get the full guaranteed price, the BESS has to get at least the Price of Reference on the Capacity 

Mechanism, which will be ensured by the strategic participation to the CM auctions.  

It means that the LTT and the CM are intertwined. Indeed, winning the LTT implies the participation to 

the CM. 

The Capacity Market rewards assets for their availability over the winter of a Delivery Year, and more 

specifically over the peak periods called PP2. The PP2 periods on which assets are required to be available 

are defined as the hours between 7 am and 3 pm, and 6 pm and 8 pm of PP2 days. Those are called the 

PP2 hours. There are between 10 and 25 PP2 days per calendar year, falling on working days between 

Organization of the tender 

CfD period 
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November and March. PP2 days are flagged by RTE at the latest by 19 pm the day before, based on 

predictions of national consumption and stress on the system. 

Assets obtain certificates through the certification of the certification entity, which entails declaring 

forecasted availability over the PP2 period in order to calculate the Certified Capacity Level (CCL). In 

order to calculate the CCL, three parameters are needed: 

- P, which is the nominal power of the asset. 

- Ed, which is the energy that the asset can provide in a day. 

- Eh, which is the energy that the asset can provide in one hour 

The CCL is defined as the volume of certificates, expressed in MW, that the certification entity is awarded 

through the certification process of the capacity mechanism. This value will be compared after each 

Delivery Year to the Effective Capacity Level (ECL). The ECL is calculated using the availability of the 

asset over the Delivery Year (=the real performance of the asset). 

The availability of the certification entity during the Delivery Year depends on which system service or 

energy markets the assets are participating in. A battery is likely to participate in the Balancing Mechanism, 

the FCR, and energy markets. In this case the available power of the entity for the Capacity Mechanism is 

the sum of the contracted capacity in FCR as the BESS can’t currently participate to the BM. 

It means that the BESS must win the FCR auctions in order to be available regarding the Capacity 

Mechanism. It was decided to calculate the availability of the BESS on the FCR market over a year with 

the following formula: 

                 
                             

                             
 

Where the total number of FCR auctions in a year is equal to 6*365. 

It is important to note that the BESS is considered as available during an FCR auction only if the wind 

farm output stays below 10 MW during the auction. 

Then RTE, the French TSO, has two methods of checking the availability during peak days: audits and 

tests. Audits are either document based or on site. If the audit leads to a value of one of the three 

parameters P, Ed or Eh lower than the declared value, then RTE calculates an adjustment coefficient that 

will be used to decrease the Effective Capacity Level of the asset for that year. RTE can also carry out up 

to three tests per year. Tests depend on the markets in which the assets are operating. Assets participating 

in the BM can be tested through activation on the BM, and likewise assets that are contracted in FCR can 

be tested through the tests described in the FCR rules. Each test will lead to the calculation of a value for 

the available power P, and another value for the energy Ed which will be compared to the declared value 

for this parameter and, in case of failure of the test, will lead to an undelivered volume. RTE then 

calculates a coefficient depending on the undelivered volume and the number of failed tests across the 

year that will be used to decrease the Effective Capacity of the asset.  

The actual calculation of ECL is complex, but a simple approximation, without considering test and audit 

results, will be made in this thesis. The idea behind this approximation is to consider the number of hours 

during peak periods where the asset is not available.   

As there are 10 PP2 hours during a PP2 day, the number of PP2 hours in a year depends on the number 

of PP2 days, which can vary between 10 and 25. 

Thus: 

                 
                   

    
 

Where n=number of PP2 days in a year. 
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It is important to note that the BESS is considered available during a PP2 hour only if it is participating in 

the corresponding FCR auction.  

And finally, the ECL can be calculated: 

                          

It is important to notice that the FCR availability and the PP2 availability are linked but not intertwined. 

Indeed, if the BESS is unavailable on the FCR market during one auction, it only impacts the PP2 

availability if there is at least one PP2 hour during this auction. On the contrary, if the BESS is unavailable 

during at least one PP2 hour, it means that it is also unavailable during at least one FCR auction. 

In case of poor performance, when ECL < CCL, the provider will be liable for imbalance costs, and for 

additional penalties related to the Long-Term Tender contract.  

The Imbalance Volume (IV) is the difference between the number of certificates calculated during the 

certification process (CCL) and the volume of certificates calculated during the delivery year through the 

actual performance and availability of the assets (ECL). 

           

The imbalance cost depends thus on the Imbalance Volume (IV), but also on: 

- The Total Imbalance Volume (TIV), which is the sum of all imbalance volumes of all Balance 

Responsible Party in France. 

- The Imbalance limit (IL) set to 1GW. 

- The Reference Imbalance Price (Pimbalance), which is defined as the clearing price of the last auction 

before the Delivery Year. 

- The coefficient k used for the settlement which is equal to 0.2. 

- The administrative price Padmin which is used for settlement in case of significant tension on the 

system (TIV > 2GW). 

The Unit Price (UN) for imbalance cost is calculated through the decision tree shown in figure 32 and the 

imbalance cost is then calculated as Imbalance Cost = UP * IV. 
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Figure 32: Determination of the Unit Price for imbalance cost 

However, an asset can adjust its CCL through rebalancing, which consists of resubmitting P, Ed and Eh 

parameters. In case of an increase, the RPC receives additional certificates, and in case of a decrease the 

RPC needs to return any surplus. Rebalancing can be done until 15/01 of the year following Delivery Year 

but the RPC will incur rebalancing fees after the start of the Delivery Year. Hence the rebalancing fees 

depend on the rebalancing date. 

Finally, an asset participating to the CM which has won the LTT is subject to penalties linked to the LTT 

contract. Penalties are calculated for each Delivery Year of the 7-year contract in Delivery Year +2. The 

penalty calculation is complex and depends on: 

- The CfD price, which is guaranteed price by the LTT. 

- The CM Reference Price. 

- The Reference Imbalance Price.  

- The notified capacity certified level, CCLnotified. 

- The final capacity certified level, CLLfinal, after rebalancing. 

- The volume contracted in the Long-Term Tender. 

- The k coefficient used in the CM imbalance settlement. 

A tool has been developed in order to study the availability of the asset and to assess the revenues and 

penalties from the CM with or without LTT. 

5.3 Revenue arbitrage 

As it was said previously, the availability of the asset during the Delivery Year depends on which system 

service or energy markets the asset is participating in. In our study case, the BESS participates to the FCR 

market. It means that the battery has to provide frequency regulation services to the grid during the 10 

PP2 hours of the 10 to 25 peak days in order to prove its availability. 

The FCR market is currently organized in 4-hours period. It means that a BESS can participate in 6 FCR 

auctions per day. Besides, there are 10 PP2 hours during peak days, from 7am to 15pm and from 18pm to 
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20pm. Thus, as it can be seen on table 8 that winning one FCR auction can prove the availability of the 

BESS during 1 to 4 PP2 hours.  

Table 8: FCR auctions and PP2 hours 

Hours FCR auction periods PP2 hours Number of PP2 hours per FCR period 

00:00 

1 

0 

0 
01:00 0 

02:00 0 

03:00 0 

04:00 

2 

0 

1 
05:00 0 

06:00 0 

07:00 1 

08:00 

3 

1 

4 
09:00 1 

10:00 1 

11:00 1 

12:00 

4 

1 

3 
13:00 1 

14:00 1 

15:00 0 

16:00 

5 

0 

2 
17:00 0 

18:00 1 

19:00 1 

20:00 

6 

0 

0 
21:00 0 

22:00 0 

23:00 0 

 

On the other hand, if the BESS doesn’t win one FCR auction, it means that the BESS won’t be available 

during 1 to 4 PP2 hours depending on the auction. Indeed, if the BESS doesn’t wind the first auction of 

the day, it doesn’t have any impact on the availability of the BESS during PP2 hours. But, if the BESS 

doesn’t wind the second auction of the day, it means that the BESS won’t be available during one PP2 

hour. Thus, depending on the auction number, losing one auction can lead to a certain number of 

unavailable PP2 hours which will have an impact of the ECL. 

Moreover, we are in the context of a hybrid project, a battery connected to the 12 MW WF1 wind farm 

and it is important to remember that the 2 MW battery can only be available and provide FCR services to 

the grid when the wind farm produces less than (12 – 2) 10 MW. 

As it has been proved before, WF1 doesn’t often produce more than 10 MW, but it happens. In those 

cases, an arbitrage can be performed. Either the wind farm is curtailed so that the BESS can participate to 

the FCR market and be available considering CM and LTT or the wind farm is not curtailed, gets revenues 

from the sale of the whole production but the BESS is unavailable and can’t provide FCR services. 
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Figure 33: Revenue arbitrage 

It was thus necessary to evaluate the economic value of arbitrage between wind power production or 

battery’s availability in order to answer to the following question: is it economically worth it to curtail the 

wind farm so that the BESS can be available with regard to the CM and the LTT and provide FCR 

services ?  

5.4 Revenue arbitrage analysis 

An analysis has been conducted using EXCEL in order to identify the net revenues in each case and to 

assess the impact of the curtailment on the wind farm revenues and participation to the CM (CCL of the 

wind asset decreases). 

To conduct the analysis, production data from WF1 between 2015 and 2019 have been used. It would 

have been preferable to be able to use production data from the commissioning date until today in order 

to have a larger sample. But those were the data that were available. 

First the production of the wind farm has been analyzed in order to determine the amount of electricity in 

MWh that was produced when the output exceeded 10 MW. Figure 34 highlights the fact that the wind 

farm production shows great differences as it depends on the wind pattern of the year.  
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Figure 34: WF1 production analysis 

First, the availability of the BESS on the FCR market has been assessed. Indeed, as the wind farm nominal 

power exceeds 10 MW in 2015, 2016, 2017 and 2018, the BESS could remain unavailable if the wind farm 

isn’t curtailed.  

The number of FCR auction periods concerned by production over 10 MW has been calculated in order 

to determine the FCR availability (defined in section 5.2) of the BESS in the worst-case scenario, when the 

wind farm is never curtailed.  

 

 

Figure 35: WF1 FCR availability 

Then, the availability of the BESS during the PP2 hours has been analyzed. As one can see on figure 36, 

the number of PP2 hours where the nominal production is above 10 MW is quite low compared to the 
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total number of hours in that case. That’s why the PP2 availability (defined in section 5.2) of the BESS 

remains between 97% and 100% even in the worst-case scenario, when the wind farm isn’t curtailed.  

 

 

Figure 36: WF1 PP2 availability 

Considering these first results, it is possible to say that in the worst-case scenario, when the wind farm’s 

output isn’t limited, the BESS remains available most of the time. Indeed, the average FCR availability 

reaches 97.38% while the PP2 availability reaches 98.75%.  

The idea is now to determine whether the curtailment at 10 MW would be profitable or not. It was thus 

decided to compare the revenues from both options for each FCR auction period: 

- Option 1: The wind farm is curtailed in order to make the BESS available during the 4 hours of a 

FCR auction period. For each 4-hours auction period, we have the following additional revenues 

and penalties:  

o Revenues from the participation in the FCR market 

o Possible impact on the CCL calculation for the wind farm  

 

- Option 2: The wind farm isn’t curtailed, and the BESS can’t participate to a 4-hours FCR 

auction. For each 4-hours auction period, we have the following additional revenues and 

penalties: 

o Revenues from the production above 10 MW on the wholesale spot market 

o Imbalance cost due to the unavailability of the BESS on the CM if there are PP2 hours 

during the FCR auction period 

o Penalties related to the Long-Term Tender Contract if there are PP2 hours during the 

FCR auction period 

To do so, the following formula and hypothesis have been used: 

                            

                                                                           

Where: 

- PFCR is the price obtained through the FCR auction in €/MW/h, set to 1000 €/MW/week in the 

preliminary study. 
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- The revenues from the wholesale sport market have been calculated by multiplying the hourly 

production in MWh (above 10 MW) and the corresponding spot price. 

- The imbalance cost and the LTT penalties have been calculated with different LTT price and it 

was decided to use an average of 450 €/unavailable PP2 hour. 

Figure 37 shows that the additional revenues from the sale of the electricity are not consistent as the 

production above 10 MW varies a lot from one year to another. The average revenue from this market is 

around 6000 €/year but the revenues that could be perceived during the PP2 hours are low, around 100 

€/year. 

 

Figure 37: WF1 Sale of the overproduction 

Even if the yearly income from the sale of the wind farm production above 10 MW varies each year and 

represents a small part of the total income coming from the wholesale spot market, it was necessary to 

determine for each 4-hours FCR auction period if the output limit at 10 MW was economically profitable 

or not. 

It decided to divide the analysis in two cases and to study: 

- The FCR auction periods with 1, 2, 3 and 4 PP2 hours when penalties and imbalance cost apply. 

- The FCR auctions periods without any PP2 hours. 

The revenues from both options were compared in order to determine when option 2 (no curtailment) 

was profitable.  

As a result, the curtailment of the wind farm wF1 is always profitable during FCR auction periods with 1 

to 4 PP2 hours due to the fact that the penalties from the LTT and the imbalance cost are not negligible.  

On the other hand, during FCR auction periods without any PP2 hours, it mostly depends on the hourly 

spot prices and the curtailment of the wind farm is not always profitable. 
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Table 9: PP2 hours during FCR auctions 

 2015 2016 2017 2018 2019 

FCR auctions with PP2 hours 

when option 2 is profitable 

0 0 0 0 0 

FCR auctions without PP2 hours 

when option 2 is profitable 

27 11 15 0 1 

 

Hence, it was decided to model the operation of the hybrid system (wind farm and BESS) depending on 

the profitability of the curtailment. 

As the curtailment has been proved profitable during PP2 hours, the wind farm will be modeled as 

curtailed during the PP2 hours, thus increasing the PP2 availability to 100%. 

During the usual hours, the wind farm will only be curtailed if this is economically profitable (as in table 

9). Using the 5-years data, it allowed us to calculate the following average FCR availability: 

Table 10: FCR availability 

FCR availability 

(profitable 

curtailment 

scenario) 

2015 2016 2017 2018 2019 Average Standard 

deviation 

98.78% 99.50% 99.32% 100.00% 99.95% 99.51% 0.50% 

 

Finally, limiting the power output of the wind farm to 10 MW, even for short periods of time, has an 

impact on the production profile and on the energy output during PP2 days. The certified capacity level of 

wind assets is calculated using the production of the asset during historical PP2 hours of the previous 

years, and thus limiting its output during PP2 hours will lower its CCL for the following year. 

Therefore, it was decided to calculate the production of the wind farm on PP2 hours in two cases, with 

and without curtailment (when needed). As it is shown on table 11, the curtailment at 10 MW has a very 

small impact on the overall production during PP2 hours. 

 

Table 11: CCL calculation 

CCL calculation 2015 2016 2017 2018 2019 

Production on PP2 hours 

without curtailment (MW) 

1.19 1.33 1.03 1.74 0.90 

Production on PP2 hours with 

curtailment (MW) 

1.18 1.33 1.00 1.74 0.90 

 

5.5 Business model 

The difficulty in the economic analysis was to create a business model that could take different revenue 

streams into account, in particular the revenues from the different services a BESS can provide. It was 

decided to model the three main revenue streams: the FCR market, the capacity market and additional 

remuneration that could be obtained thanks to the Long-Term tender. 

At this point, we have a clear and detailed view of the markets in questions, and the business plan has thus 

been modeled using the following assumptions. 
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First, BESS technical parameters are detailed in table 12. The installed power of the battery has been set to 

2.5 MW even if the battery only provides 2 MW of frequency regulation services in order to comply with 

the requirements of the FCR market technical rules. The installed power of the battery is only taken into 

account in order to calculate the capital costs of the battery.  

 

Table 12: Battery size 

Battery size 

Power installed 2.5 MW 

Energy installed 2 MWh 

E2P ratio 0.80  

FCR E2P ratio 1  

FCR power capacity 2.0 MW 

Cycle per day 0.81  

 

Concerning the BESS availability on the FCR market and during PP2 hours, the average values of the 

“profitable curtailment” scenario have been used and are detailed in table 13. 

Table 13: Battery availabilities 

Battery Availability Average Standard Deviation 

FCR availability 99.51% 0.50% 

PP2 availability 100.00% 0.00% 

 

Then, the capital costs (CAPEX) and the operational costs (OPEX) have been determined using the 

Bloomberg predictions (12) and former estimations. 

The CAPEX includes the supply of the BESS, the civil work, the Energy Management System (EMS) and 

the compliance of the electrical installation. The connection fee is set to zero which reduces the CAPEX 

from 165 000€. The OPEX includes the lease payment, the insurance, the monitoring, the maintenance 

and the different business contracts to the energy service providers (aggregators for instance).  The 

CAPEX and OPEX have been calculated using Boralex price quotes and technical information and are 

relevant to the study case in this thesis. 

Table 14: Costs 

CAPEX 870 000 € 

OPEX 35 000 €/year 

 

Concerning the financial parameters, the inflation rate has been set to 1.7% during the 10 years of the 

project. In order to enhance the profitability of the project it was decided to finance the project with 40% 

of debt paid in 7 years (as the LTT contract lasts 7 years). 

Taxes have been added in the business model as well, but flat-tax rate on network business is set to zero 

as the storage solutions are not subject to it. 
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Table 15: Financial inputs 

Finance 

Inflation rate 1.70% % 

Tax rate 28.00% % 

Debt 

Duration 7 years 

Debt percentage 40.00% % 

Value 343 000 € 

Interest rate 4.00% % 

Taxes 

Property tax 1.60% % 

Contribution real property tax 1.74% % 

Flat-rate tax on network 

business 

0 € 

 

The price inputs that will be subject to a sensibility analysis are described in table 16. The FCR auction 

price has been assumed to decrease linearly over 10 years, with 1300 €/MW/week the first year and with 

an average of 1000 €/MW/week over the 10 years of the project. 

Table 16: Price inputs 

Revenue inputs 

FCR Auction Price on 1st year 1300 €/MW/week 

FCR Auction Price on 1st year (per 4 

hours) 

30.95 €/MW/4h 

Expected average FCR price over 10 

years (with decreasing prices) 

1000 €/MW/week 

LTT Guaranteed Price 30 000 €/MW 

CM Auction Price Pöyry 

predictions 

(central 

scenario) (23) 

€/MW 

 

As it written in table 16, the Pöyry price predictions for the CM auction prices have been used in the 

business model. Indeed, Pöyry provides liable price projections for the whole energy market but those 

prices are kept confidential by Boralex. Then, it was decided to assume that the Price of Reference will be 

set to the CM auction price. It means that we assume that the BESS will get the Price of Reference on the 

CM.  
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The penalties and imbalance costs have been calculated in the model as explained previously (see 

Appendix 9.4). 

5.6 Results 

The aim of this business model was to compare the profitability of the hybrid project in two cases: 

- The BESS hasn’t won the LTT and thus won’t get any guaranteed price on the CM 

- The BESS has won the LTT and gets a guaranteed price that have a huge impact on the 

profitability of the project. A sensibility analysis has been performed with this input. 

 The economic output that it was decided to look for is the Internal Rate of Return (IRR) which estimates 

the profitability of the project. Indeed, the IRR is the rate of growth a project is expected to generate. 

The IRR has been calculated using the following formula: 

∑
  

(     ) 
     

 

   

 

Where: 

- Ct is the free cash flow to equity (EBITDA – debt -interest -taxes) 

- C0 is the total initial investment cost 

- N is the lifespan of the project 

As it is shown on table 17, a BESS hybrid project is not profitable without the LTT guaranteed price. 

Moreover, in order to get cost-effective projects, the guaranteed price should be above 25 000 € if 5% is 

considered as a satisfactory IRR. 

 

Table 17: LTT price sensibility analysis 

LTT 

guaranteed 

price (€/MW) 

0 10000 20000 25000 30000 35000 40000 45000 

IRR -1.36% 0.41% 3.47% 5.01% 6.55% 8.11% 9.66% 11.22% 

 

The impact of the LTT secured price has been drawn on figure 38. 
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Figure 38: LLT price sensitivity analysis 

 

As it can be seen above, the incomes from the FCR market and the Capacity Mechanism are not enough 

to make a BESS hybrid project rentable. However, the LTT is the key to make that change. Indeed, if a 

BESS hybrid project can secure a high enough price through the LTT, the project could reach adequate 

IRR and thus the expected profitability.  

Indeed, the Long Term Tender, which provides stable revenue on the Capacity Mechanism for 7 years, is 

the key driver of profitability for storage solutions. As LTT secured prices between 20 000 and 35 000 

€/MW can be expected, IRR from 3% to 8% can be achieved.  

5.7 Sensitivity analysis 

Sensitivity analysis has been performed by varying some of the inputs of the model.  

Three main inputs have been studied: 

- The LTT guaranteed price 

- The FCR price  

- The capital costs of the BESS 

As it was expected, the CAPEX has the biggest impact on the IRR of the project. However, this should be 

mitigated with the fact that capital costs for Lithium-Ion batteries are decreasing and the costs used in the 

model are rather conservative. On the other hand, the FCR prices are market prices and fluctuate a lot. As 

it is not possible to foresee the evolution of this market, this sensitivity analysis is relevant. Indeed, the 

FCR prices show a decreasing trend, and if the FCR prices deviate from 10% from the assumed prices in 

this model, it will cause a 2% decrease in the IRR calculation. The sensitivity analysis on the LTT 

guaranteed price highlight the need to secure a high enough price. 
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Figure 39: Sensitivities analysis on prices and costs 

As the capital cost of battery has the biggest impact on the IRR of the project, it was decided to analyze 

the profitability of the hybrid project without the support of the LTT but with decreased capital costs. 

This has been done to determine whether hybrid storage projects will become profitable without the 

support of the LTT in the future. 

Indeed, Figure 38 shows that, with the current capital costs, hybrid storage projects need the support from 

the Long Term Tender to reach IRR above 0%. But the decreasing trend in battery capital costs should 

enable French renewable power producers to develop profitable storage solutions without the support 

from the Long Term Tender.  

Thus, the impact of the decrease in CAPEX has been analyzed in the business model for the same project 

but without the LTT revenue stream, as it is shown on figure 40. 

 

Figure 40: Impact of the CAPEX on IRR 

The business model has determined that a decrease of 25% in battery capital costs brings an IRR of 5% 

and a decrease of 35% brings an IRR of 8% for similar storage projects providing frequency regulations 

0.00%

5.00%

10.00%

15.00%

20.00%

25.00%

-30% -20% -10% 0% 10% 20% 30%

IR
R

 

Input deviation 

Sensitivity analysis 

LTT guaranteed price (€/MW) FCR price (€/MW/week) CAPEX (€) 

Average auction price = 1000 €/MW/week 
LTT price = 40 000 €/MW 
CAPEX = 870 000 € 

-2.00%

0.00%

2.00%

4.00%

6.00%

8.00%

10.00%

12.00%

0% 5% 10% 15% 20% 25% 30% 35% 40% 45%

IR
R

 

Decrease in battery capital costs 

Impact of  the decrease in CAPEX on the IRR  



-63- 
 

and balancing services without the support from the Long Term Tender. According to the battery price 

projections used in this thesis (see Figure 12), the price decrease of 25% should be achieved by 2025 while 

the price decrease of 35% should be achieved by 2030.  

Then a sensitivity analysis has been performed on the following inputs: 

- PP2 availability 

- FCR availability 

Those two inputs are linked. Indeed, being unavailable on PP2 hours means that the BESS is unavailable 

on the FCR market. But on the other hand, being unavailable on the FCR market doesn’t imply being 

unavailable on PP2 hours. As one can see, both inputs can have a significant impact on the IRR. 

However, the PP2 availability should easily be set to 100% by limiting the wind farm output during PP2 

hours as this solution is economically profitable. However, apart from the PP2 hours, an Energy 

Management System should perform an hourly economic arbitrage between the two options presented 

earlier. But, as the wind farm does not often produce more than 10 MW, this arbitrage should not be 

often required and the FCR availability should be able to remain between 95% and 100%.  

 

 

Figure 41: Sensitivity analysis on availability 
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6 Limitations to the model developed in the thesis 

The model that has been created and used in this thesis is limited and the ensuing results should be 

discussed. Indeed, the revenue arbitrage tool only takes 5 year of data when it should be able to take 

around 20 years (the lifetime of a wind farm) into account.  

Moreover, the results depend on the localization of each wind farm whose production is assessed through 

this tool. Indeed, the wind patterns determine the production profile of a wind farm and thus are a key 

element in the model as they depend on the localization of each asset. Only one case has been presented 

in the thesis, a wind farm located in the North of France, and thus the ensuing results shouldn’t be taken 

as standard results. 

Finally, the service of energy arbitrage that BESS could perform, has not been taken into account 

considering the fact that the spot prices spreads are not significant to consider this service as profitable in 

metropolitan France. However, energy arbitrage should remain an option when the BESS can’t perform 

FCR services. For instance, when the wind farm WF1 isn’t curtailed and produces more than 10 MW, the 

BESS is unavailable on the FCR market but could perform energy arbitrage. This possibility should be 

taken in consideration and go through further analysis. 
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7 Conclusion and further considerations 

Battery Energy Storage Solutions are emerging on the energy market in France as their greatest value is to 

provide different services to electricity distribution network. With the oncoming grid congestion issues 

due to the integration of renewable assets onto the grid, BESS have a role to play in the French mix. 

Indeed, by providing FCR services and by participating to the Capacity Mechanism, BESS can participate 

to the stabilization of the grid and to the balance between production and consumption. However, even 

with decreasing capital costs, BESS projects are still in a development stage as the French legal and 

regulatory framework still need to be put in place.  

This thesis highlights the key opportunity that could make hybrid BESS projects technically and 

economically viable with IRR above 5%, which is the Long-Term Tender organized by RTE, the French 

TSO. Currently, the participation to the FCR market and to the Capacity Mechanism can’t ensure the 

profitability of such a project. Moreover, the decreasing prices of the FCR and of the CM auctions extend 

the development risks of hybrid BESS projects. By securing a stable price over 7 years, the LTT provides 

a stable revenue stream to these projects and guarantees a certain return on investment with IRR up to 

8%. 

However, those Long-Term Tenders organized by RTE won’t last. In order to remain competitive, hybrid 

BESS projects will have to diversify their performed services in order to diversify their incomes. Providing 

multiple services and being exposed on different energy market is the key for hybrid storage projects. It is 

thus necessary to monitor and stay current with the French oncoming regulations concerning the energy 

markets. Indeed, services like energy arbitrage, load shaving or smoothing, and the bills services should 

soon provide interesting revenue flow. Finally, flexibility services are on the rise. As Enedis, the French 

DSO, is preparing to launch its first flexibility tender, new kind of flexibility services should arise, and the 

BESS are the most appropriate solutions to provide those services.   

Finally, the decreasing trend in battery capital costs should enable the development of hybrid storage 

projects without the support from the Long Term Tender. Indeed, it has been shown that a decrease 

above 25% in capital costs brings IRR above 5% and a decrease above 35% in capital costs brings IRR 

above 8%. Such decreases in capital costs are expected by 2025 and 2030 respectively (12).  

To conclude, a number of challenges remain ahead for BESS, but the flexibility and responsiveness of 

these assets and the decreasing trend in prices should make them competitive in the future energy 

markets.  
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9  Appendix 

9.1 Lithium-Ion battery 

Lithium-ion batteries are devices that convert chemical energy into electrical energy. They can store 

electric energy and release it when needed. Thus, they can be charged and discharged and vice versa. 

Lithium-Ion batteries contain two electrodes and are immersed in an electrolyte that can be either a 

conductive liquid or solid. Both electrodes are connected outside the electrolyte by a conductive wire. 

The main component of Lithium-Ion battery is a cell that contains an aluminum plate, the cathode 

(positive electrode), the electrolyte the anode (negative electrode) and finally a copper plate.  

When the battery charges, Lithium ions leave the cathode and are stored in the anode. On the contrary, 

when the battery is discharged, the Lithium ions move in the opposite direction, as it can be seen on 

figure 42 (24): 

 

 

Figure 42: How a Lithium Ion battery works (7) 

Lithium-ion batteries have a high energy density, up to 270 Wh/kg and 650 Wh/L for batteries > 4V. . 

They are quick to recharge and can be used over and over again, with up to 4000 cycles depending on the 

depth of discharge and the temperature. They also have high efficiencies, up to 95%, but they depend on 

the temperature and the usage. Moreover the maintenance is easily done allowing a high availability of the 

battery. 

However, there are security risks. For instance, there is a risk of suddenly catching fire and releasing toxic 

gases due to the electrolyte overheating to above 100°C, known as thermal runaway. There are also risks 

of overcharging, short-circuit and thermal stability. Then, recycling Lithium-Ion batteries is technically 

feasible but extremely expensive. 

And finally, this technology is expensive, even if the costs are down sharply as it can be seen on figure 43.  
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Figure 43: Lithium Ion battery prices (12) 
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9.2 Planning  

 

Figure 44: Development timetable 
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9.3 Opportunity analysis 

This analysis has to be kept confidential, but the database looks like this: 

 

Figure 45: Opportunity analysis 
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9.4 Business model 

The business model has to be kept confidential as well, but the revenue and penalties calculations can be 

here detailed. 

9.4.1 LTT and CM revenues 

 

Figure 46: CM and LTT incomes and penalties 
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9.4.2 FCR revenues 

 

Figure 47: FCR revenues and costs 

 


