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ABSTRACT 

Electricity is an essential good, which can hardly be replaced. It can be produced thanks to a wide range 

of sources, from coal to nuclear, not to mention renewables such as wind and solar. In order to meet 

demand at the lowest cost, an optimisation is made on electricity markets between the different 

production plants. This optimisation mainly relies on the electricity production cost of each technology. 

In order to include long-term constraints in the short-term optimisation, a so-called use value (or 

opportunity cost) can be computed and added to the production cost. One long-term constraint that 

EDF, the main French electricity producer, is facing is that its gas plants cannot exceed a given number 

of operation hours and starts between two maintenances. A specific software, DiMOI, computes use 

values for this double constraint but its parameters needs to be tested in order to improve the 

computation, as it is not thought to work properly. 

DiMOI relies on dynamic programming and more particularly on an algorithm called Bellman algorithm. 

The software has been tested with EDF R&D department in order to propose some modelling 

improvements. Electricity and gas market prices, together with real plant parameters such as starting 

costs, operating costs and yields, were used as inputs for this work, and the results were checked 

against reality. 

This study gave some results but they appeared to be invalid. Indeed, an optimisation problem was 

discovered in DiMOI computing core: on a deterministic context, a study with little degrees of freedom 

was giving better profits than a study with more degrees of freedom. This problem origin was not 

found precisely with a first investigation, and the R&D team expected the fixing time to be very long. 

The adaptation of a simpler tool (MaStock) was proposed and made in order to replace DiMOI. This 

project has thus led to DiMOI giving up and its replacement by MaStock. Time was missing to test 

correctly this tool, and the first study which was made was not completely positive. Further studies 

should be carried out, for instance deterministic ones (using real past data) whose results could be 

compared to reality. 

Some complementary studies were made from a fictitious system, in order to study the impact of some 

parameters when computing use values and operations schedules. The conclusions of these studies 

are the little impacts that changes in gas prices and start-up costs parameters have on the global results 

and the importance of an accurate choice in the time periods durations used for the computations. 

Unfortunately these conclusions might be too specific as they were made on short study periods. 

Further case studies should be done in order to reach more general conclusions. 

Keywords: electricity market, merit order, CCGT, gas turbine, variable operation cost, electricity 

market, day-ahead market, intraday market, use value, opportunity cost, optimisation, constraint, 

stock valuation, dynamic programming, Bellman algorithm  
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Chapter 1 : Introduction 1.1 Background 
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Chapter 1  INTRODUCTION 

1.1 BACKGROUND 

There is no need to demonstrate how much humanity relies on electricity: looking at the lasts main 

power outages and at their effects is enough to be convinced. The 2003 Northeast blackout for 

instance affected around 55 million people in Canada and in several US states. It lasted up to two days 

in some regions and affected several sectors. A large number of factories closed, water supply was 

disrupted due to lower pressure, the train traffic was stopped in several areas, several airports were 

shut down and cellular communications were disrupted. Electricity is seen as a service or good 

humanity could not live without and many think it is responsible for the human condition improvement 

in Western countries in the last century. 

Electricity can be produced thanks to various sources, such as nuclear, coal and gas but also renewable 

sources such as wind or solar. Electricity is a special commodity and on an electric system, supply and 

demand must be at equilibrium. So having various kinds of energy makes the system more reliable and 

more secure. Indeed, these energies can complement each other in terms of cost, flexibility, and ability 

to meet peak demands. For instance renewables such as wind power plants have a lower production 

cost than other energies, but they are not available all the time: they are intermittent. This lack of 

availability can be compensated by, for instance, gas turbines that can start very quickly to provide the 

lacking electricity and keep the system safe. 

Electricity generation is made through these various technologies that vary in capacity, availability and 

cost. An optimisation is made between production plants in order to meet all customers demand at 

the lowest cost. 

Some long term constraints have to be taken into account when doing the production optimisation 

and planning. These constraints can be environmental (coal plants must not produce more than a given 

amount of CO2 for instance) or technical (the plant should not be started too many times between two 

maintenances). These constraints can be economically assessed through what is called “use values” so 

that it is easier to include them in the short term optimisation. This assessment needs to be reliable 

and well computed: indeed, if it is not, more expensive plants may be started in order to meet demand. 

This would be a loss for the system, both for the producer that could not start its plant and for the 

customers that will pay more for their electricity. 

1.2 PROBLEM DEFINITION 

EDF (the main French electricity supplier) exploits its plants through these use values. One of the 

constraints the company has to deal with is the maximal number of starts and operation hours a CCGT 

(Combined Cycle Gas Turbine) can do between two stops for maintenance. These constraints are not 

too strong for the moment because CCGTs are not running a lot but it may change soon. A software 

(called DiMOI) managing this double constraint has been released but is not working adequately. It 

needs to be tested on real data and with different parametrizations in order to be improved and to be 

operationally usable. 
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This report objectives are to suggest a new parametrization than the one used at EDF for the combined 

cycle gas turbines use values computation and to present the work made on DiMOI software with EDF 

Research and Development Department, using real data such as electricity and gas market prices and 

plants parameters. 

1.3 OVERVIEW OF THE REPORT 

This report aims first at presenting the context of DiMOI use: a general description of the French 

electricity market, its actors and its organisation will be made in part two and CCGT technology and 

specificities will be presented in part three. Then the idea is to study the tool: in order to do so, some 

models for the computation of use values will be introduced in part four. Then the results of the study 

conducted on DiMOI will be presented in part five, and some case studies, made on a fictitious system, 

will be shown in part six. 
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Chapter 2  FRENCH ELECTRICITY MARKET 

The electricity market is a way to transfer electricity from producers to consumers. Electric energy 

cannot be stored, and that makes it a special commodity. Electricity needs to be transferred through 

wires (that form a grid) and at any moment the production is equal to the consumption: this balance 

is a physical law. Thus there is a need for a system that helps to organise the payments related to 

electricity trading: the electricity market. Moreover, as producers and consumers cannot exactly 

predict how much they will actually produce or consume electricity, automatic and manual control 

systems are used on the grid. This will be presented in this section. 

2.1 GENERATION MIX 

The electric generation mix in France is composed at 50% of nuclear assets, 20% of hydropower 

capacities and 20% of fossil-fired power plants. Renewable capacities such as photovoltaics, wind 

power plants or cogeneration plants account for 10% of the total generation capacity (see Figure 2.1). 

When it comes to the actual energy production, in 2013 nuclear represented 73% of the production, 

followed by the hydropower (14%) and the fossil-fired power (8%). All renewables cumulated except 

hydropower accounted for 5% of the production (see Figure 2.2). 

2.2 WHOLESALE MARKET AND PLAYERS 

The wholesale market is where electricity is traded, bought and sold before being delivered to final 

customers (small customers or companies) on the network. The French electricity market, as any 

market, involves different kinds of players that will be presented here. 

Electricity producers are the owners and operators of the production means. They are trading and 

selling their production. French main electricity producers are EDF, GDF-Suez and E.ON France. EDF, as 

the historical producer, owns more than 96 GW of installed capacity, which represents around 91% of 

63.13GW; 49%

25.42GW; 20%

24.20GW; 19%

9.17GW; 7%
5.33GW; 4%

1.56GW; 1%

Nuclear

Hydropower

Fossil-fired plants

Wind power

Photovoltaics

Other renewables

Figure 2.1: The French generation mix in February 2015 [31] 
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the reference fleet1. GDF-Suez and E.ON France own respectively 5.4% and 2.9% of the reference fleet 

(data for January 1st, 2014 [1]). 

Consumers are the electricity end consumers. A distinction can be made between small consumers 

(private individuals and companies), who do not directly trade on markets, and very large consumers 

(generally industries) who are connected to a high-voltage grid, consume more electricity and can 

trade directly on the markets. 

As many consumers are too small to directly buy their electricity on the market, their energy is traded 

by retailers, also known as suppliers. They negotiate on markets and offer more stable prices to 

consumers. As electricity prices can be very volatile, they take over part of the risk towards consumers 

and producers. Some retailers like Enercoop offer some special electricity products, such as electricity 

coming at 100% from renewable energies [2]. 

The French transmission system operator and grid owner is RTE (which stands for Réseau de Transport 

d’Électricité). It is responsible for the power system technical operations, for instance frequency 

control. It operates and maintains the grid in good conditions. Because of the grid losses, it is also a big 

consumer. 

Traders see the electricity market as any other stock exchange. They buy electricity in order to sell it 

to other players and earn money. It contributes to the market liquidity. 

Demand side managers are dealing on the markets in order to value the consumption avoided by their 

customers. Indeed, during consumption peaks, in order to keep the electric system balanced, there 

are two options: increasing production by starting more power plants – this will be expensive for the 

consumers – or decreasing consumption. The idea is not to switch off consumers from the grid but to 

allow consumers that are flexible on their needs to reduce their consumption when there are peaks 

and that electricity is expensive. Direct Énergie and Voltalis are for instance two companies that do 

                                                           

1 The reference fleet is composed of all the power plants with a capacity higher than 20 MW. 

403.76TWh; 73%

75.43TWh; 14%

44.65TWh; 8%

26.82TWh; 5%

Nuclear

Hydropower

Fossil-fired plants

Renewables (other than hydro)

Figure 2.2: French production for year 2013 (RTE) 
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demand side management in France (the complete list of demand side managers operating in France 

can be found at [3]). 

The last actor is the Commission de Régulation de l’Énergie (CRE) which means Regulatory Commission 

of Energy. It is an independent administrative authority that was created by law in 2000 and that 

regulates the energy (electricity and gas) sector in France. It acts on the networks and markets, and 

aims at guaranteeing the right of access to the grid, at ensuring the system operator independence 

and the proper functioning and development of the facilities, and at playing a part in building the 

European internal electricity market. Its missions are also to control the transactions on the electricity 

market, to ensure the retail market proper functioning and to inform customers [4]. 

The players are here described separately but they can generally have several roles. For instance EDF 

is a company which acts as a producer, as a retailer and as a trader, GDF Suez acts as a producer, as a 

retailer, as a trader and as a demand side manager, etc. 

2.3 TRADING 

As said before, the electricity market aims at ensuring that the producers are paid for their production 

and that the consumers pay for what they use. The gaps between production and consumption 

forecasts and the actual production and consumption grid are first compensated by automatic control 

of the system, and then by manual control. These gaps have also to be financially compensated, but 

these payments cannot occur in real-time. To solve this problem, trading periods are introduced. 

In France, the players have several ways to anticipate their needs in electricity and to hedge theirs 

positions. They can trade “Over the Counter” (OTC) which means that they trade freely with other 

players, or they can trade on the European Power Exchange power pool (also called EPEX Spot) which 

is an organized market. The trading is split in several parts. The first part is the ahead trading, when 

players buy and sell as much as they want. The second part is the real-time trading, during which the 

system operator can reschedule generation and consumption in order to keep the operation of the 

electric system in good and safe conditions. The third and last part is the post trading, during which 

the deviations between the planned electricity use (generation and consumption) and the actual use 

are financially compensated. 

A description of the French organized market and OTC market will now be given (a more general 

description can be found in [5]). 

2.3.1 Organised markets 

The organized markets are built around power exchanges. Their main advantages are the players’ 

anonymity and the absence of counterparty risks2. Within organised markets, the forward market can 

be distinguished from the day-ahead market. 

The forward market for France is EEX-Derivatives market, where EEX stands for European Energy 

Exchange. Players can there trade standard maturities such as Week, Month, Quarter and Year Futures. 

                                                           

2 A counterparty risk (or default risk) is the risk that the counterparty will not respect its contractual obligations 
[40]. In an organized market, there is a clearing house which acts as a unique and centralized counterparty 
between all sellers and buyers and which guarantees the market effective operation [43]. 
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The products or contracts that are proposed can be Baseload or Peakload maturities: a peakload 

product corresponds to an electricity supply contract with a delivery between 9:00 and 20:00 whereas 

a baseload contract is delivered on the whole day. Electricity is bought and sold for later delivery in 

France. There is a limited amount of products that is submitted to quotation. This power pool also 

exists in Germany, Austria, Italy and Spain. 

The spot market is called EPEX Spot. The physical delivery of the trades is made either on the same day 

(intraday market) or the day after (day-ahead market). During trading periods, players send their bids 

to the market. A bid is a combination between a price and a quantity. More precisely, a purchase bid 

is the maximum price a player is willing to pay for a fixed amount of energy during a certain trading 

period. Similarly, a sell bid is the minimum price for which a player agrees to sell a given amount of 

electricity. More complex orders can be submitted such as block orders that are valid for several hours, 

or smart blocks [6]. Among these smart blocks, there are for instance: 

 linked block orders that are a set of block orders linked by an execution constraint, 

 exclusive block orders that are a set of block orders within which no more than one block order 

can be executed. 

For the day-ahead market, the auction is done every day at 12:00 for the day after. This means that 

before 12, all participants must have sent their purchase and sell orders to the pool depending on their 

needs. All these bids are aggregated in order to create two curves: a supply curve and a demand curve. 

These two curves intersection will give the spot electricity price (see Figure 2.3). Since in France the 

trading period is one hour, the spot price is computed on an hourly basis. Moreover mainland France 

is a single price area so this price is used on the whole territory3. The spot price is the reference price 

on the electricity market and is used as a reference for a large number of payments. However it is 

highly volatile as it includes a large number of parameters and involves a lot of players. This is the 

                                                           

3 There are some special dispensations from the European Community for small isolated systems such as Corse 
or some overseas departments and territories which miss interconnections [44]. Their electric systems are 
operated differently than the mainland one. 
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Figure 2.3: Principle of an exchange pool with a price crossing 
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reason why the participants generally prefer to anticipate their needs with the forward market and 

use the spot market for adjustments [7]. 

There is also an intraday market in France, called Intraday Continuous. It is a continuous trading 

market, which means that there is no auction, whether it is an opening auction, a closing auction or 

intraday auctions. Intraday Continuous begins at 3.00pm on the current day and apply to all hours of 

the following day. Each block of hours can be traded until 45 minutes before the delivery period. Orders 

are matched two by two and this matching determines the transaction price [8]. Thus there is not one 

intraday market price. 

2.3.2 Bilateral trading 

The market is called “Over the Counter” (OTC) or off-exchange when the trades are done directly 

between two parties, in a bilateral trading. The players show their interests on a common trading 

platform or interact thanks to brokers. The latter take a stand on the markets in order to ease the 

exchanges: in compensation they charge the players with a small percentage of the deal amount. 

The main advantage of the off-exchange trading, as opposed to exchange power pools, is that there is 

no transaction fee, except when the deal is made thanks to a broker [7]. The payments are made at 

the delivery time. More products are proposed for quotation compared to the exchange power pool: 

it goes from day D+1 to day D+6, from week-end WE+1 to week-end WE+4, from week W+1 to week 

W+5, from month M to month M+6, from quarter Q+1 to quarter Q+6, from year Y+1 to year Y+4. The 

products are exchanged for maturities Baseload, Peakload and Offpeak (an offpeak product is 

proposed between 00:00 and 08:00 and between 21:00 and 23:00). 

Generally, the electricity price settled by the organised market is used as a reference for OTC trading. 

Indeed, for a same product, if two prices coexist simultaneously, market players would take benefit of 

this opportunity as it is a zero risk profit (buy at price P1 and sell at price P2 with P1<P2). This is the no-

arbitrage principle. So if a product has a price P2 on the power exchanges and is submitted at P1 on the 

OTC market (with P1<P2), a player could buy this product at P1 on the OTC market and sell it at P2 on 

the power exchanges: this player would make a zero risk profit of (P2 – P1). 

Moreover, there is an OTC intraday market (different from the organized intraday market) that allows 

the players to adjust their position after the spot day-ahead organised market auction of 12:00. For 

instance, in case of a plant failure on the production system, or in case of a significant deviation from 

the consumption forecast, some players try to equilibrate their positions in order to avoid the payment 

of penalties. This market is called intraday market and is very illiquid, because small volumes are traded 

there. However it still exists at the same time as the organised Intraday Continuous because it offers 

more possibilities to buyers and sellers. 

2.4 MARKET BIDDING 

For every plant of an electric power system, a start-up cost and a variable operation cost can be 

defined. The variable operation cost (€/MWh) is generally the production cost, that is to say the cost 

of producing one more MWh of electricity. The production cost only includes costs linked to the 

production: the investment cost is not taken into account. The production cost is generally made of 

the operation and maintenance (O&M) cost, the fuel cost and the CO2 cost. In France it also includes 
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the grid tariff, i.e. what the producer must pay to the transmission system operator to use the network. 

Here follow a few basic examples: 

 For a wind power plant or a solar panel: 

Production cost (€/MWh) = grid tariff 

 For a nuclear power plant: 

Production cost (€/MWh) = O&M cost + grid tariff + fuel cost 

 For a coal or gas power plant: 

Production cost (€/MWh) = O&M cost + grid tariff + fuel cost + CO2 cost 

Using variable operation costs, the merit order is established: in this order, the plants are ranked 

according to their variable operation cost. It is used to decide if a plant should produce or not. From a 

macroscopic point of view, if the variable operation cost of a plant is below the market price, the unit 

should produce. In reality, it can be decided not to run the plant because the start-up cost is higher 

than the expected profit or because some dynamics constraints have to be taken into account. 

However, when the producer has to deal with some specific long-term constraints, a value is added to 

the production cost in order to get the variable operation cost. This value is called a use value (valeur 

d’usage in French) at EDF and this name will consequently be kept for this report. It corresponds to an 

opportunity cost. 

These use values are used when there is a constraint on a stock related to the power plant use. The 

producer then decides to set a specific management of the plant in order to optimise its stock. “Stock” 

should here be understood in a broad sense: 

 First of all the term stock is used for physical stocks, such as a water stock in m3 (a reservoir 

can only contain a limited amount of water), a coal stock in tons or kilotons or a fuel oil stock 

in m3. 

 A stock can also be a pollutant stock: according to a European directive relative to large 

combustion plants, large combustion plants must not exceed a maximal quantity of some 

pollutants (SO2, NOx and dust) [9] and this maximal quantity is seen as a stock. 

 EDF has demand side management contracts with some industrial customers: each year, there 

are 22 days, freely chosen by EDF, when these customers can be asked not to use electricity. 

Here the stock is for each customer the number of demand side management activations [10]. 

 By contract with manufacturers, Combined Cycle Gas Turbines have a limited amount of starts 

and a limited number of operation hours between two maintenances. This maximal number 

of starts is seen as a starts stock and this maximal number of operation hours is seen as an 

hours stock. This will be detailed on section 3.5. 

So when there is a problem of stock optimisation, the variable operation cost does not just correspond 

to the production cost as it also contains the use value. This use value is used on the short term (day-

ahead and intraday markets) to answer a long term constraint (several months or years). The question 

that an electricity producer is trying to answer when he or she computes a use value is the following: 

should one MWh be produced now or should it be kept for the future, hoping to make a better profit? 

In other words, the use value or the opportunity cost is a way to value an asset scarcity by assessing 

the would-be future profits. At a given time, the use value is the lost future profit if the resource was 

used at that time. There are several methods that allow use value computation; they will be presented 

in Chapter 4 . 
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At EDF the first example of managing a stock with use value is the one of hydro power plants [11]. As 

water is free, the variable operation cost of such a plant is just the O&M cost and the network cost, so 

it is quite low. So if the hydro plant was operated following the merit order rule, it would always be 

the most profitable and should produce electricity all the time. But as the volume of available water is 

limited by the reservoir size, it is more interesting to keep it for the moment when the electricity prices 

are at the highest. 

Hence the variable operation cost is computed for each plant by its owner. All variable operation costs 

are then used to make bids on the short-term markets (day-ahead and intraday markets) and to 

compute the electricity price. Finally each plant variable operation cost is compared to the electricity 

price in order to decide if the plant should be operated. 

2.5 IMBALANCE SETTLEMENT: FREQUENCY CONTROL AND BALANCE RESPONSIBILITY 

As said before, generation and consumption must be balanced at any time in an electric system. 

Deviations from this balance cause the system frequency to increase or decrease, depending on the 

direction of the variations. In France, the electric nominal frequency is 50 Hz. The system frequency 

should be kept as close as possible to its nominal value in order to guarantee the good functioning of 

consumers and producers electric commodities, to ensure the system safety and to avoid damages 

[12]. 

The generation level needs to be continually adapted to the consumption level. In order to do so, the 

system relies on power operating reserves that are provided through automatic control systems 

(primary and secondary controls) or thanks to operators’ actions (tertiary control). In order for the 

system to have these reserves, producers keep operation margins so that their plants can increase or 

decrease their productions. 

Primary control is done at the European scale, among the transmission networks of the European 

synchronous zone. The European primary reserve is 3000 MW. The French contribution to this reserve 

is 600 MW. The primary reserve should be usable in less than 30 seconds. All French new production 

plants with a capacity of more than 40 MW and all French old production plants with a capacity of 

more than 120 MW must contribute to primary reserve [13], if RTE asks them to do so. 

Using primary control does not restore completely the frequency. Besides it causes deviations from 

the planned exchanges between countries, as all connected countries are involved in primary control. 

Secondary control aims at using secondary reserves from the zone where the imbalance occurred, 

restoring the frequency to its nominal value and releasing primary reserve that should be available for 

any new imbalance. This is done in a few minutes. French secondary reserve is between 500 MW and 

1000 MW, depending on the year period and on the time of the day [13]. 

In order to have sufficient available reserves, RTE asks every producer, from the day before for the day 

after, to make available a given quota of reserves for the national primary and secondary reserves. 

Every producer should then distribute its quota of reserves among its plants [12]. 

Deviations between supply and demand are automatically physically compensated but they also need 

to be financially compensated. Deviations from the production plans (determined by the trading on 

the electricity markets) occur in real-time delivery. In an electricity system, some players are balance 

responsible. It means that they are financially responsible for the deviations that occur within their 
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portfolios. This portfolio is made of electricity put on the network (physical production assets, imports, 

purchases on the markets) and of electricity taken from the network (physical consumption points, 

sales on the markets). Depending on the situation (overproduction or underproduction within the 

portfolio in a context of national overproduction or national underproduction), the balance 

responsible must reimburse the energy it has not produced or be reimbursed for its overproduction. 

If its generation was against the system interest (an overproduction within the perimeter whereas the 

system did not need more production for instance) the balance responsible has also to pay a penalty 

[14]. 

2.6 EDF POSITION IN FRANCE AND IN THE FRENCH ELECTRICITY MARKET 

EDF is the historical electricity producer in France. It was founded on 1946 by the nationalisation of 

1450 electric companies in the sectors of electric production, transportation and supply. The company 

is still more than 80% state-owned. It is the largest electricity producer and supplier in France and in 

the world – in terms of installed capacities [15]. EDF world generation capacity represents 104.4GWe, 

made at 53.3% of nuclear, 26.8% of fossil-fired plants, 15.7% of hydro and 4.2% of other renewables 

[16]. 

Since 1996, France, as a European Union member and together with the other European countries, has 

been engaged in the building of a European energy market which mainly relies on electricity and gas 

markets liberalization. The French electric market has consequently moved from a monopolistic 

structure mainly controlled by EDF to a competitive market in which many actors are involved, as seen 

before. However EDF has still a strong position. In this context, the activities of transmission and 

distribution of electricity that were managed by EDF had to be separated from the activities of 

production and supply. RTE and ERDF were respectively created in 2000 and 2008 and are still EDF 

subsidiaries, in charge of respectively the transmission and distribution systems management. 

Within EDF, the Trading and Upstream-Downstream Optimisation Division (DOAAT – Direction 

Optimisation Amont Aval Trading) was created in 2004 and links the production and the marketing 

departments. It is in charge of the balance between supply and demand within EDF portfolio. DOAAT 

is managing EDF balance responsibility by planning the production and by trading on the markets. 

When some imbalances remain, DOAAT pays a penalty to RTE, as explained in section 2.5. 

Within DOAAT, the Operational Centre for Production and Markets (COPM - Centre Opérationnel 

Production Marchés) has to optimize two things: electricity generation from EDF power plants and 

trading on the energy markets on middle term (from two weeks to a few years). This is done in order 

to meet customers demand at the lowest cost, while hedging risks. As EDF is an integrated company 

that acts both as a producer and as a retailer, part of its production is not traded on markets but 

directly supplied to finals customers [17]. 

The Production team of COPM more particularly handles the management of nuclear power plants 

and thermal power plants (running with coal, fuel or gas) on the middle term. It is responsible for the 

power plants’ scheduled stops planning as well as for the variable production costs calculation, to set 

up EDF merit order in France. As seen before, different constraints or specific problems can lead to use 

values computation: these use values are then added to the production costs to get the variable costs.  
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Chapter 3  COMBINED CYCLE GAS TURBINE (CCGT) 

A Combined Cycle Gas Turbine (CCGT) is a kind of fossil fired plant. It is formed by two turbines (which 

give the name of “combined” cycle), a combustion turbine and a steam turbine, each of them having 

its own generator. Thus the efficiency is improved compared to a single cycle gas turbine. Most recent 

CCGTs have an efficiency that is above 50% at full load [18]. 

In France there are twelve CCGTs, owned by several companies: EDF, GDF Suez, Alpiq, Poweo and 

E.ON. EDF owns three units: one is located in Blénod, the others are in Martigues. One is being built in 

Bouchain and should be commissioned in 2016. 

Blénod 5 unit was commissioned in October 2011 [19], its nominal capacity is 430 MW [20]. Martigues 

5 and 6 units were commissioned in August 2012 and June 2013, respectively, with a nominal capacity 

of 465 MW each [21]. 

3.1 PLANT FUNCTIONING 

The functioning of a CCGT is shown on Figure 3.1 and the different steps are explained below. 

1. A compressor pressurizes and heats air. 

Figure 3.1: CCGT functioning [34] 
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2. When meeting this pressurized air, the gas ignites. The temperature is between 1300°C and 

1500°C. 

3. The combustion gases make the combustion turbine rotate, which leads to the alternator 

rotation. 

4. The alternator generates electricity. 

5. In the boiler, in contact with the combustion gases, the water in the circuit turns into steam. 

6. This steam makes the steam turbine rotate, which leads to the rotation of a second alternator 

that generates electricity. 

7. The steam then circulates in a condenser in which there is cold water. The steam is condensed 

and sent again to the boiler. 

3.2 CCGT ADVANTAGES 

CCGTs are running with natural gas, and thus emit fewer particles than other fossil fired plants such as 

coal plants or fuel oil plants. Moreover, a CCGT power plant has, by definition, two cycles which leads 

to a better efficiency. Compared to a coal plant of the same power and for a given electric MWh 

production, a CCGT emits half the carbon dioxide and three times less nitrogen dioxide [22]. 

Another advantage of a CCGT is its flexibility: producers can start it quickly (a few dozens of minutes), 

can make rapid changes in its generation and can stop it easily. As intermittent renewables are growing 

the electric network need to be secured and this can be achieved for instance thanks to CCGTs 

flexibility4 . Calling a renewable energy source intermittent means that this energy source is not 

continuously available and that this availability cannot be regulated. Being able to quickly compensate 

the loss of renewables (caused by a cloud for instance) is essential in order to keep the electrical system 

at equilibrium. 

3.3 FUNCTIONING POWER 

EDF’s CCGTs have five operation ranges, whether EDF decides to involve them in the primary and 

secondary frequency control or not. The primary reserve of a plant is 𝑅𝑃, the secondary reserve of a 

plant is 𝑅𝑆 . The CCGT can run at any level between Lower Operating Limit (LOL) and Maximal 

Continuous Rating (MCR). If it contributes to primary reserves, it will run between Pcmax (which is 

equal to the difference between MCR and 𝑅𝑃) and Pcomax (difference between Pcmax and 𝑅𝑆) or 

                                                           

4  Other mechanisms are studied by researchers and set up in order to face all the challenges brought by 
renewable energy sources, for instance: smart grids, use of batteries, larger interconnections between countries, 
etc. They won’t be detailed in this report. 

MCR Pcmax Pcomax Pcmin Pcomin LOL 

𝑅𝑃 𝑅𝑆 𝑅𝑃 𝑅𝑆 

Figure 3.2: Operating ranges 
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between Pcmin and Pcomin. If it contributes to secondary reserves, it will also generally be involved in 

primary reserves: consequently it will run between Pcomin and Pcomax (see Figure 3.2). 

3.4 START-UP 

A CCGT generally starts quickly, within a few dozens of minutes. However machines need to be heated 

for the start-up, so a cold plant (which has been stopped for several days) will start slower than a hot 

plant. Heating the CCGT leads to a gas overconsumption compared to the gas consumption during 

generation. There is also a CO2 overconsumption, linked to the gas overconsumption. The need for 

heating depends on the plant initial temperature: the longer the plant was stopped, the colder it is and 

the more gas it needs to get heated. Hence the start-up cost will include these overconsumptions and 

will depend on the last stop. 

3.5 CONSTRAINTS 

The first constraints that a CCGT, like other plant, has to deal with are short-term constraints: there is 

a wait between the start time and the beginning of electricity generation, and there is a minimal 

duration between the last stop and the restart. 

Another constraint exists that is more a middle to long term limitation. Like every other plants, CCGTs 

must regularly be on maintenance. At EDF, a plant is on maintenance approximately once a year. There 

are several types of maintenance, and among them the combustion inspection during which the 

combustion chamber and the fuel injectors are checked. These combustion inspections happen every 

full year of gas plant operation, i.e. approximately every 8000 hours of operation [23]. Combustion 

inspections are planned several years in advance and it would be costly to move them. EDF has a Long 

Term Supply Agreement (LTSA) contract with General Electric for its CCGTs. One clause of this contract 

states that between two combustion inspections the unit should not run more than a certain number 

of Factored Fired Hours (FFH) and should not do more than a certain amount of Factored Starts (FS). 

The term “factored” means that not all starts and all operation hours are counted equally: for instance 

a failure during operation corresponds to several Factored Starts as it has a significant impact on 

machines. For the sake of simplification, the term “factored” will from now be omitted and only 

“starts” and “operation hours” will be mentioned. 

Hence between two combustion inspections the plant is considered having a stock of starts and a stock 

of operation hours, that are consumed as the plant is running. These stocks are reinitialized after each 

combustion inspection. 

These constraints on the starts and the operation hours are the kind of constraints that were 

mentioned in section 2.4. At EDF they are managed thanks to use values computation. 

3.6 PROFIT 

In order to compute use values, the profit that can be made by a plant has to be computed. This section 

will present the parameters needed for the profit computation. 
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To compute the profits made by a CCGT, the earnings and the costs need to be taken into account. The 

costs are the start-up cost and the variable operation cost that were described in sections 2.4 and 3.4. 

As for the profits, EDF considers – quite naturally – electricity sale on the markets but it also value 

frequency control. Indeed if a CCGT is economical, keeping it below its maximal power in order to 

provide primary and secondary reserves can be considered as a loss of value. As EDF, among all its 

production plants, must offer a certain amount of power to participate in frequency control system 

(see 2.5), the reasoning is global. It is always more economical to use the more expensive plants to get 

its margins: keeping margins on a nuclear power plant is more costly than on a fossil-fuel fired plant 

when considering the whole portfolio. So EDF models compute frequency control valuations (in 

€/MWh): 

 𝜆𝑃 for primary reserve 𝑅𝑃, 

 𝜆𝑆 for secondary reserve 𝑅𝑆. 

These valuations represent less a profit made with a CCGT for its frequency control margin than a non-

cost in another plant. 

The profit for a CCGT would then be written as follows: 

𝑝𝑟𝑜𝑓𝑖𝑡 = ∑ {(𝑝𝑟𝑖𝑐𝑒𝑒𝑙𝑒𝑐(𝑡) − 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡) ∗ 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛(𝑡) + 𝜆𝑃(𝑡) ∗ 𝑅𝑃(𝑡) + 𝜆𝑆(𝑡)

𝑡𝑖𝑚𝑒 𝑡

∗ 𝑅𝑆(𝑡)} − 𝑠𝑡𝑎𝑟𝑡𝑢𝑝 𝑐𝑜𝑠𝑡 
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Chapter 4  COMPUTATION OF USE VALUES 

This part aims at presenting different ways of computing use values, from basic methods to more 

elaborated ones. As said in section 2.4, use values are computed in order to value a stock, and decide 

whether it is financially more interesting to run the plant now or to keep the stock for later. Some stock 

examples were presented on section 2.4.  

4.1 IN A DETERMINISTIC CONTEXT 

This part will describe two basic methods (see [11]) in order to compute a use value, in the theoretical 

case of a well-known future. This means that all the parameters needed to optimise the stock are 

known for the optimisation period: in reality the future is not predictable, so the cases presented here 

are theoretical and should be seen as a help to understand the algorithms. The first method to be 

presented is the profit duration curve, the second one is Bellman algorithm. 

4.1.1 Profit duration curve 

A use value is computed in order to use a stock at the best time, i.e. the one which will maximise the 

earnings. The simplest method to compute a use value is the profit duration curve method. 

It requires three hypotheses: 

 The number of periods at which the stock can be used is finite. 

 The stock is made of a finite number of units. 

 At each period, a maximum of one stock unit can be used. 

This method consists in computing the would-be profits (these profits are known in a deterministic 

context) at every period and to order them in decreasing order (instead of chronological order). This 

curve is called a profit duration curve. Examples of a profit chronological curve and of a profit duration 

curve are shown in Figure 4.1 and in Figure 4.2. 

If the stock that is optimized can be used in N time steps (i.e. it has N indivisible units), its use value is 

set at the Nth value of the profit duration curve. It means that this stock will be used only when the 

profit is higher to the Nth value of the profit duration curve. Hence the stock will be used at the most 

profitable hours. 

 

Figure 4.1: Profit chronological curve 
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Figure 4.2: Profit duration curve 
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Time steps used to compute the chronological curve and the associated duration curve are set 

depending on the available data on one hand and on the stock characteristics on the other hand. 

Here follow two examples that can help for the understanding. 

Example 1: Simple case of a load reductions stock 

A producer has a three daily load reductions stock (a consumer voluntarily reduces its load 

when it has a contract with a demand side manager) with an energy of 10MWh every day that 

should be used on a five days period. The prices are supposed to be constant on the whole day 

(see Table 4.1). The whole stock should have been used at the end of the five-day period.  

The cost of activating a load reduction is zero: three load reductions have to be activated, the 

fact to do it or not does not change the cost. Knowing that the profit is the energy saved time 

the price, the profit are easily computed: the chronological curve can be found in Figure 4.3. 

This example being simple, it is easy to see that the profit will be maximum if the load is 

reduced on days 1, 4 and 5. 

In order to apply the profit duration curve method, the profits are sorted in decreasing order 

(see Figure 4.4). As the stock is made of 3 daily load reductions, the 3rd value is kept, which is 

640€, as a use value for this stock. This use value can also be expressed in €/MWh, in order for 

the electric price and the use value to have the same unit: the load reduction energy being 

10MWh, the use value is equal to 64€/MWh. The conclusion is that the load reduction should 

be activated only when the electric price is higher or equal to 64€/MWh. This leads to the 

activation of load reductions on days 1, 4 and 5. 

 

Figure 4.3: Example 1 – Profit chronological curve (€/MWh) 
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Table 4.1: Example 1 - Daily prices 

Day 1 2 3 4 5 

Prices (€/MWh) 64 44 46 74 70 
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Example 2: A more complex case of a load reductions stock 

There is still a three load reductions stock to be optimised on a five days period. In this example 

one load reduction consists of ten consecutive hours within one single day5. The prices used 

are shown in Table 4.2. 

                                                           

5 This is very similar to EDF “Effacement Jours de Pointe” (Load Reduction on Peak Days) contract. This contract 
is signed between EDF and some industrial customers. Between the 1st of November and the 31st of March of the 
following year, these customers make a commitment in not consuming electricity from the grid on the days 
electric demand is too high. By contract, the load reductions can be asked on 22 days, during 18 hours on each 
of these days [10]. 

 

Figure 4.4: Example 1 – Profit duration curve (€) 
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Table 4.2: Example 2 – Study prices (€/MWh) 

Prices (€/MWh) Day 

Part of the 

day 

Duration 

(h) 
1 2 3 4 5 

1 6 20.2 27.6 29.9 22.6 30.6 

2 2 61.6 62 67.1 32.2 45.7 

3 6 62 73.7 63.6 66.9 61.7 

4 4 46.4 57.2 59 57.7 51.5 

5 2 58.9 65.2 59 54 50.9 

6 4 49.9 49.7 47.7 58.1 48.3 
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In order to get a daily profit curve, the profit is computed on every ten consecutive hours slot 

of each day and the best profit is kept. The load reduction is supposed to be of a constant 

power so we just have to choose the ten-hour slot on which the mean electrical price is the 

highest. But if a variable load was considered, the prices curve should be multiplied by the 

power curve before choosing the most profitable ten-hour slot. 

The best 10-consecutive-hour profits are shown in Table 4.3 and the duration curve obtained 

from these profits is shown in Figure 4.5. 

The third value gives us the load reduction use value, that is to say 63.2€/MWh. If demand side 

management is activated only when the ten best consecutive prices average is superior or 

equal to this use value, we are sure to catch the optimal total profit on the five days we 

consider. 

4.1.2 Dynamic programming: Bellman algorithm [11] 

Dynamic programming is based on a simple principle: every optimal solution relies on sub problems 

that have been optimally solved. It means that we can find the optimal solution of a problem by 

combination of sub problems solutions. This theory was developed by Richard Bellman and can be 

found in [24]. 

The computation is made in two phases: the optimisation phase consists in calculating all the would-

be profits, that are called Bellman values, and the use values, and the simulation phase consists in 

finding the optimal path for the stock use: this means that the use values are compared to the 

electricity prices in order to decide of the plant operation. 

Table 4.3: Example 2 – Mean electricity prices on the 10 best consecutive hours of each day (€/MWh) 

Day 1 2 3 4 5 

Profit 

(€/MWh) 
58.8 68.1 63.4 63.2 57.6 

Start hour 6 6 6 8 8 

 

 

Figure 4.5: Example 2 - Profit duration curve (€/MWh) 
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4.1.2.1 Optimisation phase 

The first step before computing a stock use value is to compute the maximal profit that can be done 

on the optimisation period, from a given date and with a given amount of stock. The idea is to compute, 

for each time step, the maximal profit that can be done until the end of the study period and for each 

intermediate stock level. 

In practice the problem is discretized and this maximal profit function is assessed on a grid called 

Bellman grid. The cumulated profit that we are going to compute is called the Bellman value, it is 

written 𝐵𝑉(𝑡, 𝑠) at time 𝑡, stock level 𝑠. It is a reference to the mathematician Richard Bellman, who 

promoted dynamic programming. The following local optimisation problem is then solved at every grid 

node: find which consumption 𝛥𝑠 of the stock between times 𝑡 and 𝑡 + 1 will maximize 𝐵𝑉(𝑡, 𝑠). 

If the immediate profit when using the stock quantity Δs is called 𝑔𝑡(Δs), we have: 

𝐵𝑉(𝑡, 𝑠) = max
Δ𝑠
[𝐵𝑉(𝑡 + 𝛥𝑡, 𝑠 − Δ𝑠) + 𝑔𝛥𝑡(Δ𝑠)] 

So in order to compute Bellman values at time 𝑡 we need to know the Bellman values at time 𝑡 + 1. 

The grid computation is done backward, from the final time to the initial time (see Figure 4.6). 

Example 3: 

We want to optimize a three daily load reductions stock on a period of five days with a constant 

power every day. The prices for this example are shown in Table 4.4.  

Table 4.4: Example 3 - Daily prices 

Day 1 2 3 4 5 

Prices (€/MWh) 64 44 46 74 70 

 

𝐵𝑉(𝑡 + 𝛥𝑡, 𝑠) 

Stock 

Time 

Optimization direction 

𝑡 𝑡 +  𝛥𝑡 

𝑠 

𝑠 − 2 

𝑠 − 1 

𝑡 − 𝛥𝑡 

𝐵𝑉(𝑡 + 𝛥𝑡, 𝑠 − 1) 

𝐵𝑉(𝑡 + 𝛥𝑡, 𝑠 − 2) 

Stop 

Operation: Δ𝑠 = 2 

Operation: Δ𝑠 = 1 

Immediate profit 𝑔𝛥𝑡(𝛥𝑠) 

Figure 4.6: Bellman algorithm principle 
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The time period for this study is 𝛥𝑡 = 1 and the stock period is 𝛥𝑠 = 1. So we consider a 

Bellman grid with three stock periods and six time periods. As we can only destock on the first 

five days, the Bellman values of day 6 (called terminal values) are all zero. Bellman values are 

then computed, knowing that we only have two possibilities: use one and only one load 

reduction or do nothing. 

The optimisation is then: 

𝐵𝑉(𝑡, 𝑠) = max[𝐵𝑉(𝑡 + 1, 𝑠 − 1) + 𝑔𝑡; 𝐵𝑉(𝑡 + 1, 𝑠)] 

Here the profit 𝑔𝑡 can be seen as a price up to a multiplicative constant (it would be different 

for a thermal plant with a start-up cost for instance), so everything can be computed in 

€/MWh. 

On day 5, for a stock between 1 and 3, we can do nothing and earn nothing (because the profit 

on day 6 are all zero) or destock and earn 70€/MWh. The solution of destocking is kept as it is 

the one which maximises the profit: 

For 𝑠 = 1,2,3 , 𝐵𝑉(5, 𝑠) =  max  [𝐵𝑉(6, 𝑠 − 1) + 70;𝐵𝑉(6, 𝑠)] = max [0 + 70; 0] = 70€/

MWh (see Table 4.5) 

On day 4, when the stock is 2 or 3, we can do nothing and earn what we will earn on day 5 

(70€/MWh) or destock and earn 74€/MWh plus the profit of day 5 at stock 2, 70€/MWh, which 

results in 144€/MWh. It is thus better to destock. 

𝐵𝑉(4,3) = max [𝐵𝑉(5,2) + 74;𝐵𝑉(5,3)] = max [70 + 74; 70] = 144€/MWh 

Table 4.5: Example 3 - Bellman values for days 5 and 6 (€/MWh) 

Day 

Stock 
… 5 6 

3  70 0 

2  70 0 

1  70 0 

0  0 0 

 

Table 4.6: Example 3 - Bellman values for days 4, 5 and 6 (in €/MWh) 

Day 

Stock  
…  4 5 6 

3   144 70 0 

2   144 70 0 

1   74 70 0 

0   0 0 0 
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For a stock at 1, the profit of the day after with no stock is zero. The optimal solution is still to 

destock but the gain is just 74€/MWh (see Table 4.6). 

𝐵𝑉(4,1) = max  [𝐵𝑉(5,0) + 74; B𝑉(5,1)] = max [0 + 74; 70] = 74€/MWh 

Doing all the calculations leads to the grid shown in Table 4.7. 

In the simple previous example, each decision to destock or not led us to another node of the Bellman 

grid, as the stock took discrete values, and so the grid is defined depending on the destocking unit. But 

it can happen (for continuous stock such as water or pollutants) that some possibilities of destocking 

lead between two nodes 𝑠1 and 𝑠2 at time 𝑡 of the grid. 𝐵𝑉(𝑡 + 1, 𝑠 − Δ𝑠) can then be computed by 

interpolation between 𝐵𝑉(𝑡 + 1, 𝑠1) and 𝐵𝑉(𝑡 + 1, 𝑠2). Several interpolation methods can be used 

but the simplest one is linear interpolation and it generally gives satisfying results. 

The terminal values need to be known in order to use this method. In the previous examples, this 

values were zero because we were trying to completely use the stock before the optimisation period 

end. Some renewables stocks do not need a well-defined optimisation period. The remaining stock can 

thus be valued in the future. It is the case for reservoirs for instance. There are methods in order to 

compute terminal values of these stocks that will not be studied in this thesis (but this was studied by 

EDF on [11]). 

The Bellman values grid can then be used in order to determine the optimal operation schedule, and 

first the use values. At a node 𝑡  with a stock 𝑠, we should produce if and only if the sum of the 

immediate profit and the maximal future profit with a lower stock is higher than the maximal future 

profit with the same level of stock. In other words, the plant should produce during 𝛥𝑡 if and only if: 

 𝑔𝛥𝑡(Δ𝑠) + 𝑉𝐵(𝑡 + 𝛥𝑡, 𝑠 − Δs) ≥ 𝑉𝐵(𝑡 + 𝛥𝑡, 𝑠) (1) 

The electric price over 𝛥𝑡 is 𝑝𝑒𝑙𝑒𝑐, the production cost is 𝐶𝑝. The profit can be computed: 𝑔𝛥𝑡(Δ𝑠) =

Δ𝑠 ∗ (𝑝𝑒𝑙𝑒𝑐 − 𝐶𝑝). If we use this profit definition in (1): 

 Δ𝑠 ∗ (𝑝𝑒𝑙𝑒𝑐 − 𝐶𝑝) + 𝑉𝐵(𝑡 + 𝛥𝑡, 𝑠 − Δs) ≥ 𝑉𝐵(𝑡 + 𝛥𝑡, 𝑠) (2) 

If equation (2) is reorganised, it leads to: 

 
𝑝𝑒𝑙𝑒𝑐 ≥ 𝐶𝑝 +

𝑉𝐵(𝑡 + Δ𝑡, 𝑠) − 𝑉𝐵(𝑡 + Δ𝑡, 𝑠 − Δ𝑠)

Δ𝑠
 (3) 

The use value 𝑈𝑉(𝑡, 𝑠) is defined as: 

 
𝑈𝑉(𝑡, 𝑠) =

𝑉𝐵(𝑡, 𝑠) − 𝑉𝐵(𝑡, 𝑠 − Δ𝑠)

Δ𝑠
 (4) 

So (3) is equivalent to: 

 𝑝𝑒𝑙𝑒𝑐 ≥ 𝐶𝑝 + 𝑈𝑉(𝑡 + 𝛥𝑡) (5) 

Table 4.7: Example 3 - Bellman values (in €/MWh) 

Day 

Stock 
1 2 3 4 5 6 

3 208 190 190 144 70 0 

2 144 144 144 144 70 0 

1 74 74 74 74 70 0 

0 0 0 0 0 0 0 
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It means that the plant should be operated when the electric price is higher than the sum of the 

production cost and the use value, which is the variable operation cost. 

A more general formulae of the use value is the following: the use value (UV) is defined at time 𝑡 and 

for a stock level 𝑠 as the marginal profit of the last stock unit at this time: 𝑈𝑉(𝑡, 𝑠) =
𝜕𝐵𝑉

𝜕𝑠
(𝑡, 𝑠) 

This use value can be of various units, depending on the cases (€/dam3 for water, €/t for pollutants, 

etc.). However it is often more convenient, when possible, to come back to a value in €/MWh which 

allows to compare a use value to a power plant production cost and to an electricity price. 

Example 3 (continued): 

Use values are computed from the Bellman grid of Table 4.7, for each day and each level of 

stock. They can be found in Table 4.8. 

4.1.2.2 Planning phase: operation schedule 

The second phase consists in finding the operation schedule (or operation plan). In order to do so, for 

each time step and starting at the study period beginning (unlike the optimisation phase in which the 

computation starts at the study period end), the immediate destocking profit is compared to the use 

value for the stock level of the following day (which represents the would-be profit in the future for 

this unit of stock). The planning optimising the profit can thus be simulated. 

Example 3 (continued): 

Table 4.8: Example 3 – Use values grid (€/MWh) 

Day 

Stock 
1 2 3 4 5 6 

3 64 46 46 0 0 0 

2 70 70 70 70 0 0 

1 74 74 74 74 70 0 

 

Table 4.9: Example 3 - Destocking strategy 

Day 1 2 3 4 5 6 

Prices (€/MWh) 64 44 46 74 70 - 

Stock level 3 2 2 2 1 0 

Use value of the 

following day 
46 70 70 0 0 0 

Destocking yes no no yes yes - 

Profit (€/MWh) 64 0 0 74 70 0 

Cumulative profit 

(€/MWh) 
64 64 64 138 208 208 
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Daily prices are compared to use values (see Table 4.8) in order to decide if destocking should 

be made. The complete strategy is shown in Table 4.9. The stock curve corresponding to the 

optimal trajectory is shown in Figure 4.7. 

4.2 COMPUTATION OF USE VALUES IN A NON-DETERMINISTIC CONTEXT 

Until now we have just considered theoretical cases where all data needed to compute the use values 

were available on the whole optimisation period. In reality we are dealing with non-deterministic 

contexts. If we have historical data and forecast models, realistic scenarios can however be built. They 

will represent possible futures. Other methods exist in order to optimise the stock in these conditions. 

4.2.1 Computation on a mean scenario 

The simplest way to deal with several scenarios is to come back to a unique scenario that would be the 

mean of all scenarios. The optimisation can thus be done with a profit duration curve or a Bellman grid, 

and the computation is not longer than for a deterministic case, except that the input needs to be 

adapted. The planning is then computed generally not on a scenario but on real electricity prices. 

Example 4: 

We consider again a three equal daily load reductions stock that should be optimised on a five-

day period, with a maximum of one load reduction per day. The energy saved is constant so 

the profits will be equal to the prices, up to a multiplicative constant. The three prices scenarios 

considered are shown in Table 4.10. The mean scenario is computed by averaging all scenarios 

prices day by day (also shown in Table 4.10). This leads to a situation similar to the 

deterministic context. 

 

Figure 4.7: Example 3 - Destock curve 
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Table 4.10: Example 4 – Daily prices for each scenario (€/MWh) 

Day 1 2 3 4 5 

Scenario 1 44 55 63 61 55 

Scenario 2 61 49 52 70 67 

Scenario 3 51 70 71 58 64 

Mean 

scenario 
52 58 62 63 62 
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Profit duration curve method: 

The profits are sorted in decreasing orders and shown in Figure 4.8. As there are only three 

load reductions to be used, the 3rd value, which is 62€/MWh, is kept as a use value. 

Bellman algorithm method: 

Bellman algorithm is applied on the mean scenario, and this leads to the Bellman values shown 

in Table 4.11. 

Use values are then computed for each day and each stock level (Table 4.12). 

From this use values grid, an optimal operation schedule can be computed from any scenario 

of prices, fictive or realistic. Here schedules are computed for the mean scenario and for each 

of the initial scenarios. The trajectory here corresponds to the use of the load reductions. The 

optimal trajectories give the profits shown in Table 4.13. 

Table 4.11: Example 4 – Bellman values (€/MWh) 

Day 

Stock 
1 2 3 4 5 6 

3 187 187 187 125 62 0 

2 125 125 125 125 62 0 

1 63 63 63 63 62 0 

0 0 0 0 0 0 0 

 
Table 4.12: Example 4 - Use values (€/MWh) 

Day 

Stock 
1 2 3 4 5 6 

3 62 62 62 0 0 0 

2 62 62 62 62 0 0 

1 63 63 63 63 62 0 

 

 

Figure 4.8: Example 4 - Profit duration curve 
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4.2.2 Mean use value grid 

Another method that takes into account the uncertainties on the future consists in computing the 

mean value not of the inputs but of the results. What will be computed will thus be the use values for 

each scenario, and we will then calculate a mean of the results. 

By computing the use values for each scenario, we get information on the spread of the results, which 

can give an error estimation. This method is a bit longer than the previous one as the computations 

must be made on several scenarios. 

Example 5: 

We still use the three daily load reductions example. These load reductions should be used in 

five days. The daily prices for each scenario are recalled in Table 4.14. 

Profit duration curve method: 

The profits are computed and sorted in decreasing order for each scenarios (see Figure 4.9). 

Once sorted, the profits are then averaged (see also Figure 4.9). The use value is the third 

higher profit, that is to say 60€/MWh. 

Table 4.13: Example 4 - Profit by scenario (€) 

Scenario 1 Scenario 2 Scenario 3 Mean scenario 

179 189 205 191 

 

Table 4.14: Example 5 – Daily prices for each scenario (€/MWh) 

Day 1 2 3 4 5 

Scenario 1 44 55 63 61 55 

Scenario 2 61 49 52 70 67 

Scenario 3 51 70 71 58 64 

 

 

Figure 4.9: Example 5 - Profit duration curves 
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Bellman algorithm method: 

We calculate the Bellman grid and then the use values grid for each scenario thanks to the 

Bellman algorithm. From these three use values grids, a mean use values grid is computed. 

This grid is shown in Table 4.15. 

If the optimal load reductions use is simulated for each scenario, we get the profits shown in 

Table 4.16. 

4.2.3 Grid of means 

The grid of means method is a variant of the classic Bellman grid. There is no equivalent with the profit 

duration curve method. 

The principle is to compute, for each time step, the Bellman values given by each scenario, and then 

to immediately calculate a mean of them before going to the previous time step. The formula then 

becomes: 

𝐵𝑉(𝑡, 𝑠) =
1

𝑆𝑐
∑ max

Δ𝑠
[𝐵𝑉(𝑡 + 1, 𝑠 − Δ𝑠) + 𝑔𝑡,𝑠𝑐(Δ𝑠)]𝑠𝑐  where 𝑆𝑐  is the number of scenarios and 

𝑔𝑡,𝑠𝑐(Δ𝑠) the profit of using the stock quantity Δ𝑠 at time 𝑡 and in the scenario 𝑠𝑐. 

Example 6: 

We take again the previous example of three daily load reductions to optimise on a period of 

five days, with three prices scenarios (Table 4.17). 

 

 

Table 4.17: Example 6 - Daily prices for each scenario (€/MWh) 

Day 1 2 3 4 5 

Scenario 1 44 55 63 61 55 

Scenario 2 61 49 52 70 67 

Scenario 3 51 70 71 58 64 

 

Table 4.15: Example 5 – Mean use values grid (€/MWh) 

Day 

Stock 
1 2 3 4 5 6 

3 60 57 55 0 0 0 

2 66 66 64 60 0 0 

1 68 68 68 65 62 0 

 

Table 4.16: Example 5 – Profit (€) 

Scenario 1 Scenario 2 Scenario 3 Mean profit 

179 198 205 194 
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By taking terminal values at zero for every scenario, we can compute the Bellman values at 

day 5. They are shown in Table 4.18. 

Before computing Bellman values at day 4, the average of Bellman values at day 5 is computed, 

giving Table 4.19. 

And Table 4.19 is used to compute Bellman values at day 4 for each scenario (Table 4.20). 

The average of Bellman values at day 4 is computed before computing the values of day 3, and 

so on until day 1. The final grid is the one shown in Table 4.21. 

Table 4.18: Example 6 – Bellman values for days 5 and 6 (€/MWh) 

 Scenario 1 Scenario 2 Scenario 3 

 5 6 5 6 5 6 

3 55 0 67 0 64 0 

2 55 0 67 0 64 0 

1 55 0 67 0 64 0 

0 0 0 0 0 0 0 

 
Table 4.19: Example 6 – Averaged Bellman values for days 5 and 6 (€/MWh) 

 5 6 

3 62 0 

2 62 0 

1 62 0 

0 0 0 

 

Table 4.20: Example 6 - Bellman grid (€/MWh) 

Day 

Stock 
1 2 3 4 5 6 

3 191.7 191.1 187 125 62 0 

2 131.9 131.9 129.4 125 62 0 

1 67.9 67.9 66.8 64.7 62 0 

0 0 0 0 0 0 0 

 

Table 4.21: Example 6 - Bellman values for days 4, 5 and 6 (€/MWh) 

 Scenario 1 Scenario 2 Scenario 3 

 4 5 6 4 5 6 4 5 6 

3 123 62 0 132 62 0 120 62 0 

2 123 62 0 132 62 0 120 62 0 

1 62 62 0 70 62 0 62 62 0 

0 0 0 0 0 0 0 0 0 0 
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It gives the use values grid shown in Table 4.22. 

If the optimal use of load reductions is simulated on each scenario, it leads to the profits shown 

in Table 4.23. 

The question can be asked of the links and differences that exist between this method and the mean 

use value grid method. In the grid of means method we consider we can go from a scenario to another 

one. If we have p time steps, it is like creating np scenarios from the n we have as inputs. The number 

of scenarios of the future is thus much higher. If all this scenarios are realistic it can be shown that the 

optimisation we get is better [11]. 

However having all these new scenarios realistic is infrequent: the prices depend on the temperatures, 

which are correlated from a day to the following one. It is even truer if the time step is small. In this 

case an optimisation using a mean of grid gives better results.  

Table 4.22: Example 6 - Use values (€/MWh) 

Day 

Stock 
1 2 3 4 5 6 

3 59.8 59.2 57.6 0 0 0 

2 64 64 62.6 60.3 0 0 

1 67.9 67.9 66.8 64.7 62 0 

0 0 0 0 0 0 0 

 
Table 4.23: Example 6 – Profit for each scenario (€) 

Scenario 1 Scenario 2 Scenario 3 
Mean 

value 

179 198 205 194 
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Chapter 5  USE VALUE UTILISATION AT GPM PRODUCTION 

In this part the work done at GPM Production on DiMOI, the software that computes use values for 

CCGT power plants, will be presented. Because of data confidentiality, all numerical values have been 

hidden. 

5.1 DIMOI: ITS CREATION AND THE PRINCIPLES 

DiMOI software objective is for GPM Production team to be able to optimise CCGTs functioning on the 

middle term (from two weeks to a few years), taking into account some stock constraints between two 

combustion inspections: one constraint on the number of starts and one constraint on the number of 

operation hours. This is done through the computation of two use values: one for the start-up cost and 

one for the production cost. DiMOI can also be used for the maintenances planning optimisation, but 

this functionality will not be studied here. Other tools already existed at EDF for stock optimisation and 

use values computation, but DiMOI aimed at dealing with the specificity of a double stock. Use values 

computation for EDF’s three CCGTs is done once a week. 

DiMOI was created in 2011 and involved several teams of EDF. Indeed the Research and Development 

(R&D) department provided the computing core, which is called CCG, and SIME team (SIME stands for 

Système d'Information Management d'Énergie which means information system for the energy 

management) provided the interface, used by GPM Production team. To be a little more precise, the 

computing core is using a library called April, which was implemented by another team from the R&D 

department (see Figure 5.1). The overall tool functioning will now be detailed (see [25] and [26]). 

The modelling is done in two steps, one for optimisation and one for simulation. In the optimisation 

step, DiMOI computes the use values by taking into account the stock constraints. In the simulation 

step, DiMOI forecasts the optimal stocks use. This part will present DiMOI theoretical functioning. 

5.1.1 Overview  

DIMOI goal is to calculate use values for gas plants starts stock and operation hours stock. This 

calculation allows to choose whether to use these stocks or not (see Chapter 4 ). 

 

Figure 5.1: Related computer bricks and teams involved in DiMOI project 
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In order to compute these use values, DiMOI uses Bellman algorithm. The key stages are the 

calculations of the plant profits (needed for the Bellman values computation) and of the stocks 

evolution (i.e. the ways they can be used). A model for CCGT operating is needed. This model is 

described in the sections 5.1.3 and 5.1.4. 

As some future parameters are unknown, the framework is probabilistic. This issue is addressed in 

section 5.1.2. 

Some features of this model require improvements from the Bellman algorithm simple version 

presented in the section 4.1.2. These improvements are mentioned in section 5.1.6. 

5.1.2 Non-deterministic context 

As described in section 4.2, we can deal with uncertainty thanks to scenarios. Three kinds of scenarios 

need to be input to DIMOI: 

 Marginal valuations 

 Frequency control valuations 

 CCGTs production costs. 

Marginal valuations 

Marginal valuations are EDF expectations of the electricity market prices. They are computed for the 

five following years by a software called OPUS. The smallest time period of OPUS is the “poste” (which 

can be translated by slot). A slot is a subdivision of the day: there are 6 slots in a day and they last from 

2 to 6 hours (see Table 5.1). 

Moreover not only one scenario of marginal valuations is computed but more than four hundreds: in 

this way, the marginal valuations can cover a large range of situations. In these input scenarios, the 

marginal valuation is given for each slot. Their unit is €/MWh. 

Frequency control valuation 

Frequency control valuations are very similar to marginal valuations and computed by the same 

software OPUS. They correspond to EDF profit expectations if its plants are involved in frequency 

control (see section 2.5). They are also given for each slot and each scenario. Their unit is €/MWh. 

 

 

Table 5.1: Subdivisions of the day used by OPUS 

 Length (hours) 

Slot Weekday Weekend 

1 6 3 

2 2 5 

3 6 6 

4 4 4 

5 2 2 

6 4 4 
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CCGTs production costs 

CCGTs production costs are computed by GPM Production team, based on gas prices forecast, CO2 

prices forecast, operation and maintenance cost and network injection tax. They are also input in 

€/MWh. Contrary to the marginal valuations, they are not given for each slot but for each month.  

Mean grid 

DIMOI uses the mean use values grid method (described in section 4.2.2): the Bellman algorithm is 

applied to all the scenarios. The results (i.e. the use values) are averaged to give one use value grid. 

5.1.3 CCGT model: the parameters 

The profit and stocks evolution computations rely on a model described in this section. This model 

contains a lot of parameters that the user has to input to DIMOI. 

Technical characteristics 

Input parameters: 

 Maximal output power 𝑃𝑚𝑎𝑥(𝑡) and minimal output power 𝑃𝑚𝑖𝑛(𝑡) (in MW): these data are 

input for each day 

 𝑌𝑔𝑎𝑠−𝑒𝑙𝑒𝑐 (𝑃, 𝑡): the yield to turn gas into electricity. It is a function of power (the model is just 

considering 𝑃𝑚𝑖𝑛 and 𝑃𝑚𝑎𝑥) and time (the model considers months) (in MWhe/MWhg) 

 𝑌𝑔𝑎𝑠−𝐶𝑂2: the yield to turn gas into CO2 (in t/MWhg) 

Frequency control 

Input parameters: 

 Frequency control optimisation: yes or no 

 𝑃𝑓𝑐: frequency control reserve of the plant (in MW). There is no distinction made between 

primary and secondary reserves here, so 𝑃𝑓𝑐 is equal to 𝑅𝑃 + 𝑅𝑆. 

Description: 

Here is how to take into account frequency control. When the plant provides a power 𝑃𝑓𝑐 to frequency 

control reserves: 

o upper limit: the plant runs at 𝑃𝑚𝑎𝑥 − 𝐶𝑇 ∙ 𝑃𝑓𝑐 

o lower limit: the plant runs at 𝑃𝑚𝑖𝑛 + 𝐶𝑇 ∙ 𝑃𝑓𝑐  

where 𝐶𝑇 is a coefficient without unit. 

Failures 

Input parameters: 

 Impact of a failure at start-up and during operation hours on the start-up stock: 𝐶𝑠𝑡𝑎𝑟𝑡
𝑓𝑎𝑖𝑙_𝑠

 and 

𝐶𝑠𝑡𝑎𝑟𝑡
𝑓𝑎𝑖𝑙_𝑜ℎ

 

 Probability of failure at start: 𝑝𝑠 (one value per year) 

 Probability of failure during operation hours: 𝑃𝑓𝑎𝑖𝑙_𝑜ℎ(one value per year) 
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 Availability rate (excluding periods of maintenance): 𝑘𝑝 (one value per year) 

Description: 

As explained in section 3.5, failures have an impact on the factored starts and factored fired hours 

stocks, as it can damage machines. Parameters 𝐶𝑠𝑡𝑎𝑟𝑡
𝑓𝑎𝑖𝑙_𝑠

 and 𝐶𝑠𝑡𝑎𝑟𝑡
𝑓𝑎𝑖𝑙_𝑜ℎ

show this impact. 

The first kind of failure is the one that occurs at start. It consists in trying to start-up the plant but 

failing. 

o It is independent from maintenances. 

o These failures are independent and have a probability 𝑝𝑠: for a given try to start the plant, the 

probability of failure is 𝑝𝑠, this being independent from the other starts. 

Failures also occur during operation. 

o A failure during the operation hours is independent from the start failures and the 

maintenances. 

o For a given day of normal operation, the plant breaks down with the probability 𝑃𝑓𝑎𝑖𝑙_𝑜ℎ, this 

being independent from the other failures. 

o If the plant breaks down, we consider that it stays shut off all day long and that we cannot try 

to restart it before the day after. After such a failure, the plant is still in so called operation 

hours. 

o For a given day after a failure during operation hours and before a restart, the plant restarts 

with the probability 𝑃𝑟𝑠, this being independent from the other restarts and the failures. This 

start is counted as a normal start. The probability of breakdown attached to this start is 0 (and 

not 𝑝𝑠 as for classical starts. 

o Another way to describe the failures during operation is to consider a Markov chain. Indeed, 

the variable X equal to 1 if the plant is producing and 0 if not (all this during operation hours) 

is a Markov chain of transition matrix: 𝑀 = (
1 − 𝑃𝑓𝑎𝑖𝑙_𝑜ℎ 𝑃𝑟𝑠
𝑃𝑓𝑎𝑖𝑙_𝑜ℎ 1 − 𝑃𝑟𝑠

) 

o The stationary state of this Markov chain is: 

(

 

1
𝑃𝑓𝑎𝑖𝑙_𝑜ℎ 𝑃𝑟𝑠⁄ + 1

1 −
1

𝑃𝑓𝑎𝑖𝑙_𝑜ℎ 𝑃𝑟𝑠⁄ + 1)

  

That means that the stationary probability of being producing is 
1

𝑃𝑓𝑎𝑖𝑙_𝑜ℎ 𝑃𝑟𝑠⁄ +1
. This corresponds to the 

availability rate 𝑘𝑝 which is an input parameter. It allows to calculate 𝑃𝑟𝑠 thanks to the equation: 

𝑃𝑟𝑠 = 𝑃𝑓𝑎𝑖𝑙_𝑜ℎ ∙
𝑘𝑝

1 − 𝑘𝑝
 

The plant has consequently 3 distinct states: 

o Stopped: the plant is not producing because it is not started. 

o Down: the plant is supposed to be operated but is not producing because an outage has 

occurred. 

o Functioning: the plant is producing. 
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Combustion inspections 

Input parameters: 

 Date of beginning 

 Inspection duration (in days) 

 Maintenance cost 

 Initial hours stock 𝑆𝑠𝑡𝑎𝑟𝑡
𝑚𝑎𝑥 : number of allowed operation hours between the beginning of the 

study and the next combustion inspection (it is the stock of remaining hours, which is equal to 

the total allowed number between two combustion inspections minus what has already been 

used when the study starts). 

 Initial starts stock 𝑆ℎ𝑜𝑢𝑟𝑠
𝑚𝑎𝑥 : number of allowed starts between the beginning of the study and 

the next combustion inspection (it is the stock of remaining starts, which is equal to the 

allowed number between two combustion inspections minus what has already been used at 

the beginning of the study). 

Description 

As explained in section 3.5 these stocks are stock of factored fired starts and factored fired hours.  

Start-up 

Input parameters: 

 Wear cost 𝑐𝑤𝑒𝑎𝑟: the financial cost of a start-up, excluding gas overconsumption (in €) 

 Ramp time: number of hours in order to reach 𝑃𝑚𝑎𝑥 from 𝑃 = 0 

 Volume of gas overconsumption at start-up (in MWhg) 

 Operation and maintenance cost 𝑐𝑂&𝑀 (in €/MWh) 

5.1.4 CCGT model: profiles, start-ups and maintenance 

The model takes into account two kinds of command variables for the plant functioning on the daily 

optimisation step: 

 Functioning following a given profile 

 Maintenance 

Functioning profiles 

If the decision to run the plant was made on an hourly base, the computation would be too long. Hence 

the day is divided into three slots: [0h, 8h], [8h, 20h] and [20h, 24h]. On each slot three power levels 

are available: 𝑃𝑚𝑎𝑥, 𝑃𝑚𝑖𝑛 or 0. Considering frequency control optimisation adds two power levels, the 

number of possible functioning on one day should then be 33 or 53. In order to fit better reality (for 

instance the CCGTs are generally not started more than once a day), not all the profiles are used. 

Profiles are implemented in the model and can thus not be modified at each study by DiMOI user. The 

following functioning profiles are implemented in DiMOI, they were chosen based on the functioning 

of EDF’s CCG at Sloe in the Netherlands. The profile (𝑥; 𝑦; 𝑧) corresponds to a production of 𝑥 during 

the first slot, 𝑦 during the second and 𝑧 during the third: 

 (0, 0, 0) 

 (0, 𝑃𝑚𝑎𝑥, 0) 
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 (0, 𝑃𝑚𝑎𝑥, 𝑃𝑚𝑖𝑛) 

 (0, 𝑃𝑚𝑎𝑥, 𝑃𝑚𝑎𝑥) 

 (𝑃𝑚𝑖𝑛, 𝑃𝑚𝑎𝑥, 𝑃𝑚𝑎𝑥) 

 (𝑃𝑚𝑖𝑛, 𝑃𝑚𝑎𝑥, 𝑃𝑚𝑖𝑛) 

 (𝑃𝑚𝑎𝑥, 𝑃𝑚𝑎𝑥, 𝑃𝑚𝑖𝑛) 

 (𝑃𝑚𝑎𝑥, 𝑃𝑚𝑎𝑥, 0)  

 (𝑃𝑚𝑖𝑛, 𝑃𝑚𝑎𝑥, 0) 

Start-up slopes 

The model takes into account the time needed by the plant to reach 𝑃𝑚𝑎𝑥. It is a number of hours that 

is input (see section 5.1.3). This duration is linked to the plant temperature, which is linked to the 

previous stop. This version of DiMOI is designed to deal with just one temperature of start-up but 

having more would be better. 

We assume that: 

 It is never instantaneous to start the plant. The power increase is made step by step on an 

hourly basis (see example 7). 

 The time to start the plant is the same whether we want to reach 𝑃𝑚𝑖𝑛 or 𝑃𝑚𝑎𝑥. 

 Going from 𝑃𝑚𝑖𝑛 to 𝑃𝑚𝑎𝑥 or vice-versa or stopping the plant is instantaneous. 

Example 7: 

For the profile (0, 𝑃𝑚𝑎𝑥, 𝑃𝑚𝑎𝑥), if the plant takes 4 hours to start, the power profile will be the 

following: 

 0 between 0:00 and 8:00 

 𝑃𝑚𝑎𝑥x1/4 between 8:00 and 9:00 

 𝑃𝑚𝑎𝑥x2/4 between 9:00 and 10:00 

 𝑃𝑚𝑎𝑥x3/4 between 10:00 and 11:00 

 𝑃𝑚𝑎𝑥 between 11:00 and midnight. 

Maintenance 

There are two kinds of maintenance: the combustion inspections, which affect the stocks of starts and 

operation hours, and the classical maintenances, where the stocks are not modified but the power 

available is 0. 

For combustion inspections, the user inputs the beginning date and the maintenance duration (in 

number of days). 

For classical maintenances, the user sets 𝑃𝑚𝑎𝑥  and 𝑃𝑚𝑖𝑛 at zero for the maintenance period. 

5.1.5 Bellman and use values computation 

From the model described above, we calculate the Bellman values for each prices scenario which are 

of the form: 

𝑉𝐵(𝑡, 𝑆𝑠, 𝑆𝑜ℎ , 𝑋, 𝑃, 𝑃𝑟) 
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where: 

 𝑡 is the time (in hours) 

 𝑆𝑠 is the amount of starts remaining in the stock 

 𝑆𝑜ℎ is the amount of operation hours remaining in the stock 

 𝑋 is the plant state: stopped, down or functioning (see section 5.1.3) 

 𝑃 is the power produced by the plant 

 𝑃𝑟 is the functioning profile for the already begun slots of the day. For example we consider 

that the functioning profile of the concerned day is (0, 𝑃𝑚𝑎𝑥, 𝑃𝑚𝑖𝑛). Then: at 𝑡 = 2, 𝑃𝑟 = 0; at 

𝑡 = 8, 𝑃𝑟 = (0, 𝑃𝑚𝑎𝑥) and at 𝑡 = 23, 𝑃𝑟 = (0, 𝑃𝑚𝑎𝑥, 𝑃𝑚𝑖𝑛). 

Thanks to the Bellman values, we can calculate the use values, using the mean use value grid method 

(see section 4.2.2). The starts use value function is given by: 

𝑉𝑈𝑠 =
𝜕𝐵𝑉

𝜕𝑆𝑠
 

A similar formula gives the operation hours use value. 

Here the stock values are discrete, so the derivatives are also discrete. 

The operation schedules can then be simulated for each scenario and for the mean scenario. 

5.1.6 Changes from Bellman simple version 

In Chapter 4 , several methods were proposed in order to compute use values. 

All of them consider a unique stock. DiMOI specificity is that it should deal with a double stock: a starts 

stock and an operation hours stock. This is done by adding one dimension to Bellman grid. 

Moreover, the operation hours stock can correspond to up to 8000 units. Optimising this stock unit by 

unit would take a very long time that is not compatible with an operational use of the tool. Hence a 

discretization of the two stocks is made. Two stocks steps (one for each stock) Δ𝑆𝑆  and Δ𝑆𝑓ℎ  are 

parametrized by the user at the beginning of each study. In a grid of parameters 𝑡 and 𝑠 (one stock), a 

stock step Δ𝑠 corresponds to the distance between two nodes at time 𝑡. Bellman values between two 

nodes are computed by linear regression.  

5.1.7 Outputs 

The outputs for the user are two export files: a text file which contains the mean use values (for the 

starts stock and the hours stock) at t=0 and an Excel file that contains the operation schedules. 

5.2 DIMOI: SITUATION IN SEPTEMBER 2014 

At the project beginning, on September 2014, the author of this report tried to make an analysis of the 

situation with the software. This analysis will be presented in this part. 

In order to understand the situation, there was a documentation phase on DiMOI: the aim was to 

understand well how the specifications were decided and the correspondence between the software 

parameters and the real plants characteristics. This phase was important and helped to check if the 

right parameters and inputs were used on DiMOI. As Blénod 5 plant was commissioned first (in 2011) 
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and as the amount of data was lower on the two other CCGTs, the studies were almost entirely made 

on Blénod 5. 

The two main problems on DiMOI were: 

 The use value computed by DiMOI were always very low or equal to zero, which was not 

coherent with the rate at which the double stock of operation hours and start-ups was 

consumed. 

 There were some big gaps between the number of starts forecasted by DiMOI and the ones 

that had really occurred. Yet, studies had been made by another team on Blénod 5 profitability 

since its commissioning. According to these studies, Blénod 5 real operation was profitable. 

Because of these two problems, DiMOI had never really been used in an operational way since its 

release. DiMOI was not considered very trustable as in December 2013, GPM Production team decided 

to add a use value to Blénod 5 start-up cost, despite DiMOI was computing opportunity costs at zero. 

This was done because the team considered that the pace of startings was too high and that if the 

plant would keep the same pace, the start-up constraint would be reached far before the combustion 

inspection date.  

So a preliminary study was made on Blénod 5 plant for the period 26/08/2013 – 23/05/2015, which 

means the study began on week 36 of 2013. The inputs were the valuations from week 35. DiMOI 

parametrization was made in order to have 50 hours optimisation steps and 50 starts optimisation 

steps. 

 

Figure 5.3: Initial situation – Starts by month 
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Figure 5.2: Initial situation – Operation hours by month 
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The use values computed at t = 0 were 0 €/MWh for the hours stock and a few dozens of euros for the 

start-up stock (which is negligible when one knows a CCGT start-up cost is several thousands of euros). 

The results of the optimal operation schedule are shown for the period September 2013 – September 

2014, in order to be able to make a comparison with reality (see Figure 5.2 and Figure 5.3). We see 

that the forecasts are generally below reality. We can make a focus on the beginning of the period, 

from September 2013 to December 2013. On this period, the simulation results showed that DiMOI 

forecasted around three times less starts than in reality (see Figure 5.5) and half of the operation hours 

compared to reality. One can respond that the software cannot be expected to forecast the future and 

that the prices scenarios were maybe far from the gas and electric prices which have finally been set 

up, but it strengthened the team doubts that there was a problem with the modelling. We appealed 

to the Research and Development Department to help us on the subject, as we did not have access 

directly to the computing core. 

Another point to notice is that the CCGTs modelling is quite complex and contains a lot of bias:  

 First gas is a special kind of commodity: it cannot be stored as easily as coal for instance, or 

even as fuel oil. Electricity producers who owns gas power plants consequently depend on the 

markets where gas is traded (it is EDFT who is in charge of gas trading for EDF) and on its 

volatility. Yet gas prices volatility is not modelled: CCGTs production costs computed by GPM 

Production and used as an input for DiMOI are monthly, one-scenario costs. 

 Another problem is that a CCGT start-up cost mainly relies on the gas overconsumption cost, 

which varies a lot depending on the time since the last stop. DiMOI is implemented with only 

one start-up cost, which can bias the optimisation. 

 The computing core is doing a discrete optimisation and not a continuous one. Moreover, the 

functioning slots used are quite large, from 4 to 12 hours, which makes it harder to have the 

same functioning as in reality. Having more slots would increase the accuracy and improve the 

results, but would lengthen the computation time as well. 

 And last but not least, the CCGTs are quite often marginal power plants: this means it is really 

hard to plan their functioning, because having a small variation of the forecast of prices will 

lead to a non-profitability of the plant for instance. 

The software is also very slow: the computations can last several hours, which makes any study harder. 

The interface is also a bit tricky to use, mainly because there are some bugs. The exports are sometimes 

 

Figure 5.5: Initial situation – Starts (focus on the 4 
first months) 
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Figure 5.4: Initial situation – Operation hours (focus 
on the 4 first months) 
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incorrect because of other bugs, which can make the analysis a bit complicated. The documentation 

was incomplete, which does not help using well the interface and understanding how the 

characteristics should be input. 

The work has thus be done following two axis: on one hand, the interface was improved with SIME and 

the available documentation was gathered, on the other hand a work was made on the computing 

core model with the R&D team. 

5.3 DIMOI: ANALYSIS USING A DETERMINISTIC SCENARIO 

This part presents the work done by the author of this report, in association with a team from the R&D 

department and GPM Production team. 

5.3.1 First study 

In order to understand the observed gap between Blénod 5 optimal operation schedule and its actual 

operation, it was decided to make a deterministic study on DiMOI on a past period. This means that 

data used in the software are real data, in order to avoid the randomness of forecasted data computed 

by models. As said in section 5.2, Blénod 5 real operation was profitable6. So this study objective was 

to check that the forecasts made by DiMOI (that should maximise EDF profits) would correspond to 

reality. Moreover it would help deciding if the origins of the problem in the preliminary study were the 

valuations scenarios and/or the software model. 

The period for this study was 26/08/2013 – 30/09/2014. As inputs, the day-ahead electricity prices 

were used as marginal valuations, and the production costs were the “official” ones, the ones that 

were actually used for the plant and transmitted to the CRE. As for the frequency control valuations, 

the day-ahead valuations computed by EDF short-term desk were used. The maintenances dates were 

the actual ones, the stocks considered were the numbers of factored starts and factored fired hours 

actually done on the period. As the inputs were not of the same kind as usual (for the day-ahead 

electricity prices, the CCGT production cost and the frequency control valuations) the optimisation 

could not be made directly through DiMOI and the core CCG was used directly, with the help of the 

R&D team. 

The result was that less than 50% of all the starts were forecasted (see Figure 5.6) and a bit more than 

50% of the operation hours were forecasted (see Figure 5.7). 

Although we were not expecting the two curves would perfectly match, this 50% gap was very 

surprising. Discussions were engaged with several teams in order to understand better how EDFT was 

optimising Blénod 5 functioning on the market and if it was really profitable. The conclusions were that 

Blénod 5 functioning was profitable to EDF, even though the profitability was not significant. Moreover 

the model does not allow any variations over the period in the start-up cost or in the operation and 

maintenance cost. However these two variables changed over the time period September 2013 – 

September 2014: the start-up cost increased in April 2014 and decreased again in July, and the O&M 

cost decreased in April 2014 and then again in July. This still means that on the period September 2013 

– April 2014, the parameters input in DiMOI matched the real CCGTs characteristics. 

                                                           

6 This was the conclusion of the studies made by another team at EDF DOAAT. 
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Figure 5.6: First deterministic study – Starts 

 
Figure 5.7: First deterministic study – Operation hours 
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It was decided to make a second study, in order to check the relevance of the model used in DiMOI 

computing core. During this second study, a simple model of optimisation was developed and used on 

N
u

m
b

er
 o

f 
st

ar
ts

Starts (reality) Starts (DiMOI first study)

N
u

m
b

er
 o

f 
o

p
er

at
io

n
 h

o
u

rs

Operation hours (reality) Operation hours (DiMOI first study)

 

Figure 5.8: Daily production and operation hours distribution curves 
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past data, in order again to reconstitute Blénod 5 actual operation. The idea was also to go further into 

the tests with the computing core. The objectives of this second study were to find a match between 

this simple model and the reality and to understand better where the gap between DiMOI operation 

schedule and reality came from. 

This simple model was done with the R&D department. It was doing a daily optimisation of Blénod 5 

operation. More precisely, the optimisation was done on the slot 8:00 – 20:00. This slot was chosen 

because on the period 01/07/2013 – 31/12/2014, Blénod 5 did 75% of its production during this slot 

and it corresponds to 65% of its operation hours (see Figure 5.8). Inputs for this model were day-ahead 

electricity prices, daily average gas prices and yearly CO2 prices. Start-up costs and production costs 

were computed again from gas and CO2 prices. No differentiation was made at first between the 

different kinds of start-up. We only considered a hot start-up, which is the less costly. This simple 

model appears to be quite close to reality in terms of number of running days and number of operation 

hours between 8:00 and 20:00, even if there were some gaps that were difficult to explain, from 

February 2014 to April 2014 for instance (see Figure 5.9 and Figure 5.10). 

 
Figure 5.9: Comparison between simple model and reality – Starts results 

 
Figure 5.10: Comparison between simple model and reality – Operation hours results 
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On the core side, the impact of using six slots instead of three for the day partition were studied as 

well as the impact of removing the profiles that allow the CCGTs to run at night. First, the three slots 

partitioning the day were replaced by the six ones used by other EDF software, such as OPUS (see Table 

5.1). The impact of using six slots is shown in Figure 5.11 and Figure 5.12. We can see that there are 

some improvements in terms of start-ups and in terms of operation hours, but the results are still quite 

similar to the ones with three slots. The impact of removing the profiles that allow the CCGTs to run at 

night is shown in Figure 5.13 and Figure 5.14. When comparing Figure 5.11 and Figure 5.13 we see that 

the forecasted starts number is closer to reality when the model does not allow night operations. As 

for the operation hours, preventing night operations changes the curves shape (see Figure 5.12 and 

Figure 5.14). If we consider operation hours on the slot 08-20 we see that the results are quite close. 

However it was not fully satisfying as there is no physical constraint that prevents CCGTs to run at 

night. If they stop at night, it is because EDF considers it is not economical to run them, knowing day-

ahead gas and electric prices. 

 
Figure 5.11: Using six slots instead of three – Starts results 

 
Figure 5.12: Using six slots instead of three – Operation hours  results 

N
u

m
b

er
 o

f 
st

ar
ts

Starts (reality) Starts (CCG 3 slots) Starts (CCG 6 slots)

N
u

m
b

er
 o

f 
o

p
er

at
io

n
 h

o
u

rs

Operation hours (reality) Operation hours (CCG 3 slots) Operation hours (CCG 6 slots)



Management of thermal power plants through use values Céline Assémat 

 

Chapter 5 : Use value utilisation at GPM Production 5.3 DiMOI: Analysis using a deterministic scenario 

42 

 

 
Figure 5.13: Removing slots allowing CCGTs to run at night – Starts results 

 
Figure 5.14: Removing slots allowing CCGTs to run at night – Operation hours results 
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would have been long to implement on DiMOI and it would have lengthened the computation time, 

this idea was abandoned. 

In order to make a proposal of improvements for DiMOI, the impact of using monthly production costs 

instead of daily ones was tested on the simple model and on the computing core CCG. The objective 

was to assess how much it would degrade the results. If using monthly production costs worsened the 

functioning paths, the idea was to do a shaping of gas production costs in DiMOI. This means that we 

would give a shape to the monthly cost in order to get daily costs. This would have been done after a 

study on past data. This option would be chosen as it was complicated to input something else as 

monthly costs.  

 
Figure 5.15: Using monthly prices – Starts results on simple model 

 
Figure 5.16: Using monthly prices – Starts results on DiMOI 
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OPUS profiles. 
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After these results, the proposal made with the R&D team was to modify the profiles used in CCG core 

in two ways: increase the slots number from three to six and redefined the profiles. The profiles should 

not let CCGTs run at night and should not be too numerous in order not to lengthen the computation 

time. The workload for the R&D was assessed at a dozen of working days. 

The absence of significant difference between the uses of daily and monthly variable operation costs 

was still a surprise. It was decided to make a complementary study on Martigues 5 and 6. The objective 

was again to know what impacts it would have to use more or less precise variable operation costs and 

if we should use a shaping for gas. 

When performing this complementary study, the R&D team decided to check the profit function in 

addition to the functioning paths. The computing core was parametrized with six slots of functioning 

and was used with a deterministic scenario. The R&D made two computations, one with a set of 

profiles A, another with a set of profiles B which includes set A. The studies showed a decrease of the 

profit of around 25% between the use of set A and the use of set B. This means that with more degrees 

of freedom, the results were significantly worse. 

According to the R&D team, this problem would come from April library, which has been implemented 

by another team. They investigated together in order to localise the origins of this bug. They found 

that there was some incoherence between simulated profits and Bellman values and that the problem 

may come from a part of April that is dedicated to fossil fired plants management. However the experts 

of this library considered modifying and testing this part of April would represent around two man-

months. 

5.4 DIMOI: CONCLUSIONS OF THE STUDIES 

The main conclusions of DiMOI studies will now be presented. On February, after a lot of tests, we 

discovered that with a deterministic scenario and more degrees of freedom the computing core CCG 

was performing worse. The problem would come from an April library and the experts thought solving 

it would represent two man-months of work, for which no time and no human resources were 

available. These two months do not take into account the work proposal that was made just before 

this problem appears. It means that after the work on April library, with no complete certitude about 

 

Figure 5.17: Using monthly prices – Operation hours results on DiMOI 
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its success, at least ten man-days would be needed in order to implement the improvements 

suggested. At the time of this study, it was not sure that this work on April would be useful for any 

other team. Moreover a use value could be needed before April, the combustion inspection month for 

Blénod 5. GPM Production could not afford to have no way of computing use values during more than 

two months. Besides, as Martigues two plants underwent a failure caused by fire, GPM Production 

team would not have to compute use values again in 2015 after Blénod 5 maintenance. 

At this point, there were two options. The first one was to keep DiMOI. The reasons why to do so were 

the time and money already spent on this software. The disadvantages were that the software had 

never worked well and that we had no certitudes of how it will work after the modification of April 

library and the changes in the functioning profiles. The second option was to use another software 

than DiMOI, and two candidates were proposed: DoSwingVU and MaStock. DoSwingVU is a tool used 

to optimise demand side management. However adapting it will represent a significant workload. 

MaStock is an Excel light development that optimises stock management. It had already been 

punctually used for CCGT use values computation. The tool would have to be improved a bit, and it 

would be done by GPM Production team. 

Considering all these, the decision was made to give up DiMOI and to improve MaStock and 

strengthened it in order to be sure it could compute accurate use values. 

A short description of this tool, focused on the features that interest us most, will now be made. 

5.5 MASTOCK 

This part presents MaStock theoretical functioning for use values computation. 

MaStock is a tool that was designed in 2012 by and for GPM Production team in order to manage stock 

problematics. The fossil-fired plants modelling takes into account start-up costs and the efficiency 

depends on the power plants output power. It is a multitask tool that can be used for several kinds of 

stocks: a fossil fuel quantity such as fuel oil or coal (in tons), an energy (in MWh or GWh), or a number 

of operation hours. The modelling is however simpler than the one used in DiMOI (see [27] and [28]). 

Since its release, MaStock has been used frequently by the team. As a multitask tool, it has a common 

computing code base, that is considered trustable. 

5.5.1 Objectives 

MaStock general purpose is to find which use of the stock would maximise the profit of a plant on its 

destocking period. The model uses dynamic programming principles in order to do the computation: 

 There is a first phase, the optimisation phase, where the Bellman values for the variable 

operation costs are computed. 

 There is a second phase, the simulation phase, where the optimal functioning is generated. 

5.5.2 Inputs 

MaStock is taking as inputs: 
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 Marginal valuations and frequency control valuations from OPUS (an EDF software): these are 

scenarized data, which means that there are more than four hundreds valuations scenarios, 

and a precision of OPUS slots (see Table 5.1). 

 The plant availability: this file gives for each slot the maximal power at which the plant can 

run. It takes into account the planned plant unavailability for maintenance and a modelling of 

the failures. 

 The plant production costs: as for DiMOI these costs are computed by GPM Production. They 

are computed for each month. 

5.5.3 Study parameters 

For each study, the user should set the following parameters: 

 Operation hours initial stock 

 Maximal number of starts 

 Beginning and end of the destocking period 

 Date of application of the use value 

 Plant state at the beginning of the study (in operation or stopped) 

 Stock discretization for the optimisation 

 Time discretization for the optimisation 

 Discount rate7 

5.5.4 CCGTs parameters 

CCGT parameters are the following: 

 𝐿𝑂𝐿: Low Operation Level (MW) 

 𝑀𝐶𝑅: Maximal Continuous Rating (MW) 

 𝐹𝐶: maximal frequency control reserve for the plant (MW) 

 Efficiency at minimal and maximal power 

 Start-up cost 

This means that the start-up cost is constant and does not depend on the stop duration. 

5.5.5 Model 

We define two operation levels: 

 𝑃𝑚𝑖𝑛 = 𝐿𝑂𝐿 +
𝐹𝐶

2
 

 𝑃𝑚𝑎𝑥 = 𝑀𝐶𝑅 −
𝐹𝐶

2
 

The computation is done using dynamic programming principles: 

 The first phase is the optimisation phase: the optimisation is done backwards from the end 

values. A Bellman grid is here generated in three dimensions: time step, stock step, the unit 

state (run or stop). The Bellman value for a given time step, a given stock step and a given unit 

                                                           

7 “The discount rate refers to the interest rate used in discounted cash flow analysis to determine the present 
value of future cash flows.” [42] 
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state is the expected future profit for the unit. MaStock considers three possible operation 

levels: stop, 𝑃𝑚𝑖𝑛 and 𝑃𝑚𝑎𝑥. Two computation methods are available. There is the grid of the 

means method but a variant has also been implemented that mixes mean of the grid and grid 

of the means methods: for a given time step, the Bellman value is averaged over all scenarios 

every Saturday at 00:00 in order to compute the Bellman grid at the previous time step. 

 The second phase is the simulation phase and is done in a chronological way. MaStock here 

generates for each scenario the use values, the unit optimal operation and the associated 

profits. 

When dealing with the specificity of a double stock, these optimisation and simulation phases are done 

several times, in order to empirically compute the start-up use value which maximizes the total profit. 

More precisely: 

 The user gives a step 𝑘 for the start-up use value and the number 𝑁 of iterations to be done. 

 The optimisation and simulation phases are performed regarding the operation hour stock and 

considering a constant start-up use value equal to 𝑘. This means that the use values for the 

operation hours stock are computed while the total start-up cost is set at 𝑠𝑡𝑎𝑟𝑡𝑢𝑝 𝑐𝑜𝑠𝑡 + 𝑘. 

The total profit is calculated during the simulation phase and associated to 𝑘. 

 The optimisation and simulation phases are performed again, as described above, but with a 

start-up use value equal to 2𝑘, then 3𝑘, then 4𝑘, etc. until 𝑁𝑘. A total profit is associated to 

each of these start-up use value. 

 At the end, the start-up use value that maximizes the total profit is chosen by MaStock user. 

Doing so, we use the fact that the profit curve is a concave function of the start-up opportunity cost 

(see Figure 5.18): 

 When the opportunity cost is small or equal to zero, the unit will start and stop very often. So 

the authorized starts will be used on the beginning of the study period, even if it is not 

economical. 

 By increasing the opportunity cost, the unit will start on the more economical periods, which 

will spread the starts on a larger period. The profit grows. 

Profit 

Penalty on the 
start-up cost 

Figure 5.18: Profit function depending on the start-up opportunity cost 



Management of thermal power plants through use values Céline Assémat 

 

Chapter 5 : Use value utilisation at GPM Production 5.6 Comparison of results 

48 

 

 Beyond a certain opportunity cost threshold, the unit will start less than the number of allowed 

starts. The profit decreases. 

5.5.6 Outputs 

MaStock outputs the data that correspond to the best use value on the start-up cost. The outputs are 

the mean use values (that are added to the production cost to get the variable operation cost) for each 

month of the study period and for each prices scenario: 

 The plant optimal operation plan 

 The stock path 

 The profit. 

5.6 COMPARISON OF RESULTS 

This part presents the results of the studies made on MaStock by the author of this report and a 

comparison with DiMOI results and reality, made as well by the author of these lines. 

MaStock is designed to use specific files as inputs. These files, as explained in section 5.5.2, contain 

scenarized data that are different future forecasts. By lack of time, the study made on MaStock was 

made with scenarized data from August 2013 and not with reality data. Hence this section does not 

present the result of a deterministic study. 

This study is the same as the one presented in section 5.2 in the initial situation, at the beginning of 

the internship. It is made on Blénod 5 plant on the period 26/08/2013 – 23/05/2015. 

The inputs were marginal valuations (for electricity prices) and frequency control valuations from the 

week before 26/08/2013. Moreover MaStock takes as input Blénod 5 availability, and planned 

maintenances are parametrized in DiMOI. The method used was the simplest, the grid of the means 

one. 

 

Figure 5.19: Comparison between MaStock, DiMOI and reality – Starts results 
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DiMOI parametrization was made in such a way that the Bellman grid has 2500 nodes: 50 points were 

used for the optimisation of the hours stock and 50 points for the starts stock. On MaStock, the 

optimisation was made using ten different start-up penalties and 100 points of discretization for the 

starts stock. 

As said before, DiMOI computed no use value for the CCGT variable operation costs and a negligible 

opportunity cost of a few euros for the start-up cost. MaStock computed no opportunity cost for the 

variable operation costs, but a very different one for the start-up cost: 15 000€. 

The functioning paths results are shown on Figure 5.19 and Figure 5.20 for the period September 2013 

– September 2014, in order to be able to make comparisons with reality. These results were far below 

our expectations: for the starts, MaStock is a little closer to reality than DiMOI on the period September 

2013 – February 2014 and is then doing worse than DiMOI. The two tools find similar results for the 

operation hours, with MaStock a little closer to reality for the period January 2014 – March 2014. The 

fact that MaStock computed a start-up opportunity cost is however an improvement compared to 

DiMOI and corresponds more to the plant reality and functioning. 

5.7 CONCLUSION 

The deterministic studies made on DiMOI led to the discovery of a problem coming from the computer 

code. The R&D team expected it to be long to solve (more than two months) and no resources were 

available to do it. The team decided to abandon DiMOI and to use MaStock instead. 

Time was missing to perform a complete range of studies on MaStock. The results concerning the 

simulation phase are quite similar to the ones from DiMOI, except the fact that MaStock is computing 

non-zero values for the start-up cost and the variable operation cost penalties. As MaStock has already 

been used for two years for other stocks management, the computing code is considered reliable. 

Further studies should however be carried out on MaStock, to ensure that it is fully trustable: making 

a deterministic study, similar to the one made on DiMOI on section 5.3, and comparing it to reality 

would be a good option.  

 

Figure 5.20: Comparison between MaStock, DiMOI and reality – Operation hours results 
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Chapter 6  CASE STUDIES 

6.1 BACKGROUND DESCRIPTION 

Studies were made on the models used at EDF but it was quite difficult to analyse them directly, and 

it turned out that there were some software errors. Moreover, EDF data were confidential which made 

analyses more difficult in this report. 

Consequently it was decided to scale down the problem with some fictitious case studies in order to 

be able to analyse it more correctly. A simplified CCGT power plant model was set, with some 

constraints on the number of start-ups and the number of operation hours, to be handled with use 

values computation. 

In order to compute these use values, a program was coded on Matlab (see Appendix 5 ), using a tree 

structure. There is initially no tree data structure in Matlab so a Matlab class provided by Jean-Yves 

Tinevez was used [29] [30]. 

The use values were computed with the “mean use value grid” method (see section 4.2.2). 

The case study is based on fictitious but realistic data: the electricity and gas prices come from 

historical data, and the CCGT parameters are based on average characteristics. 

The studies were at the beginning supposed to be made on a seven days period, with at maximum six 

time steps per day: this would correspond to forty-two time periods. Unfortunately, the Matlab code 

was obviously not optimal and the program was very slow to run, even after some attempts of 

improvements, so the study had to be limited to a five days period, with at maximum three time steps 

per day. 

The studies were made in two phases: first use values were computed from some prices scenarios, 

then the utilisation of these use values was simulated with the electricity market price in order to 

decide of the plant functioning. The impact of some parameters on the computation of use values was 

studied. 

6.2 INPUTS 

For the sake of confidentiality, the system to be studied is fictitious. However in order for the results 

to be valuable, the data were chosen realistic: they are based on EDF public data and on electric plant 

literature. 

The studies are made on a time period of five working days from the seventh week of 2015 (from 

February 9th to February 13th). So the total time period consists of 120 hours. For each study the days 

are divided into several periods that can be of constant or variable duration. 

The CCGT power plant parameters are the following: 

 An energy efficiency of 50% is chosen, which corresponds to quite recent CCGT power plants 

efficiency (see Chapter 3 ). 

 The rated output power is set at 430 MW, which corresponds to Blénod 5 nominal power. 



Management of thermal power plants through use values Céline Assémat 

 

Chapter 6 : Case studies 6.2 Inputs 

51 

 

 The plant minimum load is set at 200 MW: Enel during a workshop in 2014 indicated that its 

CCGTs minimum loads were around 40% of the plant base loads [31] whereas Powermag wrote 

that “CCGT plants have difficulty in getting below 60% [of rated output]” [32]. A minimal load 

of 200 MW seems to be a good compromise. 

 Minimal stop duration: six hours. This means that between the time of stop and the time of 

restart, there should be at least six hours. 

 The operation hours stock for this five days period is 56 hours. 

 The starts stock for five days is 2. 

 The cost for starting the plant depends on whether it is a hot, a warm or a cold start. The start-

up cost is 5000€ when the stop duration is between six and twelve hours, 8500€ when the stop 

duration is between twelve and twenty-four hours and 12000€ when the stop duration is 

higher than twenty-four hours. These data are similar to the ones found in [33] and [34]. The 

results obtained from a constant start-up cost (equal to 5000€, so which corresponds to a hot 

start-up) and varying start-up costs (depending on the stop duration) are compared. 

 An operation and maintenance cost of 4€/MWh is considered. This is coherent with the actual 

data (see for instance a study by Frontier economics [35]). 

Power plants failures are not modelled, which means that the power plant is supposed to be able to 

run whenever it is needed (given the limitations on the stocks and on the minimal stop duration) and 

that there is never any breakdowns penalty on the stocks, which makes a difference compared to 

DiMOI model (see sections 3.5 and 5.1.3). 

The CCGT power plant frequency control reserves are not taken into account, their valuations being 

difficult to assess. 

The gas prices used are the daily average prices for the “PEG Nord” delivery area [36]. The use of fixed 

fuel costs, that are the weekly averaged prices, is compared to the use of daily varying fuel costs, that 

are the real ones (see Figure 6.1). A table containing the gas prices can be found in Appendix 4 )  

 

Figure 6.1: Gas prices 
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The day-ahead electric spot prices for this week of study are considered to be the prices that were set 

for week 7 in February 2015 (from Monday 9th to Sunday 15th). They can be seen in Figure 6.2 and in 

Appendix 1 ). These prices will be considered as the electricity market prices of the system, to which 

the plant variable operation costs (production cost plus use value) will be compared in order to decide 

of the plant operation. 

The use values calculations are made based on a few price scenarios, computed from EPEX Spot 

historical prices from January 2011 to November 2014. More than four hundreds scenarios are 

computed at EDF in order to make this kind of computations: these case studies rely on five electric 

price scenarios. They have been computed from the electric prices of February on these four years (see 

Figure 6.3 and Appendices Appendix 2  to 2.5). For a given weekday and a given hour of the time period: 

 One scenario is a “low price scenario”. It corresponds to the second smallest price (in order to 

avoid too extreme cases) that was registered for this hour and this weekday over the whole 

month of February over the four year from the database. For instance for February Monday 

9th at 8:00, the price that was kept for this scenario is the second smallest from all the electric 

prices that occurred on every Monday of February between 2011 and 2014, at 08:00. 

 One scenario is a “high price scenario”. It corresponds to the second highest price (in order to 

avoid too extreme cases) that was registered for this hour and this weekday over the whole 

month of February over the four year from the database8. 

 One scenario corresponds to the arithmetic mean price over all the prices that were registered 

for this hour and this weekday over the whole month of February and over the four year from 

the database. 

 One scenario corresponds to the geometric mean price over all the prices that were registered 

for this hour and this weekday over the whole month of February and over the four year from 

the database9. 

                                                           

8 On the week of February 6th of 2012, temperatures went very low in France which led to a high demand in 
France and extremely high electric prices (several prices above 1000€/MWh and some up to around 
2000€/MWh) [41]. For a few specific hours it was necessary to keep the third highest value instead of the second 
one, in order not to bias too much the results. 
9For the same reasons as the ones explained in note 8, historical prices that were above 500€/MWh were 
replaced by a price of 500€/MWh in order not to bias these case studies. 

 

Figure 6.2: Real day-ahead electricity prices for week 7 of 2015 
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 One scenario corresponds to the root mean square price over all the prices that were 

registered for this hour and this weekday over the whole month of February and over the four 

year from the database10. 

Three other scenarios – high prices, mean prices, low prices – have been computed, based on the 

actual prices. The high prices scenario is obtained by increasing the actual price by 20% and adding a 

random error (normally distributed, mean zero and a standard deviation corresponding to 10% of the 

real price). The low prices scenario is obtained in the similar manner, by decreasing the actual prices 

by 20% and adding a random error of 10% of the actual price, and the mean prices scenario by adding 

a random error of 10% of the actual price. These prices can be found in Figure 6.3 and Figure 6.4. This 

set of scenarios based on actual prices will be used as well for use values computation. 

                                                           

10 See note 9. 

 

Figure 6.3: Electricity prices scenarios based on historical prices 
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Figure 6.4: Electricity prices scenarios based on actual electricity prices 
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6.3 RESULTS 

This part will present the results obtained from the case studies. The Bellman values and the use values 

are computed with the parameters we want to study (the details parameters for each study can be 

found in Table 6.1), and the operation plan is simulated from these use values, the real day-ahead 

electricity prices, real variable gas prices and variable start-up costs (that vary according to the stop 

durations). 

The time periods depend on the case studies: the most basic case studies have three eight-hour time 

periods per day. The impact of using larger time periods was tested with the use of two twelve-hour 

time periods per day. The impact of using variable time periods was studied with the use of one eight-

hour time period at the beginning of the week, then nine twelve-hour time periods (which corresponds 

to the peak and offpeak electricity prices periods [37]) and finally one four-hour time period. The 

impact of using three time periods per day of eight, twelve and four hours (respectively Offpeak 1, 

Peakload and Offpeak 2 electricity prices periods on the spot market [37]) was also tested. Time 

periods remain the same between the Bellman values computation and the operation plan simulation. 

Table 6.1: Case studies overview 

Case studies Electricity prices 
Gas 

prices 
Start-up 

costs 
Time periods 

Reality Reality Daily Variable 
Three constant time periods of 8 

hours per day 

Scenarios – First 
modelling 

Scenarios based 
on historical 

prices 

Weekly 
averaged 

Constant 
Three constant time periods of 8 

hours per day 

Scenarios – 
Variable gas 

prices 

Scenarios based 
on historical 

prices 
Daily Constant 

Three constant time periods of 8 
hours per day 

Scenarios – 
Variable start-

up cost 

Scenarios based 
on historical 

prices 

Weekly 
averaged 

Variable 
Three constant time periods of 8 

hours per day 

Scenarios – 
Larger time 

periods 

Scenarios based 
on historical 

prices 

Weekly 
averaged 

Constant 
Two constant time periods of 8 

hours per day 

Scenarios – 
Better large 
time periods 

Scenarios based 
on historical 

prices 

Weekly 
averaged 

Constant 

One time period of 8 hours at the 
beginning of the week, one of 4 

hours at the end of week, nine of 
12 hours between 

Scenarios – 
Variable time 

periods 

Scenarios based 
on historical 

prices 

Weekly 
averaged 

Constant 
Three time periods per day of 8, 12 

and 4 hours 

Scenarios from 
actual prices 

Scenarios based 
on actual prices 

Weekly 
averaged 

Constant 
Three constant time periods of 8 

hours per day 
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Figure 6.5: Reality – Optimal level of production 

 

Figure 6.6: Levels of production for each study 

Table 6.2: Profits for each case study 

 Total profit (€) Maximal cumulative profit (€) 

Optimal                   254 308.40                      254 308.40    

First modelling                     65 503.30                        74 211.60    

Variable gas prices                     65 503.30                        74 211.60    

Variable start-up cost                     65 503.30                        74 211.60    

Larger time periods                        7 083.40                           7 083.40    

Better large time periods                     56 026.70                        70 354.70    

Variable time periods                     64 562.00                        78 890.00    

Scenarios based on actual prices                   245 030.40                      245 030.40    
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The reality case is the ideal case, in which perfect information is considered available. The “Scenarios 

– First modelling” study is the reference among all the scenarios studies. 

 
Figure 6.7: Cumulative profit for each study 

 
Figure 6.8: Cumulative profit for each study (except case study “Scenarios based on actual prices”) 
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on historical prices scenarios “High price” and “Root mean square”, although the highest prices actually 

happen on Monday and Tuesday in reality. These scenarios’ high prices lead to the computation of 

very high use values on the beginning on the week and negative ones at the end of the week. The 

operations plans that are then computed are consequently sub-optimal and the plant is sometimes 

forced to run when it is not profitable on a given time period: the cumulative profit thus decreases 

(see Figure 6.8). This sub-optimality problem is the consequence of the fact that the prices scenarios 

are not well correlated with reality and show the importance of being able to compute reliable 

scenarios. 

In order to confirm the importance of prices scenarios, a case study is done from the scenarios based 

on the actual prices: this case study profit is of 245 030€, only 10 000€ less than the optimal planning 

profit. The case study operation plan is in fact very similar to the optimal operation plan, the only 

differences being during the nights between Monday and Tuesday and between Tuesday and 

Wednesday. 

6.4.2 Variable gas prices and start-up costs have little impact 

A second point to notice is that, among all the scenarios studies, the “First modelling”, “Variable gas 

prices” and “Variable start-up costs” studies compute the same cumulative profits and the same 

operation schedules. This suggests that using variable or constant gas prices and variable or constant 

start-up costs has little impact on the results. 

The conclusion on gas prices may be generalized as gas prices are not varying a lot within a week. 

However if the study period was increased to several months, using variable or constant gas prices 

might have an impact. 

The impact of using constant or variable start-up costs may change with the time of study (if it is winter 

or summer for instance) and with the study period length, so further studies should be made. 

6.4.3 The time periods choice is crucial 

The time periods duration seems to have a large impact. On one hand, Table 6.2 shows that using 

“Larger time period” study (in which the time period is constant and of duration twelve hours) leads 

to a maximum cumulative profit ten times smaller than the reference study maximal cumulative profit. 

This is a consequence of the fact that using large time periods completely flattens the average price 

per period, as it can be seen in Figure 6.9: the difference between the production cost and the electric 

price is then lower, which makes the plant less profitable to run. On the other hand, using smaller time 

 

Figure 6.9: Average scenario prices for each time period 
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periods (of six hours each instead of eight in the reference study) has a huge impact on the 

computation time: the computation was interrupted before it could end. 

For a given duration, the time period choice is of great importance. For the “Larger time period” study, 

there are two twelve-hour periods per day: 00-11 and 12-23. Periods of “Better large time periods” 

study are of the same duration (except for the first one that is of eight hours and of the last one that 

is of four hours) but they correspond to the peak and offpeak slots: hours 8 to 19 and hours 20 to 7 

the day after. The difference between these two studies parameters is quite small but it has a big 

consequence: the total profit of “Better large time periods” study is eight times the profit of “Larger 

time periods” study. 

The “Variable time period” study was made in order to verify if we could reach the same kind of 

improvements, but this time from the “First modelling” study. In “First modelling”, there three periods 

per day: 00-07, 08-15 and 16-23. The “Variable time period” study was performed with the same 

number of periods per day (hence the same average period duration) but with different time periods 

in order to differentiate as well peak and off-peak slots: there are thus three periods per day: 00-07, 

08-20 and 20-23. This results in a different operation plan (see Figure 6.6), showing once again the 

time periods choice impact. Choosing better time periods, we could expect the total profit to be higher. 

But in fact, we can see from Figure 6.8 that the cumulative profit is greater on Thursday than on Friday. 

On Friday, high prices in some scenarios lead to the computation of negative use values and to the 

decision of operating the plant, which is non-profitable (see section 6.4.1). Nevertheless, the “Variable 

time period” study shows an improvement in the maximum cumulative profit compared to the 

reference case (see Table 6.2) of around 5000€ and we could expect that with better price scenarios, 

the total profit would have been greater too. 

6.4.4 Conclusion 

To sum up, using variable or constant gas prices and variable or constant start-up costs has little 

impacts in these case studies on the plant operations plans and profits. On the opposite, the use of 

constant or variable time periods and the choice of the time periods durations seem to be of first 

importance. However these results should be moderated for at least two reasons. First there was not 

a great correlation between the prices scenarios and the real electricity prices, which led to operations 

of the plant that were sub-optimal. Secondly the computations were made on really short periods of 

time, with very small stocks of start-up and operation hours. Larger studies should be made in order 

to generalise the results. It would be also interesting to add some complexity in the case studies, by 

for instance modelling the failures (that have an impact on the stock decrease) and modelling the plant 

involvement in frequency control. In longer case studies, use values should be computed several times, 

with updated prices scenarios: it would be interesting to test after how long this new computation 

should be done.  
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Chapter 7  GENERAL CONCLUSION 

In order to meet electricity demand at the lowest cost, an optimisation has to be made between all 

the production means that are part of an electrical system. This optimisation is generally made based 

on plants functioning costs. Long-term constraints, when there are some, are also included in the 

short-term optimisation, through use values computation. These use values are then added to 

production costs to form the variable operation costs. Computing these use values should allow the 

system to work efficiently. This project purpose was to test DiMOI, an EDF tool used for use values 

computation for gas turbines, and to make it reliable. 

After several months of tests on DiMOI, a problem was discovered in Bellman values computation 

(done by the computing core). Solving it would have taken about two man-months, and EDF did not 

have the resources to carry out this work. Moreover, after this fixing, an uncertainty would have 

remained on the tool functioning, and more tests would have been needed. Hence the proposition 

was made to abandon DiMOI and to use MaStock, a multifunction tool designed for the management 

of different kinds of constraints. MaStock was thus improved to answer better gas turbines constraints. 

As time was missing, only one test was made on MaStock. It was not completely convincing as it added 

few improvements compared to DiMOI. But considering the facts that DiMOI was unusable and that 

MaStock was quite reliable on its other functionalities (EDF had already used it for a few years with 

good results), it was decided to use MaStock to compute use values for the gas turbines management. 

However further studies should be carried out in order to be sure of MaStock reliability. A deterministic 

study could be performed and its results compared to reality. Moreover, a study should be made after 

a few months of utilisation to assess the use values computation relevance. 

Complementary case studies were made in this report in order to analyse the impact of several 

parameters in use values computation and in the operation plans. Unfortunately they were quite 

simple and not a lot of cases were tested, so these case studies conclusions may not be general. Indeed 

part of the results is based on scenarios that are not very well correlated to reality and the study period 

is of only five days, which is quite short. The specific conclusions of these studies are that changes in 

the gas prices and in the start-up costs have little impact on the results of operation plans, whereas it 

seems crucial to choose well the study time periods duration, which can be variable rather than 

constant in order to improve the results. In order to validate these conclusions and to get more general 

results, complementary studies should be made. It has to be noted that a particular care should be 

given to the optimisation functions implementation to be used: an efficient code will be essential to 

be able to make a large number of case studies, with larger study periods and smaller time periods 

durations. 
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Appendix 1  ELECTRIC PRICES: PRICES FROM WEEK 7 OF 2015 

  

  Week days 

  1 2 3 4 5 

H
o

u
rs

 

0 52.20 50.30 50.01 46.56 50.73 

1 46.06 50.60 47.41 45.74 49.07 

2 48.12 50.78 45.42 46.00 45.30 

3 42.77 47.96 43.76 43.81 42.43 

4 41.12 44.82 42.39 42.99 41.62 

5 44.84 48.93 44.30 45.04 41.71 

6 50.34 52.38 49.78 53.35 45.42 

7 59.89 71.97 60.32 63.78 58.25 

8 62.83 82.53 68.03 70.60 57.84 

9 65.49 75.75 72.02 75.71 59.97 

10 73.81 78.68 70.95 61.41 56.59 

11 72.41 77.13 61.74 56.35 55.05 

12 72.41 68.78 56.22 54.98 52.38 

13 66.80 66.69 52.77 51.44 49.89 

14 55.10 61.90 49.68 46.95 47.80 

15 54.16 54.92 49.80 45.47 44.19 

16 52.06 51.69 50.86 49.96 43.20 

17 58.90 61.41 58.48 57.58 45.75 

18 115.00 84.94 81.37 72.00 51.49 

19 100.03 71.00 71.62 69.94 55.36 

20 77.56 71.00 58.70 54.98 49.96 

21 63.89 56.42 53.09 46.72 44.63 

22 59.34 57.49 53.95 48.05 46.93 

23 55.70 52.41 51.97 48.25 46.30 
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Appendix 2  HISTORICAL PRICES SCENARIOS 

2.1. LOW PRICES SCENARIO 

  

  Week days 

  1 2 3 4 5 

H
o

u
rs

 

0 31.59 30.75 32.16 33.99 32.91 

1 25.69 31.66 29.98 32.03 22.15 

2 23.33 29.45 28.46 30.28 20.84 

3 17.52 27.87 26.91 27.75 19.42 

4 17.26 20.40 27.86 25.59 19.92 

5 25.06 30.72 28.48 27.85 26.64 

6 43.40 38.96 38.19 41.54 35.83 

7 47.44 53.80 45.16 53.34 47.45 

8 52.54 54.90 49.44 50.10 49.03 

9 54.00 53.79 52.21 48.28 49.77 

10 49.32 51.90 53.93 48.14 49.12 

11 50.00 50.74 53.96 46.95 48.45 

12 44.22 50.38 48.08 47.58 46.72 

13 42.07 48.48 49.42 44.94 42.94 

14 35.99 42.49 45.92 43.22 36.86 

15 37.25 39.56 43.35 41.94 32.31 

16 40.33 41.00 41.81 40.62 31.68 

17 46.16 51.90 44.99 48.66 42.90 

18 64.95 60.27 59.95 64.96 53.48 

19 59.96 59.25 54.37 57.83 49.96 

20 50.06 46.87 49.85 48.05 43.31 

21 46.12 39.88 42.96 39.95 30.49 

22 47.59 42.89 44.18 40.63 38.37 

23 42.83 39.59 44.03 39.61 41.00 
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2.2. HIGH PRICES SCENARIO 

  

  Week days 

  1 2 3 4 5 

H
o

u
rs

 

0 63.20 61.02 62.91 59.48 55.50 

1 60.31 67.74 70.44 55.50 62.50 

2 60.73 61.04 61.19 52.34 53.30 

3 51.67 47.96 54.51 43.87 53.30 

4 45.71 47.86 44.95 42.82 53.20 

5 56.92 69.59 56.64 47.54 61.19 

6 76.35 91.41 77.00 61.19 77.29 

7 110.00 100.15 79.14 89.99 87.92 

8 110.84 87.83 82.68 115.12 106.52 

9 128.15 88.52 82.53 107.48 76.66 

10 133.88 83.20 81.33 85.65 152.80 

11 124.96 81.37 81.31 83.43 109.13 

12 104.61 76.01 77.38 73.67 78.00 

13 92.78 74.30 73.00 68.72 78.15 

14 103.65 71.76 71.41 68.87 100.00 

15 87.93 68.10 65.60 61.34 61.19 

16 84.98 63.40 62.92 59.72 58.41 

17 98.93 76.00 66.48 75.00 93.36 

18 138.72 97.41 117.86 120.00 150.84 

19 127.13 94.86 102.67 101.02 93.80 

20 89.76 74.95 83.29 84.39 77.03 

21 71.59 65.73 68.76 61.28 69.25 

22 92.55 67.34 72.95 64.00 70.83 

23 79.35 67.99 68.03 61.19 69.15 
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2.3. ARITHMETIC MEAN PRICES SCENARIO 

  

  Week days 

  1 2 3 4 5 
H

o
u

rs
 

0 45.79 47.74 46.52 49.32 47.83 

1 42.27 48.69 46.23 49.32 47.61 

2 39.23 45.41 43.02 45.34 42.46 

3 32.80 39.17 39.68 39.61 38.55 

4 33.19 38.14 38.55 37.82 36.33 

5 40.55 45.38 42.29 42.54 42.76 

6 56.16 55.23 51.13 54.15 54.46 

7 72.08 68.90 64.51 73.59 69.13 

8 72.96 71.01 69.26 94.98 71.61 

9 74.36 76.67 70.34 93.58 99.08 

10 82.17 68.78 69.42 90.95 90.44 

11 68.74 67.95 67.31 90.13 70.34 

12 64.95 68.33 63.01 85.40 65.08 

13 63.26 64.07 60.06 63.78 58.77 

14 64.85 60.11 59.35 61.31 56.93 

15 59.63 56.89 56.01 57.60 49.67 

16 55.85 54.48 54.55 55.04 48.65 

17 62.40 60.36 61.65 62.01 58.66 

18 86.22 90.00 85.23 102.34 75.90 

19 82.73 80.25 76.21 83.58 69.48 

20 66.43 62.77 63.27 66.24 59.62 

21 55.81 54.06 53.80 53.61 49.54 

22 60.47 56.59 55.66 54.47 53.68 

23 55.36 52.33 52.03 51.74 53.55 
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2.4. GEOMETRIC MEAN PRICES SCENARIO 

  

  Week days 

  1 2 3 4 5 
H

o
u

rs
 

0 43.58 46.37 45.54 47.92 45.77 

1 40.22 46.90 44.75 46.83 44.10 

2 37.45 43.77 41.67 43.19 39.42 

3 30.81 37.81 38.52 37.77 35.61 

4 31.09 36.57 37.16 35.82 33.38 

5 38.72 43.32 41.21 41.13 40.02 

6 54.68 53.07 49.81 51.96 51.00 

7 69.45 66.66 62.22 67.35 64.89 

8 70.43 68.34 66.58 78.11 67.56 

9 70.58 69.91 67.87 80.16 77.89 

10 71.53 66.03 67.17 77.99 73.16 

11 65.54 65.30 65.33 73.90 66.14 

12 62.73 64.71 61.32 68.26 62.33 

13 61.15 61.60 59.08 61.42 57.04 

14 59.98 57.69 57.37 58.92 54.35 

15 55.70 54.39 54.07 55.13 48.31 

16 53.91 52.75 52.44 52.88 47.62 

17 60.38 59.27 58.97 60.38 56.52 

18 83.11 79.90 80.22 84.01 71.60 

19 79.45 74.87 72.90 77.73 67.07 

20 64.89 61.17 60.68 64.07 57.65 

21 54.46 52.93 52.79 52.63 47.98 

22 58.40 55.21 54.33 53.13 51.93 

23 53.95 51.13 51.08 50.93 52.34 
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2.5. ROOT MEAN SQUARE PRICES SCENARIO 

  

  Week days 

  1 2 3 4 5 
H

o
u

rs
 

0 47.45 48.96 47.50 51.04 50.14 

1 43.98 50.30 47.74 52.92 51.71 

2 40.86 46.88 44.44 48.47 45.42 

3 34.58 40.44 40.82 41.71 41.10 

4 35.04 39.54 39.89 39.63 38.47 

5 42.16 47.64 43.39 44.17 45.42 

6 57.67 57.88 52.58 57.33 59.63 

7 75.17 71.73 67.79 85.37 76.13 

8 76.02 74.67 73.26 142.31 77.63 

9 79.41 89.41 74.01 141.25 146.96 

10 102.89 72.79 72.81 139.69 128.21 

11 72.92 71.76 70.19 139.30 76.77 

12 67.53 74.37 65.31 128.61 68.97 

13 65.63 67.64 61.25 67.30 60.66 

14 71.68 63.35 62.28 64.84 59.91 

15 65.17 60.48 58.92 61.26 51.10 

16 57.97 56.72 57.80 58.08 49.64 

17 64.81 61.66 65.98 64.16 61.31 

18 89.93 111.61 92.98 145.67 82.02 

19 86.58 90.00 80.85 92.82 72.75 

20 68.12 64.75 66.97 69.08 62.08 

21 57.29 55.30 55.09 54.66 51.19 

22 62.88 58.30 57.42 55.89 55.57 

23 56.84 53.66 53.21 52.56 54.92 
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Appendix 3  PRICES SCENARIOS BASED ON ACTUAL PRICES OF WEEK 7 OF 

2015 

3.1. LOW PRICES SCENARIO (FROM ACTUAL PRICES) 

  

  Week days 

  1 2 3 4 5 

H
o

u
rs

 

0 48.01 41.44 34.71 29.60 32.74 

1 31.86 50.94 41.07 24.15 47.45 

2 30.78 41.43 33.81 43.85 38.82 

3 39.89 28.09 34.40 39.20 32.20 

4 37.97 35.79 34.56 31.16 34.56 

5 35.72 45.42 36.13 30.87 32.84 

6 38.70 41.90 36.28 46.03 36.94 

7 42.28 71.10 47.66 54.07 47.91 

8 49.13 67.71 54.00 53.98 51.40 

9 55.04 63.32 63.01 53.40 50.21 

10 47.75 65.03 57.20 45.04 37.91 

11 59.73 50.76 45.82 52.06 39.54 

12 54.61 72.68 36.36 45.12 45.47 

13 75.31 61.67 45.44 38.29 40.31 

14 39.92 53.65 36.95 37.75 32.21 

15 44.98 46.69 38.21 32.64 43.22 

16 39.07 45.87 42.43 41.36 34.13 

17 48.66 50.04 56.49 45.79 39.54 

18 84.49 80.22 60.56 65.40 56.86 

19 88.63 50.55 57.21 54.14 45.26 

20 64.94 53.33 43.65 41.34 39.79 

21 52.53 42.32 43.22 34.18 32.11 

22 40.23 48.83 44.92 32.14 41.47 

23 52.33 38.72 39.81 43.69 46.75 
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3.2. MEAN PRICES SCENARIO (FROM ACTUAL PRICES) 

  

  Week days 

  1 2 3 4 5 
H

o
u

rs
 

0 54.81 50.84 51.30 44.31 44.03 

1 44.81 58.61 44.16 46.55 55.10 

2 44.64 54.53 48.31 44.18 39.31 

3 37.66 47.05 41.06 44.36 41.86 

4 45.26 46.78 38.45 42.42 40.84 

5 41.99 43.22 40.08 52.56 41.81 

6 55.36 41.99 49.12 57.13 40.61 

7 62.42 75.28 51.15 74.05 71.26 

8 52.21 95.69 68.15 66.46 60.29 

9 62.70 80.73 68.85 75.92 72.56 

10 66.99 88.46 77.23 71.34 63.59 

11 74.32 84.46 62.47 59.65 49.31 

12 61.87 66.87 60.96 54.54 49.33 

13 74.12 60.76 53.08 45.38 59.99 

14 52.70 62.36 40.43 45.16 56.10 

15 54.21 57.59 56.73 50.24 53.46 

16 52.77 54.87 58.02 49.97 41.39 

17 54.77 51.61 58.20 63.48 50.00 

18 128.91 65.40 83.68 69.85 51.04 

19 88.45 86.81 73.16 51.87 51.83 

20 76.98 65.18 54.40 64.83 48.29 

21 71.13 56.69 52.36 44.16 45.16 

22 59.48 67.08 55.83 46.78 47.15 

23 63.74 63.48 49.69 52.58 47.59 
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3.3. HIGH PRICES SCENARIO (FROM ACTUAL PRICES) 

 

  

  Week days 

  1 2 3 4 5 
H

o
u

rs
 

0 70.53 67.81 63.86 53.93 57.00 

1 52.13 56.25 57.82 54.43 56.17 

2 51.03 55.67 51.45 55.86 53.66 

3 56.71 62.18 44.23 54.23 54.66 

4 49.61 54.75 61.00 56.14 49.92 

5 49.32 57.06 47.43 50.39 48.82 

6 54.90 68.68 54.37 66.25 60.35 

7 75.55 82.80 73.75 77.04 70.82 

8 77.12 97.52 89.40 71.55 70.52 

9 76.44 94.06 92.34 77.01 77.03 

10 97.17 93.60 89.18 69.27 61.32 

11 88.02 94.10 72.85 64.45 79.99 

12 89.34 67.44 72.33 71.55 47.98 

13 77.35 84.36 67.99 52.63 56.67 

14 65.51 73.10 71.75 63.29 54.34 

15 62.06 64.55 59.61 51.82 57.74 

16 54.62 53.79 58.84 59.99 47.57 

17 60.65 74.39 57.82 72.16 58.95 

18 127.41 107.03 90.74 91.60 61.73 

19 136.01 78.29 84.25 87.32 65.59 

20 87.03 76.66 65.81 61.88 69.05 

21 74.40 72.88 55.19 44.44 51.55 

22 79.85 68.95 61.97 55.32 60.02 

23 69.79 59.86 57.51 57.04 64.96 
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Appendix 4  GAS PRICES (WEEK 7 OF 2015) 

  

  Week days 

  1 2 3 4 5 

H
o

u
rs

 

0 24.34 24.56 23.75 24.11 24.37 

1 24.34 24.56 23.75 24.11 24.37 

2 24.34 24.56 23.75 24.11 24.37 

3 24.34 24.56 23.75 24.11 24.37 

4 24.34 24.56 23.75 24.11 24.37 

5 24.34 24.56 23.75 24.11 24.37 

6 24.34 24.56 23.75 24.11 24.37 

7 24.34 24.56 23.75 24.11 24.37 

8 24.34 24.56 23.75 24.11 24.37 

9 24.34 24.56 23.75 24.11 24.37 

10 24.34 24.56 23.75 24.11 24.37 

11 24.34 24.56 23.75 24.11 24.37 

12 24.34 24.56 23.75 24.11 24.37 

13 24.34 24.56 23.75 24.11 24.37 

14 24.34 24.56 23.75 24.11 24.37 

15 24.34 24.56 23.75 24.11 24.37 

16 24.34 24.56 23.75 24.11 24.37 

17 24.34 24.56 23.75 24.11 24.37 

18 24.34 24.56 23.75 24.11 24.37 

19 24.34 24.56 23.75 24.11 24.37 

20 24.34 24.56 23.75 24.11 24.37 

21 24.34 24.56 23.75 24.11 24.37 

22 24.34 24.56 23.75 24.11 24.37 

23 24.34 24.56 23.75 24.11 24.37 
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Appendix 5  MATLAB CODE 

%%MAIN METHOD 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%DEFINITION OF GLOBAL VARIABLES 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
global p_min        %minimum output power of the plant 
global p_max        %maximal output power of the plant 
global delta_t      %matrix with time duration of each period in h 
global initial_period   %period of study 
global min_cum_stop_h   %minimum duration of stop 
global start_up_cost_var    %This matrix contains the cost for starting the 
                        %plant whether it is cold, warm or hot 

                         
global operation_t    %tree of possible operations 
global power_t       %tree of possible powers 

  
global production_cost_var  %matrix of the plant operation costs 

  
p_min = 200; 
p_max = 430; 
min_cum_stop_h = 6; 
start_up_cost_var = [5000 8500 12000]; 
start_up_cost_fixed = [5000 5000 5000]; 
%delta_t = [48 12 12 24 24 0 0];    %unit: hour 
%delta_t = [12 12 12 12 12 12 12 12 12 12 0 0]; %unit: hour 
%delta_t = [8 12 12 12 12 12 12 12 12 12 4 0 0]; %unit: hour 
%delta_t = [8 12 4 8 12 4 8 12 4 8 12 4 8 12 4 0 0]; 
delta_t = [8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 0 0]; 

  
%The initial period is the sum of delta_t 
initial_period = sum(delta_t); 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Definition of local variables 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
starts_stock = 2; 
hours_stock = 56; 

  
%Electricity price scenarios (per hour) 
%Low price scenario  
p_sc1 = [31.59  25.69   23.33   17.52   17.26   25.06   43.40   47.44   

52.54   54.00   49.32   50.00   44.22   42.07   35.99   37.25   40.33   

46.16   64.95   59.96   50.06   46.12   47.59   42.83   30.75   31.66   

29.45   27.87   20.40   30.72   38.96   53.80   54.90   53.79   51.90   

50.74   50.38   48.48   42.49   39.56   41.00   51.90   60.27   59.25   

46.87   39.88   42.89   39.59   32.16   29.98   28.46   26.91   27.86   

28.48   38.19   45.16   49.44   52.21   53.93   53.96   48.08   49.42   

45.92   43.35   41.81   44.99   59.95   54.37   49.85   42.96   44.18   

44.03   33.99   32.03   30.28   27.75   25.59   27.85   41.54   53.34   

50.10   48.28   48.14   46.95   47.58   44.94   43.22   41.94   40.62   

48.66   64.96   57.83   48.05   39.95   40.63   39.61   32.91   22.15   

20.84   19.42   19.92   26.64   35.83   47.45   49.03   49.77   49.12   

48.45   46.72   42.94   36.86   32.31   31.68   42.90   53.48   49.96   

43.31   30.49   38.37   41.00]; 
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%High price scenario     
p_sc2 = [63.20  60.31   60.73   51.67   45.71   56.92   76.35   110.00  

110.84  128.15  133.88  124.96  104.61  92.78   103.65  87.93   84.98   

98.93   138.72  127.13  89.76   71.59   92.55   79.35   61.02   67.74   

61.04   47.96   47.86   69.59   91.41   100.15  87.83   88.52   83.20   

81.37   76.01   74.30   71.76   68.10   63.40   76.00   97.41   94.86   

74.95   65.73   67.34   67.99   62.91   70.44   61.19   54.51   44.95   

56.64   77.00   79.14   82.68   82.53   81.33   81.31   77.38   73.00   

71.41   65.60   62.92   66.48   117.86  102.67  83.29   68.76   72.95   

68.03   59.48   55.50   52.34   43.87   42.82   47.54   61.19   89.99   

115.12  107.48  85.65   83.43   73.67   68.72   68.87   61.34   59.72   

75.00   120.00  101.02  84.39   61.28   64.00   61.19   55.50   62.50   

53.30   53.30   53.20   61.19   77.29   87.92   106.52  76.66   152.80  

109.13  78.00   78.15   100.00  61.19   58.41   93.36   150.84  93.80   

77.03   69.25   70.83   69.15]; 
%Arithmetic mean scenario 
p_sc3 = [45.79  42.27   39.23   32.80   33.19   40.55   56.16   72.08   

72.96   74.36   82.17   68.74   64.95   63.26   64.85   59.63   55.85   

62.40   86.22   82.73   66.43   55.81   60.47   55.36   47.74   48.69   

45.41   39.17   38.14   45.38   55.23   68.90   71.01   76.67   68.78   

67.95   68.33   64.07   60.11   56.89   54.48   60.36   90.00   80.25   

62.77   54.06   56.59   52.33   46.52   46.23   43.02   39.68   38.55   

42.29   51.13   64.51   69.26   70.34   69.42   67.31   63.01   60.06   

59.35   56.01   54.55   61.65   85.23   76.21   63.27   53.80   55.66   

52.03   49.32   49.32   45.34   39.61   37.82   42.54   54.15   73.59   

94.98   93.58   90.95   90.13   85.40   63.78   61.31   57.60   55.04   

62.01   102.34  83.58   66.24   53.61   54.47   51.74   47.83   47.61   

42.46   38.55   36.33   42.76   54.46   69.13   71.61   99.08   90.44   

70.34   65.08   58.77   56.93   49.67   48.65   58.66   75.90   69.48   

59.62   49.54   53.68   53.55]; 
%Root mean square scenario   
p_sc4 = [47.45  43.98   40.86   34.58   35.04   42.16   57.67   75.17   

76.02   79.41   102.89  72.92   67.53   65.63   71.68   65.17   57.97   

64.81   89.93   86.58   68.12   57.29   62.88   56.84   48.96   50.30   

46.88   40.44   39.54   47.64   57.88   71.73   74.67   89.41   72.79   

71.76   74.37   67.64   63.35   60.48   56.72   61.66   111.61  90.00   

64.75   55.30   58.30   53.66   47.50   47.74   44.44   40.82   39.89   

43.39   52.58   67.79   73.26   74.01   72.81   70.19   65.31   61.25   

62.28   58.92   57.80   65.98   92.98   80.85   66.97   55.09   57.42   

53.21   51.04   52.92   48.47   41.71   39.63   44.17   57.33   85.37   

142.31  141.25  139.69  139.30  128.61  67.30   64.84   61.26   58.08   

64.16   145.67  92.82   69.08   54.66   55.89   52.56   50.14   51.71   

45.42   41.10   38.47   45.42   59.63   76.13   77.63   146.96  128.21  

76.77   68.97   60.66   59.91   51.10   49.64   61.31   82.02   72.75   

62.08   51.19   55.57   54.92]; 
%Geometric mean scenario     
p_sc5 = [43.58  40.22   37.45   30.81   31.09   38.72   54.68   69.45   

70.43   70.58   71.53   65.54   62.73   61.15   59.98   55.70   53.91   

60.38   83.11   79.45   64.89   54.46   58.40   53.95   46.37   46.90   

43.77   37.81   36.57   43.32   53.07   66.66   68.34   69.91   66.03   

65.30   64.71   61.60   57.69   54.39   52.75   59.27   79.90   74.87   

61.17   52.93   55.21   51.13   45.54   44.75   41.67   38.52   37.16   

41.21   49.81   62.22   66.58   67.87   67.17   65.33   61.32   59.08   

57.37   54.07   52.44   58.97   80.22   72.90   60.68   52.79   54.33   

51.08   47.92   46.83   43.19   37.77   35.82   41.13   51.96   67.35   

78.11   80.16   77.99   73.90   68.26   61.42   58.92   55.13   52.88   

60.38   84.01   77.73   64.07   52.63   53.13   50.93   45.77   44.10   

39.42   35.61   33.38   40.02   51.00   64.89   67.56   77.89   73.16   
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66.14   62.33   57.04   54.35   48.31   47.62   56.52   71.60   67.07   

57.65   47.98   51.93   52.34]; 

  
%Actual electricity prices (per hour) 
price =[52.20   46.06   48.12   42.77   41.12   44.84   50.34   59.89   

62.83   65.49   73.81   72.41   72.41   66.80   55.10   54.16   52.06   

58.90   115.00  100.03  77.56   63.89   59.34   55.70   50.30   50.60   

50.78   47.96   44.82   48.93   52.38   71.97   82.53   75.75   78.68   

77.13   68.78   66.69   61.90   54.92   51.69   61.41   84.94   71.00   

71.00   56.42   57.49   52.41   50.01   47.41   45.42   43.76   42.39   

44.30   49.78   60.32   68.03   72.02   70.95   61.74   56.22   52.77   

49.68   49.80   50.86   58.48   81.37   71.62   58.70   53.09   53.95   

51.97   46.56   45.74   46.00   43.81   42.99   45.04   53.35   63.78   

70.60   75.71   61.41   56.35   54.98   51.44   46.95   45.47   49.96   

57.58   72.00   69.94   54.98   46.72   48.05   48.25   50.73   49.07   

45.30   42.43   41.62   41.71   45.42   58.25   57.84   59.97   56.59   

55.05   52.38   49.89   47.80   44.19   43.20   45.75   51.49   55.36   

49.96   44.63   46.93   46.30]; 

  
%Electricity price scenarios based on actual prices 
[mean_p_sc, low_p_sc, high_p_sc] = better_scenarios(price); 

  
m_p_sc = mean_p_sc; 
l_p_sc = low_p_sc; 
h_p_sc = high_p_sc; 

  
%The prices should be given by period 
p_sc1 = hourly2deltat(p_sc1, delta_t); 
p_sc2 = hourly2deltat(p_sc2, delta_t); 
p_sc3 = hourly2deltat(p_sc3, delta_t); 
p_sc4 = hourly2deltat(p_sc4, delta_t); 
p_sc5 = hourly2deltat(p_sc5, delta_t); 
price = hourly2deltat(price, delta_t); 
mean_p_sc = hourly2deltat(mean_p_sc, delta_t); 
low_p_sc = hourly2deltat(low_p_sc, delta_t); 
high_p_sc = hourly2deltat(high_p_sc, delta_t); 

  
%Gas electricity prices (per hour) 
gas_prices_var = [24.34 24.34   24.34   24.34   24.34   24.34   24.34   

24.34   24.34   24.34   24.34   24.34   24.34   24.34   24.34   24.34   

24.34   24.34   24.34   24.34   24.34   24.34   24.34   24.34   24.56   

24.56   24.56   24.56   24.56   24.56   24.56   24.56   24.56   24.56   

24.56   24.56   24.56   24.56   24.56   24.56   24.56   24.56   24.56   

24.56   24.56   24.56   24.56   24.56   23.75   23.75   23.75   23.75   

23.75   23.75   23.75   23.75   23.75   23.75   23.75   23.75   23.75   

23.75   23.75   23.75   23.75   23.75   23.75   23.75   23.75   23.75   

23.75   23.75   24.11   24.11   24.11   24.11   24.11   24.11   24.11   

24.11   24.11   24.11   24.11   24.11   24.11   24.11   24.11   24.11   

24.11   24.11   24.11   24.11   24.11   24.11   24.11   24.11   24.37   

24.37   24.37   24.37   24.37   24.37   24.37   24.37   24.37   24.37   

24.37   24.37   24.37   24.37   24.37   24.37   24.37   24.37   24.37   

24.37   24.37   24.37   24.37   24.37]; 
gas_prices_fixed = [24.23   24.23   24.23   24.23   24.23   24.23   24.23   

24.23   24.23   24.23   24.23   24.23   24.23   24.23   24.23   24.23   

24.23   24.23   24.23   24.23   24.23   24.23   24.23   24.23   24.23   

24.23   24.23   24.23   24.23   24.23   24.23   24.23   24.23   24.23   

24.23   24.23   24.23   24.23   24.23   24.23   24.23   24.23   24.23   
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24.23   24.23   24.23   24.23   24.23   24.23   24.23   24.23   24.23   

24.23   24.23   24.23   24.23   24.23   24.23   24.23   24.23   24.23   

24.23   24.23   24.23   24.23   24.23   24.23   24.23   24.23   24.23   

24.23   24.23   24.23   24.23   24.23   24.23   24.23   24.23   24.23   

24.23   24.23   24.23   24.23   24.23   24.23   24.23   24.23   24.23   

24.23   24.23   24.23   24.23   24.23   24.23   24.23   24.23   24.23   

24.23   24.23   24.23   24.23   24.23   24.23   24.23   24.23   24.23   

24.23   24.23   24.23   24.23   24.23   24.23   24.23   24.23   24.23   

24.23   24.23   24.23   24.23   24.23]; 
%The prices should be given by period 
gas_prices_fixed = hourly2deltat(gas_prices_fixed, delta_t); 
gas_prices_var = hourly2deltat(gas_prices_var, delta_t); 

  
%Matrix will all the prices scenarios 
p_scenarios = [p_sc1; p_sc2; p_sc3; p_sc4; p_sc5]; 
nb_of_sc = 5;   %number of scenarios 

  
%Matrix will all the prices scenarios based on actual prices 
p_scenarios2 = [mean_p_sc; low_p_sc; high_p_sc]; 
nb_of_sc2 = 3;   %number of scenarios 

  
%Computation of operation costs for each period 
yield = 0.5; 
var_op_cost = 4; 
%variable production cost 
production_cost_var = var_op_cost + gas_prices_var/yield; 
production_cost_var(length(production_cost_var)) = 0; 
%fixed production cost 
production_cost_fixed = var_op_cost + gas_prices_fixed/yield; 
production_cost_fixed(length(production_cost_fixed)) = 0; 

  
%We choose if we use fixed or variable production cost, fixed or variable 
%start-up costs 
production_cost = production_cost_fixed; 
start_up_cost = start_up_cost_fixed; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%CREATION OF THE GENERAL TREES - COMMON TO ALL CASES 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%Creation of the tree which will contain all possible operation states of 
%the plant. The tree depth is equal to the period. Each node contains: 
%[starts stock, hours stock, cumulative operation hours, cumulative stop 
%hours, level of production, period number] 
%These values correspond to the end of the time period. 
%Creation of the root 
operation_t = tree([starts_stock, hours_stock, 0, 48, 0, 1]); 
%creation of the whole tree 
create_tree(1, initial_period); 

  
%Creation of the tree which contains the possible operation powers 
power_t = operation_t.treefun(@(a) a(5)); 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% REALITY - COMPUTATION OF OPTIMAL OPERATION PLANNING 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%Creation of the matrix that gives the difference between prices&op costs 
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diff_mat = price - production_cost; 

  
% %Creation of the Bellman values tree 
Bellman_values = tree(operation_t, -10); 
[Bellman_values, BV] = compute_BV(1, Bellman_values, diff_mat, 

start_up_cost); 

  
%Creation of the use values tree 
use_values = compute_UV(Bellman_values); 

  
%Computation of the optimal operation plan from real prices and use values 
operation_plan = compute_operations(price, use_values); 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% SCENARIOS - COMPUTATION OF OPTIMAL OPERATION PLANNING 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%BV_cum is a tree which will be the sum of all scenarios BV trees 
BV_cum = tree(operation_t,0); 

  
for i =1:nb_of_sc 
    price_sc = p_scenarios(i,:); 

     
    %Creation of the tree that gives the difference between prices&op costs 
    diff_mat_sc = price_sc - production_cost; 

     
    % %Creation of the Bellman values tree 
    Bellman_values_sc = tree(operation_t, -10); 
    [Bellman_values_sc, BV]= compute_BV(1, Bellman_values_sc, diff_mat_sc, 

start_up_cost); 

     
    %The BV tree is added to BV_cum 
    BV_cum = BV_cum + Bellman_values_sc; 
end 

  
BV_mean = BV_cum ./ nb_of_sc; 

  
%UV_mean is the tree of use values computed from the mean Bellman values 
UV_mean = compute_UV(BV_mean); 

  
%Mean operation plan (done on real prices, based on mean UVs) 
operation_plan_mean_sc = compute_operations(price, UV_mean); 

  
%Operation plan on mean prices from mean UVs 
p_mean = sum(p_scenarios)/nb_of_sc; 
op_plan_sc = compute_operations(p_mean,UV_mean); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% SCENARIOS based on actual prices - COMPUTATION OF OPTIMAL OPERATION 

PLANNING 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%BV_cum is a tree which will be the sum of all scenarios BV trees 
BV_cum2 = tree(operation_t,0); 
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for i =1:nb_of_sc2 
    price_scenarios = p_scenarios2(i,:); 

     
    %Creation of the tree that gives the difference between prices&op costs 
    diff_mat_sc = price_scenarios - production_cost; 

     
    % %Creation of the Bellman values tree 
    Bellman_values_sc = tree(operation_t, -10); 
    [Bellman_values_sc, BV]= compute_BV(1, Bellman_values_sc, diff_mat_sc, 

start_up_cost); 

     
    %The BV tree is added to BV_cum 
    BV_cum2 = BV_cum2 + Bellman_values_sc; 
end 

  
BV_mean2 = BV_cum2 ./ nb_of_sc2; 

  
%UV_mean is the tree of use values computed from the mean Bellman values 
UV_mean2 = compute_UV(BV_mean2); 

  
%Mean operation plan (done on real prices, based on mean UVs) 
operation_plan_mean_sc2 = compute_operations(price, UV_mean2); 

  
%Operation plan on mean prices from mean UVs 
p_mean2 = sum(p_scenarios2)/nb_of_sc2; 
op_plan_sc2 = compute_operations(p_mean2,UV_mean2); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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function [ mean_p_sc, low_p_sc, high_p_sc ] = better_scenarios( prices ) 
%BETTER_SCENARIOS Gives three scenarios based on the actual prices 

  
n = length(prices); 
error_low = randn(1, n); 
error_high = randn(1, n); 
error_mean = randn(1, n); 

  
mean_p_sc = (1+0.1*error_mean).*prices; 
low_p_sc = (0.8+0.1*error_low).*prices; 
high_p_sc = (1.2+0.1*error_high).*prices; 

  
end 
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function [ price_delta_t ] = hourly2deltat( price_h, delta_t ) 
%HOURLY2DELTAT In order to have the mean prices for every time step, from 
%the hourly prices. The function also adds a zero at the end of the new 
%vector 
%   Inputs: delta_t (in hours) and the hourly prices. 
%   Works for electric and gas prices 

  
price_delta_t = zeros(1, length(delta_t)-1); 

  
i=1; 

  
for j=1:(length(delta_t)-2) 
    mean_price = 0; 
    delta = delta_t(j); 
    for k = 0:(delta-1) 
        mean_price = mean_price + price_h(i+k); 
    end 

     
    price_delta_t (j) = mean_price/delta; 

     
    i = i + delta; 
end 

  
end 
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function [ ] = create_tree(target_node, time_left) 
%CREATE_TREE This function computes the whole tree containing all the 
%possible states. 
%Its inputs are : target_node, the integer of the node from which we want 
%to create the subtree and period, which is the lasting period, in hours. 
%It is a recursive function 

  
global p_min        %minimum output power of the plant 
global p_max        %maximal output power of the plant 
global delta_t      %matrix with time duration of each period in h 
global min_cum_stop_h   %minimum duration of stop 

  
global operation_t    %tree of possible operations 

  
%information about target_node (from which we are going to compute the 
%subtrees 
label = operation_t.get(target_node); %get the label, which is a matrix 
starts_stock = label(1); 
hours_stock = label(2); 
cum_op_h = label(3); 
cum_stop_h = label(4); 
prod = label(5); 
period = label(6); 
delta = delta_t(period); 

  
%information for new nodes 
new_time_left = time_left - delta; 
new_hours_stock = hours_stock - delta; 
new_starts_stock = starts_stock - 1; 
new_cum_op_h = cum_op_h + delta; 
new_cum_stop_h = cum_stop_h + delta; 
new_time_int = period + 1; 

  
if (prod == 0)  %% situation when the unit is stopped 

     
    %we can always be at stop 
    %n1 is the number of the node that is added 
    [operation_t, n1]=operation_t.addnode(target_node, [starts_stock, 

hours_stock, 0, new_cum_stop_h , 0, new_time_int]); 

     
    %if we are at prod 0 we can start again iif starts_stock > 0, 
    %hours_stock >0 and we are above minimal duration of stop 
    if (starts_stock > 0) && (hours_stock > 0) && 

(cum_stop_h>=min_cum_stop_h) 
        [operation_t, n2]=operation_t.addnode(target_node, 

[new_starts_stock, new_hours_stock, new_cum_op_h, 0, p_min, new_time_int]); 
        [operation_t, n3]=operation_t.addnode(target_node, 

[new_starts_stock, new_hours_stock, new_cum_op_h, 0, p_max, new_time_int]); 
    end 

     
else            %% situation when the unit is running -> starts stock won't 

decrease 

     
    %we can always stop 
    [operation_t, n1]=operation_t.addnode(target_node, [starts_stock, 

hours_stock, 0, new_cum_stop_h, 0, new_time_int]); 
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    if hours_stock > 0%if we are at prod > 0 we can start again iif hours_stock 

> 0 
        [operation_t, n2]=operation_t.addnode(target_node, [starts_stock, 

new_hours_stock, new_cum_op_h, 0, p_min, new_time_int]); 
        [operation_t, n3]=operation_t.addnode(target_node, [starts_stock, 

new_hours_stock, new_cum_op_h, 0, p_max, new_time_int]); 
    end 

     
end 

  
if (new_time_left > 0)    %%if it's the last period, we should not compute 

more son trees 
    create_tree(n1, new_time_left); 

     
    if (hours_stock > 0)&&( ((prod==0)&&(starts_stock > 

0)&&(cum_stop_h>=min_cum_stop_h)) ||(prod>0)) 
        create_tree(n2, new_time_left); 
        create_tree(n3, new_time_left); 
    end 
end 

  
end 
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function [ Bellman_values, BV ] = compute_BV( target_node, Bellman_values, 

diff_mat, start_up_cost) 
%COMPUTE_BV This function computes Bellman values for target_node 
% This is done from the prices, the operation costs, and the operations 
% available. 
%It is a recursive function 

  
%Global variables 
global power_t       %tree of possible powers 
global delta_t      %matrix with time duration of each period in h 

  
global operation_t    %tree of possible operations 

  
op_label = operation_t.get(target_node); 
prod = op_label(5); 
stop_duration = op_label(4); 
period = op_label(6); 

  
BV_temp = Bellman_values.get(target_node); 

  
%Bellman values tree was initialized at -10 so if there is a positive value 

it 
%means the Bellman value has already been computed 
if BV_temp >= 0 
    BV = BV_temp; 
else 
    children = Bellman_values.getchildren(target_node); 

     
    %if children is empty, we are at a leaf and the Bellman value is 0 
    if isempty(children) 
        BV = 0; 
    else 
        %difference between price and operation cost for the target node 
        diff_price_cost = diff_mat(period); 
        %period duration 
        delta = delta_t(period); 

         
        BV_matrix = zeros(1,length(children)); 
        j=1; 
        for c = children 
            power_child =power_t.get(c); 

             
            prod_hours = delta; 
            %if the hours stock is smaller than the time period, we will be 
            %able to use just the stock 
            if op_label(2) < delta 
                prod_hours = op_label(2); 
            end 

             
            %profit for the time step 
            profit_time_step = power_child*diff_price_cost*prod_hours; 

             
            %Bellman value of the child 
            [Bellman_values, BV_child] = compute_BV(c, Bellman_values, 

diff_mat,start_up_cost); 
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            %The start-up cost depends on the stop duration 
            start_up = 0; 
            if (prod == 0) && (power_child > 0) 
                if stop_duration >= 24 
                    start_up = start_up_cost(3); 
                else if stop_duration >= 12 
                        start_up = start_up_cost(2); 
                    else 
                        start_up = start_up_cost(1); 
                    end 
                end 
            end 

             
            BV_matrix(j) = BV_child + profit_time_step - start_up; 
            j=j+1; 
        end 

         
        %the Bellman value is the max of (future BVs + immediate profit) 
        BV = max(BV_matrix); 
    end 

     
    Bellman_values = Bellman_values.set(target_node,BV); 
end 

  
end 
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function [ use_values ] = compute_UV(Bellman_values) 
%COMPUTE_UV This function computes use values for the whole tree 
%This is done using Bellman_values tree 

  
%Global variables 
global p_min        %minimum power of the plant 
global p_max        %maximal power of the plant 
global delta_t      %matrix with time duration of each period in h 
global operation_t    %tree of possible operations 

  
use_values = tree(Bellman_values, 'clear'); 
iterator = Bellman_values.depthfirstiterator; 

  
for i = iterator 

     
    children = Bellman_values.getchildren(i); 
    BV_matrix = zeros(1,length(children)); 
    j=1; 
    if ~isempty(children) 
        if length(children)==1 
            UV = 0; 
        else 
            for c = children 
                BV_matrix(j) = Bellman_values.get(c); 
                j=j+1; 
            end 
            [BV_max, index] = max(BV_matrix([2 3])); 

             
            op = operation_t.get(c); 
            period = op(6); 
            delta = delta_t(period); 
            %P is the optimal operation power 
            if index==1 
                P = p_min; 
            else 
                P = p_max; 
            end 

             
            %UV = BV(child at stop) - max[BV(child on operation)] 
            %In order to be in ¤/MWh, UV is divided by the time period and 
            %the power level 
            UV_temp = BV_matrix(1) - BV_max; 
            if UV_temp ~=0 
                UV = UV_temp / P / delta; 
            else 
                UV = 0; 
            end 
        end 
        use_values = use_values.set(i,UV); 
    end 
end 

  
end 
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function [ operation_matrix ] = compute_operations(price_mat, use_values ) 
%COMPUTE_OPERATION Computation of optimal operation from prices (tree), 
%levels of power (tree), operation costs (tree) and use values (tree). 
%Output: operation matrix is of size 13*(nb of time periods) 
%It contains: 
%period t, period duration, starts stock at the beginning of t, hours stock 
%at the beginning of t, consecutive op hours at the beginning of t, 
%electricity price(averaged) during period t, UV for period t, production 
%cost for period t, variable cost for period t, the operation decision for 
%period t, the level of generation (MW) for period t, the profit made on 
%period t, the cumulative profit from the beginning 
%%%% 

  
%Global variables 
global p_min        %minimum output power of the plant 
global p_max        %maximal output power of the plant 

  
global delta_t      %matrix with time duration of each period in h 
global min_cum_stop_h   %minimum duration of stop 
global start_up_cost_var    %This matrix contains the cost for starting the 
%plant whether it is cold, warm or hot 

  
global operation_t    %tree of possible operations 
global power_t       %tree of possible powers 
global production_cost_var  %matrix of operation costs 

  
%We start the computation at the first node. 
node = 1; 

  
%The operation matrix will contain the period, the starts stocks, the hours 
%stocks, the current consecutive operation hours, the electricity prices, the 
%use values, the variable costs, the operation decisions, the powers of 
%operation, the profits and the cumulative profits. 
operation_matrix = zeros(13,length(delta_t)-2); 

  
for i = 1 : (length(delta_t)-2) 
    delta = delta_t(i); 
    op = operation_t.get(node); 
    starts_stock = op(1); 
    hours_stock = op(2); 
    curr_cons_op_h = op(3); 
    stop_duration = op(4); 
    period = op(6); 

     
    UV = use_values.get(node); 
    price = price_mat(period); 
    op_cost = production_cost_var(period); 

     
    operation_matrix(1,i)=i;        %period 
    operation_matrix(2,i)=delta;        %period duration 
    operation_matrix(3,i)=starts_stock;    %starts stock 
    operation_matrix(4,i)=hours_stock;    %hours stock 
    operation_matrix(5,i)=curr_cons_op_h;    %current consecutive op hours 
    operation_matrix(6,i)=price;     %electricity price 
    operation_matrix(7,i)=UV;       %UV 
    operation_matrix(8,i)=op_cost;       %production cost 
    operation_matrix(9,i)=op_cost+UV; %variable cost 
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    if (price < op_cost) 
        %it is costing money to produce so the plant should be at p_min 
        %(if it is producing) 
        power = p_min; 
    else 
        power = p_max; 
    end 

     
    %Cost of start-up depends on stop_duration and is 0 if the plant is 
    %running 
    start_up = 0; 
    if curr_cons_op_h==0     %if we are at stop 
        if stop_duration >= 24 
            start_up = start_up_cost_var(3); 
        else if stop_duration >= 12 
                start_up = start_up_cost_var(2); 
            else 
                start_up = start_up_cost_var(1); 
            end 
        end 
    end 

     
    prod_hours = delta; 

     
    %if the hours stock is smaller than the time period, we will be 
    %able to use just the stock 
    if hours_stock < delta 
        prod_hours = hours_stock; 
    end 

     
    %if hours stock is not zero & (either we are already producing or we 
    %can start) &if it's financially interesting, the plant will be operated 
    if (hours_stock>0) && 

(curr_cons_op_h>0||((starts_stock>0)&&(stop_duration>=min_cum_stop_h))) && 

((op_cost + UV)*power*prod_hours+start_up<price*power*prod_hours) 
        op_decision = 1; 
    else 
        op_decision = 0; 
        power = 0; 
        start_up = 0; 
    end 

     
    profit = power*(price - op_cost)*prod_hours - start_up; 
    operation_matrix(10,i)= op_decision;  %operation decision 
    operation_matrix(11,i)= power;       %power 
    operation_matrix(12,i)= profit; %profit 

     
    %Computation of cumulative profit 
    if i == 1 
        operation_matrix(13,i)= profit; 
    else 
        operation_matrix(13,i)= profit + operation_matrix(13,i-1); 
    end 

     
    %set the next node which will be visited 
    children = power_t.getchildren(node); 
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    for c = children 
        if power == power_t.get(c) 
            node = c; 
        end 
    end 

     
end 

  
end  
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function [ price_delta_t ] = hourly2deltat( price_h, delta_t ) 
%HOURLY2DELTAT In order to have the mean prices for every time step, from 
%the hourly prices. The function also adds a zero at the end of the new 
%vector 
%   Inputs: delta_t (in hours) and the hourly prices. 
%   Works for electric and gas prices 

  
n = length(price_h); 

  
price_delta_t = zeros(1, (n/delta_t)+1); 
i=1; 
j = 1; 
while j <= n/delta_t 
    mean_price = 0; 
    for k = 0:(delta_t-1) 
        mean_price = mean_price + price_h(i+k); 
    end 

     
    price_delta_t (j) = mean_price/delta_t; 
    j=j+1; 
    i = i + delta_t; 
end 

 
end 
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