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Abstract 

 

In the chain of electrical energy, the proper operation of transmission networks is essential for 

guaranteeing the reliability of energy supply to consumers. However, for economical and 

physical reasons, transmissions network cannot have an infinite capacity. Therefore operating 

constraints such as voltage stability and line overloads can lead to congestions by preventing 

the transmission system operator from transferring electricity according to the market desire. 

To avoid outages due to congestions, congestion management methods have been developed 

by transmission system operators.  In France, congestions are managed by the transmission 

system operator (RTE: Réseau de Transport d'Electricité) through a balancing mechanism. It 

aims at adjusting the production of some specific power plants. This regulation has a cost. 

This cost paid by RTE is important  since it has an impact on the rate charged for using the 

public transmission and distribution network. However the congestion cost is hardly 

predictable since it depends on the availability of load, generation and transmission devices. 

In this master thesis, historical data will be analyzed to study the geographical structure and 

the causes of congestion in French transmission network. Moreover, a method to forecast the 

congestion  costs will be described. First dynamic simulations are run to find the constraints 

issued by voltage stability. Then scenarios are created by a Monte-Carlo simulator to know 

the probability of occurrences of situations with constraints. Finally, the amount of regulated 

production activated to solve congestion issues must be valued to derive a cost. The pricing 

issues are tackled by focusing on the marginal balancing price and the prices of the offers 

submitted to the balancing mechanism. The method is used to forecast the congestion costs at 

several horizons of time. The results are analyzed and some other utilization of this method 

are discussed. 
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Abbreviations 

 

AWP: Average Weighted Price 

BE: Balancing Entity 

BM: Balancing Mechanism 

BO: Balancing Offer 

CP: Call Program 

CRE: Commission de Régulation de l'Energie (the french energy regulator) 

FE: Forecast Entity 

FOD: Forced Outage Duration 

FOR: Forced Outage Rate 

FR: Failure Rate 

MAP: Maximum Available Power 

MBP: Marginal Balancing Price 

OTC: over-the-counter 

PE: Programming Entity 

POD: Planned Outage Duration 

POR: Planned Outage Rate 

PRE: Programming Responsible Entity 

RTE: Réseau de Transport d'Electricité (the french TSO) 

TSO: Transmission System Operator 

TURPE: rate charged for using the public transmission and distribution network 
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Introduction 

Background 

 

RTE is the French system operator in charge of the transmission network. This network is the 

biggest in Europe. RTE is a public service company which aims at operating, maintaining and 

developing the high and extra high voltage network while guaranteeing its reliability and 

proper operation. As a transmission system operator (TSO), RTE transports electricity from 

French and European producers to consumers (electricity distributors or industrial consumers 

directly connected to the transmission grid). 

Even if the electricity market is now open to competition, the transmission still is a monopoly 

by nature. Moreover, as electricity cannot be stored, a strong coordination from an 

independent transmission system operator (TSO) is essential to continuously reach the 

balance between production and consumption. 

The French law defines the different public services that RTE must provide. Indeed, RTE is 

required to guarantee the security of supply, to maintain and develop the network to meet 

demand and to ensure that all users are treated in a non discriminatory manner. 

The CRE (Commission de Régulation de l’Energie) is the French energy regulator. Among 

other missions, it controls that the public service agreement signed by RTE and the French 

government is implemented. One of the CRE’s responsibilities is to set the rate charged for 

using the public transmission and distribution network (it is the TURPE charge). 

The TURPE is the price given to the TSO to compensate the charges paid by the TSO to 

operate, develop and maintain the network. This price is independent of the distance between 

the producer and the user and it is also the same price in the whole country. Furthermore, the 

TURPE should take into account the costs of the measures used to manage congestions. 

The transmission network has indeed a limited capacity. These limits are set by operating 

constraints such as voltage limits and line overloads. Moreover, for economical reasons the 

network is usually not oversized. Therefore when the transmission network is not sufficient to 

transfer electricity according to the market desire, congestions occur. 

There are two kinds of congestion: structural congestions and temporary congestions. 

Temporary congestions refer to bottlenecks which are more random regarding the location 

and are rather unusual. They can occur during maintenance on a transmission line for 

instance. Structural congestions depend on the transmission network and where the 

production and the consumption are located. This kind of congestion occurs for instance 

during spring flood if there is congestion from an area with large amounts of hydro power 

plants or during last winter in France where the load was unusually high due to very cold 

temperatures. 
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In a transmission system, congestion cannot be tolerated as they may cause cascade outages 

with uncontrolled loss of loads. Therefore congestion management methods have been 

developed to prevent such problems. However the remedial measures used to relieve 

congestion have a cost: these are the congestion costs. They come from the fact that the 

splitting of production is not optimal anymore when congestions occur. Indeed, in a perfect 

market all energy is produced by the cheapest power plants regarding operating costs. 

However, when bottlenecks occur more expensive power plants are required in areas where 

the transmission is not enough to transfer the energy coming from cheaper plants. 

The level of the TURPE has of course an impact on the social environment since it has 

consequences on the price paid at the end by the consumer to the retailer. It is therefore 

important to have a reliable method to forecast the congestion costs in order to set the TURPE 

charge. This is why this project is carried out at RTE. 

Problem definition 

 

Congestion management is often done with deterministic values of generation, loads and 

power system configurations [1]. Nevertheless, in reality power system have random 

behaviors because of uncertainties regarding the availability of generation, load and 

transmission devices [2]. These uncertainties are caused by unplanned outages, equipment 

failures, economic factors including fuel prices and market prices, reserve availabilities, 

climatic variables and environmental regulations for generating units. Behavior of renewable 

plants is even more random. For transmission networks, the randomness comes from line 

ratings, environmental factors such as ambient temperature and lightning, unplanned outages 

and equipment failures. For loads, it can come from weather-related factors and economic 

growth for instance [3]. 

The congestion costs are therefore hardly predictable since they depend in part on random 

events described before. Nevertheless RTE needs to do a prediction as accurate as possible for 

its 5 years budget and for the CRE. This master thesis aims a developing a method to forecast 

these congestions costs with a maximum accuracy. 

Several issues must be addressed to forecast the congestions costs. First one must study where 

the congestions are likely to occur. Previous work in this field often present methods to 

perform short-term forecasting like in [4] and [5].Then, one must forecast the amount of 

additional production that is required to manage these congestions. As it is said before, the 

difficulties come from the randomness of the events that have an impact on these two points. 

At last, once the amount of required power has been determined, it will be necessary to value 

this activated production in order to find a cost. This valuation is very hard to perform since 

there is a strong volatility of electricity price. 
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Objectives 

 

In this report, the issues regarding the forecasting of additional production and its valuation 

because of congestions must be addressed. However, it is a complex issue. Further studies 

will therefore be required to improve the forecasting method presented here. 

The method presented in this report must take into account the stochastic behavior of the 

power system. Therefore a Monte-Carlo simulator called Antares will be used to create 

several scenarios. Moreover this method should also identify the location and kind of physical 

constraints that are likely to occur in these scenarios. Dynamic simulations will therefore be 

performed on software called Astres. At last, the valuation of the congestions will be done by 

studying historical data regarding the price of bids submitted by activated production plants. 

Overview of the report 

 

First of all, this report will shortly present the theoretical background which is necessary to 

understand the work carried out in this master thesis. It deals with electricity market 

architecture and its evolution, the physical constrains that limit transmission capacities and the 

congestion management methods that can be used. Regarding congestion management, it will 

focus on the method used by RTE through the balancing mechanism (BM). 

Then the general structure of the congestion costs will be analyzed thanks to historical data. It 

will deal with the causes and geographical location of the congestions and also the link 

between the costs and meteorological factors. 

Then it will describe the softwares, Antares and Astres, used to respectively create scenarios 

of the system state and perform dynamic calculations. 

The method used to forecast the congestion costs will be describes afterwards. In the case 

studies part, the method is used to forecast the congestion costs of an unreal power system. It 

will give the results delivered by the simulations. These results will then be analyzed. 

Finally the results and conclusions of this master thesis work will be summarized and some 

hints will be given for further studies on this topic to improve the method. 

  



12 

 

1 Theoretical Background 

1.1 Market Architecture 

 

This section of the report aims at providing some theoretical background about electricity 

market designs. It will be illustrated in a more practical way further in this report when 

dealing with the methods used by RTE to manage imbalances and their costs. 

1.1.1 Kinds of markets 
The electricity market is the place where electricity can be traded. Indeed the actors that are 

using electricity have to pay for it production and the electricity market aims at administrating 

the payments of the energy that is used. There are a lot of ways to organize such a market. 

However, there are some basic schemes from which more complicated market designs come. 

1.1.1.1 Two characteristics shared by all market designs 

There several characteristics that are shared by all market architecture. Here, two 

characteristics that are important to understand the work of this master thesis are to be 

described: the role of the grid owner and the balance responsibility concept. 

First of all, it was said in the introduction that the transmission grid is a natural monopoly. 

This is due to the costs of investments that are necessary to enter the market. These costs are 

very high. It is therefore inappropriate to have competition between several grid owners. 

There would be no benefit for the society. 

The main tasks performed by the grid owner are the following ones: 

 To operate and maintain the grid 

 To provide an adequate power quality 

 To measure production and consumption for the actors connected to the grid 

 To cover the electricity losses of the grid 

The users are thus charged with grid tariffs that allow the operator to cover these costs. These 

tariffs need to be regulated. The aim of the regulation is to prevent the system operator from 

using its monopoly to maximize its profit. 

The balance responsibility concept comes from the fact that neither producers nor consumers 

can forecast exactly how much they will produce and consume. So the actual energy that is 

transferred usually deviates from what was planned. These imbalances are compensated but 

they must be taken into account in the electricity trading. It aims at ensuring that the actors 

pay for all the energy extracted and are paid for all the energy injected. The actors that are 

responsible for these financial adjustments are said to be balance responsible. They constitute 

the interface between the power system and the financial system. 
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1.1.1.2 Different kinds of market 

Electricity trading can be organized in a lot of ways. Nonetheless three major categories can 

be defined to have a good overview of the solutions. They are: vertically integrated markets, 

centralized electricity market and bilateral electricity market. 

Fig 1.1 represents a vertically integrated market. Companies manage all the steps of the power 

delivery: production, retail, grid operation. Companies have a monopoly in their geographical 

areas and it thus needs to be regulated. This kind of market has several advantages. First, 

companies can trade with each other to reduce operation costs. Moreover, simpler technical 

solutions are likely to be taken since one company manages all part of the power system. 

Then there is a stronger coordination regarding the investments in generation, transmission 

and distribution. However there are obviously less incentives to improve the performances of 

the system when there is no competition. This disadvantage led to the restructuration of 

electricity markets in order to separate competitive sector from the monopoly: centralized 

market and bilateral market are restructured market. 

 

Figure 1.1 Vertically Integrated Market 

The architecture of a centralized market is represented on Fig. 1.2. Producers and consumers 

must not trade directly. All the sale bids go to a power pool which is managed by the system 

operator and which forecast the load during the trading period to know how much generation 

is required. 

 

Figure 1.2 Centralized Market 
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In bilateral markets, as represented in Fig. 1.3, the actors are allowed to trade freely. All the 

transactions have to be reported to the system operator who monitors the fulfillment of the 

actor’s undertakings. Usually, there is also a power pool in bilateral markets which gives a 

price serving as a guideline for other transactions. 

 

Figure 1.3 Bilateral Market 

Figures 1.1, 1.2 and 1.3 represent these three kinds of market architectures. In these figures, P 

represents the producer, R the retailer and C the consumer. 

1.1.2 Evolution to the liberalization 
All around the world, electricity markets tend to be liberalized. This evolution has a strong 

impact on the way the power business is carried out. Indeed, electricity markets are moving 

from a monopoly structure to an open market. 

The first consequence of liberalization is the increase of market participants. Indeed the fact 

that markets become open to more competition provides new opportunities that attract new 

players. Therefore new products will be developed. It will also lead to an improvement of 

market transparency whereas in monopoly markets, the producers traded among themselves 

on an over-the-counter (OTC) basis only. 

The second consequence is the existence of new risks with market price volatility. The study 

of historical data provide example of huge spikes of power prices. This is due to the 

specificity of electricity: there is no possibility of large-scale storage for this commodity. 

Furthermore, transmission congestion together with outages of power plants can create 

unbalanced situations. 

[4] shows the characteristics of the transition from a monopolistic market to an open market. 

They are: 

 Increasing of prices transparency 

 Publication of market data 

 Free access to the grid 

 Increasing of the number and volume of OTC trade 
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 Availability of OTC derivative product 

 Operations done at power exchanges, for both the spot and the financial market 

 

Figure 1.4 Evolution of a monopolistic market to an open market 

It is obvious that the main service provided by electricity markets consists of transmitting 

electricity from generation to consumers. However, there are a lot of technical constraints that 

go with the transmission of electricity: frequency control, voltage stability, balancing and 

capacity reservation for instance. There are thus a number of ancillary services which aim to 

guarantee the security and the reliability of the system. It is possible for these services to be 

traded in other markets. 

1.1.3 Several markets depending on the horizon of time 
Since electricity cannot be stored, it is essential to continuously ensure a balance between 

production and consumption. Equation (1) represents this requirement for a power system 

composed of i nodes: 

     

 

                       

 

 (1)  

Several markets are used to meet this requirement. They can be distinguished by the time at 

which they are involved in the balancing process: they are the day-ahead market, the intra-day 

market, the regulating market and the post-trading process. 

The day-ahead market aims at determining which power plant will be activated the following 

day for each time step. The time steps in which the day is divided depend on the country. For 

thermal plants, two aspects must be considered. The first one is the unit commitment which 

means determining whether the plant will be online or not for production. Then the production 

level of each plant for each time step must be determined. So producers must submit their bids 

the day before the real trading day. At the end, the producers must physically meet the amount 

of production bid by operating their units. 
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The intra-day market aims at covering forecast errors (regarding load levels, production costs 

and outages, etc…) for each time step. Indeed forecasts with more accuracy can be used since 

it is closer to the time step. 

The regulating market is used for real time adjustments. Indeed, even if the continuous 

balance can be kept by primary control, bids submitted in the regulating market can be used 

for secondary reserves or to manage bottlenecks for example. In these cases, the system 

operator can activate regulation bids. When performing down-regulation, a producer reduces 

its production according to the needs of the system. Down-regulation bids give information 

about the price at which the regulating energy is bought from the TSO by the actor 

performing down-regulation. On the contrary, when up-regulation is used, a producer has to 

increase its production. Up-regulation bides indicates price at which the energy is sold by the 

actor to the TSO. 

Post-trading takes place once the time step is over. It aims at ensuring the economical balance. 

Indeed, during the time step, the physical balance has been kept. However, it has been done 

thanks to the TSO that has buying or selling power on the regulating market from producers 

to meet the balance. The post-trading process consists of analyzing the imbalance of each 

actor who has a balance responsibility. So it gives rise to financial compensation depending 

on the imbalance and the trend of the regulation during the time step. To sum up, the TSO is 

responsible for keeping the physical balance during the time step whereas the balance 

responsibility concept is an economic incentive for the actors to keep the balance. 

1.2 Transmission limits 

 

As it was said before, the transmission system has a limited capacity. There are three physical 

factors that are responsible of limitations of the capacity of AC power lines. They are thermal 

limits, rotor angle stability and voltage stability. In this section, the report focuses on these 

three factors. 

1.2.1 Thermal limits 
When an electric current flows in a transmission line, it leads to the heating of the conductor 

material. When the temperature of the material rises, it can eventually reach a critical 

temperature from which the material gradually loses mechanical strength and sags due to 

material expansion. It is the thermal limit of a transmission line. The transmission line 

therefore goes closer to the ground and the risk of fault is increased. 

The maximum allowable temperature depends on the material that forms the conductor. 

Conductors with high aluminium content have a smaller thermal limit than other conductors 

for instance. Nonetheless the material is not the only factor. Its age, geometry, the heights of 

the line and the security standards determine also the limitations of the transmission line. 

Moreover, the relation between the current intensity and the heating of the material depends 

on ambient temperature, wind speed, solar radiation, altitude above the sea, etc… Under 

steady-state conditions, the heat-balance is described by (2). 



17 

 

              (2)  

With the following notations: 

 qc: convected-heat loss 

 qr: radiated heat-loss 

 I: current 

 R: AC resistance of the conductor 

 qs: heat received from solar radiation 

From (2), we are able to derive the current: 

    
        

 
 (3)  

 

Figure 1.5 Dependency of transmssion capacity from wind speed and temperature 

Once the maximum allowable current has been determined, it is possible to derive the 

maximum allowable active power with (4): 

                      (4)  

Where:  

 Imax: maximum allowable current 

 Umin: minimum voltage level, expected during normal conditions 

 cos(Φmin): expected minimum power factor at full load 
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It is interesting to notice that the allowed active power transmitted by the line can be 

improved by improving load power factor and increasing minimum voltage. 

1.2.2 Rotor angle stability 
The rotor angle stability refers to the ability of synchronous machines of an interconnected 

power system to remain in synchronism after being subjected to a disturbance [5]. Instability 

that may result occurs in the form of increasing angular swings of some generators leading to 

their loss of synchronism with other generators. It can occur between one machine and the 

rest of the system or between groups of machines. 

Rotor angle stability is characterized as: 

 Transient stability: it is concerned with the ability of the power system to maintain 

synchronized when subjected to large disturbance (short-circuit in a transmission line 

for example). It depends on the initial operating conditions of the system and the type, 

the severity and location of the disturbance. Fig 1.6. represents a stable and an 

unstable case. 

 Small-signal stability: it is concerned with the ability of the power system to maintain 

synchronism under small disturbances. The disturbances are considered to be 

sufficiently small that linearization of the system equations is permissible for purposes 

of analysis 

 

Figure 1.6 Example of dynamic behavior of rotor angles 

Let’s assume a simple two machines system (Fig. 1.7), where machine 1 is a synchronous 

generator feeding power to the synchronous motor, machine 2. The power transferred from 

machine 1 to machine 2 is a non-linear function of angular separation between the rotors of 

the two machines and is given by (5). 

   
    

  
     (5)  
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Where:  

             (6)  

With UG and UM the voltage magnitude at the generator and at the motor, XG, XL, XM the 

reactance of the generator, the line and the motor and δ the difference of angle between the 

generator and the motor. 

 

Figure 1.7 Representation of the two machines system 

This equation shows that there is a maximum power that can be transferred between the two 

machines. The maximum is reached for δ = 90°. Equation (5) is represented on Fig. 1.8. 

 

Figure 1.8 Representation of (5) 

However, there is another constraint on the maximum power that can be transferred by the 

transmission line. Under steady state, there is indeed equilibrium between the input 

mechanical power and output electrical power in each generator. When a fault occurs, the 
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equilibrium is upset and therefore some machines start accelerating while others start 

decelerating according to the law of motion of rotating body. If some machines run faster 

their rotor position will be in advance compared to slower machines. There is a critical 

clearing time to clear the fault that corresponds to a critical advance angle of the rotor 

position. Above this critical point, increase in angular separation will result in decrease of 

power transfer and, thus, further increase of the angular separation. It will lead to instability. 

If the power transferred by the transmission line at the initial state is too big, it will reduce the 

critical clearing time and therefore stress the risk of instability. That is why rotor angle 

stability limits the capacity of transmission lines. 

1.2.3 Voltage stability 
Voltage stability refers to the ability of a power system to maintain steady voltages at all 

buses in the system after being subjected to a disturbance from a given initial operating 

condition [5]. Instability is characterized by a form of a progressive fall or rise of voltages in 

some busses. There are several consequences of voltage instability: loss of load in an area or 

outages for instance. Outages and operation under field current limit can lead to loss of 

synchronism in the system. 

A main factor causing voltage instability is inadequate reactive power supply which is usually 

a consequence of load increase, line outages or shortage of reactive power. According to [7], 

at a given operating point, for every bus i, (7) must be satisfied to have voltage stability: 

 
   

   
   (7)  

To illustrate the theory dealing with voltage stability, let’s focus on the system represented on 

Fig 1.9 where: 

 ZLD is a constant impedance load 

 Cos(φLD) is the constant power factor of the load 

 US is the constant voltage source 

 ZL∟θL is the series impedance modeling the transmission line. 

 

Figure 1.9 Representation of the system 
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By using Ohm’s law, the current magnitude is obtained: 

   
  

                                          
 (8)  

The voltage magnitude at the receiving end is then:  

          (9)  

And then active power at the receiving end is:  

                           (10)  

The relationship between the power and the voltage when the impedance of the transmission 

line is assumed to be purely reactive and when the power reactive demand I equal to zero is 

represented on Fig 1.10. It is often called the nose curve due to its shape. 

 

Figure 1.10 Representation of the relationship between the active power and the load 

voltage 

If the load impedance is decreased, then the current increases. When the load impedance is 

greater than the line impedance, the increase in current is more important than the decrease in 

voltage at the receiving end. Therefore the transferred power increases. It is represented by 

the upper part of the curve on Fig 1.10. The other part of the curve represents the situation 

where the load impedance is lower than the line impedance. Then the decrease in voltage is 

faster than the increase in current and the transferred power thus decreases. 

So there is, for a transmission line, a maximum active power that transferred power cannot 

exceed. For a given line and power factor, the maximum loadability point (PRmax, URmax) 

represents the maximum power transferred. The operating points have to be above this critival 
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point. This critical point depends on the load power factor as it is shown on Fig 1.11. It means 

that a change in the load power factor can lead to instability. Reactive power compensation 

can be used to improve the power factor and therefore the maximum power to transfer. 

Nevertheless it also results in an increase of the voltage at the receiving end. So the amount of 

compensation must be chosen carefully. On the contrary, transmission of large amount of 

reactive power leads to a decrease of the maximum power that can be transferred. 

 

Figure 1.11 Representation of the impact of the load power factor 

At last, the line length is very important for voltage stability. The longer the line is, the bigger 

the line reactance. The reactive power consumption of the transmission line causes a decrease 

of maximum power transfer. Moreover the shunt capacitance of the transmission line has to 

be considered when the line length exceeds 100 km. 

1.3 Management of the load/production balance at RTE 

1.3.1 Programming 

1.3.1.1 Definitions 

First, let’s give some definitions to understand what programming is according to RTE: 

A Programming Entity (PE) is an elementary programming unit corresponding to one or more 

generation units from an injection site connected to the transmission system. A forecast entity 

(FE) is quite similar. The difference relies in the fact that FEs correspond to generation units 

whose technology or operating constraints make their output “unavoidable” or “non-

dispatchable”. 
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The programming is a mechanism by which an actor forecasts the generation of a BE or a FE, 

before a deadline on day D-1 for day D and on intra-day basis where applicable, then 

transmits this programming to RTE. 

A Programming Responsible Entity (PRE) is an actor responsible for carrying out 

programming operations for one or several PEs or FE. 

1.3.1.2 Call Program and Forecasts Program 

According to previous definitions, a Call Program (CP) is given by a PRE on day D-1 for D. 

It includes, for a PE, the following information: 

 Forecast generation in MW 

 Forecast of contributions to primary reserves for regulating frequency 

 Forecasts of contributions to secondary reserves for regulating frequency 

The Forecast Program (FP) is quite the same but deals with FEs instead of PEs. 

On day D-1 for day D, the PRE establishes a CP or FP by half-hourly period for each PE 

(resp. FE). Indeed, the time step used to describe the market before in this report is half an 

hour in France; in other countries, e.g. Sweden, it can be one hour. 

Moreover the PRE also submits, on day D-1 for day D, the performances and technical 

constraints of all the PEs or Fes. It must include the following information: 

 Maximum and minimum available active power and application time slots where 

limits apply 

 Availability for primary frequency regulation and its volume, times of unavailability 

 Availability for secondary frequency regulation and its volume, time of unavailability 

 Availability for voltage regulation and any limits on possibilities of absorption and 

supply of reactive power 

 Any tests planned and their impacts on performance 

 Temporary dynamic and piloting constraints, notably the possibility of stoppages, 

start-up and shutdown times 

 Constraints specific to hydraulic generation units 

 Provisional deadlines for return to availability for unavailable generation units 

The PRE can do some modifications to his CP. These modifications have to be submitted at 

one of the 24 intraday gate closures of each hour - the first intraday gate closures for the day 

D being 22:00 on D-1. The modifications must respect a neutralization lead-time. It is a 

period of 2 hours following a gate closure, during which modifications of CP cannot be 

implemented. 

The running program is the program that PEs are required to follow. It results from the CP 

sent by the PRE together with any modifications that has been accepted, any balancing order 

and immediate implementation orders. 
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1.3.2 The Balancing Mechanism used by RTE 
The Balancing Mechanism (BM) is set up by RTE and aims at carrying out the following 

functions: 

 Maintaining the real-time P=C balance; it refers to upward or downward balancing 

operations intended to re-establish the balance between supply and demand. It aims at 

fixing imbalances observed in real time or forecast estimate of an imbalance and at 

compensating for balancing operations carried out to deal with congestion or 

reconstitute system services or reserves. 

 Resolving the congestion on the public transmission network; it only involves a 

limited sub-group of offers whose activation is likely to reduce the physical flow on 

the installations where congestion occur. 

 Reconstitute the reserves. These regulating operations aim at reconstituting the 

minimum values required for the deadline reserve and the tertiary rapid reserve. 

 Reforming the system services. These balancing operations are carried out to 

reconstitute the minimum values required for primary and secondary reserves. 

A Balancing Entity (BE) must therefore be in position to modify the P=C balance of the 

system. 

The actors submit offers to the BM. The Balancing Offers (BO) always include the following 

information: the BE to which the offer applies, the balancing period during which it is valid, 

the validity period, the offer direction (upward or downward) and the offer price. In addition, 

when a BE is made up of thermal units whose CP is equal to zero for all part of day D, the 

actor is allowed to submit a startup offer with upward offers. The financial conditions 

attached to a startup offer include, beside the offer price, a fixed startup fee to remunerate the 

fixed portion of the cost due to starting up the thermal generating unit. A startup offer is 

valued as follows: 

                        
                 

                         
 (11)  

The maximum upward and downward power offered can be calculated. The maximum 

upward power offered per half-hourly period is the power determined as the difference 

between maximum available power (MAP) and the value of the CP. When the BE has 

currently a BO that is activated, the maximum upward power offered is the difference 

between MAP and the value of the running program. Regarding the maximum downward 

power offered, it is the difference between the value of the CP (or the running program if a 

BO is currently activated) and the technical minimum. Fig. 1.12 represents these notions. 
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Figure 1.12 Relationship between the Call Program and the maximum available offers 

BO may be submitted from D-7 by the balancing actor. Furthermore, similarly to the CP, 

there are 25 gate closures for each balancing period D: 

 1 initial gate closure on D-1 

 24 intraday closures every hour starting on D-1 at 22:00 

Fig. 1.13 shows the path followed by a balancing offer over a balancing period. On this 

figure, DMO stands for mobilization lead-time of the offer (“Délai de Mobilisation de 

l’Offre” in French). 

 

Figure 1.13 The different steps required to activate an offer 

In case of an upward offer, RTE pays the balancing actor as compensation for an offer 

activation based on the price of the offer. In case of a downward offer, the Balancing Actor 

pays RTE based on the price of the offer. 

For all P=C balance requirements, RTE sorts all the upward offers in increasing order and all 

the downward offers in decreasing orders according to their offer price. RTE calls offers 
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based on their offer price in order to guarantee the economic precedence principle and also 

takes into account the usage conditions (minimum usage period for instance) and technical 

constraints. If the direction of the trend changes from an upward balancing requirement to a 

downward balancing requirement or vice versa, RTE cancels the orders and/or deactivates 

first of all the offers called under the previous trend. Then RTE may call offers corresponding 

to the new trend. Moreover, RTE may temporarily exclude offers that are likely to create or 

exacerbate congestions. 

The startup offers are also taken into account for the classification of offers. It incorporates 

the fixed startup cost fee into the price based on a minimum power Pmin and the minimum 

usage period UPmin. This price is given by the following equation: 

 

                   

                                  
                 

          
 

(12)  

In order to resolve congestion, reconstitute system services or reserves in real time, RTE sorts 

offers according to their economic precedence, based on a limited sub-group of Balancing 

Entity which are able to meet the requirements of these situations. Furthermore, when 

balancing operations within time constrained are required, RTE may be forced to resort to the 

tertiary rapid reserve, which is exclusively made up of BE able to increase injection or 

decrease extraction within a period of 15 minutes. In such cases, RTE sorts offers according 

to their economic precedence based on a limited subset of BE that meet this criterion. 

For each half-hourly period, the balancing trend is determined. First, the volume of energy 

corresponding to upward balancing operations is calculated on the one hand, and on the other 

hand the volume of energy corresponding to downward regulation is calculated. If the volume 

of energy corresponding to upward regulation is greater, then the trend is upward, else the 

trend is downward. If they are equal, the trend is zero. 

The costs of upward balancing operations correspond to the upward balancing invoices sent to 

RTE by balancing actors. It is thus paid by RTE. The costs of downward balancing operations 

correspond to the downward balancing invoices sent to the balancing actors by RTE. It is 

therefore paid to RTE. 

The notion of extra costs of balancing operation is also very important. In order to define it, 

let’s first speak about the marginal balancing price (MBP). The MBP is the highest price of 

upward balancing offer activated for P=C reason when the balancing trend is upward. If there 

are no such offers, it is the reference spot price. When the trend is downward, the MBP is the 

lowest price of downward balancing offers activated for P=C reasons. When the trend is zero, 

it is the reference spot price. Then for each half-hourly period, the extra cost of an upward 

balancing operation is defined in the following way: 

 It is zero if the offer price is lower than the MBP 

 It is equal to the cost of the same balancing volume valued at the “offer price – MBP” 

in the opposite case 
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And for each half-hour period, the extra-cost of a downward balancing operation is defined in 

the following way: 

 It is zero if the offer price is higher than the MBP 

 It is equal to the cost of the same balancing volume valued at the “MBP - offer price” 

in the opposite case 

1.3.3 Recovery of balancing charges 
Imbalances give rise to financial compensation between RTE and the balance responsible 

entity. The price of imbalances is derived for each half-hour period depending on the value of 

imbalance (positive or negative) of the balance responsible entity and the direction of the 

balancing trend. 

Table I - Prices of imbalances 

 Upward trend Zero trend Downward trend 

Positive imbalances Reference Spot price Reference Spot price AWPD/(1+k) 

Negative 

imbalances 
AWPU*(1+k) Reference Spot price Reference spot price 

 

AWPU is the upward average weighted price, which is calculated for each half-hourly period. 

It is calculated based on (13). The price used in this formula depends on whether the offer has 

been activated for the reason of P=C balance or for another reason. If the reason is P=C 

balance, then the price is the offer price. Else the price is either the offer price or the highest 

price of the upward offers activated for P=C balance, whichever is lower. If no upward offer 

have been activated for P=C balance, the price applied is either the offer price or the reference 

spot price, whichever is lower. 

      
                            

                   
 (13)  

Where i refers to the upward offer that has been activated. 

AWPD is the downward average weighted price. It is calculated in a similar way. However, 

when the offer has been activated for a reason different from P=C, the price applied in the 

formula is either the offer price or the lowest price of the downward offers activated for P=C, 

whichever is higher. If no downward offers have been activated for P=C, the price is either 

the offer price or the reference spot price, whichever is higher. 

The k factor aims at balancing the “Balancing/Imbalance” account as well as possible. This 

parameter can be changed so that the Balancing/Imbalances account is balanced. This account 

is a management account that is composed of the following charges and incomes: 
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Table II - Charges and incomes of the "Balancing/Imbalance" account 

Charges 

Costs of settling positive imbalances 

Charges incurred by drawing up the contract for the provision of 

complementary and tertiary rapid reserves 

Financial compensations attributed when some conditions of utilization of 

offers were not respected by RTE 

Other charges explicitly defined in a deliberation with the CRE 

Costs of all upward balancing operations after deduction of: 

- the extra costs of upward balancing operations for processing 

congestion 

- the extra costs of upward balancing operations for reconstituting 

system services, over the half-hourly periods during which the trend 

is upward. 

Income 

Income from settling negative imbalances 

Income from invoicing proportional to physical extraction 

Penalties resulting from non-execution of balancing orders 

Income from all downward balancing operations, after addition of: 

- the extra costs of downward balancing operations for managing 

congestions 

- the extra costs of downward balancing operations for reconstituting 

system services, over the half-hourly periods during which the 

balancing trend is downward 

 

The factor k, used to calculate the price of financial compensation due to imbalances, is 

calculated in order to balance all the charges and the incomes in Table II. It means that extra-

costs caused by balancing operations for processing congestions are not compensated since 

they are not in this account. This study will focus on these extra costs. 

More information about the balancing mechanism and its rules can be found in [8]. 

1.3.4 Extra costs of congestions 
When an offer is activated to solve congestions issues, RTE may pay an extra cost for this 

kind of balancing operations. For an upward balancing operation, the extra cost is zero if the 

offer is lower than the MBP. In the opposite case, the extra-cost per MWh is the difference 
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between the price of the offer and the MBP (price of offer – MBP). For a downward 

balancing operation, it is zero if the offer price is higher than the MBP. In the opposite case, 

the extra-cost per MWh is the difference between the MBP and the price of the offer (MBP – 

price of offer).. Fig. 1.14 illustrates graphically what are the congestion costs paid by RTE. 

The x-axis represents the amount of production activated through the BM. The y-axis 

represent the price of activation of the offers. When the reason for additional production is 

P=C, there is no over cost. For the first offer activated to solve congestions (in red), the price 

of the offer is inferior to the MBP. Therefore there is no over-cost. However, the second offer 

activated to solve congestions (the last one with 150 MW), the price of the offer is over the 

MBP. RTE therefore has to pay an over-cost represented by the red hatched area. And the 

over cost is equal to (65-50)*150 euros in this example. 

 

Figure 1.14 Extra-costs of congestions 

  

MBP 
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2 Historical data analysis 

 

Before using a method to forecast the congestion costs, it seemed interesting to analyze the 

structure of these costs: their causes and their geographical occurrences. The main goal of this 

historical analysis is to be able then to focus on the cases that constitute the most expensive 

part of the congestions costs. That is why historical data between 2008 and 2011 are studied. 

2.1 Main constraints 

 

First of all there are 4 main constraints that represent 83% of the costs between 2008 and 

2011. These 4 constraints are: 

 voltage stability in the west area 

 voltage stability in the Normandie-Paris area 

 N-1 default on transmission line in the south-east area 

 N-2 default on transmission lines in the south-east area 

Table III - Share of the 4 constraints in the congestion costs 

Year 

% of the 4 

constraints in the 

congestion costs 

Total (4 years) 83% 

2008 83% 

2009 76% 

2010 88% 

2011 88% 

 

Table IV represents the share of each of these constraints in the total congestion costs for each 

year. 
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Table IV - Share of each constraint 

Year 

Voltage 

stability 

(West) 

Voltage 

stability 

(Paris) 

N-1 default 

(South-East) 

N-2 default 

(South-East) 

4 years 43% 12% 21% 7% 

2008 34% 1% 40% 7% 

2009 44% 14% 15% 3% 

2010 49% 19% 11% 9% 

2011 31% 4% 38% 15% 

 

Obviously voltage stability issues in West of France and near Paris are huge constraints. 

Except for year 2008, more than half of the total congestions costs are caused by these two 

constraints. The defaults caused by the N-1 and N-2 fault have also a big share in the costs. 

Moreover 2008 corresponds to the year where congestions caused by voltage stability issues 

had a smaller share while congestions caused by N-1 or N-2 faults at the transmission lines 

were more expensive than usual. 

Then, for each of these constraints, it is interesting to study when they seem to have the most 

impact. That’s why following tables show for each constraint the costs that took place in 

winter and the costs that took place in summer. 

Table V - Seasonal dependency of voltage stability constraints in the west area 

Voltage stability 

(West area) 

Winter  

(%) 

Summer  

(%) 

4 years 94% 6% 

2008 73% 27% 

2009 98% 2% 

2010 100% 0% 

2011 100% 0% 
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Table VI - Seasonal dependency of voltage stbility constraints in Paris area 

Voltage stability 

(Paris area) 

Winter  

(%) 

Summer  

(%) 

4 years 99% 1% 

2008 41% 59% 

2009 100% 0% 

2010 100% 0% 

2011 100% 0% 

 

Table VII - Seasonal dependancy of the N-1 constraint in the south of France 

N-1 transmission 

line (South-East) 

Winter  

(%) 

Summer  

(%) 

4 years 34% 66% 

2008 26% 74% 

2009 48% 52% 

2010 41% 59% 

2011 19% 81%? 

 

Table VIII - Seasonal dependancy of the N-2 constraint in the south of France 

N-2 transmission 

line (South-East) 

Winter  

(%) 

Summer  

(%) 

4 years 0% 100% 

2008 1% 99% 

2009 0% 100% 

2010 0% 100% 

2011 0% 100% 
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So it seems that voltage stability issues in west of France and near Paris occur in winter. Here 

again, year 2008 is different from other years and some costs occur in summer. For the 

congestions caused by N-2 default in South-East of France, they always occur in summer. 

However for the N-1 default, most of them occur in summer but the part occurring in winter 

cannot be neglected. 

In winter, temperature can be very cold in the west of France and in Paris. Therefore 

consumptions levels are really high due to heating activities and new record of consumption 

levels are usually set at this period of the year. Moreover, there can be a lack of power 

generation in both areas which eventually lead to voltage instability if some plants are not 

started. This master thesis work focuses on these issues. 

The N-2 default is mainly caused by lightning and fires. There are naturally more storms and 

fires during summer when temperatures are high. On the contrary, there is no such issue in 

winter. 

The N-1 defaults can be caused by both voltage stability issues and power transit issues. 

When consumption levels are high in winter because of heating needs congestions can occur. 

However they are more likely to occur in summer since this area is a very touristic one in 

summer and consumption increases during this period. 

2.2 Link with temperature 

 

As it was said, when temperatures are very cold, the consumption levels increase and it can 

lead to congestion issues. 69 % of the congestion costs occur in winter. It underlines the 

strong link between congestions and temperatures. From historical data, congestions costs 

may be divided into several categories depending on the temperature of day where these 

congestions occur. Table IX and X show the results of this analysis. Normal temperatures are 

temperatures that are expected based on historical data. It is interesting to focus on the 

deviation between these normal temperatures and the actual temperatures. 
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Table IX - Relationship between temperature and congestion costs in Normandie-Paris 

area 

Deviation (D) from 

normal 

temperature 

(°C) 

Cost (ME) Occurrences Mean Cost 

D>1 0,0 0 0,0 

0<D<1 0,1 1 0,1 

-1<D<0 0,1 2 0,1 

-2<D<-1 0,0 1 0,0 

-3<D<-2 1,0 7 0,1 

-4<D<-3 0,7 3 0,2 

-5<D<-4 1,0 8 0,1 

-6<D<-5 3,6 13 0,3 

D<-6 7,1 20 0,4 

Total 13,6 55 0,2 

 

Table X - Relationship between temperatures and congestions in the west area 

Deviation (D) from 

normal 

temperature 

(°C) 

Cost (ME) Occurrences Mean Cost 

D>1 0,5 12 0,0 

0<D<1 1,8 12 0,2 

-1<D<0 2,4 16 0,1 

-2<D<-1 5,7 18 0,3 

-3<D<-2 3,7 21 0,2 

-4<D<-3 2,3 15 0,2 

-5<D<-4 3,9 11 0,4 

-6<D<-5 6,3 11 0,6 

D<-6 18,8 26 0,7 

Total 45,3 142 0,3 
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For the Paris area, 60 % of the congestions took place when the deviation from normal 

temperatures is inferior to -5°C. These congestions represent 78 % of the total costs. For the 

west area, the figures are more impressive. Only 26 % of the congestions took place when the 

deviation is inferior to -5°C. However this category represents 55% of the total costs. Indeed, 

for both areas, the mean cost of the congestions belonging to this category is bigger than in 

other categories. A few congestions can therefore be responsible for the most part of the total 

cost. It is due to the extreme conditions which create important constraints in the transmission 

network. 

2.3 Thermal plants 

 

In order to resolve congestions issues in the network, RTE activates some power plants thanks 

to the balancing mechanism described in a previous section. A lot of power plants are used to 

do so. It is interesting to which power plants have the most important share in the congestions 

costs. The following table shows the share of some power plants in the congestion costs. The 

names of the plants are not given for confidentiality issues. What is important to notice 

however is that even if there are about 100 power plants that are used sometimes to manage 

congestions, only a few of them represent the most part of the costs. 

Table XI - A few plants responsible for the most part of congestion costs 

Power Plants Type Costs (%) 

Plant 1 
Combustion 

turbine 
19% 

Plant 2 Oil 23% 

Plant 3 Oil 6% 

Plant 4 
Combustion 

turbine 
5% 

Plant 5 Coal 13% 

Plant 6 Oil 18% 

 

The plants that are the most used to solve congestions issues are oil plants and combustion 

turbines plants. It means that when congestions occur, it corresponds to situations  where 

cheaper plants such as coal plants are naturally started by the producers according to the 

economic precedence principle. 
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3 Mathematical Models 

3.1 Load Model 

 

The method to forecast congestion costs relies on the modeling of the French load. In the 

method that is to be presented in this article, the level of consumption is indeed the main 

characteristic used to know whether there are congestions or not. 

The total consumption level is separated into several sectors:  

 The service sector 

 The residential sector 

 The industrial sector 

 The energy sector 

 The transport sector 

So it is considered that consumption can be split into several sector-consumptions. The total 

consumption is then the pileup of all these sector-consumptions. It is therefore a bottom-up 

approach. 

Within the sectors, the load is gathered by activities: food processing, equipment goods, 

offices, public lightning and home heating for instance. Some of these activities are 

considered as independent of climatic hazard. They are therefore characterized by three 

coefficients: Ki, Sij, Rhji. These coefficients represent the evolution of the consumption within 

these activities. 

First let’s introduce some notations before defining K, S and R: 

 Index h belongs to (1…24) and represents the hour. 

 Index j belongs to (1…5) and represents the day: Saturday, Monday, Friday, Sunday 

or a working day. 

 Index i belongs to (1…53) and represents the week of the year. 

Coefficients K, S and R are then defined thanks to the analysis of historical data or campaigns 

of measures. Their definition is given below. 

 Ki represents seasonal variations. It is the ratio between the energy of an average 

working day of the week and the energy of the average day of the year. i(1..53) is the week 

number. 

 Sji represents variations within the week. It is the weight of a specific day (Saturday, 

Sunday, Monday or Friday) compared to the average working day of the week. It is equal to 1 

for a working day. i(1..53) is the week number and j(1..5) represents Saturday, Sunday, 

Monday, Friday and a working day. 
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 Rhji represents daily variations. It is the weight of the power of a given hour compared 

to the average power of the same day. i and j are the same as for Ki and Sij, and h (1..24) 

represents the hour number. 

Let E be the yearly energy of an activity and Phji be the average power of hour h, for a day of 

the kind j during week i. Then a load curve can be built by using (14). 

      
 

 
             (14)  

Where: 

          

   

      (15)  

So it provides an estimation of the profile of the load for each activity. In order to make this 

profile as accurate as possible, it is compared to a real load curve of a reference year. By 

definition of the estimation of the profile, the total amount of energy (the sum of all the yearly 

energies of each activity) is equal to the yearly energy of the reference year. 

However, from an hourly scale, some differences can remain between the estimation and the 

reference for each sector. As the estimation of the service sector is the most difficult to fix, the 

difference of consumption between the estimate and the real load is assigned to the service 

sector. 

Then to realize forecasts, projections are done by activity regarding the evolution of the yearly 

energy consumed. It takes into account the thermal renovation of old buildings or the share of 

electrical heating in new buildings for example for the domestic heating activity. 

For activities that are dependent of climatic hazard, forecasts are done by using 

meteorological data simulated by Meteo France. 

Fig. 3.1 sums up the main steps that are necessary for the load forecast. 

 

Figure 3.1 Main steps required to model and forecast the load 
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3.2 Antares simulator 

3.2.1 Presentation 
Antares is an economic simulator which gives the production planning of the interconnected 

power system at each instant. The calculation is based on the minimization of the total 

production costs as if the market was ideal with perfect competition. It is a sequential Monte-

Carlo simulator that creates yearly scenarios with hourly steps for loads, hydro-power, 

thermal plant availability, wind and solar productions. Then it gives the system’s best 

behavior given these condition, i.e. the behavior minimizing the generation costs. 

The representation of the French network is really simple since France is represented as a 

node. So the transmissions capacities between countries are modeled but there is no network 

modeled within the countries. Therefore network constraints are not considered in the 

simulations. 

Each simulation is done by following two different steps. First, meteorological and electrical 

hypothesis are generated: wind power, hydro power, maintenance of thermal plants… Then 

the optimal behavior of the system given the conditions of the first step is calculated. This 

economical behavior includes production quantities and importations/exportations for 

instance. 

Fig. 3.2 shows what are the different steps required to finally create a yearly scenario. 

 

Figure 3.2 Steps required to generate yearly scenarios 

3.2.2 Times series generation 
Antares can provide means to generate sets of stochastic time series. There are different 

categories of time-series generation. For thermal plants for instance, the generator resorts to a 

daily three-state Markov chain attached to each plant. The three states are: available, planned 

outage or forced outage. For hydro-power, it is assumed that monthly time series of energies 

can be considered as Log Normal variables with known correlation through space and time. 

3.2.2.1 Generation of thermal time series 

Several parameters must be set in order to generate the time-series for power plants: 
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 The nominal plant capacity 

 A 365 days array of forced outage rate (FOR) 

 A 365 days array of planned outage rate (POR) 

 A 365 days array of forced outage duration (FOD) 

 A 365 days array of planned outage duration (POD) 

The meaning of the plant capacity and of the forced/planned outage duration is quite clear. 

However, the outage rates must not be confused with failure rates (FR). The relation between 

OR and FR is: 

    
  

           
 (16)  

OR represents the average proportion of time during which a plant is unavailable. FR 

represents the average number of outages starting during a period of time of given length. So 

based on the parameters and (16), Antares is able to calculate FR. FR is then used to make 

draws in order to know if the thermal plant available on day D is still available on day D+1. 

It is possible to consider the planned outage process as a stochastic process. It depends on the 

data that are known. For a long term horizon of the study, the exact plans are not likely to be 

known. However general patterns are known. Therefore, season-, month- or week- modulated 

rates and duration may be used to consider the process as a stochastic one. On the contrary, 

for short term studies, plans are known and the POR can be set to 1 when the power plant will 

be unavailable and to zero when it will be available. 

There are several ways that can be used to find values for FOR, POR, FOD and POD from 

historical data regarding outages. Let’s assume that weekly rates and durations are described. 

52 weekly values are needed. For each week, rates and durations will be the identical for 

every day of the same week. First let’s use some notations: 

 D(w): cumulated statistical observation time for week w 

 Df(w): time spent in forced outages within week w 

 Dp(w): time spent in planned outages within week w 

 Kf(w): number of forced outages beginning during week w 

 Kp(w): number of planned outages  beginning during week w 

 FOT(w): cumulated time spent in forced outages beginning during week w 

 POT(w): cumulated time spent in planned outages beginning during week w 

Then we have: 

        
      

     
 (17)  

 
       

      

     
 

(18)  
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(19)  

 
       

      

       
          

     

 
(20)  

These values are then be assigned to the seven days of week w. 

3.2.2.2 Generation of time series for hydro energy 

In Antares, monthly time series of hydro energies are represented by log-normal variables 

with known correlations through space and time. Indeed, river discharge data can be well 

fitted by a log-normal distribution law [9]. The values generated are considered as the sum of 

run of river and hydro storage energies. A random variable X follows a lognormal distribution 

if its logarithm follows a normal distribution. Its density is given by (21). 

          
 

     
 

 
          

    (21)  

µ and σ are the mean and the standard deviation of the logarithm of random variable X since 

its logarithm is normally distributed. 

For an interconnected system made of N areas, N expectations and N standard deviations of 

the monthly energies are defined together with the NxN correlation matrix R(n,m) of the logs 

of the annual hydro energies between the areas n,m and the N average auto-correlations r(k) 

between one month and the next in each area k. Then the correlation C(n,i,m,j) between the 

logs of hydro energies in area n, month i and area m, month j is given by (22). 

                                     (22)  

3.2.2.3 Generation of time-series for wind and solar energies 

The stationary processes for wind and solar time series generation are defined at a monthly 

scale. Wind speed modeling is based upon a Weibull modeling. The density of a random 

variable X following a Weibull distribution is given by (23). 

          
 

 
 
 

 
       

 
 
  

 (23)  

Where k>0 is the shape parameter and λ>0 is the scale parameter. These parameters are 

defined for each month. 

Sunshine data for having solar production of energy is modeled with a beta distribution. The 

density of a random variable following a beta distribution is given by (24). 
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 (24)  

Where α and β are the shape parameters. 

3.2.3 Simulation process 
First time series of every kind are created for all system areas thanks to the stochastic 

generator. For each Monte-Carlo year, one time series of each kind is taken for each area. 

Then, for each area and each reservoir, the process follows the steps described below: 

 Monthly hydro-storage generation is obtained from the annual overall hydro storage 

inflows. At this step, several constraints must be addressed. Indeed, reservoirs 

constraints, hydro management policy and operation conditions such as demand and 

must-run generation have to be respected. 

 The daily hydro energy is then derived from the monthly hydro energy generated 

before. Once again, the previous constraints have to be taken into account on a daily 

basis. Daily block can be gathered in weekly blocks to have both daily and weekly 

hydro generation. 

 Then for each week of the year, a three-stage 168-hour optimization cycle is launched. 

The optimization aims at minimizing the generation cost while respecting different 

constraints: minimum and maximum limits on the power output of each plant, 

interconnection capacity limits, etc… 

o First weekly generation costs are minimized. The linear optimizer does not 

take into account minimum stable power nor up and down time constraints. 

o The constraints above are then considered. The plants that must effectively run 

for each hour are identified according to the results from the previous steps. 

o Once the constraints have been incorporated, the optimal schedule problem is 

solved again. A final optimization is run to give to the flows a pattern close to 

that of a minimization of losses. 

 

3.3 Dynamic simulation: Astre software 

 

In this method used to forecast congestion costs, it is necessary to know the maximum 

consumption level from which there are voltage collapses. Indeed, in both zones that will be 

studied, voltage stability is the main cause of congestions and therefore the main cause of the 

costs. 

The computation of voltage limits is based on quasi steady state (QSS) simulations since the 

method focuses on long-term voltage stability. Short-term dynamic is therefore neglected to 

speed up calculations [10], [11]. So it is replaced by their equilibrium equations [12] 

Let x be a vector representing, for each synchronous machine, rotor angles, the emf 

proportional to field current and the emf behind saturated synchronous reactances. Let y be a 
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vector with voltage magnitudes and phase angles, let zd represents discrete controllers and zc 

represent continuous controllers. QSS approximations can be described by the following 

equations: 

                (25)  

                (26)  

   
             

      (27)  

                  (28)  

Equation (25) represents the active and reactive power mismatches at the network buses. 

Equation (26) is obtained by replacing the differential equations of the short-term dynamics 

by their equilibrium equations. Equation (27) represents the long–term of controllers and 

protecting devices such as on-load-tap-changers and switched shunt compensation that can be 

modeled by discrete representation. Equation (28) corresponds to generic model of load 

recovery and the long-term dynamics of secondary frequency and voltage control. 

Two steps are required to perform margin computations. First, a stress of consumption is 

needed. Then a fault is simulated. A stress of consumption is a rise of consumption that is 

spread equally within an area. The level of the stress is usually characterized by the active 

power rise. Then there are several ways to increase the reactive consumption according to the 

active one. The one used in this method consists in increasing the load with 
  

  
 constant. It 

represents a fast stress of consumption and is usually used to model intra-day increase of 

consumption. 

The margin computation aims at knowing how much of this rise can be accepted by the power 

system after the fault. So the fault is simulated after several points of the stress. If a voltage 

collapse occurs, then it means that such a stress is not acceptable, else it is acceptable. The 

goal is to find the highest acceptable rise of consumption. The points that are simulated are 

chosen by dichotomous calculation. At each step, the middle between the current highest 

acceptable point and the current lowest unacceptable one is tested. 
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4 Method 

4.1 Consumption limits 

 

First, power plants that have a great share in congestion costs can be determined from 

historical data. They will be called plants X to explain the method to forecast the costs. Plants 

X are often oil plants or combustion turbine plants since they are more expensive and 

therefore less naturally started. 

Then, the consumption levels from which it is necessary to modify the production dispatch of 

power in order to avoid voltage collapses are computed. First of all, the computation of 

consumption limits is done when the state of the system is a situation where there is no power 

plant X already activated. The result gives the maximum consumption before voltage collapse 

without these plants X. So it means that, from this level of consumption, at least one plant 

belonging to the group X is essential to ensure voltage stability. It must therefore be started if 

it was not already activated in the generation scheduling. 

The first power plant from the group X is started at its minimum power Pmin. When a new 

activated plant reaches its maximum power Pmax, then it remains at Pmax and a new plant is 

activated at Pmin. 

Fig 4.1 represents this step of the method. Consumption C1 is calculated thanks to margin 

computations and indicates when plants P1 and P2 are required to solve congestions due to 

voltage stability issues. 

 

Figure 4.1 Determination of the number of power plants required to maintain voltage 

stability 
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4.2 Identification of scenarios in Antares with modifications of power 

production 

 

Consumptions levels and production levels given by Antares are then used to determine how 

many scenarios generate congestion costs. When the consumption level is higher than the 

limits given by the margin computation, it means that it is a case with congestions. The 

production levels given by Antares represent the production naturally started without taking 

congestions into account. So, for each case where there is congestion and a specific group is 

required to solve it, if the Antares production level is higher than a given value, it means that 

the specific group is already naturally activated and there is no congestion cost. If this level is 

smaller, then this specific group needs to be activated and there are costs. 

For instance, let’s assume that the consumption is C with C2>C>C1. According to Fig. 4.1, it 

means that plant P1 is required to solve congestions. Let’s assume that the production level in 

Antares related to oil plants is equal to 200 MW. Moreover, P1 is an oil plant but there are two 

other oil plants in France with a capacity of 300 MW that are naturally activated before since 

they are cheaper. It means that P1 is not already activated in Antares. So plant P1 will be 

activated. Its production output will then be: 

                 (29)  

Where k is a coefficient representing the “efficiency” of the activation. 

4.3 Hypothesis used to model the activation of thermal plants 

 

Antares will provide hourly situations where power plants are required to solve congestions 

and must be paid by RTE to produce more power. However, Antares shows that sometimes 

power plants are only required for 2 or 3 hours for example to solve congestions. For 

economical and operational reasons, power plants cannot always be activated for such a short-

term horizon. 

In practice, oil plants are very expensive to start up. And it requires quite a long time. That is 

why the hypothesis was made that oil plants were kept online for at least 48 hours once they 

had been started. Indeed when there is a period with very cold temperatures, oil plants are 

required to solve congestions. Then temperatures can fall to a level where these power plants 

are not essential anymore regarding congestion issues. However, if temperatures are likely to 

increase again in the following days, they will be essential again to solve congestions. So it 

can be profitable to keep them started even if they are not essential yet, since they are very 

expensive to start up. When a few days later, they are necessary, the TSO won’t have to pay 

for the startup fees. The TSO will have pay the startup fee once (the first day with 

congestions) but not twice. For combustion turbine plants, it is rather the contrary. The power 

is quite expensive but the startup fee is rather cheap and it can be activated quite fast. So the 

hypothesis was that combustion turbine plants were producing for 3 hours. Combustion 

turbine plants are usually used for peaks of consumption. 
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5 Case study 

 

The method described before is now going to be used to forecast the congestion costs of a 

power system. For confidentiality issues, the figures and input that are presented here are not 

the actual ones but are imaginary figures. In this section, the system used to calculate the 

congestion costs will be described. Then, the results of the method will be given. In a third 

part, it will be shown how some kinds of investments can be valued thanks to this method. At 

last, all the results will be analyzed. 

5.1 System 

 

So this part aims at depicting the system. Three things are particularly important to know 

about this region in order to forecast the congestion costs. First, we need to know the main 

cause leading to congestions. Here the congestions are caused by voltage stability issues. 

Then we need to know what are the power plants located in this region that can have an 

impact on voltage stability issues and their characteristics. Moreover, information is needed 

regarding the consumption levels of this region. 

5.1.1 Power plants 
The power plants located in this area are gathered in Table XII with their main characteristics. 

Table XII -  Power plants located in the studied area 

Name Kind of plant Pmin (MW) Pmax (MW) 

Plant N1 Nuclear  1500 

Plant N2 Nuclear  1500 

Plant 1 Coal 200 400 

Plant 2 Coal 250 500 

Plant 3 Oil 200 600 

Plant 4 Oil 200 600 

Plant 5 Oil 250 500 

Plant 6 Combustion turbines 0 250 

Plant 7 Combustion turbines 0 300 

 

The nuclear plant is the cheapest plant in the region. Nuclear plants are of course not used to 

manage congestions. Coal plants are cheaper than oil plants and are likely to be naturally 

activated when congestions occur. So we won’t pay attention to these power plants to 

calculate the congestion costs. Nonetheless they are important for the network. Furthermore, a 

default must be used to perform margin computations. It is good to resort to a severe fault so 

that the actions that are taken can also be useful for a less severe fault. In this study, the fault 

can be the disconnection of N1 or N2 from the network. 
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Table XIII - Order of activation of power plants 

Order Power plant Pmax (MW) 

Oil level (MW) 

after which the plant is 

naturally started (no cost) 

1 Plant 8 (other area) 685 0 

2 Plant 3 600 685 

3 Plant 4 600 1285 

4 Plant 9 (other area) 585 1885 

5 Plant 5 500 2470 

6 Plant 10 (other area) 685 2970 

7 Plant 11 (other area) 585 3655 

 

5.1.2 Consumptions 
Antares gives the French consumption level as one of its output. Unfortunately, Antares does 

not model the domestic transmission network and its constraints. It only simulates the 

economical behavior of the system to reach the P=C balance. So the consumptions levels 

given by Antares represent French total consumption whereas dynamic simulations give the 

consumption limits of specific areas. So it is necessary to find a relationship between French 

national consumption and the regional consumption. 

It can be done by studying the historical data. Indeed by doing this, it is possible to perform a 

linear regression that gives a simple relationship of the kind: 

                  (30)  

Where Carea is the regional consumption, Ctotal is the national consumption and a and b are the 

parameters of the linear model. 

Moreover the R
2
 coefficient that gives information about the reliability of the regression is 

quite satisfactory since it is over 0.9 for every year. 
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Figure 5.1 Relationship between regional and national consumptions levels 

The following table gathers the linear models provided by the linear regression for each year. 

Table XIV - Parameters of the linear relation between national and regional 

consumptions 

Winter a b R
2
 

2008/2009 0.2726 -2947.4 0.9034 

2009/2010 0.2536 -1645.6 0.9298 

2010/2011 0.2665 -2917.6 0.9098 

2011/2012 0.2393 -1216 0.9408 

 

On Fig. 5.1, the black line represents the relation used when forecasts are made. It is actually 

the “mean” relation calculated from the relations of the four other years.  

                             (31)  

In order to simulate the P=C balance of the system, 200 scenarios are generated by Antares. In 

this section we focus on consumption levels. Therefore, the outputs of Antares regarding 

consumption levels are studied. In the following figure, the distribution curve of the 

consumption for a mean year is represented. 
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Figure 5.2 Distribution curve of the load for a mean winter 

5.2 Congestion costs 

5.2.1 Consumption limits 
By using the margin computation tool of Astre, the consumption limits from which oil and 

combustion turbine plants are required to solve congestions were calculated. Table XV shows 

these consumption limits with the number of power plants that are required to manage 

congestions. 

Table XV - Consumptions limits 

Consumption limits 
Number of power plants required to 

manage congestions 

19 500 MW 1 

19 820 MW 2 

20 140 MW 3 

20 340 MW 4 

20 540 MW 5 
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5.2.2 Pricing issues 
In situations where congestions occur, they need to be valued. RTE pays the difference 

between the price of the offer in the BM and the MBP. Pricing issues are complicated since 

the volatility of prices is really high. It is difficult to determine a trend in the data. Since 

congestions are linked to consumptions levels, the dependencies of the MBP and the price of 

the offers to the consumption were studied. 

In Fig. 5.3, the evolution of the MBP (in red) is shown when the national consumption varies. 

The points on the figure are the original data whereas the curve is built based on the moving 

average method. 

 

Figure 5.3 Evolution of the MBP (in red) and its moving average value (in blue) with the 

consumption 

The curve composed of the moving average values (in blue) shows a trend. Indeed when 

consumption levels are very high, the MBP tends to increase since more adjustments are 

required to meet the P=C balance and it increases the MBP. 

Then the prices of the offers of the oil plants and the combustion turbines plants are shown 

below. Plants 3 and 4 have similar characteristic and the prices of their offer are the same. For 

the same reasons, the combustion turbine plants have the same prices for their offer too. 
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Figure 5.4 Evolution of the prices of offers for plants 3 and 4 

 

Figure 5.5 Evolution of the prices of offers for plant 5 
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Figure 5.6 Evolution of the prices of the offers for plants 6 and 7 

First of all, it is quite straightforward to notice that combustion turbine plants are usually 

more expensive than oil plants. Moreover for all the plants, it seems that the price of the offers 

tends to increase when high consumption levels are reached. It is particularly obvious for the 

combustion turbine plants insofar as their prices are quite steady for common consumption 

levels. 

Once again, using moving average values enables to take into account that prices are higher in 

average when consumption levels are high. However, it should be noticed that the dispersion 

of the prices around the moving average value is quite large both for the MBP and for the 

offers. 

The following figures show, for each plant, the difference between the price of the offer and 

the MBP. It represents the cost per MWh at which adjustments of production are valued. 
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Figure 5.7 Costs for adjustments due to congestions for plants 3 and 4 

 

Figure 5.8 Costs for adjustments due to congestions for plant 5 

40 

60 

80 

100 

120 

140 

45000 50000 55000 60000 65000 70000 75000 80000 85000 90000 95000 

over-cost 
(euros/MWh) 

National Consumption (MW) 

Offer - MBP 

30 

50 

70 

90 

110 

130 

150 

50000 55000 60000 65000 70000 75000 80000 85000 90000 95000 

Over-cost 
(euros/MWh) 

National Consumption (MW) 

Offer - MBP 



53 

 

 

Figure 5.9 Costs for adjustments due to congestions for plants 6 and 7 

The costs for adjustments tend to decrease when the national consumption is high. Indeed it 

seems that the MBP increases faster than the prices of the offers submitted by the producers 

when consumption is high.  

Then startup costs have to be considered to value congestions. Startup fee are given by the 

producers when they submit their bids to the BM. This fee is steady. Therefore, the average 

fee in winter is chosen to model this additional price paid when a plant that was not already 

started is required to manage congestions. 

5.2.3 Results of the method – short-term forecasts 
The method is then used to forecast the congestion costs of the system for a given year. First, 

the congestion costs of all scenarios are calculated. The sum of all these costs is divide by 200 

which is the number of scenario. It gives the mean congestion cost that can be expected for 

the winter. As it will be shown, the congestion costs of each year can be studied and their 

distribution can be drawn. The distribution curve of the congestion costs per year during 

winter is given in the Fig. 5.10. 
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Figure 5.10 Distribution curve of the yearly congestions costs 

The following table represents a few specific scenarios and their congestion costs together 

with the estimation of the expected congestion cost for a common winter. 

Table XVI - Results of some specific scenarios (short-term simulation) 

Scenario 

(x% = x% scenarios 
are more expensive) 

Congestion 
Costs 

Mean 
cost 

16 597 243  € 

10% 36 005 265 € 

80% 5 371 988 € 

 

The table above shows that the variation is quite important between extreme scenarios. The 

mean cost is a good approximation to forecast the congestion costs of a common winter with 

very few waves of very cold temperatures. The distribution curve can help forecasting costs 

while managing the risks thanks to its probabilities of occurrences. Indeed, past years tend to 

prove that winters become colder and colder with “cold waves” becoming more numerous. It 

is not really represented by the mean cost since the meteorological forecasts that are used to 

make the load forecasts do not implement a lot of very cold events. So the mean cost should 

be a good forecast when normal temperatures are expected. Therefore it could be better to 

forecast the congestion costs using the “10% scenario” for instance if the hypothesis of very 

cold winter is assumed. The difference between these two scenarios is quite big but is 
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explained by the fact that when temperatures deviate from the normal temperatures, the mean 

cost of congestion is bigger and costs can rise very sharply. It was shown in the section 

regarding the analysis of historical data. 

5.2.4 Results of the method – mid-term forecasts 
Now let’s assume that the congestion costs are forecasted 5 years in advance. There are some 

evolutions regarding French activities that will have an impact on national consumption 

levels. So new forecasts are done for the consumption and new scenarios are created by 

Antares taking into account these evolutions. The following figures represent the distribution 

curves of the loads of both the previous case and the new one. 

 

Figure 5.11 Duration curves of the loads (short- and mid-term forecasts) 
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Figure 5.12 Zoom of figure 5.11 

It is assumed that the relationship between national consumption and the regional 

consumption remain the same. 

Moreover new developments can occur in the transmission network. In order to improve 

voltage stability issues for instance, the TSO can build capacitors as a mean of compensation 

for reactive power. This lead to an increase of consumption limits in the region. Building new 

transmission lines can also reduce some network constraints and increase these consumption 

limits. For this mid-term study, the new consumption limits that were calculated by the 

dynamic simulations are presented in the following table. They are increased by 800 MW 

which is a very big increase actually. 

Table XVII - Consumption limits for year Y+5 

Consumption limits 
Number of power plants required to manage 

congestions 

20 300 MW 1 

20 620 MW 2 

20 940 MW 3 

21 140 MW 4 

21 340 MW 5 

 

The pricing model used to value the regulating production activated for congestions is the 

same as in the previous case. Finally, the congestions costs are given by the following 

distribution curve and table. 
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Figure 5.13 Distribution curve of yearly congestion costs for year Y+5 

Table XVIII - Results of some specific scenarios (year Y+5) 

Scenario 

(x% = x% scenarios 
are more expensive) 

Congestion 
Costs 

Mean 
cost 

11 923 517 € 

10% 26 046 258 € 

80% 3 509 817 € 

 

When year Y and year Y+5 are compared, it can be noticed that congestion costs tend to 

decrease in this system. It means that even if the load increased in year Y+5, the new 

compensation means have improved the limits of the system faster than the increase in 

consumption. 

Moreover, it should be underlined that the accuracy of the method for year Y+5 is not as good 

as for year Y since the pricing model used is the same. For short-term horizon, the trend is 

likely to be similar since the horizon is close to the period where historical data come from. 

However, for mid-term forecasts, it is very hard to say how the prices of gas, fuel, coal, etc… 

will evolve and what the impact will be on the prices of offer and the MBP. 
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5.3 Investments valuation 

Furthermore, the method presented in this thesis can be used to value some benefits of 

investments that have an impact on the consumption limits such as capacitances or new 

transmission lines. 

Let’s assume that capacitors are built on year Y. The implementation of these new capacitors 

leads to an increase of the consumption limits on year Y. The new limits are gathered in the 

following table: 

Table XIX - Consumption limits (Year Y with compensation means) 

Consumption limits 
Number of power plants required to 

manage congestions 

19 700 MW 1 

20 020 MW 2 

20 340 MW 3 

20 540 MW 4 

20 740 MW 5 

 

With these new consumption limits, new congestion costs are calculated. The distribution 

curve of the congestion costs for year Y with compensation means is given below. 

 

Figure 5.14 Comparison between the distribution curves of the yearly costs with and 

without compensation means 
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Table XX - Results of some specific scenarios (Year Y with compensation means) 

Scenario 

(x% = x% scenarios 
are more expensive) 

Congestion 
Costs 

Mean 
cost 

13 297 487 € 

10% 29 846 878 € 

80% 3 621 606 € 

 

For each scenario, the difference between the costs without compensation and the costs with 

compensation show how much money is saved for year Y thanks to the compensation. 

 

Figure 5.15 Distribution curve of the money saved per year thaks to compensation 

means 

In average, the compensation means allow to save 3 401 810 €. It is obvious that more money 

can be saved for extreme scenarios that are more expensive from the beginning. The 

following figure shows the relative savings. 
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Figure 5.16 Distribution curves of the savings (relative value) 

It shows that for scenarios where consumption levels are rather low, almost all the costs due 

to congestion can be saved. For extreme scenarios however it represents only a few 

percentages of the total costs. It is quite logical since it was shown in the section with the 

analysis of historical data, that when temperatures are very cold, the average cost of 

congestion is bigger. In extreme scenarios, compensation means help to get rid of congestions 

occurring within “not extreme” temperatures but congestions occurring during extreme events 

remain and they are the most expensive ones. 
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6 Conclusion 

 

This master thesis deals with forecasting the congestion costs in the French transmission 

network. A method is described which focuses on mid-term forecasting. It takes into account 

the stochastic behavior of the power system by using Monte-Carlo simulations. The load is 

forecasted using meteorological data in addition to historical data and projections for the 

future for every activity where energy is used. Hydro-, wind- and solar-production are 

simulated using classic distribution functions and the availability of thermal power plants is 

forecasted thanks to Markov chains. 

In areas where congestions are caused by voltage stability issues, using critical consumption 

levels to know whether congestions are likely to occur seems appropriate. First, national 

consumptions given by Antares need to be transformed into regional consumptions. 

Depending on this consumption, the requirements in terms of additional production are 

known. 

Pricing issues are then tackled by studying historical data from the balancing mechanism to 

find a simple relation between the prices and the consumption levels. The linear model used 

in this thesis mirrors the main trends of the price but is probably not accurate enough 

especially when it deals with longer time horizons. 

This method provides as output figures with probability of occurrences which aim at helping 

to manage the risks. Indeed, in addition to the expected congestions cost that come from the 

mean value of the costs of all scenarios, the congestions costs of extreme scenarios can be 

considered if the hypothesis of cold winter is adopted. 

Moreover this method can also be used to value some investments made to develop the 

network. Indeed new capacitors or transmission lines for instance have an impact on 

acceptable consumption levels. Simulations whose consumption level is between the old and 

the new limits correspond to situations where savings in congestions costs are mostly made 

since they disappear. An additional production is not required anymore. For extreme cases 

however that are far above the consumptions limits, savings are not so important. 

Nevertheless some improvements have to be done to make this method more accurate and 

reliable. Indeed there are some limits. The fist one is that Antares gives global figures. 

Consumptions are national consumptions. The productions of oil groups are gathered 

together. So some simplifications are used to transform these global values into local values. 

The second one is probably more inconvenient. It is related to the pricing. The valuation of 

congestions is based on historical data of prices of offers and of the marginal balancing price. 

For a short-term horizon – one year -, it seems accurate. For a longer horizon – five years -, 

prices are likely to evolve. This evolution is hardly predictable. It comes from the volatility of 

energy prices, which is high, and the emergence of renewable energies whose impact on 

prices is not well known. However this evolution is important since it is likely to have an 

impact on the group of plants that are used to solve congestion issues. 
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APPENDICES 

 

Results given by the method for each scenario of year Y 

Scenario ID Congestion Costs 

Probability 

(x% = x% scenarios 

are more expensive) 

167 50 811 820,68 € 0,5% 

198 49 709 911,74 € 1,0% 

120 45 739 124,85 € 1,5% 

18 45 030 336,32 € 2,0% 

168 44 958 689,79 € 2,5% 

197 44 645 086,21 € 3,0% 

17 44 060 852,12 € 3,5% 

119 43 994 373,35 € 4,0% 

152 43 513 453,13 € 4,5% 

155 43 345 510,49 € 5,0% 

38 42 770 448,21 € 5,5% 

151 42 200 520,17 € 6,0% 

156 41 721 700,04 € 6,5% 

131 40 849 009,40 € 7,0% 

132 40 592 760,05 € 7,5% 

37 40 080 521,28 € 8,0% 

177 38 188 886,88 € 8,5% 

178 36 421 659,06 € 9,0% 

169 36 139 388,64 € 9,5% 

170 36 005 265,72 € 10,0% 

134 35 681 618,92 € 10,5% 

39 35 394 963,13 € 11,0% 

78 34 988 857,26 € 11,5% 

40 34 311 228,36 € 12,0% 

173 32 376 350,03 € 12,5% 

199 32 204 220,02 € 13,0% 

200 31 751 693,40 € 13,5% 

133 31 712 498,72 € 14,0% 

45 30 088 647,12 € 14,5% 

174 29 998 634,22 € 15,0% 

77 29 907 440,48 € 15,5% 

127 29 537 401,65 € 16,0% 

46 29 470 968,90 € 16,5% 

160 28 259 243,86 € 17,0% 

128 28 139 101,74 € 17,5% 

146 27 975 441,08 € 18,0% 

166 27 773 182,96 € 18,5% 
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159 27 368 921,80 € 19,0% 

165 27 324 047,25 € 19,5% 

145 27 214 993,76 € 20,0% 

111 27 125 911,16 € 20,5% 

29 26 499 161,83 € 21,0% 

79 26 139 720,69 € 21,5% 

97 25 552 719,34 € 22,0% 

80 25 307 670,22 € 22,5% 

188 25 119 731,64 € 23,0% 

161 25 075 933,06 € 23,5% 

104 24 928 362,93 € 24,0% 

187 24 819 474,65 € 24,5% 

82 24 721 893,77 € 25,0% 

30 24 265 147,80 € 25,5% 

112 24 229 576,84 € 26,0% 

162 24 156 850,51 € 26,5% 

68 24 147 671,22 € 27,0% 

102 23 812 951,30 € 27,5% 

143 23 811 185,72 € 28,0% 

103 23 699 719,65 € 28,5% 

135 23 373 725,71 € 29,0% 

157 23 320 413,92 € 29,5% 

158 23 074 821,74 € 30,0% 

101 23 032 162,61 € 30,5% 

98 22 242 170,70 € 31,0% 

81 22 125 711,86 € 31,5% 

136 21 633 613,21 € 32,0% 

21 20 585 937,17 € 32,5% 

123 20 418 081,24 € 33,0% 

67 20 415 844,32 € 33,5% 

31 20 277 037,84 € 34,0% 

118 19 949 000,44 € 34,5% 

149 19 818 755,25 € 35,0% 

106 19 472 509,31 € 35,5% 

117 19 452 876,38 € 36,0% 

124 19 030 030,24 € 36,5% 

105 18 766 880,97 € 37,0% 

142 18 602 598,61 € 37,5% 

141 18 340 200,60 € 38,0% 

72 18 134 605,38 € 38,5% 

186 18 067 749,86 € 39,0% 

22 17 932 021,48 € 39,5% 

185 17 879 261,38 € 40,0% 

150 17 513 017,92 € 40,5% 

75 17 412 744,49 € 41,0% 
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54 16 625 073,17 € 41,5% 

32 16 557 107,22 € 42,0% 

190 16 472 653,48 € 42,5% 

137 16 468 316,99 € 43,0% 

138 16 423 669,71 € 43,5% 

53 16 245 022,93 € 44,0% 

76 15 772 909,54 € 44,5% 

144 15 517 372,82 € 45,0% 

189 15 254 025,43 € 45,5% 

71 15 112 148,04 € 46,0% 

176 15 053 748,76 € 46,5% 

19 14 989 654,33 € 47,0% 

193 14 839 684,45 € 47,5% 

90 14 715 359,36 € 48,0% 

20 14 205 008,88 € 48,5% 

175 14 154 686,66 € 49,0% 

194 13 529 536,87 € 49,5% 

35 12 896 843,95 € 50,0% 

114 12 773 863,49 € 50,5% 

47 12 754 941,35 € 51,0% 

192 12 688 476,18 € 51,5% 

129 12 648 072,06 € 52,0% 

58 12 608 620,53 € 52,5% 

83 12 589 651,40 € 53,0% 

5 12 436 523,83 € 53,5% 

130 12 309 281,15 € 54,0% 

84 12 298 710,30 € 54,5% 

14 12 245 120,87 € 55,0% 

89 12 237 608,14 € 55,5% 

42 11 926 819,26 € 56,0% 

27 11 901 129,92 € 56,5% 

41 11 894 294,07 € 57,0% 

57 11 871 812,39 € 57,5% 

28 11 199 505,81 € 58,0% 

48 11 084 602,21 € 58,5% 

172 10 935 123,07 € 59,0% 

65 10 566 042,40 € 59,5% 

13 10 522 253,91 € 60,0% 

191 10 368 142,88 € 60,5% 

66 10 358 635,29 € 61,0% 

122 10 315 006,39 € 61,5% 

62 10 296 946,25 € 62,0% 

140 10 090 364,13 € 62,5% 

92 10 010 071,78 € 63,0% 

100 9 862 243,08 € 63,5% 
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6 9 768 010,66 € 64,0% 

113 9 761 251,64 € 64,5% 

163 9 607 701,67 € 65,0% 

171 9 489 374,91 € 65,5% 

99 9 478 526,85 € 66,0% 

164 9 430 404,11 € 66,5% 

202 9 271 581,12 € 67,0% 

3 9 061 038,65 € 67,5% 

147 8 987 925,28 € 68,0% 

36 8 826 432,71 € 68,5% 

8 8 810 481,14 € 69,0% 

93 8 760 733,57 € 69,5% 

115 8 760 356,82 € 70,0% 

179 8 732 402,30 € 70,5% 

94 8 670 386,76 € 71,0% 

7 8 436 488,81 € 71,5% 

4 8 420 600,39 € 72,0% 

201 8 283 775,76 € 72,5% 

74 8 278 073,18 € 73,0% 

139 8 011 061,01 € 73,5% 

121 7 971 398,76 € 74,0% 

116 7 900 943,82 € 74,5% 

73 7 779 384,94 € 75,0% 

180 7 703 437,50 € 75,5% 

148 7 600 244,30 € 76,0% 

61 7 260 941,43 € 76,5% 

91 7 189 381,27 € 77,0% 

44 6 816 774,15 € 77,5% 

109 6 475 620,23 € 78,0% 

23 6 343 140,60 € 78,5% 

43 6 279 026,33 € 79,0% 

108 6 069 047,54 € 79,5% 

107 5 371 988,75 € 80,0% 

110 5 180 094,96 € 80,5% 

87 5 153 360,05 € 81,0% 

16 4 660 989,90 € 81,5% 

56 4 539 755,47 € 82,0% 

88 4 165 091,96 € 82,5% 

24 4 073 478,14 € 83,0% 

15 3 863 974,85 € 83,5% 

55 3 713 235,68 € 84,0% 

96 3 615 126,37 € 84,5% 

183 3 591 323,30 € 85,0% 

26 3 480 096,01 € 85,5% 

59 3 354 406,57 € 86,0% 
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60 3 206 037,37 € 86,5% 

69 3 052 079,67 € 87,0% 

25 3 036 711,99 € 87,5% 

70 2 924 126,06 € 88,0% 

95 2 745 183,66 € 88,5% 

184 2 260 196,41 € 89,0% 

196 2 244 122,07 € 89,5% 

49 1 664 567,44 € 90,0% 

195 1 461 717,01 € 90,5% 

50 1 447 857,51 € 91,0% 

51 658 762,43 € 91,5% 

85 630 317,54 € 92,0% 

86 598 996,69 € 92,5% 

52 490 603,42 € 93,0% 

34 398 877,39 € 93,5% 

182 329 344,92 € 94,0% 

181 320 896,14 € 94,5% 

63 271 100,33 € 95,0% 

33 215 773,05 € 95,5% 

12 163 129,22 € 96,0% 

11 83 056,76 € 96,5% 

64 75 392,65 € 97,0% 

 

Results given by the method for each scenario of year Y+5 

Scenario ID Congestion Costs 

Probability 

(x% = x% scenarios 

are more expensive) 

17 42 562 598,61 € 0,5% 

120 42 433 540,82 € 1,0% 

131 37 089 374,64 € 1,5% 

18 36 917 593,32 € 2,0% 

197 36 779 566,06 € 2,5% 

168 34 438 153,81 € 3,0% 

119 33 848 817,18 € 3,5% 

167 31 612 038,53 € 4,0% 

198 30 400 940,20 € 4,5% 

145 29 069 742,51 € 5,0% 

177 28 872 283,84 € 5,5% 

38 28 504 309,65 € 6,0% 

156 27 923 203,06 € 6,5% 

173 27 854 972,07 € 7,0% 

39 27 126 710,15 € 7,5% 

134 26 845 204,55 € 8,0% 

170 26 559 818,92 € 8,5% 
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78 26 409 294,27 € 9,0% 

128 26 336 553,10 € 9,5% 

169 26 046 258,41 € 10,0% 

146 26 035 045,82 € 10,5% 

40 26 013 660,29 € 11,0% 

45 25 849 156,82 € 11,5% 

132 25 760 084,80 € 12,0% 

200 25 685 766,26 € 12,5% 

155 25 595 488,30 € 13,0% 

174 25 146 258,39 € 13,5% 

199 24 864 630,89 € 14,0% 

46 23 429 374,66 € 14,5% 

159 22 342 882,95 € 15,0% 

136 21 878 686,58 € 15,5% 

135 21 745 943,25 € 16,0% 

30 21 502 116,17 € 16,5% 

160 20 708 775,17 € 17,0% 

79 20 583 485,61 € 17,5% 

157 20 508 008,98 € 18,0% 

103 20 079 973,24 € 18,5% 

158 19 560 048,45 € 19,0% 

151 19 409 350,59 € 19,5% 

67 19 161 681,23 € 20,0% 

111 19 083 162,33 € 20,5% 

102 19 037 695,90 € 21,0% 

161 18 810 354,52 € 21,5% 

104 18 671 446,36 € 22,0% 

127 18 503 314,20 € 22,5% 

162 18 405 895,79 € 23,0% 

29 18 335 032,61 € 23,5% 

166 18 215 040,66 € 24,0% 

81 18 111 213,73 € 24,5% 

142 17 988 396,56 € 25,0% 

165 17 829 057,70 € 25,5% 

188 17 561 181,44 € 26,0% 

22 17 402 304,09 € 26,5% 

149 17 396 617,38 € 27,0% 

82 17 297 662,45 € 27,5% 

37 17 160 501,67 € 28,0% 

68 17 051 290,90 € 28,5% 

98 16 865 449,34 € 29,0% 

143 16 833 324,09 € 29,5% 

123 16 591 319,42 € 30,0% 

77 16 539 002,10 € 30,5% 

31 16 422 861,63 € 31,0% 
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97 16 411 426,85 € 31,5% 

105 16 030 134,13 € 32,0% 

106 15 823 494,02 € 32,5% 

71 15 478 626,66 € 33,0% 

21 15 298 418,16 € 33,5% 

124 14 652 631,81 € 34,0% 

152 14 564 303,56 € 34,5% 

118 14 194 149,97 € 35,0% 

76 14 167 993,57 € 35,5% 

72 13 979 387,03 € 36,0% 

141 13 880 200,32 € 36,5% 

20 13 777 158,80 € 37,0% 

178 13 660 609,96 € 37,5% 

53 13 463 230,23 € 38,0% 

54 13 441 790,52 € 38,5% 

133 13 395 517,59 € 39,0% 

112 13 379 672,08 € 39,5% 

117 13 379 155,58 € 40,0% 

144 13 301 918,12 € 40,5% 

185 13 024 728,83 € 41,0% 

150 12 938 430,00 € 41,5% 

186 12 926 925,04 € 42,0% 

32 12 442 728,94 € 42,5% 

193 11 921 820,38 € 43,0% 

176 11 812 546,23 € 43,5% 

189 11 630 241,59 € 44,0% 

175 11 459 899,13 € 44,5% 

58 11 449 269,26 € 45,0% 

129 11 388 675,55 € 45,5% 

190 11 352 854,53 € 46,0% 

84 11 241 906,21 € 46,5% 

101 11 030 784,84 € 47,0% 

41 10 918 184,14 € 47,5% 

19 10 552 014,92 € 48,0% 

90 10 455 185,96 € 48,5% 

47 10 269 064,12 € 49,0% 

130 10 146 999,69 € 49,5% 

89 10 045 717,71 € 50,0% 

192 9 909 772,23 € 50,5% 

48 9 703 786,69 € 51,0% 

42 9 536 781,73 € 51,5% 

116 9 348 478,48 € 52,0% 

28 9 177 450,42 € 52,5% 

139 9 166 464,53 € 53,0% 

57 9 112 830,13 € 53,5% 
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6 8 894 627,82 € 54,0% 

187 8 577 996,89 € 54,5% 

75 8 323 803,01 € 55,0% 

35 8 298 109,43 € 55,5% 

5 8 113 924,76 € 56,0% 

194 8 082 174,86 € 56,5% 

140 7 974 649,11 € 57,0% 

115 7 781 301,55 € 57,5% 

147 7 772 808,95 € 58,0% 

66 7 646 669,13 € 58,5% 

99 7 429 205,83 € 59,0% 

148 7 236 631,52 € 59,5% 

100 6 793 203,71 € 60,0% 

80 6 781 911,52 € 60,5% 

122 6 697 451,84 € 61,0% 

163 6 677 138,02 € 61,5% 

3 6 574 495,82 € 62,0% 

4 6 449 937,62 € 62,5% 

201 6 441 747,48 € 63,0% 

27 6 390 401,54 € 63,5% 

74 6 312 865,68 € 64,0% 

62 6 231 185,61 € 64,5% 

94 6 229 451,26 € 65,0% 

13 6 198 139,66 € 65,5% 

93 6 166 894,56 € 66,0% 

164 6 086 319,51 € 66,5% 

171 5 953 763,25 € 67,0% 

114 5 889 171,16 € 67,5% 

61 5 821 477,72 € 68,0% 

73 5 820 513,77 € 68,5% 

92 5 816 279,58 € 69,0% 

36 5 594 595,62 € 69,5% 

7 5 519 360,90 € 70,0% 

179 5 382 579,11 € 70,5% 

83 5 263 163,60 € 71,0% 

191 5 020 491,32 € 71,5% 

65 4 919 648,15 € 72,0% 

172 4 848 076,47 € 72,5% 

14 4 722 929,82 € 73,0% 

44 4 636 880,69 € 73,5% 

202 4 603 920,66 € 74,0% 

109 4 499 656,36 € 74,5% 

180 4 351 724,64 € 75,0% 

43 4 116 012,86 € 75,5% 

138 4 063 203,01 € 76,0% 
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110 3 905 162,78 € 76,5% 

8 3 888 874,76 € 77,0% 

137 3 872 161,41 € 77,5% 

113 3 771 718,32 € 78,0% 

121 3 751 520,94 € 78,5% 

108 3 719 726,29 € 79,0% 

26 3 520 222,70 € 79,5% 

91 3 509 817,70 € 80,0% 

23 3 355 534,49 € 80,5% 

107 2 940 249,70 € 81,0% 

70 2 765 455,09 € 81,5% 

56 2 667 423,86 € 82,0% 

15 2 637 417,39 € 82,5% 

69 2 611 287,17 € 83,0% 

59 2 446 186,11 € 83,5% 

24 2 383 568,83 € 84,0% 

16 2 374 419,83 € 84,5% 

60 2 302 576,05 € 85,0% 

25 2 215 989,48 € 85,5% 

88 2 095 996,83 € 86,0% 

87 1 943 689,11 € 86,5% 

96 1 736 323,51 € 87,0% 

55 1 634 965,33 € 87,5% 

95 1 503 338,71 € 88,0% 

196 1 407 643,81 € 88,5% 

183 1 399 368,75 € 89,0% 

184 933 414,04 € 89,5% 

49 449 813,64 € 90,0% 

86 286 536,18 € 90,5% 

85 191 862,39 € 91,0% 

195 178 640,87 € 91,5% 

52 153 224,27 € 92,0% 

63 134 110,77 € 92,5% 

33 83 713,31 € 93,0% 

182 78 244,56 € 93,5% 

 

Results of the method for each scenario of year Y with compensation means 

Scenario ID Congestion Costs 

Probability 

(x% = x% scenarios 

are more expensive) 

198 44 193 100,45 € 0,5% 

167 43 330 954,69 € 1,0% 

120 41 127 768,41 € 1,5% 

18 39 799 061,89 € 2,0% 
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119 39 727 251,57 € 2,5% 

197 39 419 652,54 € 3,0% 

17 38 905 624,13 € 3,5% 

152 38 311 835,51 € 4,0% 

151 38 288 096,55 € 4,5% 

168 38 063 341,18 € 5,0% 

155 37 801 324,66 € 5,5% 

38 37 405 155,05 € 6,0% 

156 36 343 325,24 € 6,5% 

37 34 174 801,66 € 7,0% 

131 31 799 860,99 € 7,5% 

134 31 603 717,90 € 8,0% 

177 31 162 610,67 € 8,5% 

132 30 570 631,82 € 9,0% 

169 30 522 559,83 € 9,5% 

178 29 846 878,12 € 10,0% 

78 29 697 133,44 € 10,5% 

170 29 644 372,07 € 11,0% 

39 28 979 266,49 € 11,5% 

133 27 961 459,44 € 12,0% 

40 27 708 006,16 € 12,5% 

77 26 310 465,65 € 13,0% 

199 26 307 090,46 € 13,5% 

45 25 818 368,55 € 14,0% 

200 25 751 773,50 € 14,5% 

46 25 466 226,82 € 15,0% 

127 24 050 353,75 € 15,5% 

160 23 720 684,47 € 16,0% 

173 23 568 562,05 € 16,5% 

128 23 425 949,86 € 17,0% 

29 23 388 570,56 € 17,5% 

146 23 030 988,62 € 18,0% 

145 22 571 456,27 € 18,5% 

159 22 282 288,40 € 19,0% 

111 21 861 438,70 € 19,5% 

174 21 806 392,26 € 20,0% 

188 21 747 670,78 € 20,5% 

82 21 365 532,07 € 21,0% 

166 21 295 912,90 € 21,5% 

30 21 272 020,23 € 22,0% 

187 21 267 290,44 € 22,5% 

104 21 202 473,42 € 23,0% 

161 21 176 204,42 € 23,5% 

79 21 035 650,65 € 24,0% 

162 20 688 693,07 € 24,5% 
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102 20 662 449,51 € 25,0% 

165 20 286 659,48 € 25,5% 

135 20 140 596,13 € 26,0% 

103 20 130 095,12 € 26,5% 

68 19 989 573,50 € 27,0% 

80 19 890 954,88 € 27,5% 

112 19 870 829,76 € 28,0% 

101 19 827 296,62 € 28,5% 

97 19 517 565,18 € 29,0% 

158 19 464 393,28 € 29,5% 

81 19 422 151,67 € 30,0% 

157 19 129 400,49 € 30,5% 

136 18 680 739,00 € 31,0% 

21 17 667 380,60 € 31,5% 

143 17 252 214,29 € 32,0% 

67 17 180 552,39 € 32,5% 

98 17 138 569,54 € 33,0% 

149 16 580 580,74 € 33,5% 

123 16 492 574,77 € 34,0% 

75 16 360 417,95 € 34,5% 

72 16 301 146,65 € 35,0% 

106 16 109 031,18 € 35,5% 

31 16 033 643,97 € 36,0% 

22 15 676 182,85 € 36,5% 

141 15 509 275,88 € 37,0% 

105 15 455 499,88 € 37,5% 

124 15 323 297,75 € 38,0% 

118 15 049 824,87 € 38,5% 

142 14 886 349,12 € 39,0% 

150 14 850 664,20 € 39,5% 

117 14 730 613,17 € 40,0% 

76 14 717 420,27 € 40,5% 

186 14 395 740,85 € 41,0% 

32 13 877 821,06 € 41,5% 

185 13 574 912,99 € 42,0% 

138 13 532 180,32 € 42,5% 

137 13 442 322,62 € 43,0% 

53 13 150 062,82 € 43,5% 

54 13 141 510,74 € 44,0% 

71 12 462 208,73 € 44,5% 

90 11 976 116,68 € 45,0% 

190 11 912 980,02 € 45,5% 

189 11 673 666,16 € 46,0% 

144 11 171 495,68 € 46,5% 

58 11 047 463,31 € 47,0% 
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42 10 969 013,61 € 47,5% 

41 10 550 915,55 € 48,0% 

84 10 369 773,62 € 48,5% 

57 10 360 319,39 € 49,0% 

129 10 307 014,89 € 49,5% 

47 10 247 484,24 € 50,0% 

5 10 226 222,85 € 50,5% 

83 10 188 290,13 € 51,0% 

193 10 104 642,36 € 51,5% 

130 9 967 961,90 € 52,0% 

89 9 675 833,19 € 52,5% 

19 9 563 545,97 € 53,0% 

20 9 303 938,18 € 53,5% 

176 9 263 087,79 € 54,0% 

114 9 233 403,37 € 54,5% 

175 9 035 690,98 € 55,0% 

194 8 941 046,57 € 55,5% 

48 8 887 303,23 € 56,0% 

192 8 881 575,23 € 56,5% 

66 8 113 830,51 € 57,0% 

65 8 111 706,51 € 57,5% 

27 7 909 865,74 € 58,0% 

6 7 740 591,85 € 58,5% 

191 7 622 842,19 € 59,0% 

163 7 586 178,68 € 59,5% 

140 7 430 806,24 € 60,0% 

62 7 325 097,07 € 60,5% 

14 7 015 742,08 € 61,0% 

164 6 960 162,94 € 61,5% 

113 6 878 499,85 € 62,0% 

8 6 875 314,73 € 62,5% 

28 6 798 755,86 € 63,0% 

202 6 798 725,53 € 63,5% 

35 6 781 213,24 € 64,0% 

172 6 772 833,21 € 64,5% 

93 6 713 280,28 € 65,0% 

115 6 708 203,06 € 65,5% 

100 6 596 201,42 € 66,0% 

94 6 591 834,93 € 66,5% 

7 6 468 190,76 € 67,0% 

122 6 202 790,17 € 67,5% 

147 6 174 286,95 € 68,0% 

3 6 121 140,89 € 68,5% 

13 6 057 845,58 € 69,0% 

116 5 947 987,28 € 69,5% 
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92 5 928 751,69 € 70,0% 

99 5 802 371,94 € 70,5% 

179 5 796 307,28 € 71,0% 

171 5 787 246,59 € 71,5% 

139 5 640 894,48 € 72,0% 

4 5 606 151,92 € 72,5% 

61 5 469 358,28 € 73,0% 

148 5 372 521,84 € 73,5% 

201 5 356 669,09 € 74,0% 

74 5 242 779,09 € 74,5% 

180 5 176 822,30 € 75,0% 

73 5 067 495,74 € 75,5% 

36 4 426 230,29 € 76,0% 

121 4 213 501,57 € 76,5% 

44 4 009 209,00 € 77,0% 

109 3 968 198,17 € 77,5% 

87 3 921 130,74 € 78,0% 

110 3 722 695,54 € 78,5% 

91 3 718 699,96 € 79,0% 

23 3 672 777,66 € 79,5% 

43 3 621 606,68 € 80,0% 

16 3 055 210,59 € 80,5% 

88 2 820 702,67 € 81,0% 

108 2 818 634,89 € 81,5% 

107 2 742 591,14 € 82,0% 

24 2 157 601,04 € 82,5% 

96 2 127 575,30 € 83,0% 

69 1 942 607,56 € 83,5% 

70 1 891 274,92 € 84,0% 

59 1 888 339,27 € 84,5% 

26 1 884 290,68 € 85,0% 

15 1 754 726,32 € 85,5% 

56 1 753 499,23 € 86,0% 

60 1 747 927,55 € 86,5% 

25 1 567 749,73 € 87,0% 

95 1 508 668,26 € 87,5% 

183 1 476 905,44 € 88,0% 

55 1 214 963,86 € 88,5% 

184 967 916,67 € 89,0% 

196 917 354,86 € 89,5% 

195 779 524,36 € 90,0% 

50 403 686,91 € 90,5% 

49 388 636,49 € 91,0% 

86 325 647,17 € 91,5% 

34 225 805,68 € 92,0% 
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85 215 461,94 € 92,5% 

51 156 925,79 € 93,0% 

63 107 877,71 € 93,5% 

52 71 543,69 € 94,0% 

64 65 564,30 € 94,5% 

33 64 382,99 € 95,0% 

182 43 991,69 € 95,5% 

181 21 143,51 € 96,0% 
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