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Abstract 
 
 
RTE, as the French TSO, should estimate the adequacy risk from several year ahead to real-
time. In particular, weekly studies are the first ones to use actual weather forecasts 
The current approach faces several limitations. Indeed, possible electricity exchanges with 
neighboring are not modeled. Moreover the error on the forecast of the demand and of the 
available power is inaccurately modeled. Finally the analysis of trough is very limited. 
Therefore, a need for a new approach to determine the weekly markings arises. With the 
objective of meeting such need, this work introduces a new probabilistic approach based on 
Monte-Carlo simulations, consistent with already established longer term studies. It is made 
to respond to the limitations of the current method and to be applied possibly with a 
transnational point of view. 
The model is described then the analysis methodology is detailed. This methodology process 
applies with a European point of view: 

- First whether there is a risk in Europe is discussed and, if there are, which country 
would be concerned.  

- The time and the magnitude of the risks is then analyzed.  
- The causes are also considered in order to finally study some solutions. 
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Introduction 
 
RTE (Réseau de Transport d’Electricité) is the French Transmission System Operator (TSO). Its 
mandate is defined by the French law [1]: “the TSO ensures at any time the equilibrium of 
electricity flows on the grid, as well as the safety and the efficiency of this grid, by taking into 
account technical constraints that it may face. The TSO also makes sure that the rules are 
followed with regard to the functioning of the interconnections of the national electricity 
transmission grids.” 
RTE, as the French TSO, should abide by this law. 
 
Especially, in its task to ensure demand-supply balance at any time, RTE performs different 
studies before real time. From several years ahead to real time, these studies all take part in 
the security of French electricity provision. In particular, every week, a study is performed 
about the week to come. This study is interesting because it is the first term that can use 
actual (up-to-date) weather forecasts, hence consumption and solar and wind generation 
forecasts. Also, power plants planned outages (maintenance operations, tests…) are more 
accurate than for longer term studies. One week ahead let also some time to consider and to 
set up some actions. 
 
But one week ahead, there are still a lot of unknowns that must be handled. In addition to 
obvious weather uncertainties, there are unknowns about the generation assets such as the 
thermal available power that could be reduced by forced outages. 
 
The current approach for weekly studies is based on deterministic forecasts and seasonal 
hazards. This kind of method faces several limitations that are increasing nowadays with the 
penetration of Renewable Energy Sources (RES) and the higher interconnection between 
countries. A stochastic approach based on Monte-Carlo simulations could help to manage 
these evolutions of the network. This change of approaches has already been made for 
seasonal studies and the question of its utilization for weekly studies has arisen. 
This report summarizes a feasibility study of this new weekly approach. 
 
After an overview of the background of the study and a focus on the current weekly study 
approach, the new method is presented. A number of first adequacy risk indicators are then 
defined in order to get a synthetic view of the risk. Finally the analysis process defined during 
the Master Thesis is presented. To illustrate the method a case study is used applied to Europe 
with a focus on Belgium. 
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Interest and objective of the thesis 
 
As it has been seen in introduction, adequacy studies are performed at different terms. This 
is made to monitor that the electricity supply-demand balance (i.e. the adequacy) can be kept 
at all times and that loss of load or spillage is avoided. Each of the studies has a particular 
interest. Weekly studies are the first ones to use actual weather forecasts. Indeed, longer 
term studies only use standard weather scenarios as no forecast is available at this term. 
Moreover the state of the generating fleet is better known through the maintenance and test 
programs provided by producers and the knowledge of the failures that have already 
occurred. 
On the other hand, one week ahead studies let some time to envisage some measures while 
day ahead studies could be too close to real time. One week ahead, the company can look to 
some grid exploitation scheme that can allow to import more from neighboring countries in 
cooperation with the European coordination center. Moreover RTE can get ready to inform 
the population and to ask them to decrease their consumption as far as possible.   
 
At RTE, the interest of weekly studies has been discussed in the past years because France 
had enough generating capacity. However, the winter of 2016-2017 could highlight the 
importance of weekly studies. Indeed this winter has been forecast to be very tense for 
France, mainly because of the particularly low availability of the nuclear fleet [2]. As a result 
there is an actual risk of having loss of load this winter in France.  
 
The objective of the thesis is to make a feasibility study of a new method to estimate adequacy 
risk a week in advance. This new method is more robust and relevant in its approach and 
should be able to take into account neighboring countries as well. Indeed the current method 
faces several limitations and a change of approaches has become more and more important. 
The thesis has firstly focused on the modeling of the state of the system. Secondly the analysis 
of the run of the model has counted as an important part of the work, by introducing a process 
and indicators to evaluate the risk of loss of adequacy in particular moments. 
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1 Chapter 1, Background 
 

1.1 French equilibrium monitoring 

1.1.1 Introduction on French electricity system 
The company was founded in 2000 in order to get ready for the liberalization of the electricity 
market that was set up a bit after. Its task was beforehand entrusted to EDF (Electricité de 
France), French historic producer and retailer. Even though RTE still belongs for 100% to EDF, 
in the execution of its task, the company must treat all the actors (producers, traders and 
consumers) in the same way. That is why RTE is independent, in its operations and investment 
decisions, from EDF and the regulator monitors this independence closely. 
 
The French electricity grid is a 50Hz AC grid. It is part of the continental Europe Synchronous 
Area. Its operator, RTE, works in cooperation with the other TSOs of the Area, to maintain 
their equilibrium. AC lines connect France with Spain, Italy, Switzerland, Germany and 
Belgium. The United Kingdom doesn’t belong to the same synchronous area, but France can 
also exchange energy through DC lines. 
On the French territory, RTE operates a 100 000km network covering a voltage range from 63 
kV to 400 kV. 
 
Let’s see how RTE anticipates, monitors, and ensures (on behalf of transmission grid users) 
supply demand equilibrium. 
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1.1.2 Equilibrium monitoring 
In order to analyze the adequacy of the system, several studies are performed at different 
terms before real time starting several years ahead. Indeed RTE must ensure that all time 
there is enough available power to supply the load (upward analysis) and that there is enough 
load to use the energy produced (downward analysis). 
 

1.1.2.1 Years ahead 

Every year RTE studies the tendency of electricity supply and demand in France for the coming 
5 years (and more). Using 200 typical weather scenarios, economic criteria, forecast energetic 
policy and socio-demographic habits, RTE can make different scenarios of available 
production and consumption.  
Available generation includes non dispatchable1 RES, thermal availabilities and hydro power. 
It has to be emphasized that the 200 weather yearly scenarios (with an 1 hour time step each) 
are not forecasts but they only represent 200 equiprobable typical scenarios, based on 
history, that are supposed to represent the variety of weather that can occur. They are made 
by the French weather agency. 
 
This analysis gives a good idea of the different possible states of the electric system. A Monte-
Carlo simulation is used in order to estimate the possible evolution of the adequacy risk. It 
can give some clues and warnings to public authorities and help them to take some political 
decisions.  
As for an example, for the first time this year, RTE has forecasted a decrease in electricity 
consumption for the coming years. [3] 
 

1.1.2.2 Seasonal studies 

A bit closer to real time, RTE performs two seasonal studies per year. The goal is to forecast 
the ability to keep the balance during the summer and during the winter. The state of the 
system is way better known than for 5 year ahead studies: the state of the generating fleet is 
globally well known, the economic situation of the country is known as well as its energetic 
policy. Socio-demographic habits are also well defined. For its part, knowledge about 
forecasted weather has not improved: no forecasts are yet available. Thus it uses the same 
200 weather scenarios as for 5 year ahead studies to make solar, wind and consumption 
scenarios. 
 
In addition some scenarios of thermal availabilities are made by RTE, by taking into account 
the maintenance programs and simulating possible forced outages. The maintenance 
program won’t, for the most part, change at this term. The forced outage are simulated using 
historical rates. For these studies a Monte-Carlo analysis is used to predict the adequacy risks. 
These studies give some warnings to the actors of the system. For instance, 2016-2017 winter 
has been predicted to be risky and some measures are being taken in order to avoid, as far as 
possible, load shedding. 
 
 

1.1.2.3 Weekly studies 

One week ahead, weather forecasts begin to be relevant while the state of the generating 
fleet is very well known. 

                                                           
1 Non dispatchable sources are energy sources for which people cannot control the generation. 
Indeed the power depends on something non controllable (wind speed for wind power, for example) 
It must be distinguished from distaptchable generation, such as thermal plant, for which the owner 
can choose whether to produce or not. 
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Weather forecasts are very important for an equilibrium estimation purpose. Indeed 
cloudiness projections help to anticipate solar production while wind forecasts are used for 
wind generation. Even more important in France, domestic demand is very heat-sensitive 
making temperature forecasts prominent for consumption forecasts. As an illustration, 
French domestic demand increases by 2400 MW when the temperature decreases by 1°C 
during winter2.   
The knowledge of the state of the generating fleet is essential to predict the available thermal 
production. Indeed maintenance, tests, or forced outages can make plants partially or totally 
unavailable. One week ahead the maintenance and test programs are well defined. The 
uncertainty lies mainly in the potential failures of plants. 
The approach is based on some deterministic forecasts of the different factors (solar, wind 
and run of river generation, consumption, thermal availabilities, storage hydro availabilities) 
and some hazards are added on top of them (see sub section 1.2.2.1). 
 
These studies are made in order to anticipate the margins (see section 1.2): the remaining 
capacity, taking or not into account exchanges with the neighbors. This remaining capacity is 
compared to the risk faced by the demand-supply balance: the power that could become 
unavailable for real time (or the possible increase of the load). 
 
One week ahead, RTE holds some levers of action. RTE could postpone some maintenance on 
the network to maximize imports from neighboring countries or ask the producers to 
postpone their tests that could limit the available power. It can also get ready to take some 
measures. Finally RTE can coordinate itself with neighboring TSOs in order to maximize their 
possible exchange.  
 

1.1.2.4 Day ahead studies 

 
Closer to real time, RTE checks again the adequacy risk a day in advance. At this term the state 
of the system is very well known even if there are still some uncertainties such as RES 
generation and forced outages. The approach is similar to the weekly one. 
 
 

1.1.3 Real time operation 
 
Finally in real time, there are some automatic and manual operations that ensure the 
adequacy. The idea is to keep the adequacy in any case, especially if a producing unit has a 
sudden outage. RTE has full power on the electric system to keep the adequacy in the last 
hour before real time. 
 
To meet this goal, 3 kinds of reserve play a role: the primary, the secondary and the tertiary 
reserves. Reserves are available power, ready to be activated in order to maintain the balance 
by increasing or decreasing power. 
 
Before defining the three kinds of reserve it should be recalled that, at any time, the energy 
injected in the grid from the producers should be exactly equal to the one consumed 
(including the losses). 
 

                                                           
2 2400MW represents 2.5 to 3% of total French maximal load. France counts for half of the global 
European temperature sensitivity of the load. 
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1.1.3.1 Inertia 

The balance is firstly made possible thanks to the inertia of all rotating machines connected 
to the electric system in the synchronous zone. Indeed the rotating machines store kinetic 
energy and use it to respond instantly to demand variations: if demand increases they release 
energy and slow down, and if demand decreases they store energy by speeding up. Frequency 
is linked to this rotation speed. As a result frequency, or rather its variation, is a good indicator 
of the supply demand equilibrium3. If supply is overweighed by demand, frequency decreases 
while rotating machines slow down. By slowing down, they release energy to keep the 
balance. The opposite phenomenon occurs if the generation surpasses the demand. 
 
In Europe the frequency target is fixed to 50 Hz. 
 
Primary reserves are activated in order to stop the decrease/increase of the frequency.  
 

1.1.3.2 Primary reserves (Frequency Control Reserves or FCR4)  

The goal of the primary reserve is to stop the frequency drop/rise. It’s an automatic 
mechanism that is controlled by the frequency variations. Its activation is performed in a few 
seconds and decentralized to each unit of the synchronous area that takes part in the reserve. 
It is scaled to 3000 MW in the Europe Synchronous Area of which half can be activated in 15 
seconds and all of it in 30 seconds. Each country of the zone takes part in this reserve. France 
accounts for approximately 600 MW. 
One reason why 3000 MW has been chosen for the level of primary reserve is that it 
corresponds to twice the capacity of the biggest unit of the zone. 
 

1.1.3.3 Secondary reserves (automatic Frequency Restoration reserves or aFRR) 

While primary reserves’ aim is to stop the frequency drop, one goal of secondary reserves is 
to bring back the frequency to its target. The second goal of these reserves is to restore the 
planned flows at the interconnections. 
As a result, while primary reserves are controlled by frequency variations, secondary reserves 
are controlled by the frequency level and by the difference of the net balance of the country 
compared to what was planned: the country facing an outage in its area would have a 
negative difference and thus has to react with secondary regulation in order to compensate 
help from other control areas5. These other areas, would have a positive difference. 
 
Their activation is longer (30 sec to 15min), automatic, and is centralized to each control zone. 
The TSOs send a signal to the secondary reserves capacities of its zone.  This signal is, in 
France, a proportional order sent to each group (in the control area) participating in 
secondary regulation:  a number between -1 and 1 that represents the level of secondary 
reserves that must be activated: 1 for full upward reserves and -1 for full downward reserves. 
As said above, this level is function of the frequency and of the gap between planned and 
actual cross border flows. 
 
The secondary reserves compensate primary reserves in order to restore their capacities in 
case of another outage. Moreover, in order to put back the frequency to its target, secondary 
reserves must over compensate primary ones. 

                                                           
3 This assertion could change with massive/exclusive connection of production through electronic 
interface (inverters) 
4 See ENTSO-E’s System Operation Guideline https://www.entsoe.eu/major-projects/network-code-
development/system-operation/Pages/default.aspx  
5 A control zone is a zone where secondary reserves are mutualized. In general, control 
zone=country=zone controlled by a TSO, but some exceptions exist in Europe. 

https://www.entsoe.eu/major-projects/network-code-development/system-operation/Pages/default.aspx
https://www.entsoe.eu/major-projects/network-code-development/system-operation/Pages/default.aspx
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In France secondary reserves amount to 500 to 1000 MW depending on to the time of the 
year. 
 

1.1.3.4 Tertiary reserves 

Contrary to primary and secondary reserves, tertiary reserves are not automatic. Their goal is 
to restore frequency if needed and to restore primary and secondary reserves in order to be 
able to face other future sudden imbalances.  They are activated by the TSOs, as a result of a 
market operation. The TSO asks the cheapest generation units to increase their production. 
In France this operation is made on the Balancing Mechanism (BM, Mécanisme d’Ajustement 
in French, see subsection 1.1.4). 
Their activation is longer and can begin in 15min for the quickest plants. 
In France there must be at least 1000MW of reserve that can be activated in 15 min and 500 
additional MW in 30min. 
 
Finally, it must be noted that all these mechanisms can operate in both way. If the 
consumption becomes lower than the production (forced outage on a consumption plant, 
sharp increase in renewable generation…), the same chronology occurs. Note that in real time 
these reserves are continuously used at some extent in order to keep the balance. 
 
 

1.1.3.5 Exceptional means 

In operation, in critical moments when not enough reserves are available for ensuring electric 
system security, RTE takes some exceptional and emergency means to prevent the grid to fall 
down. Among these extreme actions there are: 

- Having power plants to operate at a power higher than the nominal one (extra 
generation with ancillary units) 

- 5% voltage reduction on the distribution network (leading to a decrease of 
consumption) 

- Load shedding. There are several levels of load shedding depending on the lack of 
power. 

 
 

1.1.4 The Balancing Mechanism 
 
The Balancing Market is the major lever of action of RTE. On this market, RTE can make 
contracts to increase or decrease generation (or consumption) and to book available capacity. 
Every generation units connected to the transportation grid must make some offer for their 
available generation. Moreover market participants in neighboring countries can propose 
offers, either directly or through their TSO.  
RTE can use this market on 4 grounds: 

- Supply/demand balance 
- Primary or secondary reserves restoration 
- Margin restoration 
- Grid management 

 
(a) Supply/demand balance 

RTE, as the TSO, should ensure adequacy of the system. In other words, RTE is responsible 
that Production equals Load. From one hour before real time, actors cannot change their 
injection program. RTE is the only one that can change them through the Balancing Market. 
For any reasons (outage, consumption variation, renewable generation forecasts errors…), if 
RTE has anticipated for the following hour an inequality between production and 
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consumption, it can activate some offers on the market in order to restore the equality. These 
offers are chosen according to their price and technical constraints. 
If generation is forecasted to be lower than consumption, RTE makes an upward balancing 
order by an increase of generation or by ordering a decrease of the consumption6. On the 
other hand, if generation is forecasted to be higher than consumption, RTE makes downward 
balancings. Foreign generation units can take part in the market. 
These operations can only occur during the hour before real time. Until then, the actors can 
still take part in intraday markets and change the generation program, in order to equilibrate 
their consumption/generation balance. 
 

(b) Primary and secondary reserves restoration 
A certain level of primary and secondary reserves should be kept at every moment. If RTE 
forecasts/observes that the actual amount is going to be lower than the minimum required, 
it can use the Balancing market in order to increase them by, for instance, turning on a new 
plant. 
 

(c) Margin restoration 
As for primary and secondary reserve, a certain level of tertiary reserves should be kept at 
every moment. If RTE forecasts that the actual amount is going to be lower, it can use the 
Balancing market in order to increase them by, for instance, turning on a new plant. 
 

(d) Grid congestion management 
On the French market, energy is exchanged without any regard about French grid capacity. 
France is considered as a cooper plate. However redispatching can be needed due to network 
constraints (line congestions, voltage constraints, dynamic constraints…). Operators monitor 
the network 24/7. Their role is to prevent line congestions by carrying out security analysis: 
one solution to resolve this problem could be by planning redispatching on the Balancing 
Market.  
 
 

1.2 Weekly margin 

Weekly margins is the approach used for weekly adequacy studies. The margins are 
anticipated a week ahead in order to ensure that enough capacity is available to keep the 
adequacy even in case of unplanned events (error on demand or supply availability forecasts). 
 

1.2.1 Introduction 
The idea is to estimate the margins. In an isolated country, margins are basically defined as 
follows: 

𝑀𝑎𝑟𝑔𝑖𝑛 = 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 − 𝐷𝑒𝑚𝑎𝑛𝑑 
 Where the available production is the maximum power that can be mobilized at a 
time and the demand is the consumption. 
 
The French demand curve highlights a daily profile with one or two peaks (see Figure 1): the 
“morning peak” approximately from 8 to 14, and the “evening peak” around 18-20. The latter 
one disappears during summer. On the other hand a trough can be observed during the night 
and during the afternoon. 
                                                           
6 Some consumers can participate to BM as being able to modify their process/consumption. It refers 
mainly to industrial actors, but it also includes aggregators who operate on distributed consumptions. 
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Figure 1 French day-ahead (dark blue) and intra-day (light blue) consumption estimation and actual consumption 
(brown) for Monday February 22nd 2016, in MW [4] 

 
The current weekly analysis consists of an estimation of the balance during the two peaks 
(only one morning peak during summer) of each day of the coming week. The idea is that, if 
there are enough reserves for balancing during tensed period, it is excepted that the level of 
reserve will be high enough the rest of the day. It’s performed on every Thursday for the 
following week Saturday-Friday. 
Basically the goal is to monitor that there are enough available generation units to supply the 
demand – meaning a positive margin. Because there are still a lot of uncertainties (weather 
forecast, unplanned outages…) available power and demand are not certain and follow a 
probability density. 
So, to face these hazards, enough reserves have to be available for RTE to balance the system. 
The question is “what has to be the required volume of reserves?”: 

- If not enough reserve, there is a high risk for the system (risk of not being able, for 
the TSO, to ensure supply-demand equilibrium, with a risk of blackout in extreme 
situation). 

- Too much reserves is unnecessary and economically inefficient (too expensive). 
 
As a consequence, a criterion has been chosen: the probability not to be able to keep the 
balance – having a margin less than 0 – must be less than 1% for the morning peaks and less 
than 4 % for the evening peaks. For the 1% (or 4%) left, RTE can use exceptional means in 
order to keep the grid secure (see sub section 1.1.3.5). 
The accepted risk is 4 times higher in the evening because the peak lasts approximately 4 
times less. 
 
Nowadays a trough analysis is more and more relevant. Indeed, with the penetration of 
variable energy sources that makes a part of the generation non controllable, there can be a 
risk of facing, at some times, a demand lower than the minimum production from not 
controllable power generation (RES, run of river, nuclear minimum safe running…) . 
For this analysis a second kind of margin must be defined, the downward margin: 

𝑑𝑜𝑤𝑛𝑤𝑎𝑟𝑑 𝑚𝑎𝑟𝑔𝑖𝑛 = 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 − 𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝑛𝑜𝑛 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑎𝑏𝑙𝑒 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 
 
In the present report the margins for peak analysis will be called upward margins or by 
extension margins while the ones for trough analysis will always be called downward margins. 
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1.2.2 Weekly margin analysis 
Let’s now focus on how the margins are currently monitored [5]. 
The analysis is performed every Thursday for the week to come [Saturday – Friday]. 
As explained above the idea is to check the balance for the critical points over a day, with the 
idea that if the balance is kept during this period, it will be kept at all times of the day. For 
each week day of the week (Monday-Friday), RTE focuses on the 2 peak times and on one 
load trough. In this aim, RTE performs some forecasts on the state of the system. By doing so 
an estimation of the margin is possible. 
 

1.2.2.1 Upward margin 

Upward margins are defined as follows: 
𝑢𝑝𝑤𝑎𝑟𝑑 𝑀𝑎𝑟𝑔𝑖𝑛

= 𝑀𝑎𝑥𝑖𝑚𝑎𝑙 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑝𝑜𝑤𝑒𝑟 + 𝑃𝑉 𝑝𝑜𝑤𝑒𝑟 + 𝑊𝑖𝑛𝑑 𝑝𝑜𝑤𝑒𝑟
+ 𝑀𝑎𝑥𝑖𝑚𝑎𝑙 ℎ𝑦𝑑𝑟𝑜 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 𝑝𝑜𝑤𝑒𝑟 + 𝑅𝑢𝑛 𝑜𝑓 𝑟𝑖𝑣𝑒𝑟 ℎ𝑦𝑑𝑟𝑜 𝑝𝑜𝑤𝑒𝑟
− 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛  

 
For upward margins, RTE must estimate the available production and the consumption. Of 
course, as these estimations are made some time ahead, there are some uncertainties. These 
can lie for instance on 

- The available maximal thermal power, that can be limited by outages, maintenance, 
tests, etc; 

- The renewable generation, very dependent on weather conditions; 
- The hydro production, depending on a lot of factors (such as snow melting or rain) for 

both the storage production and the run of river units; 
- The consumption, which is very temperature dependent in France because of electric 

heating systems (an important part of the total demand). 
 
For each parameter used in the margin calculation (load, PV, wind and hydro generation, and 
thermal available power), a deterministic forecast is performed. This forecast comes from the 
knowledge of the system such as week ahead weather forecasts or maintenance programs. 
In addition some hazards, symbolized by a standard deviation, are defined from historical 
observations for the factors: 

 Consumption : 𝐶𝑑    +  𝜎(𝐶) 

 PV generation : 𝑃𝑉𝑑 7 

 Wind generation : 𝑊𝑑  +  𝜎(𝑊) 

 Hydro generation : 𝐻𝑑   +  𝜎(𝐻) 

 Thermal available power: 𝑃𝑡ℎ
𝑑   +  𝜎(𝑃𝑡ℎ), where 𝑃𝑡ℎ

𝑑 = ∑ 𝑃𝑖
𝑚𝑎𝑥

𝑝𝑜𝑤𝑒𝑟 𝑝𝑙𝑎𝑛𝑡 𝑖 ≠ 𝐸(𝑃𝑡ℎ)  

 
The hazards are modeled as a Gaussian distribution, hence the standard deviation introduced 
above. They are centered on the factor expectancy, which is the deterministic forecast except 
for thermal available power. For thermal power, the deterministic forecast is the maximal 
power without any forced outages. As we also take into account unplanned outage, its 
expectancy can only be lower as outages can only decrease the availability: 

𝐸(𝑃𝑡ℎ) = ∑ 𝑝𝑖 ∗ 𝑃𝑖
𝑚𝑎𝑥

𝑝𝑜𝑤𝑒𝑟 𝑝𝑙𝑎𝑛𝑡 𝑖

 

 𝑃𝑖
𝑚𝑎𝑥  maximal power of  plant i. 

 𝑝𝑖  probability that plant i, is available 
 

                                                           
7 No hazard is currently modeled for PV generation  
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The values of the standard deviations don’t depend on the state of the system but only on a 
temporal factor. For instance, for consumption, there are a winter and a summer standard 
deviation, with an interpolation in between. 
 
There are two equivalent points of view to understand the risk analysis based on these 
estimations. 
 
 

(a) The margin distribution method 
For each factor, the deterministic forecast and the standard deviation hazard give its 
distribution. Based on these distributions and on the definition of the upward margin, it is 
possible to calculate the distribution of the margin. As all the factors follow a Gaussian 
distribution, the margin is also represented as a Gaussian curve. 
 
The deterministic margin and the standard deviation are defined by: 

𝑀𝑑 = 𝑃𝑡ℎ
𝑑 + 𝑃𝑉𝑑 + 𝑊𝑑 + 𝐻𝑑 − 𝐶𝑑 

𝜎(𝐶𝑑) = √𝜎(𝐶)2 + 𝜎(𝐻)2 + 𝜎(𝑊)2 + 𝜎(𝑃𝑡ℎ)2 
 

It should be emphasized that the deterministic margin 𝑀𝑑 is higher than its expectancy 𝐸(𝑀), 
because, as explained before, the deterministic thermal power is higher than its expectancy. 
 
Let’s now recall the criterion adopted in France for determining the margin: the probability of 
needing exceptional means – that the margin is negative – must be less than 1% in the 
morning and 4% in the evening. With the distribution of the margin it is possible to compute 
the probability for the margin to be negative and check that it is lower than the limit (see 
Figure 2). 
 

 
Figure 2 1% criterion observed on the margin distribution. The red area must represent less than 1% of the total 

 
 

(b) The available versus necessary margin method 
The methodology is often explained in a different way at RTE, by separating the deterministic 
estimation from the hazards. The idea is to compute the available margin, which is equal to 

the deterministic margin 𝑀𝑑. 
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Then the global hazard is computed as a convolution product of all the hazards. The result is 
centered on zero and Gaussian distributed with a standard deviation: 

𝜎 = √𝜎(𝐶)2 + 𝜎(𝐻)2 + 𝜎(𝑊)2 + 𝜎(𝑃𝑡ℎ)2 
 
The global hazards represent the deviation the margin can face in comparison with the 
expected margin 𝐸(𝑀). The 99th percentile of the hazard deviation gives the deviation one 
can face in 1% of the case. 
As a consequence, it is now possible to define the necessary margin. It is the available margin 
level required to be able to serve the demand in X% of the cases. In the case of the 1% 
criterion 𝑋 = 99. The expected margin should be higher than the deviation that can be faced 
in 99% of the case: the 99th percentile of the global hazard: 
 

99𝑡ℎ𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑖𝑙𝑒 =  2,33 ∗  𝜎 ≤ 𝐸(𝑀) (1.1) 
 
 
However in operation, one prefers to use the available margin than the expected margin. Both 
value are linked as follows: 

𝑀𝑑 − 𝐸(𝑀) = 𝑃𝑡ℎ
𝑑 − 𝐸(𝑃𝑡ℎ) 

𝑀𝑑 − 𝐸(𝑀) = ∑ 𝑃𝑖
𝑚𝑎𝑥

𝑝𝑜𝑤𝑒𝑟 𝑝𝑙𝑎𝑛𝑡 𝑖

−  ∑ 𝑝𝑖 ∗ 𝑃𝑖
𝑚𝑎𝑥

𝑝𝑜𝑤𝑒𝑟 𝑝𝑙𝑎𝑛𝑡 𝑖

 

 
As a result the criterion in (1.1) can be changed as follows: 

2,33 ∗  𝜎 ≤ 𝐸(𝑀) 
 

2,33 ∗  𝜎 + 𝑀𝑑 − 𝐸(𝑀)  ≤ 𝐸(𝑀) +  𝑀𝑑 − 𝐸(𝑀) 
 

2,33 ∗  𝜎 + ∑ (1 − 𝑝𝑖) ∗ 𝑃𝑖
𝑚𝑎𝑥

𝑝𝑜𝑤𝑒𝑟 𝑝𝑙𝑎𝑛𝑡 𝑖

 ≤ 𝑀𝑑 

 
   𝑛𝑒𝑐𝑒𝑠𝑠𝑎𝑟𝑦 𝑚𝑎𝑟𝑔𝑖𝑛 ≤   𝑎𝑣𝑎𝑖𝑙𝑎𝑙𝑏𝑙𝑒 𝑚𝑎𝑟𝑔𝑖𝑛 

(1.2) 

 
 
To conclude, in operation it is checked that for all peaks available margin ≥ necessary margin. 
The necessary margin depends on the chosen criterion: 1% for the morning peaks and 4 % for 
the evening peak. 
 

1.2.2.2 Vigilance threshold for upward margins 

Based on the description made in the above subsection, a vigilance threshold is defined: 
𝑣𝑖𝑔𝑖𝑙𝑎𝑛𝑐𝑒 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑚𝑎𝑟𝑔𝑖𝑛 − 𝑛𝑒𝑐𝑒𝑠𝑠𝑎𝑟𝑦 𝑚𝑎𝑟𝑔𝑖𝑛 

                                                          = 1𝑠𝑡  𝑜𝑟 4𝑡ℎ 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑖𝑙𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑎𝑟𝑔𝑖𝑛 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 
Thus the risk criterion corresponds to: 

𝑣𝑖𝑔𝑖𝑙𝑎𝑛𝑐𝑒 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 ≥ 0 
It says that, if the country were alone to supply its own demand, in 1% (or 4%) of the cases 
the margin would be less than the vigilance threshold. If this vigilance threshold is negative, 
it represents the level of imports necessary to keep the balance in 1% (or 4%) of the case. If 
not enough imports are available, exceptional means are used (see subsection 1.1.3.5). 
 

1.2.2.3 Downward margins 

Downward margins were less monitored in the past, but monitoring them begins to be 
relevant in France with non dispatchable energy sources penetration. Currently downward 
margins weekly study consists of comparing the consumption forecast to the sum of non 
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dispatchable generation and nuclear technical minimum. No hazard is currently taken into 
account. 
 
 
 
 

1.3 New approach for weekly margin 

 

1.3.1 Limitations of current approach 
The approach presented above, even though it has been successfully used for several years, 
presents some severe limitations.  Those limitations are becoming more important with the 
changes on the electricity system (RES penetration, higher international connection and 
cooperation…). Five major limitations can be listed: 
 
Only France is considered. 
It could be interesting, for dimensioning margins, to consider Europe (or a large area with 
neighboring countries) as a whole in order to simulate possible exchanges with neighboring 
countries. Indeed in the current approach the margins are computed by only using French 
generation assets. But in actual operation, France can import and export significantly. 
Moreover, a wider view could be another step toward a more coordinated European analysis. 
 
The Gaussian distribution of hazards can be questioned. 
The hypothesis of a Gaussian distribution doesn’t depict real hazards, especially for thermal 
power availability, but also wind and solar generation. Thermal available power rather follows 
a binomial distribution8. 
 
The standard deviations come from historical observations. 
The hazard values are only seasonal: the standard deviation doesn’t depend on actual 
conditions but only on seasonal historical observation. 
 
No correlation between hazards.  
In the present model, the hazards of solar, wind and consumption are considered 
independent. However, as solar, wind and load are very linked (to one global weather 
situation), the hazards should be correlated. This correlation is observed in reality. For 
instance during a cold wave, wind production is generally less important than during a basic 
winter day (and sometimes, in several countries at the same period). 
 
No hourly studies. 
The analysis is performed only for 2 peaks and 1 trough while an hourly timeframe would 
allow considering energy limitations for hydro energy, and other dynamical effects (limited 
modulation ability for power plants which could impacts margins levels). 
 
 
 

1.3.2 The new approach 
By pointing out these limitations, the idea of using a stochastic simulation has arisen, on the 
model of longer term studies (several years ahead to seasonal studies). This new approach is 
also based on forecasts but the unknowns are not modeled as Gaussian distributed. Indeed, 

                                                           
8 Due to the fact a plant is either available or facing an outage. 



21 
 

for each factor (PV, wind, load, hydro energy and thermal availabilities) the projections are 
not only one deterministic forecast, but they include different hourly equiprobable scenarios 
called time series (TS) per factor. Thus, for each factor, the hazard now lies in the spread of 
the different TS and not on a simple standard deviation as it is currently modeled. These 
scenarios are used in a stochastic simulation with a Monte-Carlo approach. 
 
TS are generated, as probable situations for each factor (PV, wind, consumption, hydro energy 
and thermal availabilities, see Figure 3). For a Monte-Carlo analysis, these TS are combined 
into several Monte-Carlo weeks (MC weeks) over which is computed the optimal dispatch. A 
statistical analysis is finally performed over the results of the dispatch for all the MC weeks in 
order to estimate the risk. 
 
 

 
Figure 3 Principle of the stochastic approach for weekly adequacy studies 

 
The MC simulations are performed with the Antares9 software. Antares is a power system 
analysis software for adequacy reports and economic simulation. It can perform Monte-Carlo 
simulations with ready-made TS or generate some TS itself (including outages simulations). A 
deeper description of Antares is presented in Appendix A. 
 
Antares can randomly picks the MC weeks and computes the optimal dispatch on each of 
them. However the wind, solar and load times series can be correlated. Thus in order to 
correlate the hazards on these 3 factors, Antares picks the corresponding correlated times 
series when making the MC week. 
 
The 5 limitations pointed above can be overcome with this approach: 

- If information for other countries are known, it’s possible to include them in the 
model. The optimal dispatch calculation will consider the total area and compute the 
exchanges between each country (according to balance simulations and economic 
data). 

- The hazards for each factors are taken into account through the range of all time 
series. As a result, the distribution is more precise. 

- Moreover because they are based on actual forecasts, the hazards are not only 
historical but rely on the actual state of the area. 

                                                           
9 Antares is a power system analysis software. Its functionalities are close to the ones of software like 
Crystal, Powersym, Plexos or Osemosys. 
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- The times series for consumption, wind and PV power comes from the same weather 
scenarios. Thus they can be correlated. 

- The study is made for all the hours of the week. Therefore, dynamical effects such as 
limited hydro energy can be taken into account. Moreover with RES penetration, 
periods with adequacy risk are more and more diffuse, linked to residual10 
consumption peak and trough, making the hourly study more attractive. 

 
 
 
  

                                                           
10 Residual demand = Consumption – (PV + Wind) 
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2 Chapter 2, Simulation modeling 
 
The goal of this Master Thesis is to make a feasibility study of the new approach for weekly 
margins. The focus for the modeling is made on France but its close neighbors are also 
included in the study in order to simulate the exchanges. The simulations are made on the 
first semester of 2016. For simplicity reasons and lack of data, some characteristics of the 
network have been simplified. However the role of a feasibility study is to define a 
methodology and not to quantify accurately results11.  
 

2.1 System studied 

 
The analysis focuses on France and its close neighbors. The modeling is made with a national 
view with 10 areas (corresponding to one or two countries), as depicted on Figure 4. 
 

                                                           
11 A study is currently being performed to quantify the results accurately on one particular week. 
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Figure 4 Scope of the study 

The codes for the areas are summarized in Table 1. 
 
Table 1 Codes of the areas 

Code Area 

at Austria 
be Belgium 
ch Switzerland 
de Germany 

espt Spain – Portugal 
fr France 
gb Great Britain 

ieni Republic of Ireland – Northern Ireland 
it Italy 
nl Netherlands 

 
Luxembourg is not part of the study because of a lack of data for the country. Moreover the 
small impact it has on European adequacy doesn’t hamper this feasibility study [3]. 
 
Links between the areas are entered as depicted on the figure according to actual link 
between these countries. 
 
The following subsections describe how the inputs are fed into the model and where they 
come from, in order to perform the Monte-Carlo analysis. 
 
 
 

2.2 Inputs of the model 

 
As said above, factor time series are used as inputs. Antares uses hourly time series. At RTE, 
the weekly adequacy analysis is performed every Thursday for the coming [Saturday -> 
Friday]. For this feasibility study, the first semester of 2016 is used to perform simulations. 
Even though this semester is now in the past, no data from later than the Thursday before 
the week to come is used for each simulation. 
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The following parts explain where the inputs come from and how they are used. 
 

2.2.1 Consumption, wind and solar 
These three factors are taken into account when determining the residual demand. Since 
wind and solar generation are non dispatchable, the residual demand is defined as: 
Consumption – (Wind + Solar generation). 
 
Consumption, wind generation and solar generation are linked together through the weather 
conditions: all three of them are very dependent on weather, whether it’s the temperature, 
the wind speed or the cloudiness (and solar irradiation). 
More precisely, the European Centre for Medium-Range Weather Forecast (ECMWF) 
produces twice a day 51 forecasted scenarios for European weather for the next 15 days. 
These scenarios are equiprobable and depict the hazards on the forecasts. They are used by 
national weather forecast agencies and independent providers to make weather forecasts. 
 
Based on these 51 scenarios it is possible to build 51 demand, wind and solar equiprobable 
time series for each European country (see Figure 5.Error! Reference source not found.). 
Moreover, because they come from the same 51 global weather scenarios, the time series 
are correlated: 

- Temporally: each scenario has a realistic dynamical evolution 
- Spatially: each scenario of a country is correlated with the ones of the others 
- Intra modally: each consumption, PV and wind scenario are correlated with each 

other. 
 
This correlation must be taken into account, in order to represent properly the reality. For 
instance, some intra modally correlations have been observed: during a cold wave, wind 
generation generally decreases while PV generation increases compared to a normal winter 
day. A common cold wave day would be with a clear sky and no wind. 
 

W
in

d
 p

o
w

er
 f

o
re

ca
st

s 
[M

W
] 

Figure 5 15 day ahead French Wind generation forecasts (51 scenarios) from January 14th 2016 
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As a result, the idea is to use 51 (𝐶𝑖(𝑡), 𝑃𝑉𝑖(𝑡),  𝑊𝑖(𝑡))
𝑐𝑜𝑢𝑛𝑡𝑟𝑦 𝑖

 correlated scenarios. They are 

entered as 51 hourly time series (TS) for each factor of each country in Antares software. 
During the random draws of the Monte-Carlo simulation, in order to keep the correlation, TS 
that come from the same weather scenario are picked at each draw. 
Because of the major impact of weather scenarios on optimal dispatch and margin calculation, 
it has been decided that each of the 51 scenario should be picked the same number of time 
during a simulation. 

For this study and for simplicity, the 51 (𝐶𝑖(𝑡), 𝑃𝑉𝑖(𝑡),  𝑊𝑖(𝑡))
𝑐𝑜𝑢𝑛𝑡𝑟𝑦 𝑖

  hourly time series are 

provided by an external forecast company. 
 
Note: 
The supplier doesn’t provide Spanish thermal solar generation forecast yet. This generation 
is not negligible and must be forecasted. PV generation forecasts can help to derive forecasts 
for the Spanish thermal solar. This estimation is made with the past observation of a 
correlation between PV daily energy and thermal solar generation curve over a day. 7 classes 
of PV daily energy have been defined and each of them is linked to one typical thermal solar 
power curve (hourly time step). 
The external supplier provides the hourly PV forecast for Spain-Portugal. From this, for each 
of the 51 scenarios, a thermal solar hourly power curve can be estimated using a method 
explained in Appendix B. 
 
 

2.2.2 French Hydro energy 
 
There exists a wide variety of hydro power plants. These are distinguished by the flexibility 
the owner has over the power. The range of the flexibility goes from big hydro storage plant 
that can store huge amount of water and manage its use with an annual view, to small Run of 
River (ROR) power plants that have no reservoir and produce electricity according to the flow 
of the river. In between there are a lot of bigger or smaller sized plants with bigger or smaller 
reservoirs. To this, Pumped Hydroelectric Energy Storage (PHES) plants, that can also pump 
water to refill upper dam, must be added. 
 
In the model, hydro technologies are classified under three categories: pure ROR, pure 
storage plants and PHES plants. ROR is considered as non dispatchable and non-controllable 
while storage hydro is completely flexible in producing or not energy at each time step. 
 

2.2.2.1 ROR hydro 

As a source of non dispatchable power, ROR hydro can be modelled with an hourly time series 
and its generation should be forecasted (as not scheduled by producers). This forecast is not 
easy as ROR power generation relies on several factors among which rainfalls, snow melting 
and water used from upstream dam, etc. This makes the ROR generation level very volatile 
(see Figure 6). 
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Observation of past data on ROR hydro has shown a daily and weekly pattern. In general, ROR 
generation is higher when demand is higher. Therefore, morning and evening peaks are 
observed, as well as higher generation during the week days than the weekend ones. This is 
due to some ROR power plants having a little reservoir that allows a small amount of water 
to be stored for a couple of hours, giving flexibility to the operator (see Figure 7). 
 

 
Figure 7 French ROR power generation (green) and 7 day moving average (blue) for the period Saturday February 
20th to Friday February 26th 2016 
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Figure 6 ROR generation (green curve) and 7 day moving average (blue curve) during 2015 
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Two methods has been studied to forecast the ROR power. 
 

(a) Persistence method 
A first approach to forecast ROR generation could be to copy and paste the previous week. 
This would allow to keep the daily and weekly pattern. However this approach might be a bit 
rough and could be improved.  
 
 

(b) Neutral profile method 
With the observation of a pattern, another idea has arisen: to use a reference weekly neutral 
pattern. However there are huge discrepancies on the average power over the year. The 
profiles should then only be on the differences of the power with the 7 day moving average. 
The average on the forecast period should be estimated by another way. 
 
Based on data from 2013 to 2015 [4], two neutral weekly profiles have been made: one 
winter profile (based on winter time periods) and one summer one (based on summer time 
periods). Moreover the 2 weekly profiles are standardized by their maximal amplitude (see 
Figure 8). 

 
 
The 7 day moving average is estimated thanks to the power average of the 2 days before 
(Tuesday-Wednesday, the last available data). However, this value is biased compared to a 
weekly mean because it doesn’t take into account weekends, when generation is lower. Thus 
to estimate the moving average, the Tuesday-Wednesday average is corrected by subtracting 
the mean historical difference between weekly average and Tuesday-Wednesday average. 
The 7 day moving average is assumed to be constant over the week to come as no way to 
forecast its evolution in the coming days have been found yet.  
 
The neutral profiles and the 7 day moving average estimation are used in a several steps 
process that is performed every Thursday: 

- Estimation of the 7 day moving average  
- Multiplication of the profile by the amplitude of the previous Wednesday 
- Addition of the estimated moving average and the new profile for the week to come. 

 
Figure 9 shows the comparison between forecasted and observed ROR power for the same 
week as from Figure 7. 
 

Figure 8 Winter ROR generation neutral profile (mean difference between ROR generation and 7 day moving 
average for the 168h of a week). 
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Figure 9 French ROR observed (green) and forecast (blue) power for the period Saturday February 20th to Friday 
February 26th 2016 

 
The two methods are compared through the Root Mean Squared Error (RMSE). The total 
RMSE is computed over 22 weeks of 2016. The results are summarized in Table 2. The neutral 
profile method shows better results. 
 
 
Table 2 Comparison of the total RMSE derived over 22 weeks of 2016 for 2 methods to forecast ROR generation 

Method RMSE 

Persistence 1119MW 
Neutral profile 649MW 

 
 
 
Finally, in order to simulate the remaining uncertainties on ROR hydro power, a hazard is 
added to the mean level of power: the weekly average is randomly picked following a log-
normal distribution with the estimated moving average as the expectancy. 
 
 

2.2.2.2 Storage hydro 

 
As said above storage hydro is completely flexible. The optimal dispatch computation places 
a weekly energy at the period when it helps the most the system, during consumption peaks 
for instance or more generally during price peaks.  
In reality, huge storage plants handle their reservoirs on an annual (or even longer) basis. In 
the weekly study, the software allocates the energy over the 168h of the studied week during 
the optimal dispatch computation. In order to do so, major inputs are the amount of energy 
to be produced over the week in a country, and the maximal power at which it can produce 
energy. These inputs are discussed below. 
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(a) Maximal power 
The maximal hydro storage power is very important. Indeed in case of loss of load and if there 
is no limited energy problem12, storage hydro power is at its maximal value. 
Every month RTE receives information about the state of French hydro storage plants. Part of 
these information is the maximal storage hydro power within a week. This program takes into 
account turbine planned outages. As a result, in the present study these values are used as 
the maximal power. 
 

(b) Weekly Energy 
The weekly energy is very important as well. However, in this study, its forecast is still an issue 
and should be explored better. 
The first idea is to use EDF’s power forecasts: each week, EDF, French major – and almost 
exclusive – storage hydro plant operator, gives to RTE its planning concerning its power 
generation for each of its plants – hydro or not. Thus, it is possible to derive a hydro storage 
weekly energy by summing the energy produced by all the storage power plants. 
However this approach has shown to be too conservative on the 26 first weeks of 2016 – the 
planned weekly energy being about 17% less of the observed one. 
 
A model has been made based on a linear regression between sum of energy in EDF planning 
and weekly energy used in reality. This method consider that the list of storage plants 
considered in the sum is too limited and that the additional units behaves the same way as 
the behavior of the initial units. 
In addition to this questionable hypothesis, this approach brings an overfitting risk: indeed 
the linear coefficient has been fitted on the 26 first weeks of 2016 and will be used on the 
same weeks for the simulation. 
 
A hazard on this energy is included in the model. As for ROR power level, the energy is 
supposed to follow a log-normal law. The standard deviation is the one found between the 
forecasted energy and the observed energy on the 26 first weeks of 201613. 
In addition this hazard is correlated with the one for ROR power level. 
 

(c) Other factors 
In order to depict the actual hydro behavior, some coefficients are used by the software. The 
only one to consider for weekly study is the intra daily modulation coefficient. It represents 
the maximal ratio of daily maximal power divided by daily average power. It’s fixed to 3 for 
France, according to previous studies. It is supposed to prevent, to a certain extent, a too high 
volatility of power that has not been observed in reality. 
 

2.2.2.3 PHES plants 

In France there are different kinds of PHES plants according to the size of their reservoir 
authorizing a water management over a longer or shorter period of time. 
There are 6 major PHES plants in France among which 3 operate on a daily basis, 2 on a weekly 
basis, and one has a seasonal timeframe. 
In the software Antares, PHES is modeled as a plant that can pump or produce energy. A 
constraint is added on this plant in order to simulate the PHES behavior: its balance should be 
null over a day (for a daily PHES) or over a week (for a weekly PHES). The seasonal PHES plant 

                                                           
12 Hydro energy is not unlimited, so it should be precisely managed in order that water is available 
when it is the most needed 
13 Disclaimer: 26 weeks is obviously not enough to get an accurate value but for this feasibility study it 
has been assumed enough precise. 



31 
 

will be modeled into the weekly plants with some inflows to compensate the possible 
imbalance. 
The model takes into account the efficiency of the water cycle and the potential inflows. In 
France the efficiency is assumed to be 80%.  
 
The energy balance is given by the following equation: 

𝐸∆𝑇
𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

=  0.80 ∗ 𝐸∆𝑇
𝑝𝑢𝑚𝑝

+ 𝐼𝑛𝑓𝑙𝑜𝑤𝑠∆𝑇 (2.1) 

 𝐸∆𝑇
𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

 the energy produced during ∆𝑇 (a day or a week) 

 𝐸∆𝑇
𝑝𝑢𝑚𝑝

 the energy pumped during ∆𝑇 (a day or a week) 
 𝐼𝑛𝑓𝑙𝑜𝑤𝑠∆𝑇 the inflows during ∆𝑇 (a day or a week) 
 
The maximal power for producing and for pumping must be specified buy the user, as well as 
the inflows. 
They are obtained through monthly information sent to RTE by the PHES operator.  
 
 
Note on future track to explore for hydro modeling and forecasts: 
Hydro modeling is a major point of interest for future improvement. 
Studies on ROR forecasts are needed, especially in order to anticipate sharp variations (see 
Figure 7) in average power. 
Studies are also needed in order to forecast the energy that will be produced in the week to 
come. The linear regression approach presented here is not satisfactory for operational 
purpose. 
Correlation between hydro hazards and the load/PV/wind one could also be an interesting 
point of focus. 
 

2.2.3 Foreign hydro energy 
The more information about foreign hydro power availabilities the better. Ideally weekly 
information about foreign hydro management are needed. However RTE doesn’t have access 
to these data. As a result, for this feasibility study, the data is taken from seasonal studies: 
they are typical values per month but they don’t take into account the actual state of the 
hydro assets. 
 

2.2.4 French thermal plants 
For the modeling in the software, thermal plants can be grouped into clusters. A cluster 
gathers plants with similar characteristics. In France modeling, each cluster is made of only 
one plant. This allows to be more precise in the plant description, as planned outages are 
known for each of those plants. 
 
Each week, RTE receives some information from plant operators about the maximal power 
for each plant. This maximal power takes into account the maintenance program, the 
potential tests, and the failures that are not solved yet. These data are very important because 
they reflect very well the planned state of the system for the week to come. 
With this data, for each plant, a maximal power time-serie (TS) is entered in Antares. However 
this TS does not represent exactly the future available power of the plant, because the plants 
might face a failure during the coming week. Thus, for each power plant and for each MC 
week, Antares software randomly adds some potential failures. This random addition is made 
through a Markov process (see Appendix A). 
The failure rate fed into the software comes from data given by the producers, or from 
previous studies by RTE. The duration of the failure follows a geometric law with an 
expectancy calculated for previous studies. 
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Thermal plant operators also send to RTE information about the minimum power (Pmin). 
However one can differentiate two kinds of minimum power: 

- a non must run Pmin, that allows the plant to be turned off; 
- a must run Pmin that forbids the shutdown. 

Indeed some power plants, especially nuclear ones, cannot be turned off easily. 
The file send by producers do not distinguish must-run and non must-run units, so for this 
feasibility study, realistic hypothesis have been made: the minimum power has been 
considered to be must run for nuclear plants and not for the others. In an operational process, 
this hypothesis could be refined by operational team that knows the state of every power 
plant. 
 

2.2.5 Foreign thermal plants 
Less information is available for foreign power plants for this feasibility study. Unlike for 
France foreign plants are grouped in cluster. From 2 to 20 clusters are used per country, 
according to the kind of fuel, the efficiency and the nominal power. 
Moreover, for this feasibility study, the maintenance programs and other planned 
unavailability have been simulated by the software. Data used for this study comes from 
seasonal study values: they are typical values that can be expected but they don’t represent 
the actual state of the generation fleet for the week to come. For an operational purpose, and 
especially for European studies, these information could be send by others TSOs or collected 
on ENTSO-e transparency website. 
 
 

2.2.6 Miscellaneous generation 
Additional non-dispatchable generation can be entered for each area, such as biomass, 
geothermal or waste. This generation is considered non-controllable and is entered as an 
hourly TS. RTE receives each week a forecast for this generations. 
 
Foreign miscellaneous non-dispatchable generations are modeled in this study with the 
values used in seasonal studies. 
 

2.2.7 Demand-Side Management (DSM) 
DSM can take different forms such as a decrease or a postponement of consumption. A simple 
decrease can be very easily modeled as a thermal power plant with a high marginal price. 
Hence it will be called in the merit order only during very tense situations. 
A postponement in consumption can also be modeled. 
 

2.2.8 Interconnection capacity 
The Net Transfer Capacity (NTC) over the interconnection is the maximal commercial power 
that can be exchange between countries. These maximal commercial flows are not constant 
and should be differentiated from maximal physical flows on a line. NTC are calculated from 
different horizons, with more and more information about the state of the grid in real time. 
In the present study, as weekly NTC are not available when the weekly study is performed, 
monthly NTC forecasts are used. 
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2.3 Simulation principles 

 
The inputs 
In order to perform the Monte-Carlo analysis, inputs must be entered, either on the form of 
ready-made time series, or as more general information that allow Antares to generate time 
series. 
 
As it has been seen, 51 times-series (TS) for demand, wind and solar generation are entered. 
Because weather is a major factor for risk adequacy, the author chose to force each weather 
scenario to be picked the same number of time during the Monte-Carlo simulation. This is to 
ensure no weather scenario weighs more than the others in the simulation. 
Moreover, as said above, the consumption, wind and solar generation time series for all the 
areas represented are picked from the same weather scenario at each drawing, to ensure the 
correlation between them. By doing this way, these factors are correlated. 
 
For each thermal plant or cluster, a new available power TS is picked at each drawing. For 
French power plants this TS is generated by randomly adding some unplanned outage over 
the maximal power TS given by the producer. For foreign clusters, planned outage should be 
generated as well. 
 
Similarly, for hydro power, a storage hydro energy to produce and an average ROR power are 
picked at each Monte-Carlo drawing. 
 
The Monte Carlo analysis 
Antares picks a number14 of Monte-Carlo weeks, and for each of them, it computes the 
optimal dispatch. This computation dispatches the thermal plants according to the merit 
order. It also includes an optimal allocation of hydro energy.  
 
The analysis 
Margin indicators can finally be derived for each MC week. A statistical analysis over all the 
MC weeks can be performed in order to estimate weekly margins and the adequacy risk. 
 
 
  

                                                           
14 In the present study 2040 MC weeks are drawn. This number is explained below. 
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3 Chapter 3 Margin analysis 
Weekly studies use some indicators to estimate adequacy risks. In this chapter some first 
margin indicators are introduced. They can be computed for a country, at a time step and for 
a Monte-Carlo week (a set of consumption, wind, PV, thermal and hydro production). 
. 
 
Each graph presented below are taken from the result of a simulation of week 3 of 2016 
(Saturday January 16th – Friday January 22nd) with 2040 MC weeks. Week 3 has been the week 
with the highest demand in France over the 1st semester of 2016. 
 
 

3.1 Upward margins 

 

3.1.1 Single country margin 
This first indicator estimates the adequacy risk of a country if it were completely isolated from 
its neighbors. For a country, the idea is to answer the question: “Is it possible to supply all 
domestic demand by using only the domestic generation assets?” 
In order to answer to this question, production and consumption data from the country are 
needed. Then it is possible to compute the Single country margin for a time step. In the 
simulation it can be computed for each hour of each MC week. 
 
The single country margin is defined as follows (see Figure 10):  

𝑆𝑖𝑛𝑔𝑙𝑒 𝑐𝑜𝑢𝑛𝑡𝑟𝑦 𝑚𝑎𝑟𝑔𝑖𝑛(𝑡)
= 𝑀𝑎𝑥𝑖𝑚𝑎𝑙 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑝𝑜𝑤𝑒𝑟 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑢𝑛𝑡𝑟(𝑡)
−  𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑢𝑛𝑡𝑟𝑦(𝑡) 

(3.1) 

 
A negative single country margin means that the country is not able to supply its own demand. 
On the other hand, a positive single country margin means that the available power in the 
country is enough for its load. 
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In this definition the maximal available power includes the maximal hydro storage power. 
However, because storage hydro faces some dynamical constraints such as a limited energy, 
this maximal hydro storage power might not be always reachable. The value of maximal 
available power has been chosen for the margins because producers would use more than 
the weekly energy target in case of an adequacy issue. 
 
In addition, please note that 

- The single country margin is the equivalent of the margin used in the current method 
and described in sub section 1.2.2.1. 

- The optimal dispatch calculation is not needed at this point as the exchanges are not 
used in the single country margin. 

 

3.1.2 Interconnected country margin 
With the idea that the countries could help each other to keep demand-supply equilibrium, 
Europe has developed an important interconnected network between its countries. As a 
result when a country faces an adequacy issue, its neighbor can probably help. 
 
That is why it is crucial to take this into account, in a second margin indicator, with the 
Interconnected country margin, defined as follows (see Figure 10), for an area, a MC week 
and a time step: 

𝐼𝑛𝑡𝑒𝑟𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 𝑐𝑜𝑢𝑛𝑡𝑟𝑦 𝑚𝑎𝑟𝑔𝑖𝑛(𝑡)
= 𝑆𝑖𝑛𝑔𝑙𝑒 𝑐𝑜𝑢𝑛𝑡𝑟𝑦 𝑚𝑎𝑟𝑔𝑖𝑛(𝑡) + 𝑖𝑚𝑝𝑜𝑟𝑡𝑠(𝑡) − 𝑒𝑥𝑝𝑜𝑟𝑡𝑠(𝑡) 

(3.2) 

 
Imports and exports are a result from the optimal dispatch made by Antares. 
 
The interconnected country margin reflects better the state of a country. Indeed it represents 
the remaining capacity within a country or, if negative, the unsupplied energy (see Figure 
10). 
 
In the case of loss of load, no more imports are possible because loss of load is a last resort 
option of the optimal dispatch. 
But, when the interconnected country margin is positive, more imports or exports could be 
possible. It would just not be optimal. So, the margin does not represent the maximal 
additional power that the country could get. This power could instead be estimated by looking 
at the margin of the other countries and at the remaining capacity on the interconnections. 
 
Finally, like for the single country margin, the maximal available storage hydro power is 
considered even if it’s not always reachable. As a result, in reality or in simulations, there can 
be loss of load at time steps when the interconnected margin is positive. 
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3.2 Downward margins 

 
Similarly single and interconnected country downward margins can be defined. Indeed these 
kinds of indicator are more and more relevant with the penetration of renewable energy 
sources (RES), which are non-controllable. If too much generation occur, spillage could be 
needed. In addition some thermal power plants can’t be turned off and their power should 
be used at all times. 
 
The idea behind the single country downward margin is to answer the question: “Is there 
enough demand in the country to supply with the minimal forced generation?” 
It’s defined, for an area, a MC week and a time step, as follows (see Figure 11): 

𝑆𝑖𝑛𝑔𝑙𝑒 𝑐𝑜𝑢𝑛𝑡𝑟𝑦 𝑑𝑜𝑤𝑛𝑤𝑎𝑟𝑑 𝑚𝑎𝑟𝑔𝑖𝑛(𝑡)
= 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑢𝑛𝑡𝑟𝑦(𝑡)
− 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑓𝑜𝑟𝑐𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑢𝑛𝑡𝑟𝑦(𝑡) 

(3.3) 

 
 
Once again, with the interconnected Europe, spillage could be avoided by exportation. That 
leads to the idea of an interconnected country downward margin defined as follows (see 
Figure 11): 

𝐼𝑛𝑡𝑒𝑟𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 𝑐𝑜𝑢𝑛𝑡𝑟𝑦 𝑑𝑜𝑤𝑛𝑤𝑎𝑟𝑑 𝑚𝑎𝑟𝑔𝑖𝑛
= 𝑆𝑖𝑛𝑔𝑙𝑒 𝑐𝑜𝑢𝑛𝑡𝑟𝑦 𝑑𝑜𝑤𝑛𝑤𝑎𝑟𝑑 𝑚𝑎𝑟𝑔𝑖𝑛 + 𝑒𝑥𝑝𝑜𝑟𝑡𝑠 − 𝑖𝑚𝑝𝑜𝑟𝑡𝑠 

(3.4) 

 

Figure 10 Interconnected and single country margin 
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By definition, when the interconnected country downward margin is negative, it’s not 
possible to reduce more the dispatchable generation to balance demand and then some 
spillage would occur. 
 
The minimal forced power takes into account: 

- Non dispatchable and non-controllable renewable production (such as wind, solar or 
ROR) 

- Technical minimum power of plants that cannot be turned off (essentially nuclear 
power plants) 

- The maximal PHES pump capacity that could increase the load 
 
This indicator doesn’t take into account the minimum operating time of some power plants: 
some plants cannot be switched on less than a certain time. Thus if they are switched on, their 
generation is forced during some time and could imply some spillage even if the 
interconnected country downward margin is positive. 
 
 

 
 
 
 

3.3 Statistical margin analysis 

Once these margins have been defined, they can be used for a statistical analysis over all the 
MC weeks of a simulation. 
The analysis will be made in this report for upward margin but a symmetrical approach is 
possible for downward margins. 
A combined analysis of both margins will be made in the subsection 3.4. 
 

Figure 11 Single and interconnected downward margins 
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3.3.1 Margin distribution 
With the Monte-Carlo analysis, it’s possible to derive the single and the interconnected 
country margins for each hour of each MC week. A statistical analysis could be performed 
over their distribution. 
The two figures below depict the 2040 margin curves (grey curves) with their 1st percentile 
(red curve), their 10th percentile (blue curve) and the median (green curve). They give 
information about the possible values that can be faced, and especially the depth of loss of 
load if there is some. 
 
 
 
 
 

 
 

Figure 12 Single France margin (in MW) for the 2040 MC weeks (grey curves) and the 1st percentile (red curve), the 10th percentile (blue 
curve) and the median (green curve) for week 3 of 2016 
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Single France margin for week 3 of 2016 
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Figure 12 shows that the simulation has given, from Monday to Friday, some scenarios with 
a negative single France margin during morning and evening peaks. However Figure 13 reveals 
that the interconnected France margin is always positive. Thus, in this case, France’s neighbor 
were able to help France enough to keep its balance. 
 
A better view of the distribution of the margins can be given at a time step thanks to a 
distribution diagram (see Figure 14 and Figure 15). This new approach is supposed to give a 
better margin distribution than the Gaussian distribution assumed in the current approach 
(Figure 2). 
The left tail of the margin distribution is particularly interesting. Indeed the left part of the 
distribution deals with the tense MC weeks. When the margin is negative (necessary import 
or unsupplied energy), it tells how negative it is and with what probability. That’s gives a good 
estimation of the risk.  
 

Figure 13 Interconnected France margin (in MW) for the 2040 MC weeks (grey curves) and the 1st percentile (red curve), the 10th percentile (blue 
curve) and the median (green curve) for week 3 of 2016 
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Figure 14 Single France margin (in MW) distribution for Tuesday January 18th at 18:00 CET 

 
 

 
Figure 15 Interconnected France margin (in MW) distribution for Tuesday January 18th at 18:00 CET 

 

3.3.2 1% Risk 
For peak analysis, the current method consists of estimating the vigilance threshold (see 
subsection 1.2.2.2). 
Similarly the 1st percentile of the margin distribution can give a good risk indicator. For the 
single country margin, if the 1st percentile is negative, the country cannot supply its own 
demand in more than 1% of the cases. On the other hand if the 1st percentile of the 
interconnected country margin is negative, the balance is not kept in more than 1% of the 
cases, even with the imports, and exceptional means are needed. 
 
A more global analysis is to look at a fixed margin value and to see with which probability the 
margin would be equal or less than this value. Or on the opposite to choose a fixed probability 
and look at the value of the margin corresponding. 
The value of the margin or of the probability would depend on the risks the country is willing 
to take. 
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3.4 Synthetic margin indicator 

As in the previous section the analysis is made here for upward margins but a symmetrical 
analysis can be made for downward margins. 
 

3.4.1 Color code definition 
Both margins defined above give different information about the state of the electric system: 

- The single country margin estimates the risks with the hypothesis of an isolated 
country, whether it could supply its own demand or not;  

- The interconnected country margin reflects better the actual states of the system by 
considering the amount of available power left in the country or, if negative, the 
unsupplied energy. 

 
As a consequence both are important, and especially their sign. In order to get a synthetic 
view of the state of a country at one time step of one scenario, it is possible to distinguish 
several sign combinations. 
A color code is defined according to the signs, as defined in the table below and in Figure 16. 
 
Table 3 Color code for sign indicator 

Color Margin signs Comments 

Green Single country margin > 0 
Interconnected country margin > 0 

Both margins are positive. The country 
could supply its own demand. With 
import/export it still has some remaining 
reserves. 

Orange Single country margin > 0 
Interconnected country margin = 0 

The country can supply its own demand, 
but it exports all the remaining generation 
it has, leaving itself with no available 
reserves. 

Yellow Single country margin < 0 
Interconnected country margin > 0 

The country cannot supply its own demand 
but with the imports it can keep the 
balance. It even still has some available 
production in the country. 

Brown Single country margin < 0 
Interconnected country margin = 0 

The country cannot supply its own demand 
but it imports precisely what is missing. As 
a consequence the balance is kept but the 
country has no more available reserves. 

Red Single country margin < 0 
Interconnected country margin < 0 

The country cannot supply its own 
demand, and cannot import enough to 
keep the equilibrium. This case implies loss 
of load. 

 
It should be noted that one case is impossible: single country margin ≥ 0 and interconnected 
country margin < 0. Indeed a country cannot export energy when it faces loss of load. 
 
It’s easy to rank the colors according to the best situations for a country, except for orange 
and yellow. It will be considered that yellow is better for a country than orange because it 
leaves some available power in the country. The color ranking is then as follows: 

Red < Brown < Orange < Yellow < Green 
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Finally, other color shades could be defined according to some levels of positive or negative 
margins depending on the criterion the country wants to have. 
 

3.4.2 Color distribution 
Let’s now go back to the Monte-Carlo simulation. This color code would be used to get a 
general overview of the risk faced by a country for the week to come. In this goal, a color can 
be given to each hour of each MC week. Thus the color distribution can be derived for each 
hour of the week. 
Figure 17 presents an example of this distribution as a histogram, in percentage, for each hour 
of the week. Worse scenarios are put at the bottom with the following ranking: 

Red < Brown < Orange < Yellow < Green 
 
 

Figure 16 Color code for each situation 
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Figure 17 Color repartition histogram for week 3 of 2016 for France as a percentage of the MC weeks, with the 
color of the 1st percentile per day (colored circles) 

A quick daily indicator could be the color of the 1st percentile of the worst hour for each day. 
In the case presented in Figure 17, only Tuesday faces some hours with more than 1% of other 
than green scenarios: the first percentile is yellow twice on Tuesday while it is always green 
on the other days. 
 
 

3.5 Dynamical constraints 

 
The single and interconnected country margins and their color combination are very strong 
and valuable indicators. But they do not consider dynamical effects. 
 

3.5.1 Upward margins 
As seen above, a red scenario implies some unsupplied energy. Indeed if the interconnected 
country margin is negative, a part of the demand is not supplied. But, by considering the 
maximal hydro storage power available at any time, the interconnected country margin 
doesn’t take into account the hydro dynamical constraints. 
 
Firstly, hydro is an energy limited asset. There might not be enough water to keep the power 
at its maximal during a too long time. Secondly several physical constraints, independent from 
electricity generation, can prevent the production of electricity at the maximal power. For 
instance, these can be linked to irrigation or technical or safety issues (it could be dangerous 
that a dam releases too much water too quickly for people downstream). These constraints 
are partially modeled in the software, as seen in 2.2.2.2, with the intra daily modulation 
coefficient. 



44 
 

 
In the optimal dispatch, the software takes into account these dynamical constraints. As a 
consequence, for a time step, there may be more MC weeks with loss of load than the one in 
red. Thus it’s important to consider also the Loss of Load Probability (LOLP), derived for one 
scenario and one time step: 

𝐿𝑂𝐿𝑃 (𝑡) =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑀𝐶 𝑤𝑒𝑒𝑘𝑠 𝑤𝑖𝑡ℎ 𝑙𝑜𝑠𝑠 𝑜𝑓 𝑙𝑜𝑎𝑑 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑀𝐶 𝑤𝑒𝑒𝑘𝑠
 

 
 

3.5.2 Downward margins 
A similar indicator can be defined for downward studies: the spillage probability. Indeed, in 
this case also, single and interconnected country margins don’t consider dynamical 
constraints. These constraints can be linked to the minimal operating time of a plant. 
 
  



45 
 

 

 

 

 

 

 

 

 

 

 

 

4 Chapter 4 Analysis process 
 
In order to understand better the use of this weekly approach, an analysis process has been 
defined during this Master Thesis. It’s detailed in this Chapter with the help of a case study. It 
is also an opportunity to define some more precise indicators, meaningful during tense 
situations. 
 
 

4.1 Introduction 

4.1.1 Chronology of the process 
The process follow the chronology below: 

 1. Identify if there are adequacy issues in the study area (subsection 4.2) 
 2. If there are some, identify where they are (subsection 4.2) 
 3. Identify when they are (subsection 4.3) 
 4. Study their magnitude (subsection 4.3) 
 5. Analyze their causes (in particular why a country cannot import more when it has 

loss of load) (subsection 4.4) 
 6. Study some solutions (subsection 4.5) 

 

4.1.2 Scope of the case study 
This case study is made with a “European” (zonal) view, applied to the 10 areas described in 
Table 1. The idea is to see how a European organization could use this approach to estimate 
adequacy risk in Europe.  
Some methods are also proposed to explore potential solutions to help the adequacy risk.  
 
The example is applied on week 3 of 2016. It has been the week of 2016 with the highest 
consumption in France: 88571 MW [4]. However, in order to have an actual loss of load risk 
in the model, the miscellaneous generation power have been voluntarily decreased. The focus 
is made on upward adequacy risk but the same analysis could be performed for downward 
situations. 
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204015 MC weeks have been used in the simulation. The inputs have been entered as 
described in Chapter 2 – except for the values of miscellaneous generation that have been 
changed on purpose – with the knowledge that was available on the previous Thursday. 
 
 
 

4.2 European point of view – If and where there are 

adequacy issues 

The first step of the analysis is to determine if there are some risks and which countries are 
concerned. 
In this goal, the global situation of Europe for the week to come is estimated. In order to do 
this, the color of the 1st percentile for each day16 is derived from the color histogram of each 
country. 
 
Table 4 summarizes the color of the first percentile for each day of week 3 (except the 
weekend days) and each country, in the example of the studied case. 
 
Table 4 1st percentile color for each day of week 3 of 2016 

 Monday Tuesday Wednesday Thursday Friday 

Austria Green Green Green Green Green 
Belgium Red Red Red Yellow Yellow 

Switzerland Green Green Green Green Green 
Germany Yellow Yellow Yellow Yellow Yellow 

Spain – Portugal Green Green Green Green Green 
France Green Yellow Green Green Green 

Great Britain Red Yellow Yellow Yellow Green 
Republic of Ireland 
– Northern Ireland 

Yellow Green Green Green Green 

Italy Green Green Green Green Green 
Netherlands Red Red Red Brown Yellow 

 
According to the simulation Belgium, Great Britain and the Netherlands seem to face the 
tightest situation as they have some red days. A red day is a day where there is at least one 
time step with 1% or more of scenarios with both single and interconnected country margin 
negative. 
In the following of this example, the focus is chosen to be made on Belgium. 
 
Disclaimer: These data are not real and are used only as an illustration of the methodology 
set during the Master Thesis. 
 
 
 
 
 

                                                           
15 Convergence the 1st percentile of both single and interconnected country margin has been 
observed with >2000 MC weeks. 
16 Color of the worst 1st percentile of a day. 
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4.3 Country point of view – When there are issues and 

their magnitude 

 

4.3.1 When there are issues 

4.3.1.1 Color histogram 

Let’s now identify the tightest time step for a country. The color code histogram introduced 
in subsection 3.4.2 can be used, as it gives a good overview of the situation of a country during 
a week.  
 
Figure 18 depicts the situation of Belgium for the studied case. 

 
 
Figure 18 Color distribution histogram for Belgium for week 3 of 2016 

This diagram gives a good overview of the situation. The risk is the highest during 2 hours of 
the evening peaks of Monday, Tuesday and Wednesday. Especially on Tuesday at 18:00 CET, 
2,75% of the 2040 MC weeks are red. This is the highest value of the week. As a reminder, a 
red scenario means some unsupplied energy, its depth being the interconnected country 
margin. 
 

4.3.1.2 LOLP 

However previous indicator doesn’t take into account the dynamical constraints. As a result 
the interconnected country margin is not precisely the depth of loss of load as some 
dynamical constraints could reduce the maximal power. Especially the available hydro storage 
power can be lower than the maximal power at some time steps because of energy limited 
problems and of the intra daily modulation coefficient. Because of these dynamical 
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constraints, there can even be some scenarios with loss of load in the dispatch computation 
at some time steps where the interconnected country margin is positive. 
Thus, one must derive the LOLP as well (Figure 19), as introduced in subsection 3.5. Its value 
is supposed to be equal or higher than the percentage of red scenarios. 
 
As expected, in the example hereby, the LOLP is higher than the percentage of red scenarios 
because of the dynamical constraints. The maximum LOLP is reached at the same hour than 
for the red percentage: on Tuesday at 18:00 CET with 3,24% of scenarios with loss of load. 
 

 
Figure 19 LOLP for week 3 of Belgium 

 

4.3.2 Margin statistical analysis 
The problem being identified, the margin distribution can be looked at deeper. A negative 
single country margin gives the necessary import to avoid loss of load, while a negative 
interconnected country margin represents the depth of loss of load. The dynamical 
constraints are ignored by the following subsections.  
In order to have a good view of the risk, for both margin, the goal is to know how negative it 
can be: by what amount and with which probability. 
 

4.3.2.1 Single Belgium margin 

Firstly let’s have a look at the single country margin. If negative, it symbolizes the level of 
import Belgium needs in order to avoid loss of load. 
The 1st percentile of the margin tells, for each time step, the amount of import Belgium needs 
to avoid loss of load in 99% of the case. It can be noted that the worst 1st percentiles of each 
day can be assimilated to the vigilance threshold used by RTE. 
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Figure 20 Single Belgium margins (in MW) for week 3 for the 2040 MC weeks (grey curves) and the 1st (red curve) 
and the 10th (blue curve) percentile and the median (green curve) 

As expected, for the week in question, Belgium needs a lot of imports for a lot of MC weeks 
(Figure 20). 
The vigilance thresholds are summarized in Table 5: 
 
Table 5 Single Belgium vigilance threshold 

 Saturday Sunday Monday Tuesday Wednesday Thursday Friday 

1% 
vigilance 
threshold 

-1149,6 
MW 

-1469 
MW 

-2779 
MW 

-2943,6 
MW 

-2898,8 
MW 

-2607 
MW 

-2177,6 
MW 

 
The table above shows that, with a bit less than 3000 MW of imports, Belgium could keep the 
balance in more than 99% of the cases. In theory, Belgium’s maximal imports are about 
4000MW. But this level of imports can be reached only in certain particular conditions 
(depending on the balance of its neighbors) and provided that its neighbors have enough 
available power. 
 
This consideration leads to the analysis of the interconnected country margin, which gives a 
more accurate view of the risk. 
 

4.3.2.2 Interconnected Belgium margin 

The interconnected country margin reflects the actual state of the risk of the country. It 
permits to check if the necessary imports seen above are really available. 
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The goal is to get an idea of the depth of unsupplied energy that can occur with what 
probability. For this, the 1% vigilance threshold can be derived from the 1st percentile of the 
margin distribution. On one particular hour, the distribution of the margin, and especially its 
tail give a good view of the risk. 
 

As it can be seen on Figure 21, compared to the single Belgium margin, imports can save a lot 
of scenarios but there are still several ones where loss of load occur. Table 6 summarized the 
1% vigilance threshold for the example. 
For instance on Tuesday, at 18:00 CET, there is a 1% probability that the interconnected 
Belgium margin is lower than -472 MW. 
 
Table 6 Interconnected Belgium vigilance threshold 

 Saturday Sunday Monday Tuesday Wednesday Thursday Friday 

1% 
vigilance 
threshold 

1572,4 
MW 

1137 
MW 

-346,8 
MW 

-472 
MW 

-131,2 MW 
301,4 
MW 

701 
MW 

 

Other thresholds (10th percentile, median…) could be looked at in order to have a better view 
of the loss of load depth distribution. 
As said above, the distribution of the margin for one particular time step, and in particular its 
tail, is very relevant (see Figure 22). Tuesday, January 18th 18:00 CET is chosen for this 
example, because it is the hour with the minimum 1st percentile. 
 

Figure 21 Interconnected Belgium margins for week 3 for the 2040 MC weeks (grey curves) and the 1st (red curve) and the 10th (blue 
curve) percentile and the median (green curve) 
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Figure 22 Interconnected Belgium margins distribution (in MW) on Tuesday at 18:00 CET (total and zoom) 

 

4.4 Study of the causes 

Once an issue has been forecast in a country, and more precisely once some loss of load has 
been observed in some MC weeks, an analysis of its causes could help to find some solutions. 
The causes are two-fold: 

 There is not enough available power in the country 
 And the country cannot import enough energy from its neighbor. 

 
Limited imports on a line can be the consequence of 2 causes: either there is not enough 
capacity on the interconnection, or the neighbor doesn’t have remaining power and cannot 
import more from its other neighbors. 
 
The idea is now to have a better understanding of the cases when a country has some loss of 
load (red cases). 
 

1st percentile 
2nd percentile 
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4.4.1 Analysis of one hour of one MC week 
To understand the possible situations of a country at a time step, the exchanges at this time 
step for different MC weeks can be observed, and especially the MC weeks where the country 
is red. 
Let’s take as an example the situation on Tuesday at 18:00 in the MC week 1890. Belgium is 
red at this hour of this MC week. A map of the situation of Europe gives a good visual idea of 
the causes of the risk in Belgium. The goal is to see which interconnections are binding and 
which countries still have some available production. 
In the example, the European state is depicted in Figure 23. 

 
 
In the case of Figure 23, Belgium is importing 2793MW but it is not enough not to be red. The 
interconnected Belgium margin is computed to be -68 MW, confirming the red color. 
Obviously Belgium is lacking generation assets for this situation. Let’s now have a look to its 
neighbors. 

Figure 23 State of the countries studied for Tuesday 18:00 CET of MC week 1890 of the simulation. The color of a zone represents it color 
according to Table 3 (Portugal and Spain being merged in Spain) 
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France is green, meaning it still has some available power. However imports from France are 
already to their maximum. As a result, capacity on the interconnection France -> Belgium is 
binding. 
The Netherlands are brown, meaning they import just enough not to face loss of load. They 
also import 483MW more in order to export this power to Belgium. With a flow of 483MW 
the interconnection to Belgium is not binding. But, the Netherlands cannot export more to 
Belgium this since: 

- They cannot produce more; 
- No more power can come from the 2 other neighbors of the Netherlands, Great 

Britain and Germany, because the two interconnections are binding. 
 
To conclude, at the time step and for this MC week, Belgium is red for several reasons: 

- It doesn’t have enough generation capacities in its country 
- The capacity on the interconnection France -> Belgium is limited 
- The Netherlands doesn’t have enough available power 
- The capacities on the interconnections Great Britain -> Netherlands, and Germany -> 

Netherlands are limited. 
 
This analysis gives good information about the causes of the loss of load in this situation.  
 
However, it can be cumbersome to analyze each MC week when a country is red for a time 
step.  Thus some global indicators are defined in next sub section to get a general 
understanding of the red scenarios. 
 

4.4.2 Flow duration curves  
In order to get a general answer to the question “Why are the imports limited?”, flow duration 
curves for the interconnections (border per border) of a country can be used. These flow 
duration curves are plotted considering only the scenarios where the country is red. 
There are 3 classes for the values of the flow. 

- When the flow is equal to the capacity of the line. The line is binding. The neighbor 
probably still has some remaining capacity and it would be possible to import more if 
the capacity of the line were higher. 

- When the flow is higher than 0 but the line is not binding. It is not possible to import 
more because the neighbor doesn’t have available power anymore and cannot import 
more from its neighbors either. 

- When the flow is equal to 0. Similarly to the case above, the neighbor doesn’t have 
available power and cannot import more from its neighbor either. This would be 
either because the country export its remaining capacity to another country with loss 
of load, or because the neighbor also faces loss of load. 

 
The global balance duration curve can also be relevant. 
 
With the flow duration curves, it is possible to see if the imports are limited in majority 
because of the capacity of the line, or because of the zero margin of the neighbor. 
 
Figure 24 and Figure 25 depict the flow duration curves for France -> Belgium and Netherlands 
-> Belgium interconnections for the scenarios17 when Belgium is red on Tuesday at 18:00 CET 
of the studied case. 
 

                                                           
17 There are 56 scenarios where Belgium is red at this time step. 
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Figure 24 Flow duration curve for the interconnection France -> Belgium for the scenarios when Belgium is red 

 
Figure 25 flow duration curve for the interconnection Netherlands -> Belgium for the scenarios when Belgium is red 

 
Figure 26 Belgian balance (import - export) duration curve for the scenarios when Belgium is red 
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While the French interconnection is always binding, the one with the Netherlands is only 
binding in one scenario. Moreover the imports from the Netherlands are zero in almost 80% 
of the case when Belgium is red. 
 
The fact that the Dutch interconnection is not binding in any scenario but one shows that the 
Netherlands cannot produce more and that, they cannot import more from their neighbors 
(Germany and Great Britain). The flow duration curve for the Netherlands with Germany and 
with Great Britain could be drawn as well to describe better the situation. 
 
These curves are also interesting because they can suggest some potential network solution. 
Indeed while it’s not possible to create some more generating units in a country in one week, 
it could be possible to allocate more capacity on an interconnection. Subsection 4.5.2 is 
following this idea. 
 
 
 

4.5 Study of potential solutions 

The final step of the process is to study some solutions that can be applied in week-ahead, or 
that can be anticipated to be applied in operation (day-ahead or intra-day). 
 
This analysis can be made thanks to the analysis performed previously. 
 

4.5.1 Magnitude of the necessary additional power 
The study of the magnitude tells the necessary additional power a country needs to avoid loss 
of load with a certain probability. This necessary amount can be compared with some 
measures that could be taken a week in advance (the exceptional means described in sub 
section 1.1.3.5). 
For instance it is assumed that, in France, decreasing the domestic voltage by 5% could 
decrease the load by up to 4GW during a couple of hours (during winter). This could be made 
without big consequences for consumer. 
 

4.5.2 Additional capacity on interconnection 
It could be possible to add some capacities on the interconnections. The flows discussed in 
this report represent the commercial flows between the countries, and not the physical 
flows18. The commercial flow capacities are being specified some time ahead through the Net 
Transfer Capacity (NTC). These NTC depend on several parameters such as the forecast 
exchanges and the location of the different generation units, the network topology, and the 
forecast exchanges. As a consequence it depends from the NTC on others interconnections. 
Thus NTC can sometimes be increased when network operators make all their possible to 
favor one specific flow: for example by finding specific network topology, asking some 
producers to start because they have positive impacts on the constraints, etc. 
 
As a result, the idea here is to look at the additional imports that could be made if NTC were 
higher. Especially with additional imports, some red scenarios could be saved. Depending on 
which NTC increases, more or less scenarios can be saved. This is a crucial information for 
regional coordination (in Europe). 
 

                                                           
18 The flows discussed here are the commercial flow between countries. They are different from the 
physical flows because of the particular aspect of electricity and especially the Kirchhoff Laws. 
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In order to know which NTC, with which capacity, could decrease the risk and to what extent, 
for a particular time step, the number of red scenarios resulting from the addition of 
capacities on some lines can be looked at. 
 
Thus, Figure 27 represents the number of red scenarios as a function of additional capacities 
on some lines in the studied case for Belgium. The focus is still on Tuesday at 18:00 CET. 
Several cases are depicted in the figure according to which capacity of which line increases: 

- Only France -> Belgium interconnection 
- Only Netherlands -> Belgium interconnection 
- All the 1st circle interconnections (fr->be19 and nl->be) 
- All the 2nd (espt->fr, it->fr, ch->fr, de->fr, gb->fr, gb->nl and de->nl) and all the 1st circle 

(fr->be and nl->be) interconnections 
It should be noted that the power in abscissa of the graph is added to each NTC of the group 
(when there are several borders in the group) and not divided between each of them. 
 
 

As shown on the figure, if no additional power is added, there are 56 red scenarios. These 
correspond to the 2,75% of red scenarios (on a total of 2040 scenarios) discussed in 4.3.1.1. 
 
The figure shows that no red scenario could be saved by adding power on the nl->be 
interconnection. Indeed this NTC is only binding for one MC week, and the remaining power 
in the Netherlands on this MC week (or the power that could be imported from Great Britain 
or Germany) is not enough in this particular case to save Belgium. 

                                                           
19 See Table 1 

Figure 27 Number of red scenarios as a function of the additional power added on some lines 
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For the same reason, increasing the France->Belgium NTC or the 1st circle only change for one 
MC week. 
On the other hand when the second circle is included, the number of red scenarios decreases 
much faster. Indeed more power can be imported through the Netherlands: the capacities on 
the interconnections gb->nl and de->nl increase. 
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Conclusions and developments 
 
Weekly adequacy studies are important as, unlike longer term studies, they use actual 
weather forecasts. Moreover they are performed enough time ahead to let time to consider 
some measures and to set them up. 
 
In France, winter 2016 has been forecast to be very risky in term of adequacy, and the interest 
of precise weekly studies is being confirmed. The current approach is having some limitations, 
which increase by the evolution of French electricity system. 
 
Thus a new approach for weekly adequacy studies has been explored during this Master 
Thesis. Based on a probabilistic approach, the method has shown to be valuable, with a better 
modeling and a wider analysis compared to the current approach. The process proposed 
could be used with a national or transnational point of view. It would help to anticipate tight 
situations, get ready to take some measures and it would allow a better coordination with 
other TSOs to decrease the global risk. 
 
Several points need further studies in order to be more accurate. In particular a lot of work 
can be done on hydro modeling, run of river and storage hydro. In an operational use, more 
data would be necessary, especially concerning foreign generation fleet. 
 
CORESO, in cooperation with other TSOs is proposing a test over a very tense week of 2016 
to see the actual benefit it could have brought. It would also help cooperation between TSOs. 
A use of this method in an operational manner could be envisaged in the future. 
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APPENDIX A – Antares Software 
 
ANTARES is a Monte-Carlo software for power system analysis. Given a particular electricity 
network: 

 It can generate and take into account a lot of different scenarios of consumption and 
production, to depict the uncertainties or the temporal and spatial correlation to 
which generation and load are submitted, 

 It derives the optimal dispatch of generation assets in those different scenarios. 
 
The optimization can be made on a time span of one week to one year at an hourly time step. 
 
ANTARES is used by RTE (and other TSO or power system organization) for different adequacy 
and economic studies, from several years to half a year in advance (and maybe soon a week?). 
 
ANTARES is free of use for academical purposes. It could be compared with software as 
Plexos, Powersym or Osemosys. 
 
 

1) The Monte -Carlo simulation 
 
 
As a software for power analysis, ANTARES computes the optimal dispatch of a set of 
production sources to match the consumption on the system described. 
The user enters the topology of the grid modelled by areas and links, and some information 
on the production and the consumption. More precisely, the user enters some hourly Times-
Series20 (TS) of load, available thermal production, wind production and solar production for 
each area of the system. The hydro available energy is also entered.  
Because these 5 inputs face a lot of uncertainties, the user can enter several scenarios for 
each parameter in order to perform a Monte-Carlo (MC) simulation. 
The MC simulation consists of building several “MC years” (typically 500-1000) and computing 
the optimal dispatch for each of them. An MC year is a pick of one TS for each input making 
one global scenario of inputs. The pick can be random or based on user-defined rules. 
Examples of user-defined rules of picking the TS can be spatial or weather correlation. 
 

 
 

                                                           
20 The value of the input for each hour of the year 

Figure 28 How an MC year is built. Here is presented the general case, without any correlation between the factors.  
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For each MC year, ANTARES derives the optimal dispatch as well as several parameters such 
as the power flow or the marginal price. It summarizes them with an expectation of each 
parameter and the related standard deviation. 
 
Several modes of optimization exist, with different level of simplification, making the 
calculation faster. 
 
 

2) The inputs 
 
More precisely the inputs are the following: 
 
2.1)  The topology 
The topology of the network is described with nodes and links. 

 A node is called an area in ANTARES. It can represent a country, a region, a 
substation… depending on the study. 

 For each links the direct and indirect transmission capacity is entered on an hourly 
time step basis. Hurdle costs can also be entered. 

 
Some binding constraints on power flows can be entered. They are in the form of equalities 
or inequalities. These constraints can be used to depict the Kirchhoff laws or to represent 
some specific assets such as Pumped Hydroelectricity Energy Storage (PHES), using the 
implementation of “virtual nodes”21. 
 
 

 
Figure 29 Example of the European grid around France used for a study for RTE 

                                                           
21 The virtual nodes are non-physical nodes that are used to make appears significant flows and to 
create constraints on those flows. Typically for PHES, two nodes are created: one for pumping and 
one for producing electricity through a turbine, and a weekly energy constraint between the flows 
from these nodes allows to represent the conservation of energy in the PHES (energy from 
turbine=efficiency*energy pumped) 
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2.2)  Load 
The load is entered as an hourly load (MW) TS for each node. As said above, several scenarios 
can be entered to be used in the Monte-Carlo (MC) simulation. 
 
2.3) Wind and solar 
Wind and solar production are entered for each node, as an hourly TS of power (MW). As for 
the other inputs, for an MC simulation several TS can be given. 
Wind and solar generation are considered as non dispatchable and comes first in the merit 
order. More precisely, as other non dispatchable generation, they are subtracted to the load 
to obtain a net load. Then, ANTARES calculates which dispatchable units (thermal and 
hydraulic) can produce this net load at minimal cost. 
 
2.4)  Thermal production 
For each node, thermal production can be divided into clusters. A cluster is a single or a group 
of power plants with similar characteristics. For each cluster some parameters necessary for 
the dispatch calculation are entered: 

 the number of units and the nominal capacity, defining the installed capacity,  
 the costs, including marginal and start up cost, 
 Dynamical constraints: minimal stable power22 and min up and min down time. 

 
Besides are also input some hourly time series (TS) of maximal available power (MW). This 
allows to have variable maximal powers over time to depict better the behavior of a plant 
(maintenance, tests, outages…). Once again several TS can be entered to depict uncertainties. 
These TS can be entered by the user or generated by ANTARES. Indeed, using the nominal 
power and the outage rate and duration, ANTARES can generate, for each cluster, several TS 
of available power. How the TS are generated by ANTARES is explained in Appendix. 
 
2.5)  Hydro  
Three categories of hydro plants can be used: 

 Run of river plants whose power depends on inflows. 
 Storage plants whose power depends on inflow and economic data. 
 Pumped storage station (PHES) whose power depends on economic data. 

 
For run of river, the data can be entered as hourly TS of power (MW). 
For storage plants, data are entered as a monthly energy (MWh).  
This latter energy can be considered as an energy to be consumed over a month or as the 
energy inflow on this month (if reservoir management is used in the simulation).  
In case of reservoir management, the annual inflow is split into monthly energy consumption 
as a function of the residual consumption.  
In both cases the monthly energy is also divided in weekly energy according to the residual 
consumption. The use of this weekly energy is optimized over the week in the simulation. 
 
The TS can also be generated by the R software, using packages (outputs reading, processing 
and viewing) available for ANTARES’ users. 

                                                           
22 2 values can be entered: one that applies only if the unit is switched on, and on that can forbid the 
plant to be turned off if the value if higher than 0.  The latter one is given on an hourly step time base, 
whereas the first one is a single value for the whole simulation. 
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2.6)  Miscellaneous generation 
Some other generation sources (Biomass, Waste…) can be entered (MW). They would be 
considered as deterministic (only one TS for each) and non dispatchable. 
 
2.7)  Reserve/DSM 
Two reserve modellings can be used: 

- Spinning reserve: a percentage of maximal power defined for each thermal cluster is 
removed from the dispatch. 

- Day Ahead reserve: entered as a power, it would be used during the unit commitment 
decision process, for deriving the plants that need to be switched on and the one that 
don’t, but this energy won’t be produced. 

 
DSM can be given as an hourly TS (MW) for load modulation. 
 
2.10) Economic option 
Finally some economic options can be added, such as the unsupplied energy cost and the 
spillage cost. 
 
 

3)  The outputs 
 
Several parameters are given as output. They are given on an hourly time step but can also 
be summarized on a weekly and monthly basis.  
Among the main output parameters derived by ANTARES are: 
 
The overall cost, the marginal price, the CO2 emission, the net injection at each node, the 
production per cluster, the run of river hydro production, the unsupplied energy, the spillage 
energy, the loss of load duration, the margins, the number of dispatched units, the flow on 
each link, the congestion fees and the shadow price of each link...  
 
For each parameter, ANTARES gives detailed results23 and the expectation, the standard 
deviation, the minimum and the maximum value. The number of the corresponding MC year 
for the min and max value is also given. 
 
The output can be easily used with the R software. 
 
 
 
 
The strength of ANTARES lies in the easiness to handle probabilistic variables (power systems 
being very uncertain) with MC simulations, the possibility to generate TS and the comfort of 
output analysis with R. 
 
 
 

4) ANTARES’ Time Series generation 
 
4.1) for thermal power plants 

                                                           
23 Areas per areas results for each hour of each year simulated can be given or not, as chosen by user. 
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The generator calculates available capacities for each cluster by the formula: 

𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ∗ 𝑚𝑜𝑑𝑢𝑙𝑎𝑡𝑖𝑜𝑛 ∗ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑢𝑛𝑖𝑡𝑠 
The number of available units is the result of a daily three stage Markov Chain (available – 
planned outage (PO) – forced outage (FO)) 

 
Figure 30 Markov Chain for thermal TS simulator 

 
Both for PO and FO, the user enters for each day the outage rates24 (OR), the outage 
duration25  (D) and the minimum and maximum number of PO. 
Then ANTARES calculates the failure rates (𝜆𝐹, 𝜆𝑃) by the formula: 

(𝜆𝐹, 𝜆𝑃) =
𝑂𝑅

𝑂𝑅 + 𝐷 ∗ (1 − 𝑂𝑅)
 

The failure rates correspond to the average number of outages starting each day. 
Finally ANTARES derives the mean time between the outages (MTBF FO and MTBF PO): 

𝑀𝑇𝐵𝐹 𝐹𝑂 =
1 − 𝜆𝐹

𝜆𝐹
  

𝑀𝑇𝐵𝐹 𝑃𝑂 =
1 − 𝜆𝑃

𝜆𝑃
  

 
Finally ANTARES can also consider some variation (uncertainties) on the outage duration from 
D. This deviation is embodied as a geometric or a uniform law with a volatility parameter. 
 
4.2)  for hydro 
 
The consumed or inflow energy (GWh) per month is modeled by a log normal law. For each 
month, the user enters parameters for the energy to turbine in the month or for inflow energy 
(in GWh). Those parameters are the expectation, the standard deviation, the maximum and 
the minimum value.  
The share of this energy going to run of river is also entered. The run of river power TS will 
then be derived by making the hypothesis of a flat profile over a month. 
The energy allocated for storage power plants by ANTARES for each month will be handled as 
explained before. 
 
The user can also introduce some spatial correlation between area with the idea that the rain 
amount (and thus the energy inflow) can be linked between two close regions. 
 
4.3)  for load, wind and solar 

 
ANTARES can also generate some load, wind and solar TS. The process is defined by 
probability laws, autocorrelation functions, and spatial correlation. 
 
  

                                                           
24 Average proportion of time during which a plant is unavailable 
25 Average duration of outages beginning on that day 
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APPENDIX B – Spanish CSP forecast estimation 
 
Comparison of Photovoltaic (PV) power and Concentrating Solar Power (CSP) have shown 
some correlations between the daily PV energy and the CSP power curve over a day. Typical 
CSP hourly power profile has been defined. A method to estimate the CSP hourly power curve 
for a day using the PV daily energy has been developed. As a result, for each of the 51 PV 
forecasted scenarios, it is possible to estimate the CSP hourly power curve for Spain. The 
method for one scenario is presented below. 
 
Note: CSP power can be positive during the night, because some energy is stored during the 
day and released during the night. Observations have shown that the energy stored during 
one day can be released until the day after around 7:00am. As a consequence the typical CSP 
hourly curves are drawn for a day from 7:00am to the day after 6:00am. 
 
 
1. Firstly the Spanish daily PV energy is forecasted: for each day, the total PV energy 

produced in Spain and Portugal is computed from the forecasted power scenario. 90% of 
this production is assumed to be produced in Spain [3]. 

2. Dividing this daily power (in MWh) by 24*2300 gives the PV level coefficient. 
3. Observation of past PV and CSP generation has shown a correlation between the PV level 

coefficient and the CSP power curve. 7 typical CSP power profiles are identified (see 
Figure 31), corresponding to 7 classes of the PV level coefficient : [0;1.5[, [1.5;2.5[, 
[2.5;3.5[, [3.5;4.5[, [4.5;5.5[, [5.5;6.5[ and [6.5;+∞ [. 
With this classification of the PV level coefficient of the day of the scenarios, a CSP power 
curve is forecasted for the day of the scenario. 

 
 

Figure 31 The 7 CSP daily power profiles for a day according to the PV level coefficient. The abscissa represents the hours 
from 7:00am day D to 6:00am day D+1. The CSP power is standardized by dividing by the CSP capacity (2300MW) 
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