
 

 

 

 

 
 

 

 

 

First project report 
 

Definition and monitoring of security of supply on 

the European electricity markets 

Project No. 047/16 

 

commissioned by 

Federal Ministry of Economics and Energy 

 

 

 

 

 

 

Cologne, 23 January 2019  



 

 

r2b energy consulting GmbH / Consentec GmbH / Fraunhofer ISI / TEP Energy GmbH     

 

 

 

 

 

 

 

 

 

Company Information : 

r2b energy consulting GmbH  

Zollstockgürtel 61 

50969 Cologne 

Phone: +49 (0)221 - 78 95 98 60 

 

Consentec GmbH  

Grüner Weg 1 

52070 Aachen 

Phone: +49 (0)241 - 93 83 60 

 

Fraunhofer -Institut für System - und Innovationsforschung ISI  

Breslauer Straße 48 

76139 Karlsruhe  

Phone: +49 (0)721 - 68 09 0 

 

TEP Energy GmbH  

Rotbuchstr. 68 

CH-8037 Zurich 

Phone +41 (0)43 500 71 71 

 



 

 

r2b energy consulting GmbH / Consentec GmbH / Fraunhofer ISI / TEP Energy GmbH     

 

Executive summary  

This report is focused on resource adequacy, i. e. the achievement of an equilib-

rium between generation and consumption in the electricity system by a market 

clearing in the electricity market. 

The analysis available consistently shows a very high level of resource adequacy 

in Germany. In all scenarios examined here up to 2030 (including a scenario with 

a reduction in the capacity of coal-fired power plants on the market to achieve 

the climate protection targets in Germany for 2030 ), resource adequacy is en-

sured. Consumers can be supplied with electricity at any time in the present stud-

ies, i.e. the calculated loss of load probability for Germany is zero for the entire 

period under consideration. This corresponds to a load balancing probability of 

100 percent. 
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Summary  

Mandate 

Under the Energy Industry Act, the Federal Ministry of Economics and Energy 

(BMWi) is obliged to submit a report on the status and development of security 

of supply in the electricity supply sector at least every two years (Article 63(2) 

sentence 1 no. 2 EnWG); this report forms the basis for this report in the electricity 

market sector. In the analyses on which the report is based, pursuant to Article 51 

(3) and (4) EnWG the following must be considered in particular: 

¶ developments in production, grids and consumption in Europe, 

¶ adjustment processes on the electricity markets based on price sig-

nals,  

¶ cross-border balancing effects with neighbouring electrical countries 

with respect to renewable energy infeed, loads and power plant out-

ages, and  

¶ the contribution of new flexibility options (such as load management 

and emergency power systems).  

A probability -based (probabilistic, i.e. stochastic) methodological approach shall 

be chosen and the measurement and assessment of security of supply on the 

electricity market shall be based on suitably defined indicators and their thresh-

olds. 

Against this background, in 2016 the BMWi invited tenders for the project "Defi-

nition and monitoring of security of supply on the European electricity markets 

from 2017 to 2019", the implementation of which was entrusted to a consortium 

consisting of r2b energy consulting GmbH, Consentec GmbH, Fraunhofer ISI and 

TEP Energy GmbH. 

http://www.gesetze-im-internet.de/enwg_2005/__63.html
http://www.gesetze-im-internet.de/enwg_2005/__63.html
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In the following, we first summarize t he results of the security of supply analysis 

(SoS analysis)1 for the electricity market. We then describe the most important 

aspects of the methodology applied, the creation of scenarios and accompanying 

measures to ensure the SoS level, before concluding with an outlook on the next 

report under this project.  

The model calculations on which the present report is based were carried out in 

the second half of 2018. 

Analysis of security of supply  

The SoS analysis consistently shows a very high level of security of supply on the 

electricity market in Germany. This predominantly also applies (taking into ac-

count the lower model accuracy there) to the modelled neighbouring countries. 

In all the scenarios examined here up to 2030, including a reduction in  the capac-

ity of coal-fired power plants on  the market in order to achieve Germany's climate 

targets for 20302, security of supply on the German electricity market is ensured. 

Consumers can be reliably supplied at any time in the present investigations, i.e. 

the determined probability of load excess (the term "Loss of Load Probability", 

LoLP for short, is used for this) is zero for Germany for the entire period under 

consideration. This corresponds to a load balancing probability of 100 %. The sce-

narios differ primarily in the development of the generation system, the develop-

ment of flexibility options and the nece ssary imports - the latter always remaining 

well below the available import capacities. The level of imports required for secu-

rity of supply can therefore be classified as low compared to (future) existing net-

work capacity. 

Several causes are responsible for the very high SoS level determined:  

                                                                                                 

1 In the following, "security of supply" is abbreviated as part of compound terms as "SoS". 

2  Without knowing or anticipating the proposal of the "Growth, Structural Change and Employment" Com-

mission to achieve the climate protection targets in 2030, which is currently being drafted , a hypothetical 

path for reducing the output of coal -fired power plants on the market  was designed. 
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¶ The balancing groups and imbalance settlement mechanism provide util-

ities with a strong incentive to comply with supply commitments they 

have entered into . It is rational for market players to hedge potentially 

very high balancing energy prices by contracting sufficient generation 

and /  or flexibility capacity, which directly or indirectly triggers corre-

sponding investment incentives. 

¶ The electricity supply system is currently in overcapacity. While market 

adjustments take place by reducing these overcapacities by shutting down 

existing plants for reasons of economic efficiency, there are certain inertial 

factors. 

¶ Capacity markets abroad (including France, Great Britain, Poland and Italy) 

are creating new overcapacities, which via the electricity market also have 

a positive impact on the SoS level in Germany. 

¶ New capacities will also be created by the replacement of CHP plants to 

maintain heat supply and by the subsidised expansion of renewable en-

ergy plants. 

¶ In the internal electricity market, there are considerable balancing effects 

in terms of load and feed-in of renewable energies (RES) as well as un-

planned non-availability of power plants. 

¶ Finally, there is considerable potential for increasing the flexibility of con-

sumption (including "new" consumers and a large capacity of economi-

cally viable flexibility options in the area of voluntary load reduction from 

industry), cogeneration and bioenergy, as well as emergency power sys-

tems (EPS). 

These causes for the consistently high SoS level are partly substitutive: A weak-

ening or even an elimination  of a cause does not call the SoS level into question  
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but would be compensated in the electricity market by adjustment reactions else-

where. Due to these substitution possibilities, there is more than just one devel-

opment path of the secure electricity supply system. 

Methodology  

In this report, the term security of supply describes the long -term safeguarding 

of the balance between generation and consumption in the electricity supply sys-

tem in terms of balancing supply and demand on the electricity market. Security 

of supply on the electricity market is given if those consumers can always pur-

chase electricity whose willingness to pay (benefit) is greater than or equal to the 

market price (costs). 

In the light of the liberalisation of the EU internal electricity market, security of 

supply must be considered at a European level, taking into account dynamic mar-

ket processes, including the price elasticity of demand . In this supra-regional mar-

ket, there are considerable balancing effects in terms of load, feed-in of intermit-

tend RES and unplanned outages of power plants, which have a positive effect on 

ensuring security of supply. 

Within the framework of  this project, a consistent methodology for implementing 

the legal requirements for monitoring security of supply on the electricity market 

was developed and implemented for the period up to 2030.  

An SoS standard was first defined for this purpose. It was worked out that among 

the various possible indicators with which the security of supply on the electricity 

market can be characterised, the load excess probability (or loss of load proba-

bility , LoLP) is best suited for the formulation of an SoS standard. Further indica-

tors are helpful as a flanking measure to contribute to the classification of a de-

termined SoS level. 

Based on conceptual analyses and literature research, a threshold value for the 

loss of load probability is defined as the SoS standard for Germany in the amount 

of ὒέὒὖ = 0.06 %, which corresponds to a load balancing probability of 99.94 %.  
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The threshold value is an acceptable value in the sense of a manageable yardstick 

and since it is also within the internationally customary range. Nevertheless, it is 

subject to unavoidable uncertainty, especially due to the uncertainty of the Value 

of Lost Load (VoLL) to be applied for its determination. 

Our methodical approach is based on the following tw o core questions of SoS 

monitoring:  

1. How will the European electricity supply system develop in the period un-

der review? 

2. Does this European electricity supply system ensure security of supply on 

the electricity market at an efficient level?  

The first question arises since SoS monitoring must look many years into the fu-

ture in order to have sufficient time for measures to ensure an appropriate SoS 

level, depending on the results of the statutory audit mandate. To answer this 

question, one or more scenarios for the development of the power supply system 

must be generated. Based on this, the second question is to be answered by de-

termining the SoS level for the respective scenario and then classifying and eval-

uating it by applying it to the defined SoS standard. 

In the context of the present study, the methodological approach of a consistent 

integrated modelling of the development of the electricity supply system in 

15 European countries by means of a dynamic electricity market model and a 

probabilistic SoS analysis based on it was developed and applied against the 

background of the legal requirements of the EnWG in coordination with the 

BMWi and with the involvement of the Federal Network Agency and the German 

transmission system operators. The consistent coupling of the two models in par-

ticular accounts for balancing effects and uncertainties. 

Scenarios 

The reference scenario (best guess scenario without additional climate protection 

measures) was generated based on detailed research /  preliminary analyses and 
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comparison with other studies /  experts in order to model the legal framework 

conditions and objectives given in reality. Sensitivity analyses were used to inves-

tigate developments within the po wer supply system that deviated from the ref-

erence scenario. 

The scenarios comprehensively depict the initial situation, planning and adapta-

tion reactions in the European electricity market. In order to put the reference 

scenario into perspective, a comparison with scenarios of the German and Euro-

pean TSOs is conducted. It shows that the reference scenario has lower to equal 

generation capacity in the sum of the countries considered. It represents a realis-

tic and rather conservative development of the power  supply system on the basis 

of the current market design and known developments in Europe. 

Accompanying measures to ensure security of supply 

Some measures are necessary or recommendable to ensure or safeguard the de-

termined high SoS level. The implementation of necessary measures was assumed 

in the analyses because this can be regarded as realistic considering the combi-

nation of existing or imm ediately foreseeable legal obligations and the corre-

sponding lead time.  

For example, the level of import capacity required to ensure security of supply 

can generally be characterised as low in comparison with (future) network capac-

ity. Nevertheless, some preparations need to be made for the increased role of 

cross-border balancing effects in the future.  

There is also a need for coordination and, if necessary, action regarding the inter-

national coordination of market and operating rules in the event of shortages. It 

would appear advisable to also clearly regulate the processes downstream of the 

day-ahead market on an international level as a precautionary measure. 

In addition, measures can be taken into consideration to safeguard against un-

predictable extreme events. Owing to their unknown probability of occurrence, 
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unpredictable extreme events cannot neither be efficiently addressed in the elec-

tricity market 2.0 nor in capacity markets. Therefore, they cannot and must not be 

taken into account when monitoring security of supply on the electricity market 

and assessing whether an efficient SoS level is achieved. Hedging of unpredicta-

ble extreme events falls within the scope of risk preparedness by the state and 

lies outside the scope of market design. The effects of unpredictable extreme 

events can be reduced with reserves outside the electricity market, such as the 

already planned capacity reserve. Therefore, these unpedictable events shall also 

be considered in the future dimensioning of the capacity reserve. 

Outlook  

In accordance with the contract, a further report on monitoring security of supply 

on the electricity market until 2030 is to be prepared later this year. This serves to 

support the regular monitoring by the BMWi provided for in Article 51(3) and (4) 

EnWG. With the regular forecasts on the development of the electricity supply 

system and the SoS level, it is possible to check with foresight whether compl i-

ance with the SoS standard is to be expected and, whether there are still obstacles 

and disincentives and, if necessary, whether a later "easing" can be expected as a 

result of market adjustment processes. The forward-looking SoS monitoring thus 

ensures that there is sufficient time for implementing any measures that may be 

necessary to ensure an appropriate SoS level. 

In addition to updating the database to updated sources and any legal changes 

at German and European level, we will also examine and potent ially implement 

methodological extensions for the follow -up report.  
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1 Background and Overview  

Background 

The transformation process of the European energy and electricity supply system 

is characterised on the one hand by the liberalisation of the European electricity 

markets, the establishment of a common European internal market for electricity 

and the expansion of the European border interconnectors. On the other hand, 

this is characterised by the progressive expansion of renewable energies (RE) in 

Germany and Europe, the increasing flexibility of generation and consumption as 

well as the increased coupling of the electricity, heat and transport sectors (sector 

coupling). These developments also require further methodological develop-

ments in the field of quantitative analyses of electricity supp ly and in particular 

analyses of security of supply.  

Prior to this transformation process, the electricity industry was characterised by 

controllable large central generation plants and relatively predictable consump-

tion patterns. Today and in the future however, the energy industry is increasingly 

characterised by fluctuating feed-in, decentralised plants for electricity genera-

tion from renewable energies, and flexible consumers, also against the back-

ground of the intended decarbonisation of the energy su pply. Since the end of 

the 1990s, the common, competitively organised EU internal market for electricity 

has been increasingly liberalised and the cross-border network infrastructure (in-

terconnectors) between the member states of the EU and Switzerland and Norway 

has been expanded. Against this background, security of supply must be viewed 

from a European perspective and in the light of dynamic market adjustment pro-

cesses. In this supra-regional market, there are considerable balancing effects in 

terms of load, feed-in of intermittend  renewable energies and unplanned out-

ages of power plants, which have a positive effect on ensuring security of supply. 

The purchase of electricity at a high SoS level is of essential importance, especially 

in the transformatio n of the energy and electricity supply system described above. 
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This applies both to the prosperity and international competitiveness of an indus-

trial location such as Germany and to the general quality of life of private con-

sumers. Monitoring and thus a continuous assessment of the security of electricity 

supply is therefore necessary in order to 

¶ identify SoS challenges at an early stage, 

¶ analyse any remaining barriers or disincentives that could affect a high 

level of security of supply, and 

¶ if necessary, take timely measures, such as adapting the regulatory frame-

work to maintain a high level of security of supply.  

Against the background of present-day reality and the future requirements of the 

German and European power supply system, the following aspects are of great 

importance: 

(1) Security of supply can only be considered across national borders be-

cause the German electricity supply system is connected to the electricity 

supply systems of neighbouring countries via a comprehensive grid infra-

structure and electricity is traded intensively across borders and trans-

ported over long distances in the European electricity market. 

(2) Security of supply can only be conside red on the basis of  probability 

(taking stochastics into account). On the one hand, it is simply not pos-

sible to guarantee 100 percent protection against inflexible electricity con-

sumption by generation plants , especially due to the stochastic power 

plant outages that occur. On the other hand, the question of economic 

efficiency is also a relevant evaluation criterion. It is therefore not neces-

sary to ensure security of supply at a very high level solely on the gener-

ation side because that would be highly inefficient from an economic 

point of view. Neither is the capacity of renewable energy plants safely 

available due to the dependence of their generation on weather condi-

tions (e.g. onshore and offshore wind energy plants and PV plants), nor 
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are conventional power plants safely available to cover consumption in 

any situation due to unplanned outages (e.g. due to technical defects, ma-

terial or safety problems) or difficulties in the supply of fuel and cooling 

water. When monitoring or evaluating security of supply, it is theref ore 

only possible to determine what proportion of inflexible electricity con-

sumption can be covered in the expected value and what proportion of 

inflexible electricity consumption cannot be covered in the expected 

value. This applies especially to the envisioned further transformation of 

the electricity supply system towards intermittend RES and the continued 

expansion of the European grid infrastructure. In particular, the expansion 

of the European grid infrastructure and the increased opening of cross-

border lines in so-called market coupling are the prerequisites for being 

able to make full use of existing trans-regional balancing effects of loads, 

RES feed-in and unplanned power plant outages. Stochastics in general, 

and in particular cross-national stochastic compensation effects (in the 

case of intermittend RES feed-in, load structures and unplanned power 

plant outages) must therefore be accounted for in methodological ap-

proaches in order to derive meaningful and robust results. 

(3) Security of supply can only be considered accounting  the dynamics 

of markets, i.e. the adjustment processes inherent in markets on the 

supply and demand sides. In the case of overcapacities on the supply 

side (currently existing in the European electricity market), power plant 

operators react for economic reasons with more shutdowns  or at least 

more temporary shutdowns (conservation, so-called cold reserve) of 

power plants. With (frequent) shortages of generation capacity in the Eu-

ropean electricity market and consequently high electricity price expecta-

tions, power plants are kept on the market or put back into operation after 

temporary shutdowns. In addition, investments in new generation facili-

ties and the development of flexibility options, such as load  management 

and emergency power systems, are being encouraged. 
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(4) Security of supply must take adequate account of flexibility poten-

tials such as load shifts, load reductions in individual scarcity situa-

tions and general current and future developments in the p rice elas-

ticity of demand. The most favourable option for a secure balance be-

tween supply and demand on the electricity market in very rare situations 

of scarcity (e.g. low intermittend  RES feed-in combined with a high con-

sumption load and extensive unplanned power plant outages) is the active 

involvement of electricity consumers in the market. For example, flexibility 

in the form of load shifts and load reductions can be used to balance sup-

ply and demand on the electricity market. To this end, considerable po-

tential is available - also taking into account technical restrictions - from 

consumers with consumption metering , who can contribute to balancing 

supply and demand on the electricity market if the market sends out cor-

responding price signals and the regulatory framework is designed ap-

propriately . In addition, this potential can also be used to (financially) se-

cure compliance with delivery commitments entered into by market par-

ticipants. 

Tasks and Research Objectives 

Against this backdrop, methodological approaches for monitoring and evaluating 

security of supply have been developed in recent years, taking adequate account 

of stochastics and the integration of national electricity markets into the European 

internal electricity market, which take particular account of the first two aspects 

mentioned above. In numerous analyses of supply security, corresponding ap-

proaches have already been or are being used.3 

At the same time, corresponding developments in methodological approaches 

have led to adaptations of legal frameworks both in the EU and in Germany. The 

                                                                                                 

3  See e.g. Consentec /r2b (2015), PLEF (2015), PLEF (2018), ENTSO-E (2016), ENTSO-E (2017a), ENTSO-E 

(2018b). 
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Federal Ministry of Economics and Energy (BMWi) is obliged to submit a report 

on the status and development of security of supply in the electricity supply sec-

tor at least every two years (Section 63(2) paragraph 1 no. 2 EnWG); the present 

report forms the basis for this report in  the electricity market sector. Concerning 

the analyses on which the report is based, section 51(3) and (4) of the EnWG par-

ticularly requires that  

¶ developments in production, grid and consumption in Europe, 

¶ adjustment processes on the electricity markets on the basis of price 

signals,  

¶ cross-border balancing effects with neighbouring electrical countries 

in the case of renewable energy feed-ins, loads and power plant out-

ages, and  

¶ the contribution of new flexibility options (such as load management 

and emergency power systems)  

must be accounted for. 

A probability -based (probabilistic, i.e. stochastic) methodological approach shall 

be chosen and the measurement and assessment of security of supply on the 

electricity market shall be based on suitably defined indicators and their thresh-

olds. 

The adaptation of the legal framework for the assessment of supply security on 

the electricity market in Germany thus takes account of the current state of sci-

ence. The EU Commission's state aid rules and the Winter Package 4 currently in 

trialogue (Clean Energy for All Europeans - CEP) also provide for a transnational 

and probabilistic approach to monitoring security of supply.  

                                                                                                 

4  European Commission (2016a). 

http://www.gesetze-im-internet.de/enwg_2005/__63.html
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Against this background, the BMWi put the project " Definition and Monitoring of 

Supply Security in the European Electricity Markets from 2017 to 2019" out to 

tender in 2016. The project was implemented by a consortium consisting of r2b 

energy consulting GmbH, Consentec GmbH, Fraunhofer ISI and TEP Energy 

GmbH. 

Overview of the chosen methodologi cal approach 

The first step was the further development of the definition of and assessment 

standard for security of supply on the electricity market and the further develop-

ment of the methodology for modelling and monitoring security of supply on the 

European electricity market using existing concepts. Subsequently, the security of 

supply was empirically analysed based on the monitoring concept developed for 

the status quo and as a forecast for the following years as well as an outlook for 

the year 2030. 

The concrete objectives of the project "Definition and monitoring of security of 

supply on the European electricity markets from 2017 to 2019" are defined as 

follows: 

¶ Definition of one or more suitable indicators and corresponding thresh-

olds for monitoring and assessing the security of supply of the electricity 

supply system; 

¶ Derivation of scenarios for the development of the electricity supply sys-

tem based on detailed preliminary analyses and using a dynamic Euro-

pean electricity market model, taking into account stochastics, economic 

efficiency, market mechanisms and market adjustment reactions; 

¶ Evaluation of the level of security of supply using a probabilistic model 

that maps the probabilities of occurrence of possible system states. 

Within the fram ework of this project, we have met the new requirements outlined 

above by monitoring security of supply based on a consistent two-stage ap-

proach. To this end, we have methodically and consistently further  developed 
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both models and coordinated them with eac h other. One focus here is the con-

sistent mapping of stochastics in the two models. 

FIGURE 1-1:  CONSISTENT TWO-STEP MODELLING APPROACH 

 

Source: Own representation. 

In the first stage, based on extensive preliminary analyses in which the framework 

conditions and data basis are determined, we dynamically simulate the develop-

ment of the electricity supply system on the basis of an integrated investment 

and dispatch model of the European electricity market (Germany, its electrical 

neighbours as well as Scandinavia, Great Britain and Italy) taking into account the 

stochastics of several weather and load years as well as power plant outages. The 

results of these simulation calculations are the input parameters for the second 

stage - the analysis of security of supply using the probabilistic SoS model. As a 

result, we determine the level of security of supply considering the probability of 

occurrence of various system states, the European internal electricity market and 

dynamic developments on the European electricity markets in a consistent two-
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stage approach. Finally, the level of security of supply will be classified and as-

sessed based on a proposal for a security of supply standard, whose definition is 

also the subject of this project. 

Structure of the study 

This project report describes on the one hand, the central results of the method-

ological developments of the modelling approaches and the monitorin. On t he 

other hand, results on supply security on the electricity market in Germany are 

presented considering scenarios for the years 2020, 2023, 2025 and 2030 devel-

oped within the framework of the project, which result from the application of 

methodological fu rther developments. 

In Chapter 2 we go into more detail on the definition of security of supply on the 

electricity market, present parameters for assessing security of supply and exam-

ine their significance. Subsequently, the function of a security of supply standard 

(SoS5 standard) is discussed and a level for such a standard is derived. The chapter 

concludes with notes on the interpretation of a determined SoS level. 

Chapter 3 presents the further advanced approach to modeling. First, we describe 

the overarching modelling approach: This is based on the coupling of detailed 

preliminary analyses and a stochastic European electricity market model to gen-

erate a scenario for the future electricity generation system in Germany and Eu-

rope with a simulation model for the quantitative SoS analysis. Here we also de-

scribe the essential aspects of a consistent coupling of these two model ap-

proaches. Second, we then discuss in detail the preliminary analyses carried out 

and the two models used in this study. This includes the methodological ap-

proaches in the preliminary analyses and the stochastic European electricity mar-

ket model. We use this to derive scenarios for the development of the electricity 

generation system and for the availability of flexibility options in the electricity 

                                                                                                 

5  In the following, "security of supply" is abbreviated as part of compound terms as " SoS ". 
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supply system, taking dynamic adaptation processes on the European electricity 

market into account. Subsequently, we present the simulation model for the 

quantitative SoS-analysis, with the help of which the previously identified param-

eters for the assessment of supply security can be derived. 

In Chapter 4 we present the central framework assumptions of a reference sce-

nario, developed in agreement with the BMWi for this study and which we have 

extensively checked for plausibility  through  comparison with other studies and 

professional exchange with numerous scientific research projects. The aim of the 

reference scenario is to map a 'best guess' analysis of the relevant framework 

assumptions from a current perspective, but without an additional climate pro-

tection measure related to coal-fired power generation.  An exception to the 'best 

guess' approach could therefore be the further development of installed capacity 

and the use of coal-fired power plants in Germany. 6 Another exception in the 

conservative sense are the assumptions on costs of the flexibility options7, indus-

trial load reduction and emergency power systems. In this chapter, we also de-

scribe the methodological approach and the basis for deriving the framework as-

sumptions of the reference scenario. 

                                                                                                 

6 Under the reference scenario, we have not assumed any (additional national) measures to successively re-

duce greenhouse gas emissions from coal-fired power plants as a contribution to achieving national climate 

protection targets in the coming years. As a result, the national climate protection targets are not achieved 

due to the insufficient contribution of the electricity sector and the refe rence scenario cannot be regarded 

as a target or 'best guess' development in this respect. This applies even more against the background of 

the establishment of the "Commission for Growth, Structural Change and Employment" agreed in the coa-

lition agreement , which is to draw up measures both to reduce greenhouse gas emissions from coal-fired 

power plants in line with targets and to put an end to coal -fired power generation.  

 7 In agreement with the BMWi, we have used conservative assumptions in the reference scenario regarding 

investment and development costs, annual fixed costs and necessary incentives for market participants in 

the event of load reduction potentials in industry and emergency power plants. T his means that we have 

allocated relatively high costs to these flexibility potentials, which do not correspond to our best -guess. In 

view of the uncertainties about the exact costs and the heterogeneity of the costs, it seems appropriate to 

us to make a corresponding setting in the context of this study on security of supply in the sense of a 

conservative approach. 
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Chapter 5 presents the results for the reference scenario. First, we describe in 

detail the development of the power generation sy stem over time and the avail-

ability and development of flexibility options. In addition, in the subchapter "Bal-

ancing Effects on the European Electricity Market", we show to what extent the 

consideration of balancing effects between consumption loads, intermittend RES 

feed-in and unplanned power plant outages in the European context reduces the 

requirements for safeguarding supply security on the generation side. Subse-

quently, we present the results of the simulation calculations to derive the indi-

cators for monitoring and assessing the security of supply. 

Chapter 6 describes the framework assumptions and results of alternative scenar-

ios (sensitivities to the reference scenario) developed and analysed in this study. 

In each of these scenarios, we have made a core ammendment to the framework 

assumptions of the reference scenario. In the first sensitivity, in contrast to the 

reference scenario, we have applied our 'best guess' costs for the flexibility po-

tentials, load reduction in industry and emergency power plants. In the sense of 

a target scenario for national greenhouse gas emissions, in the second sensitivity 

we assumed an accelerated reduction in the capacity of lignite and hard coal -

fired power plants on the market, e.g. based on regulatory requirements at the 

latest decommissioning date.8 The accelerated decommissioning is designed to 

meet the sectoral target for the energy sector in 2030. In the third sensitivity we 

assumed a delayed grid expansion with corresponding effects on the available 

import and export capacities between the countries considered. In another grid 

                                                                                                 

8 As part of the SoS monitoring on the European electricity markets, there is no commitment to concrete 

measures to reduce the installed capacity of coal-fired power plants on the electricity market. Whether the 

installations concerned will be decommissioned or transferred to a reserve, for example, is not the subject 

of this investigation. 
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sensitivity we have investigated a limited physical cross-border exchange capacity 

without  the possibility of market adjustment processes.9 

Finally, in Chapter 7, we summarise the key findings once again, draw conclusions 

and point out any research and development necessities. In addition, we make 

recommendations as to which measures may be sensible or necessary to ensure 

the SoS level. 

                                                                                                 

9 Without the possibility of market adjustment processes , this sensitivity means that only an adjustment is 

implemented in the quantitative analysis of the SoS level and no market adjustment processes are deter-

mined in the context of modelling with the European electricity market model.  
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2 Definition of and evaluation  criteria  for security of sup-

ply on the electricity market  

2.1 Definition of security of supply on the electricity market 

and objective of its assessment  

Together with economic efficiency and environmental compatibility, security of 

supply forms an equally important objective of energy policy (energy policy target 

triangle). The concept of security of supply of the electricity supply system is used 

and interpreted differently depending on the  context. 

FIGURE 2-1: DEFINITION OF THE OBJECT OF INVESTIGATION 

 

Source: Own representation. 

Security of supply in the broader sense has three different dimensions: 

¶ Contunuity  of supply, which essentially deals with the question whether 

consumers are connected to the electricity grid. 

¶ System security, which essentially deals with the question if  the power 

grid is operated in a stable state and remains stable even after failure 

events. 
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¶ Security of supply on the electricity market, which deals with the question 

if electricity production meets demand by balancing supply and demand 

on the electricity market. 

This report looks at security of supply on the electricity market . The term security 

of supply in this report thus describes the long -term safeguarding of the balance 

between generation and consumption in the electricity supply system in the sense 

of balancing supply and demand on the electricity market . 

In Europe, a domestic market has been established for many years in which elec-

tricity is traded as a homogeneous product within so -called bidding zones. The 

bidding zone layout has so far been predominantly based on national borders. 

Exceptions are the joint bidding zone of Germany and Luxembourg on the one 

hand, and Norway, Sweden, Denmark and Italy on the other, which are each di-

vided into several bidding zones. There is considerable transmission capacity be-

tween the bidding zones. The common European internal market for electricity is 

the basis for monitoring security of supply in this report. The development of 

supply in the European internal electricity market is taking cross-border transmis-

sion capacities into account , which is why the examination whether the market 

ensures security of supply must also be consistent with this concept . Cross-border 

exchanges contribute to security of supply. This means that although the relevant 

wholesale price for German consumers is determined on a German marketplace, 

foreign players naturally also buy and sell electricity on that marketplace. In this 

respect, domestic electricity supply is never only available to domestic consumers. 

Therefore, a national view on security of supply (self-sufficiency) is not an appli-

cable concept in the European internal market. The consideration of European 

cross-border electricity trading  also implies that network restrictions within a 

country do not constitute  an evaluation criterion in the context of this study. 10  In 

                                                                                                 

10 Congestion within Germany is addressed in other processes (system analyses for the network reserve, net-

work development plan). Suitable measures will be developed and subsequently implemented for the tech-

nical challenges that arise in this respect. 
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English-speaking countries, security of supply on the electricity market is also re-

ferred to as generation adequacy (in contrast to  transmission adequacy) in view of 

the generation capacity required for it.  

However, security of supply on the electricity market must also take consumer 

preferences into account. Security of supply on the electricity market is given 

if those consumers can always purchase electricity whose willingness to pay 

(benefit) is  greater than or equal to the market price (costs). 11 Consumers, 

e.g. private households, who usually do not and cannot observe the market price, 

are represented by their suppliers as intermediaries. Due to their supply commit-

ments, the suppliers must secure a corresponding electricity procurement or oth-

erwise bear high balancing energy costs for shortfalls in their balancing groups . 

Other consumers, such as power-intensive industrial companies, on the other 

hand, observe the market price directly or via service providers and, depending 

on their opportunities, can react to the  market prices or individual electricity price 

peaks with short-term reductions or shifts in their consumption.  

Supply security therefore does not require that all consumers are able to obtain 

energy at all times. Rather, reductions or curtailments in consumption  are con-

sistent with security of supply, provided that this corresponds to the (price) pref-

erence of the consumers concerned. Demand flexibility , in particular the eco-

nomic potential of load management in the industrial sector, therefore plays an 

important role for supply security , in addition to the availability of flexible gener-

ation plants, and must be appropriately taken into account in the analysis. 

Against this background, the objective of monitoring security of supply is to ex-

amine whether the electricity markets in Germany and Europe can ensure in the 

long term that sufficient power plants and other flexibilities in the form of storage 

                                                                                                 

11 See e.g. BMWi (2015). 
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facilities and flexible loads are available to guarantee the above-mentioned con-

dition of balancing supply and demand.  

The analysis of security of supply in the electricity market must also consider the 

fact that transmission system operators (TSOs) have several other measures at 

their disposal to secure supply even if supply and demand should diverge. This 

includes the use of balancing power and other existing reserves of the national 

and foreign TSOs, such as the capacity reserve. Only in the unlikely event that 

after these measures have been exhausted the price-inelastic consumption still 

exceeds the total available generation capacity would the grid operators have to 

carry out involuntary shutdowns of individual consumers or individual distribution 

grids as a last resort. Only a very small part of the load  would thus be affected, 

while the majority of consumers would continue to be supplied . A secure opera-

tion of the European interconnected grid is still possible in such a situation .12 

In the following, parameters for the assessment of supply security are first pre-

sented and examined with regard to their significance (section 2.2). The function 

of an SoS standard is then discussed and a level for such a standard is derived 

(section 2.3). The chapter concludes with notes on the interpretation of a calcu-

lated SoS level (section 2.4). 

2.2 Indicators  for the assessment of supply security  

2.2.1 LoLP, EENS and related indicators  

Description of the indicators 

Security of supply has, in general, a probabilistic character. This is because the 

ability of the power supply system to meet demand at a given point in time de-

pends on the realisation of a large number of influencing stochastic factors at that 

                                                                                                 

 12 A widespread power failure or a large-scale collapse of the European interconnected grid is practically only 

caused by major failures of network resources in the transmission grid (and therefore affects the area of 

system security).  
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point in time. In addition to the unavailabili ty of generation plants due to outages, 

these include above all weather-related influences on demand and on increas-

ingly significant parts of generation ( particularly solar and wind energy).  

This fact has been addressed for several years by applying probabilistic evaluation 

methods (see chapter 3). Accordingly, probabilistically defined parameters for as-

sessing the security of supply have been established. They are all based on the 

assessment of system states in which the remaining power (on the electricity mar-

ket) is less than zero, i.e. not all consumers can be supplied at any time according 

to their price preferences (see also section 2.1).  

The indicator  load excess probability (òLast¿berhangwahrscheinlichkeitó in Ger-

man) indicates the probability that such conditions will occur . The term "Loss of 

Load Probability" (LoLP) is widely used for this purpose13. LoLP is specified without 

units or as a percentage14. It can also be expressed equivalently by the load bal-

ancing probability; this is the probability with which the remaining power (on the 

electricity market) is greater than or equal to zero.15 

EENS (abbreviation of òExpected Energy Not Suppliedó) indicates the expected 

value of the demand energy that cannot be covered on the electricity market. This 

corresponds to the expected value of the integral of the negative remaining 

power and is expressed as the amount of energy (e.g. GWh) per year. 

If there are no further reserves outside the electricity market, the LoLP character-

istic indicates the probability of involuntary disconnection of consumers. Such a 

shutdown would affect so-called 'inflexible consumers', who would not be able 

to express (on a market basis) the price threshold above which they would be 

willing to forego electricity supply. Therefore, in the event of a lack of production 

                                                                                                 

 13 The interpretation of an SoS level expressed, for example, by LoLP is discussed below and in more detail in 

Section 2.4. 

14 Alternatively, it can also be expressed in hours per year - by multiplying it by the number of hours per year 

(8760) - and is then referred to as Loss of Load Expectation (LoLE). 

15  The following applies for the conversion: Load balancing probability ρ ,Ï,0.  
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or other flexibility, a (small) proportion of inflexible consumers would have to be 

involuntarily switched off when reaching the techni cal price limit in the market in 

order to maintain system stability , while the remaining (large) proportion of con-

sumers would continue to be supplied . 

If, however, as in Germany, there are still reserves outside the electricity market16, 

the LoLP characteristic indicates the probability that these reserves will be acti-

vated.17   In practice, an involuntary disconnection of consumers therefore has a 

lower probability than the LoLP value expresses. 

Both LoLP and EENS give expected values of statistical distributions which result 

from the stochastic character of the influencing variables for loss of load. Appen-

dix F explains why this is an appropriate approach. 

The basic relationship between LoLP and EENS is shown in the following figure 

by means of a schematic curve of residual load and flexible generation. 

FIGURE 2-2 BASIC RELATIONSHIP BETWEEN LOLP AND EENS 

 

Source: Own representation. 

LoLP and load balancing probability describe probabilities , i.e. time fractions, but 

do not contain information about the size of the respective loss of load in scarcity 

                                                                                                 

16 In Germany, this includes in particular the capacity reserve. 

17 Complementary to this, the load balancing probability indicates the probability that these reserves will not 

be activated. 
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phases. In contrast, EENS contains information on the extent of the loss of load, 

but not  on the probability of it occurring . 

Classification of the indicators 

The assessment of electricity market design in terms of  security of supply ad-

dresses the question of whether an efficient investment has not been made. This 

would be the case if the costs of such investment were lower than the amount of 

benefits in the form of reduced involuntary disconnections  that are not yielded  

without this investment . To this end, an investment in the "next MW" of flexibility 

is considered, avoiding a deficit of 1 MW  for a portion of the time that  corre-

sponds exactly to the LoLP value. The monetary assessment of this avoided deficit 

energy is discussed in more detail in section 2.3.2. However, when selecting an 

indicator  for assessing the security of supply, it should first be noted that only the 

duration, but not the amount (capacity), of the deficit matters. This clearly favours 

the LoLP as a relevant indicator . 

Strictly speaking, however, the LoLP is not an unambiguous characteristic of a 

power supply system to be tested. This would only be the case if the system had 

no temporal flexibility. In fact, however, there are considerable possibilities in the 

European power supply system to influence the course of the residual load over 

time. On the one hand, storage facilities are suitable for this purpose, and on the 

other hand, load flexibility also consists to a considerable extent of potential for 

shifting demand over time (i.e. voluntary load shifting in  addition to voluntary 

load reduction). If a shortfall in demand coverage cannot be avoided on an inte-

gral-time basis, e.g. over the duration of a year under consideration, then the 

duration of the shortfall can be controlled to a certain extent by using such flexi-

bilities. It is therefore possible to exchange the duration of shortfall s for their 

amounts (capacity). 

As will be explained in chapter 3 simulation methods are used to measure security 

of supply. Within this framework, a "minimum LoLP" can be determined theoret-

ically by using the flexibilities in such a way that the phase(s) of the shortfall is/are 
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as short as possible, irrespective of the amount (capacity) of uncovered load then 

occurring. This "minimum LoLP" can be unambiguously determined in the model. 

However, it is implicitly assumed that the players on the electricity market coor-

dinate their behaviour in order to minimise the duration of involuntary shut-

downs. In reality, imperfect forecasts and a lack of incentives18 may lead to devi-

ations from this ; however, the total demand energy not covered by the electricity 

market (in calculations: EENS) would remain largely constant. Nevertheless, the 

"minimum LoLP" is suitable for assessing security of supply, as it represents a 

lower estimate of capacity utilisation that would be expected on average for an 

investment in the "next MW" of flexibility. Neglecting other abstractions, potential 

investors can therefore expect that an additional capacity would on average be 

operated at least at the capacity utilisation indicated by the òminimum LoLPó. 

Moreover, the dif ficulty discussed above with regard to the unambiguity of the 

indicator  would not be solved if EENS was used instead to assess the security of 

supply. Although EENS can be determined more objectively because it can only 

be influenced to a limited extent by  the use of temporal  flexibilities, the challenge 

would only be shifted to examining the efficiency of investing in additional ca-

pacity. Since investment costs are essentially capacity-driven, the costs of an in-

vestment to reduce EENS, i.e. to cover the "next MWh", could only be determined 

if some capacity utilisation  were assumed. But this is just the LoLP value again. 

In summary, it can be stated that the LoLP indicator  (at least in the form of the 

minimum LoLP using temporal flexibilities) is the suitable parameter for testing 

the power supply system for the presence of an efficient SoS level. Thus, LoLP is 

also the suitable parameter for the formulation of a n SoS standard against which 

a given system is to be measured. This is discussed in section 2.3. 

                                                                                                 

 18 Due to high market prices in times of scarcity, there are considerable incentives to avoid loss of load in 

general. However, there is no concrete incentive to concentrate the loss of load on short times (with greater 

size/capacity) instead of longer times (with lower size in each case, i.e. with constant EENS). 
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The EENS parameter is not suitable for defining an SoS standard, but unlike the 

LoLP it contains information on the extent of the shortfall. It is therefore useful as 

an additional indicator to explain the SoS situation, in particular to show that in-

complete coverage of inflexible demand is not synonymous with a large-scale 

(network-related) blackout, but that only a small proportion of consumers would 

be affected by an involuntary disconnection, while the majority of consumers 

would continue to be supplied . We will discuss this in more detail in  the next 

section 2.2.2. 

2.2.2 SAIDI contribution to security of supply on the elec-

tricity market  

Motivation  

In the practical discourse on security of supply, the above-discussed indicators of 

security of supply on the electricity market are sometimes perceived as difficult 

to interpret. This is also due to the fact that they are not directly comparable with 

the SAIDI (System Average Interruption Duration Index) indicator established to 

describe continuity of supply from the customer's point of view. On the contrary, 

the fact that both LoLE (as the equivalent of LoLP) and SAIDI are expressed in 

terms of duration ( hours or minutes) per year may lead to misunderstandings, 

because while SAIDI refers to the probability of involuntary interruption from the 

point of view of each individual customer, LoLP and LoLE describe the probability 

that some consumer will involuntarily not be supplied.  

In the following, we will consider the specification of a n indicator  that describes 

the security of supply from the customer's point of view and is comparable to the 

(disturbance related) SAIDI.19  

                                                                                                 

19 Depending on the application, SAIDI, which is related to continuity of supply, can include other supply in-

terruptions in addition to interruptions caused by faults. For the sake of simplicity, the term "disturbance-

related" will be used in the following (only) to distinguish the SAIDI indicator related to continuity of supply 

from effects caused by security of supply on the electricity market. 
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Determination of SAIDI in relation to continuity of supply  

The SAIDI in terms of continuity  of supply is the probability that a customer con-

nection will be affected by an involuntary supply interruption due to grid-related 

reasons. In the vast majority of  practical cases, this relates to disturbances in the 

distribution networks. Therefore, the term òdisturbance related SAIDIó will be used 

in the following . In order to determine the SAIDI, the scope of each failure event 

is recorded in terms of its duration an, in principle, in terns of the capacity of the 

affected customers. For practical reasons, the capacity affected is approximated 

at the low-voltage level by the number of customers affected, and at the medium -

voltage level by the installed capacity of the high/medium  voltage transformers 

affected. The extent of the failure (product of duration on the one hand and ca-

pacity or number of customers on the other) is aggregated over all the failures of 

a year and related to the corresponding popula tion (total capacity multiplied by 

duration of the year for the medium voltage and total number of customers for 

the low voltage level, respectively). 

On closer inspection, SAIDI can therefore be interpreted as a proportion of en-

ergy, i.e. the ratio of interrupted energy to total energy supplied. Only for practical 

reasons certain approximations are made:  In the medium voltage level the sup-

plied and the interrupted  energy are approximated by the deliverable and non-

deliverable energy (product of installed capacity and time), respectively. In the 

low voltage level, the approximation is made by using the unit "number of cus-

tomers", i.e. the assumption of identical demand behaviour of all customers. 

In Germany the disturbance related SAIDI has in recent years been between 12 

and 15 minutes/year per consumer. 

One consequence of the abstract nature of SAIDI is that it is by no means com-

parable with concrete events that actually occur. A SAIDI level of about 15 

minutes/year per consumer in Germany does not mean that every single cus-

tomer has to expect an interruption of his power supply for about 15 minutes 

each year. Rather, in individual cases supply interruptions of significantly longer 
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duration can occur, depending on the cause. However, because this only affects 

a small group of customers and many other customers may not experience a sup-

ply interruption for a whole  year or longer, the SAIDI as an average value is only 

in the range of minutes. 

Indicator for the electricity market contribution to  SAIDI 

It is clear that a parameter comparable with the well -known SAIDI to describe the 

security of supply on the electricity market from the customer's point of view (in 

short, electricity market SAIDI) should also be based on the calculation of an en-

ergy share. 

The already established parameter EENS serves as nominator , i.e. as a counterpart 

to the interrupted power in the determination of the disturbance related SAIDI 

(which, as explained above, is approximated in terms of energy in practice). From 

the customer's point of view, EENS has the same significance as disturbance re-

lated downtime ; only the causes that lead to the interruption of supply differ. 

The specification of the population relevant for the electricity market SAIDI, i.e. 

the denominator in the calculation, requires further consideration.  

Only inflexible customers and customers whose willingness to pay is higher than 

the price limit at which the shutdown takes place are affected by an involuntary 

shutdown due to the electricity market. This also applies if, as is usually the case, 

the shutdown concept of a network operator provides for the temporary shut-

down of an entire network district if necessary. This is because some of the flexible 

customers connected there already voluntarily renounce the utilisation  of elec-

tricity in the assumed situation due to the increased electricity price, even before 

the disconnection by the grid operator. The basic population to be used for the 
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electricity market contribution to  the SAIDI can be calculated within the frame-

work of the SoS analysis by subtracting the annual integral of the potential for 

voluntary load reduction from the annual energy consumption of all customers.20 

The electricity market contribution to  the SAIDI in a bidding zone is thus calcu-

lated by dividing the EENS by the annual energy consumption  less the annual 

integral of the voluntary load reduction potential considered in the SoS valuation. 

Interpretation and significance of the electricity market contribution to  SAIDI 

Due to the basically analogous calculation rule, the electricity market contribution 

to the SAIDI proposed here is directly comparable with the disturbance related 

SAIDI. This makes it possible to compare the consequences of electricity market 

related shutdowns from the customer's point of view with the level of non -avail-

ability of the electricity supply, which occurs and is accepted due to grid failures.  

                                                                                                 

 20 Against the limitation of the population to the custo mers actually affected, it could be argued that all cus-

tomers (or the aggregated capacity) are counted when determining the SAIDI in terms of continuity of 

supply, even though there are customers in the affected network area who are not themselves affected in 

the event of disconnection caused by a failure. It is these customers who have secured themselves with 

emergency power generators. 

      However, this "inaccuracy" does not only affect the nominator , but also the denominator of the SAIDI cal-

culation. Ignoring the customers protected from supply interrruptions therefore corresponds to the not 

implausible assumption that the share of these customers is evenly distributed regionally and therefore has 

no systematic effect on the SAIDI value. 

      By contrast, If, when calculating the electricity market contribution to  the SAIDI, the flexible customers not 

affected by a shutdown due to the  electricity market were taken into account, then only the denominator, 

i.e. the population, would be affected. This is because the nominator , i.e. the extent of the SoS related shut-

down (EENS), must always correspond to the extent of the load excess. The more flexible customers in a 

region decide to not abstain from utilizing electricity before the grid operator switches off, the larger (in the 

grid topological sense) the shutdown area must be in order to achieve the required physical effect of the 

shutdown. Therefore, the inclusion of all flexible customers in the calculation of the electricity market con-

tribution to  SAIDI would lead to a systematic reduction of the calculation result. This effect would also be 

considerable in terms of its amount, because the share of flexible customers (who are not affected by elec-

tricity market  related shutdowns) in the total collective is significantly higher than the share of customers 

with emergency power generators (who are not affected by grid related inter ruptions), because the flexibility 

related to security of supply can also be implemented without technical equipment , namely by foregoing 

consumption. 
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A numerical example: Assuming an annual electricity consumption in Germany of 

525 TWh and a load flexibility potential of 25 TWh (equivalent to approx. 3 GW)21,  

the relevant annual consumption is 500 TWh. Assuming an EENS value of 

1 GWh/a, for example, this results in an electricity market-related SAIDI of 

1.05 min/a.22 

As with the disturbance related SAIDI, the electricity market contribution to  SAIDI 

must not be misunderstood as an effect on each customer but must  be under-

stood as the probability of  an involuntary interruption from  the point of view of 

each individual customer in the sense of an average level of impact, whereby in-

terruptions can be longer or shorter for individual customers.23 

It should also be emphasized that the electricity market contribution to  SAIDI 

presented here is purely informative in  nature and is not suitable for comparison 

with an SoS standard.24 

2.2.3 Contribution of imports  to security of supply  

In chapter 1 it has already been stated that, in view of the internal electricity mar-

ket, an analysis of security of supply on the electricity market must be carried out 

at an international , i.e. European level. Accordingly, pursuant to article 51(3) 

EnWG, cross-border balancing effects must be considered when monitoring se-

curity of supply. 

                                                                                                 

 21 Since it can be assumed that in the few periods in which there would be an SoS-related reduction in demand, 

the potential for load reduction would always be activ ated, its availability is estimated at 8760 h/a in this 

rough assessment. 

22  Calculation: 1 GWh/a : 500,000 GWh/a * 8760 h/a * 60 min/h = 1.05 min/a 

23 With usual shutdown concepts, only a small proportion of all customers would experience (rolling) shut-

downs at all, which would then take significantly longer than just a few minutes. A refinement of the shut-

down concept would have no impact on the electricity market contribution to SAIDI.  

24 Due to the fact that, in order to ensure comparability with the disturbance related SAIDI, it is based on the 

EENS and thus on an energetic parameter, the electricity market SAIDI, like EENS (see section 2.2.1), is not 

suitable for comparison with an SoS standard. 
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Yet, the legislator also requires (in article 63(2) EnWG) that the monitoring report 

on security of supply should include a description of " the extent to which imports 

contribute to ensuring security of supply in Germany". The contribution of imports 

to security of supply constitutes the effective use of cross-border balancing ef-

fects. It therefore provides important additional information  (similar to the EENS 

or SAIDI contribution) to interpret  the SoS level, which is described primarily by 

the LoLP indicator . 

The contribution of imports to security of supply must not be equated with im-

ports that are observed in real terms or expected in the future. The latter result 

from the economic ratio nale of the market participants. In simple terms, under 

ideal market conditions and within the limits of the possibilities offered by cross -

border exchange capacities, the most cost-effective generation plants are always 

dispatched. This regularly leads to imports, although domestic generation facili-

ties or other flexibility options are still available - albeit at higher costs. For the 

SoS analysis, by contrast, the extent to which an import is necessary in order to 

prevent a load excess or reduce its extent is decisive. Our two-stage model ap-

proach enables us to make this differentiation and explicitly determine the im-

ports required to ensure security of supply. Details can be found in section 3.3.6. 

2.3 Derivation of a security of supply standard  

2.3.1 SoS-Standard as equilibrium condition  

The function of an SoS standard is to provide a threshold against which an elec-

tricity supply system can be tested for an adequate level of security of supply. 

Specifically, article 51(4) of the EnWG stipulates this (unofficial translation): 

"Monitoring [...] shall include the measurement and assessment of security of sup-

ply. The monitoring takes place on the basis of 

1. indicators suitable for measuring security of supply on the European elec-

tricity markets with an impact on the territory of the Federal Republic of 

Germany as part of the internal electricity market, and  
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2. thresholds above or below which appropriate measures to ensure security 

of supply are examined and, if necessary, taken. " 

In section 2.2.1 the LoLP indicator (probability of load excess) was identified as a 

suitable indicator for formulating a n SoS standard. 

A threshold value for the LoLP indicator  can be successfully derived via an eco-

nomic approach: The efficient level of supply security can be formulated as a state 

of equilibrium in terms of costs and benefits from an economic point of view 

(from the consumer perspective). It is not economically efficient if  additional ca-

pacities are only made available for very rare cases. In other words, it is econom-

ically efficient if  a small part of the load cannot be covered for a short period of 

time, i.e. in rare cases, while most consumers continue to be supplied. For it is 

immediately obvious that with increasing SoS levels, any further investment in 

capacities on the electricity market will yield an ever smaller additional benefit (in 

the form of avoided disconnection of consumers).  

The SoS standard (threshold value within the meaning of section 51(4)(2) of the 

EnWG) is defined as a state of equilibrium in terms of costs and benefits from an 

economic point of vi ew in such a way that the benefits lost through the involun-

tary disconnection of consumers are the same as the costs that would be incurred 

to avoid this disconnection.  

The costs to be taken into account here are those for the construction of an ad-

ditiona l generation plant of the most cost-effective technology (Cost of New En-

try, CoNE).25 Their benefit results from the expected utilisation - i.e. the probability  

for which their use can be expected in order to prevent consumption shutdowns  

- weighted with th e willingness to pay of the affected consumers (Value of Lost 

Load, VoLL). If the willingness to pay and the costs are known, one can determine 

the utilisation ratio  for which the balance described above applies: 

                                                                                                 

25  More detailed explanations can be found in section 2.3.3.  
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 ὒέὒὖ  (2.1) 

╛▫╛╟ (pronounced as "LoLP ceiling") describes the threshold value for the load 

excess probability  as an SoS standard. In a sustainable market design, this thresh-

old should be met by balancing supply and demand on electricity markets. The 

test to determine whether this is the case is therefore carried out by comparing 

the threshold value determined - in accordance with the equilibrium state de-

scribed - for the LoLP indicator  with a calculated LoLP value which indicates the 

probability that the remaining power on the electricity market is less than zero.  

If the threshold value of the system under review is exceeded for a future year, 

this is an indication that an economically efficient investment has not been made. 

That means, that in the current market environment, the professional players in 

the electricity supply sector have not recognised the economic viability of such 

an investment or, in any event, have not exploited it. This would entail the exam-

ination of measures provided for in section 51(4)(2) of the EnWG, in particular, 

the examination of remaining barriers and misguided incentives and the exami-

nation of whether a subsequent 'easing' is expected as a result of market adjust-

ment processes.   

From an economic point of view, this examination reservation for a later "easing" 

is also expedient because the equilibrium state described above is of a theoretical 

nature. Real markets never actually find themselves in a steady equilibrium be-

cause they are constantly reacting to new information and changes. Rather, a 

functioning market i s characterised by the fact that it always tends towards such 

an equlibrium . Exceeding a threshold value determined on the basis of the equi-

librium principle  described above may result either from market imperfection af-

fecting security of supply (e.g. barriers and misincentives in market and regulatory 

design) or from dynamic adjustment processes in the market ("easing" of transi-

tory oscillations). Any exceedance of the LoLP threshold value resulting from such 

market imperfections, which can lead to market failure, may require countermeas-

ures to be taken, such as the removal of barriers and misleading incentives in 
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market and regulatory design or even the transitional introduction of a capacity 

mechanism. For this reason, the SoS monitoring looks more than t en years into 

the future, to provide  sufficient time for reaction possibilities. If, by contrast, the 

assessment shows that the LoLP threshold is exceeded due to dynamic adjust-

ment processes in the market, it can be expected that the reaction of the market 

will soon bring the electricity supply system back to a state where the LoLP is 

below the threshold. 

2.3.2 Value of Lost Load  

In accordance with the mandate of this study, conceptual considerations for the 

determination of an appropriate value of the Value of Lost Load (VoLL) for the 

assessment of supply security in Germany are carried out within the framework 

of this study, and a literature search is carried out with regard to available numer-

ical values. Own original - for example empirical - analyses to determine the VoLL, 

however, are not the subject of this study. 

Conceptual considerations 

The key question for assessing security of supply is: if there were scarcity-related 

disconnections, would this correspond to the preference of disconnected cus-

tomers, or would they have been willing to pay  more for additional capacity to 

prevent their disconnection?  

Some of the customers are flexible in the sense that they can express their price 

preference - i.e. the price threshold above which they would be willing to be 

switched off - on a market basis. A necessary prerequisite for achieving flexibility 

in this sense is the possibility of billing the energy supply according to the actual 

supply profile, which requires a load profile meter or a smart meter.  

This is to be distinguished from so-called inflexible customers with delivery ac-

cording to standard load profiles, i.e. households and some commercial custom-
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ers. Since they cannot express their preference on a market basis, it must be de-

termined externally. The indicator  to describe this preference or willingness to pay 

is VoLL and is expressed in the unit û/MWh. 

The fact that the VoLL of these inflexible customers is decisive for the definition 

of the SoS standard can be demonstrated by looking at the order in which the 

various customer groups are switched off when prices rise. First of all, it is im-

portant to recognise that (technically) flexible customers have a wide range of 

VoLL levels (Figure 2-3). There is both a significant capacity of flexible customers 

whose VoLL are below the technical price limit of the electricity market and a 

significant share with a VoLL above that limit. 

FIGURE 2-3: ESTIMATION OF THE DISTRIBUTION OF THE VOLL OF THE TECHNICALLY AVAILA-

BLE LOAD REDUCTION POTENTIALS OF INDUSTRY IN GERMANY (BASE YEAR 2011) 

 

Source: Internal calculations r2b energy consulting (see section 4.4.2) 

In a simplified presentation, inflexible customers can be divided into two groups 

based on their VoLL, one below and one above the technical price limit . Flexible 
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and inflexible customers are therefore mixed in terms of their VoLL (left-hand side 

of Figure 2-4).26 

FIGURE 2-4: SEQUENCE OF FORGOING RESPECTIVELY DICSONNECTION OF POWER SUPPLY 

  

Source: Own Diagram. 

When the price gradually increases, the flexible customers with a VoLL below the 

technical price limit  (groups 1 and 2 in Figure 2-4) would first voluntarily renounce 

their supply. The inflexible customers with moderate VoLL (below the technical 

price limit) would initially be skipped. If the technical price limit were reached 

without  a complete balancing of supply and demand, involuntary shutdowns 

would have to take place. In the case of a favourable shutdown strategy (dis-

cussed below), this would primarily affect inflexible customers with moderate 

VoLL (group 3 in Figure 2-4). However, due to the unavoidable roughness of shut-

downs processes, group 427 customers could also be affected.28 

                                                                                                 

26 In fact, all customer groups are so heterogeneous that there is a greater mix. For the fundamental consid-

erations made here, the simplified assumption of separated groups allows a simpler representation without 

limiting the general validity.  

27 It should be noted that customers with emergency power systems (EPS) are not included  in group 4 because 

they secure their very high VoLL through their EPS and are therefore not affected by shutdown . 

 28 This shows a certain dilemma in setting the technical price limit: an increase in the price limit would allow 

further  group 4 customers to express their willingness to pay on the market, so that inflexible customers 

would only be switched off later or less frequently. On the other hand, group 3 customers would then be 

supplied more frequently at high prices above their VoLL. However, it is by no means the case that the price 
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A single explicit level of the VoLL of inflexible customers is eventually required to 

fix the SoS standard in accordance with equation (2.1). Due to the heterogeneity 

of the customer collectives, the shutdown situations and other relevant boundary 

conditions, however, a differentiated consideration is necessary in order to deter-

mine or select the appropriate VoLL for the problem. The following aspects are of 

particular importance: 

¶ What is the situation from th e customer's point of view? 

¶ What's the duration of the shutdown?  

¶ Would the shutdown be announced or not? 

¶ Which customer group (within the group of inflexible customers) would 

be specifically affected? 

Based on the situation that an inflexible consumer is normally free to choose his 

current electricity consumption at any time and that this is questioned in the con-

text of surveys to determine the VoLL, it is possible to determine their willingness 

to pay in two "directions". On the one hand, the willingness of the consumer to 

pay in order to avoid a shutdown can be considered, i.e. the willingness of the 

consumer to pay for his supply to be maintained . This is called Willingness-to-

pay (WTP).  On the other hand, one can consider how high the compensation 

payment to the consumer would have to be in order to (temporarily) forego his 

electricity consumption. This is known as the Willingness-to-accept (WTA). Ra-

tionally, WTA and WTP should be the same or similar. However, psychological 

aspects also play a role in the practical estimation of VoLL values by means of 

                                                                                                 

limit should therefore be equal to the VoLL of the inflexible customer s - because "the VoLL" does not exist 

in this sharpness but is always the average of a customer collective with various VoLL levels. If the price limit 

was set at this average, about half of the inflexible customers would be switched off even though they would 

be willing to pay  more. 
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surveys, for example because the interviewees consider the reduction of an ac-

customed service to be graver than ensuring its continuity 29 or because a strate-

gic behaviour of the interviewees cannot be ruled out 30. 

Technically, the involuntary disconnection of consumers would be carried out by 

the network operators. The shutdown strategy pursued would have an influence 

on the effective VoLL. In principle, every consumer or consumer group has an 

individual VoLL. Since a shortfall that would lead to involuntary disconnection 

would only affect a small part of the demand capacity (see also section 2.4), only 

a small part of consumers would be disconnected. In conjunction with the heter-

ogeneity of consumers, the concretisation of a shutdown strategy thus has con-

sequences for the effective VoLL.  This holds irrespectively of the fact that  discon-

nections induced by load excess are very rare and the majority of consumers 

would continue to be supplied . From an economic point of view, the lower the 

average VoLL of switched-off consumers, the more favourable it is. 

There are degrees of freedom in the design of shutdown strategies which can be 

used in the light  of the above considerations. Practical manageability is an im-

portant boundary condition, since the physical effectiveness of the shutdown is, 

of course, the most important factor in maintaining system stability in the event 

of a load excess. 

From the customersõ point of view (at least from the point of  view of the house-

hold and commercial customers without meteres load profiles,  that are in the 

focus here), the aim should be an as short as possible duration of disconnection . 

If the shutdown time required from the system point of view were longer, this 

could be achieved by a rolling shutdown, so that a larger number of customers 

would be switched off with a shorter individual shutdown time. In this way, high 

                                                                                                 

29 London Economics (2013), p. xii 

 30 AF Mercados, E-Bridge, REF-E (2016), p. 50 



 

 

r2b energy consulting GmbH / Consentec GmbH / Fraunhofer ISI / TEP Energy GmbH   33 

 

damage such as freezing of the heating system or spoilage of refrigerated food 

could be prevented. 

It would be possible to announce the shutdown or at least a high probability of it 

because the risk of a shortfall would be known at least a few hours in advance. 

From the consumer's point of view, the consequence of an announced shutdown 

would be less serious than that of an unannounced shutdown. However, the an-

nouncement may also weaken the effect of the shutdown due to avoidance and 

anticipatory effects. This would make it more difficult to forecast the impact of 

the shutdown and could require an extension of the shutdown perimeter. 

Finally, the degree of selectivity of the shutdown is also a relevant degree of free-

dom. The smaller the shutdown areas, the more accurate it would be to select 

consumer groups with low average VoLL. However, selectivity is associated with 

effort on the pa rt of the network operators. This obviously applies when a network 

level limit is exceeded. If, for example, the disconnection would be performed in 

medium-voltage grid instead of the high-voltage or even extra-high voltage grid, 

residential areas could be more precisely separated from commercial consumers, 

for example, who usually have different VoLL levels. However, this would not only 

require coordination (cascading) of the shutdown process across network opera-

tor boundaries but would also require considerably more individual switching op-

erations in order to achieve the same shutdown capacity. This shows that in the 

concretisation of shutdown strategies, a balance must be struck between the goal 

of a low effective VoLL and the manageability and certain effectiveness of the 

shutdown. Other criteria such as fairness can also play a role. 

In summary, the above considerations show that the relevant VoLL for the SoS 

analysis and the derivation of an SoS standard is the VoLL of the inflexible con-

sumers who are involuntarily switched off if necessary. Both the specific consum-

ers and their effective VoLL can be influenced by the shutdown strategy. Thus, the 

VoLL relevant for the SoS standard does neither correspond to the average of all 

consumers nor to that of all inflexible consumers. 
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Taking these findings into account, the next subsection provides an overview of 

the relevant literature and particularly the numerical values for the VoLL given 

therein. 

Literature overview 

Extensive literature exists on the subject of VoLL. Metastudies deal with double-

digit numbers of more detailed studies. It is therefore not possible to create a 

complete overview. However, this is not necessary either, since the qualitative and 

quantitative range of the available VoLL estimates can already be represented on 

the basis of some typical sources that are particularly relevant to the issue at hand. 

The study "Identification of Appropriate Generation and System Adequacy Stand-

ards for the Internal Electricity Market",31 commissioned by the EU Commission, 

deals explicitly and comprehensively with this topic. The authors recommend us-

ing the WTP approach (in contrast to WTA, see above) for the estimation of the 

VoLL. In addition to conceptual considerations, the study also includes an evalu-

ation of VoLL values for a number of countries. It should be noted, however, that 

some values are derived from historical blackouts (i.e. grid-related power outages 

that occurred as unselective, unannounced and comparatively long-lasting shut-

downs). These were thus much more serious events than the involuntary  discon-

nections of a small proportion of consumers, which are relevant to the security of 

electricity supply and which would be announced and, if a rolling disconnection 

concept were adopted, would be of short duration for individual consumers. 

These values for the VoLL therefore tend to be overestimated with regard to the 

application relevant here.  

The values reported as "current values in Europe" for 10 European countries range 

from 200 to 68,000 û/MWh. The methodological approaches, as far as shown, 

differ widely. It can therefore be assumed that the size of the range is more due 

                                                                                                 

31 AF Mercados, E-Bridge, REF-E (2016) 
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to methodological differences than to actual differences in willingness to pay be-

tween countries. Where the WTP approach recommended for the SoS analysis is 

used, the values tend to be low, although some of the cited sources also combine 

several approaches. 

For the introduction of the capacity market in Great Britain, an SoS standard was 

defined which is also based on a provision of the VoLL.32 An average of several 

consumer groups was formed and ultimately a value of almost 17,000 GBP/MWh, 

i.e. the equivalent of approx. 20,000 û/MWh, was assumed. However, this value is 

based on the WTA approach, and the underlying report33 also shows WTP-based 

values that are significantly lower. Otherwise, a weighted WTP-based VoLL of ap-

prox. 5,800 GBP/MWh, i.e. approx. 6,800 û/MWh, would result from the same pro-

cedure. In contrast to the authors of the above -mentioned EU study, however, the 

British experts support the WTA approach with reference to the so-called "own-

ership effect"34. 

In a recently published study commissioned by ACER,35 WTA-based VoLL values 

are determined for all EU member states. The results for households are pre-

sented separately by country group to take account of differences in wealth. But 

even for the limited group of countries  of Western Europe, in which Germany is 

located, the VoLL values show a considerable range of approx. 7,000 to 23,000 

û/MWh (Germany 12,400 û/MWh). The range of results for commercial and in-

dustrial consumers - not broken down by country but by sector - is even wider. 

There are large bandwidths within the industries , but the individual parameters 

(e.g. medians) also differ greatly between the industries. The entire spectrum of 

                                                                                                 

32  Department of Energy & Climate Change (2013) 

33 London Economics (2013) 

34  Cf. London Economics (2013), p. xii: òPsychologically, the loss from giving something up feels greater than 

the gain from keeping it and avoiding the loss, and thus WTA is often empirically greater than WTPó 

35  CEPA (2018) 
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commercial and industrial consumers ranges from almost zero to 

120,000 û/MWh. The medians of the sectors are predominantly between approx. 

200 and 5,000 û/MWh with one exception of almost 20,000 û/MWh.  

A recent study by the Energy Institute of the University of Linz36 deals primarily 

with the question of a temperature dependence of the VoL L in order to quantify 

its change due to climate change. WTP-based VoLL values are determined for 19 

EU countries. The study differentiates between local shutdowns (i.e. the scenario 

relevant for the SoS analysis) and nationwide (network-related) blackouts. The 

documented data allow a conversion of the WTP for local shutdowns into the 

usual unit û/MWh. The results are between 0(!) and 1,800 û/MWh. Again, the dif-

ferences between countries appear to be greater than could be expected for ob-

vious reasons (e.g. level of prosperity). 

Derivation of a VoLL for the SoS standard in Germany 

Even the evaluation of only a few (meta-)studies results in a very wide range of 

the VoLL level. In some cases, the values given for the same countries are very 

different, and some differences between countries are so great that they appear 

to be caused rather by the diversity of the approaches used or the sources eval-

uated than by fundamental reasons. 

As was worked out at the beginning of this section, the effective VoLL in terms of 

security of supply on the electricity market can be influenced by several factors. 

This includes the distinction between consumersõ views, i.e. between WTP and 

WTA. In the opinion of the experts, the  WTP value is more compatible with the 

concept described above for defining an SoS standard, analogous to the recom-

mendation in AF Mercados, E-Bridge, REF-E (2016). For this concept is based pre-

cisely on a hypothetical state of equilibrium based on rational preferences,  

                                                                                                 

36  Cohen, Moeltner, Reichl, & Schmidthaler (2017) 
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whereas the high WTA values are explained precisely by the absence of such ra-

tional preferences.  

In addition, selective, announced, short shutdowns tend to be more relevant to 

the issue at hand than long-range, unannounced, long-lasting shutdowns. How-

ever, not all sources allow for appropriate differentiation or filtering of the speci-

fied VoLL values. 

Therefore, even after accounting for  the qualitative differences, i.e. the evaluation 

bases and methods behind the respective sources, insofar as these are docu-

mented, a considerable bandwidth in the order of approx. 500 -15,000 û/MWh 

remains. 

A certain asymmetry of consideration is justified in the decision on an individual 

VoLL value as the basis for the SoS standard for Germany, which is necessary for 

procedural reasons. A VoLL set too low would result in an unjustifiably high 

threshold according to equation ( 2.1) ὒέὒὖ. This would be accompanied by the 

risk that a higher loss of benefit would actually occur as a result of involuntary 

shutdowns, without the necessity of an examination of countermeasures pursuant 

to section 51(4)(2) EnWG being recognised beforehand. In connection with the 

fact that the SoS standard constitutes an examination threshold rather than an 

implementation threshold for measures, the tendency should be to avoid under-

estimating the VoLL. This applies, however, notwithstanding the above explana-

tions on general possibilities to influence the VoLL in downwards direction . 

As a result of the conceptual analysis and literature-based quantitative research, 

we propose that a VoLL of 10,000 û/MWh be applied. The fact that this is a 

rounded numerical value also takes account of the vagueness, which is under-

pinned by the heterogeneity of the sources and would make a value with many 

valid digits appear pseudo-exact.  
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2.3.3 Cost of New Entry  

The SoS standard is to serve as a threshold value above which it must be checked 

if an economically efficient investment by professional players originally active in 

the electricity supply sector has not been made (see section 2.3.1). To determine 

this, the cost of such an investment must be specified in the form of the Cost of 

New Entry (CoNE). 

The SoS standard should be stable over time in order to establish an orientation 

aid that serves as a fixed framework for assessing security of supply over a signif-

icant period of time (at least several years). 

When assessing the security of supply for scenarios of future years, the SoS stand-

ard must also be consistent with the assumptions on which the scenarios are 

based.  

As mentioned above, the examination and, if necessary, implementation of coun-

termeasures pursuant to article 51(4), sentence 2, EnWG, such as the removal of 

barriers and misguided incentives in market and regulatory design or even the 

transitional introduction of a capacity mec hanism, is appropriate if in the longer 

term, new generation facilities are not installed to a sufficient extent by players 

originally active in electricity supply, even though such facilities would be eco-

nomically efficient.  

This requires a threshold value as a yardstick, which is derived from the CoNE 

level of the most cost-effective generation technology, which is available indefi-

nitely (and is modelled accordingly in the endogenous electricity market simula-

tion  for generating the scenario). An SoS standard determined on this basis is 

stable over time and, as will be shown in section 2.3.4, supports the common 

international understanding of SoS evaluation in the sense of article 51(4) sen-

tence 4. 

Cost-effective new generation in the sense of the CoNE is characterised by low 

fixed unit costs, as very short operating times can be assumed. For this purpose, 
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open-cycle gas turbines (OCGT) and (reciprocating) engine power plants can be 

considered. The following table compares the fixed annuity costs of these two 

technologies and the relevant parameters for their determination. The parameters 

were determined and adjusted in extensive research during the parameterization 

of the electricity market simulations (see chapter 4). 

TABLE 2-1: DETERMINATION OF FIXED COSTS FOR OCGT AND ENGINE POWER PLANTS 

  

Source: Own calculations r2b inter alia based on: BEIS (2016, LeighFisher Ltd. (2016), Parsons Brinckerhoff (2013). 

The fixed costs for both technologies are at a similar level slightly above 

50 û/kW/a. In view of the inherent uncertainties, the rounded value of 50 û/kW/a 

is used for the following definition of the SoS standard. 

2.3.4 Quantitative definition of the SoS standard  

From the levels of VoLL and CoNE derived in the previous sections, a threshold 

value for the load excess probability LoLP can be derived as SoS standard for 

Germany of 

 ὒέὒὖ
ȟ  ΌȾ Ⱦ

ȟ  ΌȾ

ȟ  ΌȾ Ⱦ

ȟ  ΌȾ
πȢπφ Ϸ (2.2) 

The rounding of ὒέὒὖ is appropriate in the  sense of a manageable yardstick due 

to the uncertainties involved. 

The threshold ὒέὒὖ of 0.06 % corresponds to a load balancing probability of 

99.94 %. From a consumer perspective, it corresponds to an electricity market 

Parameter Unit OCGT
Engine Power 

Plant

Invest costs (Overall costs without 

interest during construction)
ú2016 / kWel 410 390

Construction period a 2,0 0,5

Interest during construction ú2016 / kWel 31 7

Invest costs (Overall costs incl. interest 

during construction)
ú2016 / kWel 441 397

Fixed operating costs ú2016 / kWel p.a. 9,4 6,0

Technical lifetime years 20 15

Interest rate (real) % 7,5 7,5

Annualized  Invest costs* ú / kWel 43 45

Annualized  Invest costs* and fixed 

operating costs
ú / kWel 53 51

*Assuption: Continous payment during construction period.
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SAIDI (probability of involunt ary interruption from a customer's point of view) of 

around 5-10 minutes per year (see also section 2.4). 

The threshold derived here is similar in size to standards established abroad (e.g. 

equivalent to 37 0.03 % in Belgium and France, 0.05 % in the Netherlands, 0.09 % 

in Ireland). This is an indication of the similarity of the underlying premises and 

thus supports the common international understanding of the SoS evaluation in 

the sense of article 51(4) sentence 4 EnWG. In addition, it makes it easier to relate 

the results of an SoS analysis, i.e. calculated LoLP values, to those of existing stud-

ies.  

2.4 Interpretation of the security of supply level  

In order to be able to put into perspective  the numerical value of the SoS standard 

derived in the previous section or also a certain concretely determined SoS level, 

it is important to bear in mind the practical  significance or the consequences of 

these rather abstract numerical values. 

An involuntary disconnection due to a lack of balance between supply and de-

mand on the electricity market  means that only a small proportion of consumers 

would be left unsupplied for a short period  (while the vast majority of  consumers 

would continue to be supplied) 38. This would mainly affect "inflexible" consumers, 

who would not be able to voluntarily forego their electricity consumption before-

hand, even though the very high electricity price in such situations exceeds their 

willingness to pay.  

This will be illustrated in the follow ing example: If, for example, with a current load 

of 80 GW in Germany, a deficit of 2 GW per hour were to occur, 2.5 % of demand 

                                                                                                 

37    These standards are specified in the LoLE parameter, which is equivalent to LoLP, see footnote 14. 

38 The concrete impact on the individual consumer in the sense of the duration of his individual shutdown can 

be significantly shorter than the phase during which the shutdowns last , by applying rolling shutdown con-

cepts. 
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for that one hour could not be met, but the remaining 97 .5 % could very well be 

met.  

In order to assess what an SoS standard means from a consumer perspective, the 

electricity market contribution to  the SAIDI according to section 2.2.2 can be used. 

This makes it possible to convert the standard approximately into an average ef-

fect per customer. If no reserves were held outside the electricity market, a LoLP 

of 0.06 % (corresponding to a load balancing probability of 99.94 %) would mean 

that an involuntary shutdown would occur per consumer for an average of about 

5 to 10 minutes39 per year - because it would be too expensive from the point of 

view of the average consumer to prevent this shutdown. By way of comparison, 

supply interruptions due to network failures in recent years in Germany have been 

between 12 and 15 minutes/year per consumer (SAIDI). 

The actual effect of a LoLP at the level of the SoS standard would be even less 

than an average involuntary shutdown of about 5 to 10 minutes per year per 

consumer, because not every unmet demand on the electricity market necessarily 

leads to involuntary shutdowns by consumers. This is because the SoS standard 

refers to market processes. In Germany, however, a reserve will be specifically 

introduced which will  be used in the absence of market clearance (capacity re-

serve of initially 2 GW). In addition, there are further reserves that can be used in 

the absence of market clearance depending on the situation, such as a contrac-

tually secured shutdown of large customers, insofar as this protection is primarily 

for grid reasons and therefore outside the market. Before switching off consum-

ers, TSOs would also check whether further emergency measures are available, 

for example in the form of temporary cross-border assistance through activation 

                                                                                                 

 39 Based on the assumption that the EENS is in the range of 1-2 GWh per hour with loss of load. This corre-

sponds to the range of our simulation results for countries with LoLP > 0 (see sections 5 5 6) and also the 

results of the SoS analyses of the European TSOs are predominantly within this range. (ENTSO-E, 2017) 

(Pentalateral Energy Forum Support Group 2, 2018). 
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of foreign reserves. As a result of these additional measures, the involuntary dis-

connection of inflexible consumers can in practice be reduced or even prevented 

altogether.40 

2.5 Interim conclusion  

In this chapter it was worked out that among the various possible parameters 

with which the security of supply on the electricity market can be characterised, 

the load excess probability (or loss of load probability , LoLP) is best suited for the 

formulation of an SoS standard. Further indicators are helpful as a flanking meas-

ure to contribute to the interpretation  of a determined SoS level. 

On the basis of conceptual analyses and literature research, a threshold value for 

the load excess probabil ity is defined as the SoS standard for Germany in the 

amount of ὒέὒὖ = 0.06 %, which corresponds to a load balancing probability of 

99.94 %. From a consumer perspective, it corresponds to an electricity market 

SAIDI (probability of involuntary interruption from a customer's point of view) of 

approximately 5-10 minutes per year.  

The threshold value is an acceptable value in the sense of a manageable yardstick 

and also because it is within the internationally customary range. Nevertheless, it 

is subject to unavoidable uncertainty , especially due to the uncertainty of  the 

Value of Lost Load (VoLL) to be applied for its determination. 

                                                                                                 

40 In the above example of a deficit of 2 GW on the electricity market, thiis would not be noticeable to con-

sumers simply because of the capacity reserve. 
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3 Methodical approach  

In addition to monitoring security of supply itself, a central objective of this pro-

ject is to increase the validity of quantitative analyses of security of supply under 

the current and future framework conditions and developments in the power sup-

ply system by methodological further developmen t of the model instruments 

used. One challenge was to further develop previous approaches of forecasting 

the development of the European electricity market system as well as quantitative 

models for the SoS analysis by relevant aspects and, at the same time, to link 

them consistently with each other. Besides other modelling aspects, we have im-

plemented stochastic aspects, such as the simultaneous mapping of several 

weather /  water and load years as well as different realisations of the hourly avail-

able power plant park (unplanned power plant outages) in the models at a higher 

level of detail compared to previous analyses. This ensures, among other things, 

consistent consideration of balancing effects and uncertainties across models. 

In the following sections, first the two -stage overarching methodological ap-

proach is presented (see section 3.1). Then the methodology for the dynamic 

electricity market simulations (see section 3.2) and the probabilistic supply secu-

rity analyses (see section 3.3) are explained in detail. 

3.1 Comprehensive methodical approach  

Our methodical approach is based on the following two core questions of SoS 

monitoring:  

1. How will the European electricity supply system develop in the period un-

der review? 

2. Does this European electricity supply system ensure security of supply on 

the electricity market at an efficient level?  

The first question arises because SoS monitoring has to look many years into the 

future in ord er to have sufficient time for measures to ensure an appropriate SoS 
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level, depending on the results of the statutory audit mandate ( see section 2.3.1). 

To answer this question, one or more scenarios for the development of the power 

supply system must be derived. Based on this, the second question is to be an-

swered by determining the SoS level for the respective scenario and classifying 

and evaluating it by comparison with the defined SoS standard. 

In the context of the present study, the methodical approach of a consistent in-

tegrated modelling of the development of the electricity supply system in 15  Eu-

ropean countries by means of a dynamic electricity market model and a proba-

bilistic SoS analysis based on it was developed and applied against the back-

ground of the legal requirements of the EnWG in coordination with the BMWi 

and with the involvement of the Federal Network Agency and the German trans-

mission system operators. The consistent coupling of the two models is based on 

scientific enhancement to ensure consistency and a consistent combination of 

state-of-the-art analysis methods. 

Quantitative analyses for monitoring security of supply have so far been based 

on simulation models, which - based on exogenous scenarios, e.g. for the devel-

opment of  

¶ the installed capacity of controllable electricity generating plants,  

¶ the feed-in curves of electricity generation from intermittend or inflexible 

power generation plants,  

¶ the grid infrastructure (in its effect on the exchange capacity between bid-

ding zones), and  

¶ the demand for electricity (or hourly load) as well as  

¶ flexibility on the par t of consumers (DSM) -  

determine the probability of unavoidable rationing of consumers (frequency 

and /  or amount). Usually, an optimization approach is used, taking into account 
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different weather conditions with influences on RE feed-in and load as well as 

stochastic unplanned technical unavailabilities of power generation plants.41 

The scenarios for the above-mentioned parameters have so far generally been 

given exogenously, e.g. on the basis of expert assessments. Since the results of 

the subsequent probabilistic SoS analysis depend on the assumptions of the sce-

narios, a well-founded analysis to derive the scenarios is highly important  in order 

to be able to derive empirically reliable results. 

In 'ex post' analyses and in a foresighted analysis with a short time horizon, e.g. 

an outlook for the next year, statistical data, such as installed power plant capac-

ities taking into account in formation on plants under construction and an-

nounced shutdowns, can be used to a large extent. In the medium and longer 

term, however, such developments will increasingly depend on legal and eco-

nomic conditions and the resulting dynamic market adjustment p rocesses on the 

electricity market. How the development of legal and economic framework as-

sumptions affects the development of the electricity supply system is therefore 

usually determined in scientific policy advice by means of dynamic simulation 

models of the electricity market.42 

Corresponding simulations of the European electricity market are often based on 

deterministic dynamic market models that assume a competitive market with per-

fect foresight. A crucial weakness of such an approach is that uncertainties (sto-

chastics) and associated risks as well as regulatory framework conditions of the 

market design, e.g. capacity mechanisms, balancing groups and imbalance set-

tlement mechanisms, are not or only insufficiently taken into account.  

                                                                                                 

41 See eg. other security of supply analyses, such as ENTSO-E (2017a), Consentec / r2b (2015) and PLEF (2018). 

42 See eg. r2b (2014), Fraunhofer ISI et al. (2017), EWI / gws / Prognos (2010), Öko-Institut / Fraunhofer ISI 

(2015). 
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Within the framework  of this study, we have therefore, after a detailed examina-

tion of fundamental options and their technical feasibility, examined and further 

developed dynamic models for the European electricity market in order to  

¶ adequately map the decision-making situations of market players and 

(cost) risks by, among other things, approximating consideration of the 

balancing groups and imbalance settlement mechanism as well as capac-

ity mechanisms, and  

¶ model the stochastics (weather /  water /  load years and technical unavail-

ability of power generation plants) consistently to the simulation model 

for the probabilistic SoS analysis based on it. 

With the help of the appropriately adapted dynamic model for the European elec-

tricity market, we can thus (for the first time) pur sue a consistent, two-stage ap-

proach in the determination of relevant key figures for the assessment of the SoS 

level (see Figure 3-1). 
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FIGURE 3-1: SCHEMATIC ILLUSTRATION OF THE TWO-STAGE APPROACH 

 

Source: Own representation. 

When implementing this approach, we first carried out extensive preliminary anal-

yses and then derived a suitable set of assumptions based on these analyses. This 

consists of the quantitative assumptions (inputs and model configuration) for the 

simulation calculations, which are carried out with the European electricity market 

model of r2b energy consulting GmbH. The electricity market model simultane-

ously models both the divestment and investment decisions of the market players 

with rational expectations. The model output in the form of the future develop-

ment of the power supply system then forms the input data set for the probabil-

istic security of supply model (SoS model) of Consentec GmbH. The two models 

are consistently coupled and parameterized. The result of the SoS model essen-

tially consists of key figures for measuring the SoS level in relation to the future 

reporting years under consideration. 
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3.2 Methodology fo r Generating the Reference Scenario  

The methodology for generating the reference scenario is divided into extensive 

preliminary analyses on the one hand and quantitative simulation calculations 

using the European electricity market model on the other. The reference scenario 

is a best-guess scenario without  additional climate protection measures, which we 

have developed on the basis of comprehensive and detailed research within the 

framework of the preliminary analyses, a comparison with other studies and an 

exchange with other experts on relevant aspects. In this way, the framework con-

ditions, goals and current developments in Germany and Europe that exist in pre-

sent conditions are adequately mapped. There is only moderate room for ma-

noeuvre for the shorter deadline to achieve significantly different results in this 

approach - with the exception of additional energy policy measures, such as an 

additional climate protection measure in Germany, the effects of which we are 

examining in a sensitivity study (see Section 6.2). Foreseeable developments and 

such developments that are largely regulatory in nature have been exogenously 

specified for simulation calculations based on preliminary analyses. This concerns 

for example, the areas of installed renewable energy capacity, known construction 

and decommissioning plans for power plants, the development of CHP to main-

tain heating supply or the definition of requirements for the capacity markets 

abroad. Developments such as the further expansion and decommissioning of 

conventional power plants or the development of flexibility options, which are 

characterized by mechanisms of the electricity market or economic efficiency in 

the competitive market, were determined endogenously by simulating dynamic 

market adjustment reactions with  the European electricity market model. To this 

end, we have modelled the mechanisms of action of the electricity markets (mar-

ket design) and the penalisation of breaches of supply obligations, cross-border 

balancing effects and existing uncertainties, e.g. in the form of simultaneous con-

sideration of five weather, water and load years (as stochastics corresponding to 
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the years 2009 to 2013). Finally, the results were again checked for plausibility and 

compared with other studies in relevant areas. 

3.2.1 Prelimin ary Analyses 

As part of the preliminary analyses, we carried out comprehensive and detailed 

research into the framework assumptions and data basis, such as power plant 

data (see Section 4.2) or economic and technical parameters, and the framework 

conditions of the electricity markets. On the other hand, we have identified im-

portant developments, such as the development of electricity consumption ( see 

Section 4.5.1 and Appendix C), the hourly load structure (see Section 4.5.2 and 

Appendix E), heat consumption (see Section 4.2.3 hourly feed-in of intermittend  

renewable energies (see Sections 4.3.4.3.2, 4.3.3 and Appendix D) and the devel-

opment of electromobility ( see Section 4.5.3 model-based analyses. These anal-

yses precede the electricity market model. 

We have also carried out extensive scenario comparisons with a number of third-

party studies on the development of the electricity supply system. It has been 

shown that within the framework of the published scenarios there are sometimes 

considerable uncertainties regarding the expected future development of the 

electricity supply system in Germany and Europe. For that part of the electricity 

supply system whose development is essentially characterised by political frame-

work conditions, e.g. in the form of subsidies, rather than competitive action, we 

have to some extent drawn on exogenous scenarios. For example (with the ex-

ception of hydropower ), the assumptions on the future expansion of renewable 

energies in the foreign countries considered are based on the assumptions of the 

Mid-Term Adequacy Forecast 2017 and the TYNDP 2018 of the ENTSO-E.43 We 

                                                                                                 

43 ENTSO-E (2018a). 
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also use model exogenous specifications based on third-party studies for the de-

velopment of the installed capacity of nuclear energy, which we have checked for 

up-to-dateness and adjusted in detail if necessary.44 

Furthermore, in the preliminary analyses we carried out extensive research on 

power plant data and collected, analysed and integrated into our databases in-

formation available today, e.g. on existing power plants, power plants under con-

struction or planned or announced shutdowns ( see also Section 4.2 for a more 

detailed description of the sources used). Finally, model-based analyses were also 

carried out in this step, with the help of which input data were generated which 

were later incorporated into the simulation calculations of the electricity market 

model. This particularly concerns the forecast of future electricity demand and the 

derivation of the hourly structure of the load, level and structure of the electricity 

feed-in of renewable energies as well as the analysis of the future developments 

of district and local heat demand, industrial CHP heat generation and thus the 

development of the installed capacity of CHP plants. All results of these prelimi-

nary analyses were again compared with the results of other studies and checked 

for plausibility. Figure 3-2 gives an overview of the most important preliminary 

analyses carried out. 

                                                                                                 

44 See sections 4.2 and 4.4. 
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FIGURE 3-2: OVERVIEW OF THE PRELIMINARY ANALYSES 

 

Source: Own representation; dark blue boxes: Model-based generation of input data for the electricity market 

model, grey boxes: Research-based determination / derivation of input data for the electricity market model .  

Further details on the procedure and the sources as well as the results of the 

preliminary analyses can be found in chapter 4 on the framework assumptions of 

the reference scenario. 

3.2.2 Simulation calculations with the European electricity m ar-

ket model  

The fundamental electricity market model for Europe of r2b energy consulting 

GmbH is a stochastic, linear optimization model depicting currently five weather, 

water and load years as well as unplanned power plant outages.45 It reflects the 

                                                                                                 

45 As part of the integrated modelling of the electricity markets in the 15 countries taken into account, there 

are particular computational reasons why we do not  take into account further weather, water and load years 
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interaction mechanisms within the European electricity system in balancing sup-

ply and demand on the electricity market, taking into account the cross -border 

network infrastructure. Current and future regulatory framework conditions such 

as market designs with and without capacity markets and the incentives of the 

balancing group and imbalance settlement mechanisms are mapped.46 

This is a dynamic electricity market model which, in addition to deployment  de-

cisions and overhauls, also depicts dis/investment decisions of the market players 

as model endogenous and simultaneous over the entire analysis period against 

the background of economic aspects. Thus, dynamic market adjustment reactions 

and thus the non-exogenously predetermined part of the d evelopment of the 

power generation system, including the development of flexibility options such 

as voluntary load reduction by industry or emergency power plants, are deter-

mined endogenously. 

The economic impact mechanisms of a competitive market are mapped: Opera-

tors of conventional power plants, power-operated CHP plants and storage and 

pumped storage power plants make their decisions in a competitive market with 

the aim of maximising revenue. Rational expectations of the actors are assumed 

                                                                                                 

(base years), as the computation time of the model increases significantly with a higher number of base 

years. Within the framework of the calculations with the European electricity market model, a consideration 

was made between extending the base years looked at, mapping further stochastics on unplanned power 

plant outages and the depth of detail of the endogenous modelling to take account of the market adjust-

ment processes when deriving the scenario. It seems to us, for example, that appropriate market adjustment 

processes should be integrated and mapped in detail during modelling and that stochastic unplanned 

power plant outages should be modelled instead of mapping more weather years. In addition, test calcula-

tions show that the addition of further base years has comparatively little effect on  the model results. In 

addition, we use weather data in a high-resolution regional clustering and with detailed information, e.g. on 

hub heights for wind energy (see Appendix D). In the case of weather data lying very far in the past, data 

quality at this level may not be guaranteed. Nevertheless, we will address a possible extension of the histor-

ical base years in chapter 7 where we discuss, among other things, possible research and development 

needs.  

46 The balancing group and imbalance settlement mechanisms, for example, is mapped approximately by the 

fact that a potential load loss in Germany in accordance with KapResV for deficient balancing groups causes 

costs per MWh of deficit in the amount of twice the technical price limit on the intraday market 

(û20,000/MWh). 
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by simultaneous consideration of uncertainties and risks resulting from different 

realisations of load, generation conditions of hydropower and the feed -in of wind 

energy plants and PV plants under different weather conditions as well as differ-

ent realisations of unplanned power plant outages .47 This applies to both invest-

ment and operating decisions.48 

In the development of the available capacity, investment decisions, decisions on 

premature and temporary shutdowns, recommissioning and overhaul cycles are 

mapped. In the dis /  investment logic of the model, endogenous decommission-

ing of fossil-fired power plants (hard coal and lignite -fired power plants, com-

bined cycle power plants, gas turbines and motor power plants without CHP) 

takes place due to insufficient economic efficiency if the maximum technical life-

time has not yet been reached. A provisional decommissioning takes place if the 

contribution margin 1 (DB 1) of the power plant in the year under consideration 

is less than 50% of the annual fixed operating costs, but the net present value of 

the discounted DB 2 is positive over the maximum remaining technical lifetime.49 

Endogenous temporary shutdowns are already permitted in 2020. Final decom-

missioning takes place if the DB 2 of the power plant is negative in the year under 

consideration and "losses" in the year under consideration cannot be offset by 

the net present value of the discounted DB 2 over the maximum remaining tech-

nical lifetime. Endogenous final shutdowns will not be permitted until 2023 , as we 

have intensively researched shutdown announcements and it can be assumed 

that the deadline for the registration of shutdowns will not be sufficient for  a 

                                                                                                 

47 The modelling assumes rational expectations of the market players on the one hand and perfect competition 

on the other. Thus the profit maximization of the market players corresponds to a minimization of the sys-

tem costs under given development of economic, technical and regulatory framework assumptions (input 

parameters). 

48 An exception to this are heat-operated /  subsidised CHP plants, for which we have carried out exogenous 

capacity development specifications on the basis of preliminary analyses (see Section 4.2.3). 

49 Contribution margin 1 (DB 1) = revenue minus variable costs; contribution margin 2 (DB 2) = revenue minus 

fixed and variable costs. 
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shutdown in the first year under consideration, 2020. De facto, however, endog-

enous shutdowns are permitted from the SoS perspective, as the plants can be 

transferred to the cold reserve in the reference year 2020 and then finally shut 

down in the next reference year 2023. Endogenous expansion of fossil-fired 

power plants (coal-fired and lignite -fired power plants, combined cycle power 

plants, gas turbines and motor power plants without CHP) and development of 

flexibility options takes place if  the present value of the discounted DB 2 over the 

technical lifetime is greater than the investment costs or the one-off development 

costs. In the case of combined cycle power plants, lignite-fired and coal-fired CHP 

plants, expansions will only be possible after 2020 if they are not already under 

construction. Lignite and hard coal CHP can only be installed in Poland and the 

Czech Republic if they are not already under construction (for further information 

on model specifications for the construction of p ower plants see Section 4.2). 

Open cycle gas turbines (OCGT) and engine power plants can first be built in the 

year of 2020 due to the comparatively short construction periods. Further details 

and the implementation of the modelling approach are explained in more detail 

in Appendix A. In addition, the simulation model also maps technical characteris-

tics and regulatory framework conditions: In the medium to long term, for the 

countries under consideration, these are, for example, age-related shutdowns of 

generation plants, shutdowns on the basis of the respective national legal frame-

work or restrictions on investments in certain technologies.50 

When making deployment  decisions, various marketing options - marketing on 

the energy-only market (EOM), marketing on the balancing energy and, if appli-

cable, capacity markets - are taken into account. In addition, technical character-

istics of generation plants are considered in detail when the plants are used. In 

the case of conventional power plants, these are, for example, start-up and shut-

                                                                                                 

50 These include, for example, decommissioning paths for nuclear power plants in countries with correspond-

ing phase-out decisions or decommissioning of coal-fired power plants resulting from national strategies 

to restrict or terminate coal -fired power generation. See sections 4.2.1 and 4.2.2. 
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down costs, load gradients and technical minimum capacities. For CHP plants, 

these are requirements resulting from the coverage of heat demand or process 

steam demand, taking into account flexibil ity throughout the CHP system, such 

as heat storage, natural gas boilers and PtH (Power to Heat). For storage and 

pumped storage power plants, for example, storage volumes, conversion losses 

during pumping and turbine operation as well as the extent and te mporal struc-

ture of natural inflows are accounted for in a suitable approximation. The effects 

resulting from these restrictions are taken into account simultaneously for mar-

keting on the wholesale market and for marketing on the balancing energy and 

capacity markets. 

The feed-in of the intermittend  renewable energies, the heat-operated CHP,51 

the inflexible part of the bioenergy plants as well as other renewable and non-

renewable plants is largely determined exogenously for the model.52 

Stochastics are used to model the supply dependence of wind turbines, PV sys-

tems and hydroelectric power plants with natural inflow as well as temperature-

related load dependencies. The stochastic modelling takes place simultaneously 

for five different weather, water and load  years. The basis for stochastic modelling 

linked to weather conditions  are the historical years 2009 to 2013. Further sto-

chastics are modelled by taking into account different realisations of the hourly 

available power plant park (unplanned power plant outages). 

In addition, the model also depicts decisions by other market players in the area 

of flexibility options. For example, the development and use of voluntary load 

reduction by industry and of emergency power plants are taken into account, as 

                                                                                                 

51 The exogenous requirements for electricity generation from heat-operated CHP plants are based on typical 

feed-in structures for these plants. 

 52 The "free output" of heat -operated CHP plants and the flexible part of bioenergy plants can be used en-

dogenously to cover the load in situations of high electricity prices and scarcity (see also sections 4.2.3 and 

4.3). In addition, in the case of negative electricity prices, an endogenous determination of the curtailment 

of electricity from RES takes place. 
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are decisions by operators of renewable energy plants to use them in direct mar-

keting. Even for so-called new consumers, such as electric heat pumps and elec-

tromobility, deployment decisions are determined by means of model endoge-

nous calculations while complying with specified restrictions.  

In order to ensure an adequate representation of the investment and deployment  

decision on the wholesale market (taking into account the revenue potential on 

the balancing energy and capacity markets), a simultaneous analysis for a long 

observation period with a simultaneously high temporal resolution is carried out 

in the model: 

¶ We perform a simultaneous analysis for the period 2020 to 2050. The re-

sults will be evaluated for the years 2020, 2023, 2025 and 2030.53 

¶ For each reporting year, we use a temporal resolution of 8,760 periods, i.e. 

periods with a duration of one hour, taking into account their chronolog-

ical order. In addition, we model the balancing energy market and existing 

or approved capacity markets abroad using suitable approximations.54 

In order to adequately map the integration of the German electricity supply sys-

tem into the European electricity system, we analyze Germany and the neighbor-

ing countries as well as the Scandinavian countries, Great Britain and Italy as core 

regions. Other countries bordering on the core regions are considered as satellite 

regions. Depending on the direct and indirect importance of the respective coun-

tries for the German electricity market, we map imports and exports between core 

and satellite regions using aggregated import and export functions ("satellite re-

gions") or, as in the case of Spain and Portugal, by simply mapping the markets 

                                                                                                 

53 Modelling up to the year 2050 is carried out because of the so-called final value problem. We do not report 

the results for the years after 2030 because investments after 2030 do not adequately reflect the entire 

technical lifetime of the plants. 

54 In the analyses, capacity reserves are in accordance with the requirements of Section 63 EnWG in conjunction 

with Section 63 EnWG. § Section 51 EnWG not considered, as these are held outside the markets. 
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within the electricity market model ("satellite region modelled"). Figure 3-3 gives 

an overview of the regions included in the analysis. 

FIGURE 3-3: MODEL REGIONS IN THE MARKET SIMULATIONS 

 

Source: Own representation. 

Based on the development of a practical approach for determining flow -based 

models of cross-border transmission capacity for the period up to 2030 ( see Sec-

tion 3.3.4), the electricity market model was parameterised using publicly availa-

ble information on future grid expansion for all years under consideration. Thus, 

in line with the flow -based market coupling applied in practice (in Central West-
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ern Europe) and intended for further expansion, an approach has been imple-

mented in the dynamic European electricity market model which reflects this form 

of congestion management in a suitable approximation.55 

3.3 Methodology for SoS Analyses 

3.3.1 Overview  

The task of the SoS analysis is to determine the SoS level for a previously deter-

mined scenario that describes the development of the German and European 

electricity supply system. This includes the determination of the primary indicator  

LoLP - which can then be compared against the SoS standard - as well as the 

calculation of secondary indicators of security of supply, which serve to further 

interpret the SoS level. 

A methodology for SoS analysis requires a proper modelling  of key factors influ-

encing the security of supply on the electricity market. Particularly noteworthy are 

the consideration of stochastic influences on the electricity supply, the consider-

ation of cross-border balancing effects and, consequently, the contribution of 

electricity imports to  meeting demand, as well as the use of flexibilities such as 

storage facilities. A probabilistic methodology based on a stochastic, cross-border 

and time-coupling simulation of the electricity supply system is therefore re-

quired for an appropriate security  of supply analysis. 

These basic requirements already apply to the simulation model used in this pro-

ject in the course of generating the reference scenario (section 3.2.2). Neverthe-

less, there are several reasons why it is necessary to use a tailor-made methodol-

ogy for the SoS analysis: 

¶ When choosing model complexity certain trade-offs must be made due 

to limitations of the available computer hardware and software. In the SoS 

                                                                                                 

55  Peripheral regions are represented using the classic NTC approach. 
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analysis, a given system (without optimization of expansion decisions) is 

considered and a block-specific simulation of the generation plant em-

ployment is renounced in favour of a detailed model of stochastic influ-

ences. 

¶ Economic optimisation takes place during scenario generation. However, 

it is appropriate to use a different specification to determine the result 

parameters to describe the SoS level. On the one hand, this makes it pos-

sible to determine an unambiguous level of the LoLP indicator , whereas 

economic optimisation would result in a certain indifference with regard 

to LoLP, since EENS would then essentially be minimised (see discussion 

in section 2.2.1). On the other hand, the imports necessary to ensure se-

curity of supply can be determined, which differ from the market -based 

imports that  would be determine d in an economic optimisation  (see sec-

tion  2.2.3). 

The SoS analysis model used here is based on the approach first used in Con-

sentec and r2b (2015), which has been further developed in various aspects. The 

most important model aspects are described in further  detail below. Section 3.3.2 

sets out framework conditions such as the scope and temporal resolution. Section 

3.3.3 deals with the modelling  of generation, flexibility and demand , section 3.3.4 

with the modelling of cross -border exchange capacities and section 3.3.5 with the 

modelling of uncertainties. Section 3.3.6 brings these aspects together and de-

scribes the model structure and the simulation process. 

3.3.2 General framework  

For the analysis of security of supply, the general framework conditions to be 

defined are the geographical and temporal scope. For the latter, the temporal 

resolution must also be defined.   

The geographic scope comprises the countries shown in Figure 3-4. The region 

considered includes Germany and its spatial and electrical neighbours as well as 
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Great Britain, Norway, Finland and Italy.56  This ensures that all repercussions rel-

evant to the SoS level in Germany are considered. The model also calculates key 

result figures for the other countries in the area  of analysis. However, due to their 

peripheral location in the model, these are subject to a certain blurriness. 

FIGURE 3-4: GEOGRAPHICAL SCOPE 

 

Source: Own representation. 

In the analyses of security of supply carried out here, a time horizon up to 2030 

is examined. This is scanned over the years 2020, 2023, 2025 and 2030. The indi-

vidual years are modelled at hourly resolution.  

                                                                                                 

56 A cross-border exchange with bidding zones outside this geographical area was, as far as taken into account 

in the European electricity market model (e.g. Iberian Peninsula), is implicitly modelled by adjusting the load 

of the respective neighbouring bidding zone (e.g. France). 
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While modelling nominally takes place in the same way for all considered years, 

it should be noted when interpreting the model results that on the one hand, the 

uncertainties of the modelling increase with increasing time horizon and on the 

other hand, there is also more time for adjustment reactions of market partici-

pants and for the implementation of political and regulatory measures. The goal 

of "measuring" the SoS level, which results from the given power supply system 

and the projected concrete development (particularly of the generation park), will 

therefore be achieved with greater accuracy for the years 2020 and 2023 in the 

near future than for the later years under consideration. For the latter, however, 

by modelling  the market mechanisms via dynamic market reactions in electricity 

market modelling, it is  possible to examine whether these market mechanisms 

are structurally sufficient to ensure security of supply and what behaviour the ex-

isting investment incentives can lead to. 

3.3.3 Modelling  of generation, flexibility and de mand on the 

electricity market  

As previously explained in section 2.1, the objective of the SoS analysis is to ex-

amine whether the generation and other flexibilities in the form of storage and 

flexible loads in a scenario under study ensure the balance of supply and demand. 

In concrete terms, this project refers to the balancing of supply and demand after 

completion of all market processes. This corresponds to the time after activation 

of balancing power and before (if necessary) any use of capacity reserves held 

outside the electricity market (see section 2.2.1). 

For the SoS analysis, all plants involved in balancing supply and demand must be 

modelled analogously to their characteristics within the electricity market simu-

lation (see section 3.2), in principle. In practical implementation, however, certain 

deviations may be necessary or appropriate while maintaining the consistency of 

the basic assumptions. For instance, the manageability of probabilistic methods 

poses a challenge due to their high computational effort, which may require sim-

plifications of modelling. These can in turn be used to model in the SoS analysis 
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particularly important aspects, such as the uncertainties of the available genera-

tion capacity, in a more precise way. 

In the foll owing, deviations from the modelling in the electricity market simulation 

are explained and justified separately for the supply and demand side as well as 

for the consideration of the provision of balancing power. 

Supply 

Generation and flexibility options are not considered in the SoS analysis in a 

plant-specific manner but are aggregated type-wise for each bidding zone. Ac-

cordingly, block-specific startup and shutdown times are also neglected. This is 

permissible for the purpose of the SoS analysis and, in return, allows the depth of 

the model to be increased elsewhere, for example in the modelling of uncertain-

ties. 

CHP plants are modelled in such a way that they are not subject to any heat-

related restrictions in the event of scarcity on the electricity market . They are as-

sumed to be temporarily power -operated on the basis of a bypass, an emergency 

cooler or the use of a heat storage system (see also section 4.2.3). 

Demand 

Non-contro llable renewables, controllable  generators and other flexibilities con-

tribute to meeting demand on the electricity market. Since generation from non-

controllable  RES generators does not offer a degree of freedom, the security  of 

supply analysis can be based on the bidding  zone specific residual load.  

Flexibility on the demand side is reflected in the SoS analyses in the form of 

pumped storage as well as by the potentials of load reduction of the industry  and 

the Emergency Power Systems developed according to the market simulations. 

The use of further  demand-side flexibility options  - electromobility, electric heat 

pumps and hybrid trolley trucks - is set off against the residual load based on the 

results of the market simulations to generate the scenarios for the SoS analyses. 
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Therefore, these options are not available endogenously or flexibly in the SoS 

model to meet or reduce demand.57 

Balancing Power Provision 

As mentioned at the beginning of this section, the SoS analysis looks at the situ-

ation after all market processes have been completed and thus after the balancing 

power has been activated. The balancing power available must therefore in prin-

ciple be taken into account as part of the generation capacity available to cover 

demand. In order to maintain consistency with the hourly time pattern of the 

modeling, however, it makes sense to separate low-frequency and high-fre-

quency causes for the activation of balancing power. 

The low-frequency components (such as forecast errors and power plant outages, 

which are expressed in terms of deviations of the forecast from the hourly mean 

value) are implicitly contained in the hourly residual load - including in the form 

of EE and load forecast errors - or are explicitly taken into account by modelling 

unplanned power plant outages (see section 3.3.5). Therefore, the share of the 

balancing power provided for this purpose must also be taken into account on 

the supply side in the modelling, i.e. the corresponding generation plants are 

available to cover the residual load. 

High-frequency components (load and RE noise, ramps, discrete schedule steps), 

which lead to short-term fluctuations around the hourly average, are not taken 

into account in the hourly residual load. In particular, positive high -frequency 

components of the balancing power activation, which manifest themselves in a 

                                                                                                 

57 The fact that these flexibility potentials cannot be used endogenously in the optimization for the SoS anal-

yses has different backgrounds: On the one hand, in the sense of a conservative approach we did not want 

to give the SoS model any demand-side flexibility that might be perceived as too optimistic within the 

framework of SoS monitoring. On the other hand, the modelling of this flexibility is sometimes very complex, 

requiring a detailed representation of economic aspects and would considerably increase the computing 

times. In addition, against the background of a highly consistent parameterisation of the two models, the 

approach pursued appears sufficiently accurate to adequately adopt  the use of these flexibility options on 

the basis of the electricity market simulations for generating the scenarios for the SoS analyses. 
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load increase, can be critical in scarcity situations. Therefore, the capacity reserved 

to cover these balancing power shares may not be used to cover the residual load. 

This is operationalised here by a bidding  zone specific supplement to the residual 

load in the amount of the high -frequency positive share of the balancing power 

demand.  

For this purpose, this share must be determined approximately. The starting point 

for this is the publicly available 4-second signal of the German automatic fre-

quency restoration reserve (secondary reserve) activation, which we evaluated for 

2016. In this signal, high and low frequency causes for the balancing power acti-

vation are superimposed. Since for the dimensioning of the balancing power cur-

rently applied in Germany only minute values are taken into account and in order 

to avoid an overestimation of high -frequency shares in the balancing power ac-

tivation , an equalisation is first carried out by forming minute averages. The high-

frequency noise of the signal can then be derived from the difference bet ween 

the respective quarter-hourly average values58 of the controller signal and the 

minute average values.  

The positive frequency component relevant for ensuring security of supply is then 

determined from the distribution of the positive values of the high -frequency 

noise. The (100-0.0025)% quantile of the noise is evaluated analogously to the 

deficit level of 0.0025 %59 accepted in practice for secondary balancing power 

dimensioning. On the basis of the data used here and the procedure described, a 

positive high-frequency proportion of the balancing power activation in Germany 

amounts to approx. 1,350 MW. 

                                                                                                 

58 Here, the quarter of an hour was used as the time resolution because this represents the time unit of the 

German market processes. 

59 Consentec 2010, p. 19. 
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For the other countries considered here, the positive high-frequency portions of 

the balancing power activation are derived from the value determined for Ger-

many. Under the assumptions that, firstly, the underlying causes are approxi-

mately proportional to the lo ad and, secondly, there is stochastic independence 

between the country-by-country balancing power activations, this is done by scal-

ing with the root of the ratio of the respective country -wise to the German maxi-

mum annual load. The resulting values for the country-specific positive high-fre-

quency portions of the balancing power activation are shown in section 4.7. 

3.3.4 Cross-border exchange capacities  

Model structure and parameterization 

The modelling of cross-border exchange capacities is of great importance for the 

assessment of security of supply on the electricity market. The reason for this is 

that the development of supply in the European internal elect ricity market takes 

these exchange capacities into account. Consequently, the examination whether 

security of supply is ensured must be carried out consistently: Cross-border ex-

changes of electricity contribute to security of supply. This is also considered in 

the legal framework60, which expressly calls for cross-border balancing effects to 

be taken into account in SoS monitoring.  

The development in the period under review until 2030 is marked by the Euro-

pean goal of increasing exchange capacities. Both the physical expansion of the 

grid and the optimisation of the utilisation of the existing infrastructure contrib-

ute to this. This development should be accounted for in the analysis, while avoid-

ing overestimation of  future exchange opportunities.  

The classical approach to the description of exchange capacities between bidding 

zones is based on Net Transfer Capacities (NTCs). An NTC value describes the 

upper limit of the bilateral commercial exchange of power between two adjacent 

                                                                                                 

60  Arcticle 51(4) EnWG 
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bidding zones. In future, a so-called flow-based model will be used instead in 

large parts of the European power supply system. In the flow-based approach the 

commercial power exchanges are only indirectly limited by mapping their effect 

on the physical network elements (lines and transformers).  

In this study, a flow-based model is used for the borders61 between Germany, 

Belgium, France, Italy, the Netherlands, Poland, Austria, Switzerland and the Czech 

Republic for all years under consideration.62 Compared to operational flow -based 

models, which are currently being used in Central Western Europe for the day-

ahead market coupling, this one has some simplifications. For instance, the phys-

ical transmission limits of the network elements are aggregated for each bidding 

zone border. In order to limit the general complexity of the simulation models, 

the exchange capacities are basically static for each year under consideration, alt-

hough hourly optimisation is simulated by the tapping  of phase-shifting tran s-

formers (PSTs). 

The parameterisation of the exchange capacity models and particularly the con-

sideration of the expected network expansion are carried out on the basis of pub-

licly available data, which mostly originate from ENTSO-E.  The starting point is 

the historical transmission capacities in the base year 2016, from which a projec-

tion is made until 2030 on the basis of network expansion plans. 

A border-wise flow-based model, like the classical NTC values, exhibits certain 

structural simplifications, because both the distribution of power flows among 

                                                                                                 

61 The model simulates the common German-Luxembourg bidding zone as such. Countries with several na-

tional bidding zones (Norway, Sweden, Denmark, Italy) are each represented by a national bidding zone.  

62 The remaining limits contained in the model are represented by NTCs. The delineation between flow-based 

and NTC approaches is based on the network repercussions in the meshed interconnected network that is 

relevant from the point of view of the focus on Germany . The delineation intentionally abstracts from today's 

boundaries of so-called capacity calculation regions. This corresponds not only to the fundamental character 

of the modelling, but also to the practical requirements, since repercussions between capacity calculation 

regions must also be appropriately taken into account in the capacity calculation methods.  
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the interconnectors of one bidding zone border and additional bottlenecks within 

the bidding zone, which can occur with certain extreme combinations of ex-

changes, are only indirectly contained in the border-wise restrictions modelled. 

Parameterisation possibilities were therefore provided in the model in order to 

prevent an overestimation of the exchange capacities due to these simplifica-

tions.63 

Consideration of the "Clean Energy Packageó 

Under the title "Clean Energy for all Europeans", an amendment to the energy 

regulatory framework is currently being prepared at EU level. This so-called "Clean 

Energy Package" (CEP), often referred to in Germany as the "Winterpaketó (Winter 

Package), is intended, among other things, to make greater use of existing trans-

mission grids for commercial electricity exchange. In the public debate this has 

become known under the buzzword "75 percent target" because, to put it simply, 

75 percent of the transmission capacity of the interconnectors are to be made 

available for cross-border electricity trading. 64 

In agreement with the BMWi, it was assumed in the present study that the CEP 

would be implemented during the period under review.  

A frequently discussed question in connection with the CEP is whether the in-

creased commercial exchange capacities will also be physically achieved. This is 

also important for assessing the security of supply on the electricity market, as 

commercial capacities form the basis for electricity trading, price formation and 

thus for investment decisions, whereas the SoS level ultimately results from the 

possibility of physical coverage of the load.  

                                                                                                 

63  Further details can be found in appendix B.2. 

64 Details of the design and precise interpretation of the 75 -Percent target were (and still are) open at the time 

the analyses were carried out. It should be noted, however, that within the framework of the naturally limited 

accuracy of the model when considering future years, certain differences in detail in the definition could 

hardly be modelled anyway. 
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If the physical implementation of the 75 percent target could only be achieved 

using cross-border redispatch, this would neutralise part of the previous com-

mercial cross-border exchange. In the present study it is assumed, at least in the 

reference scenario, that the cross-border exchange envisaged in the CEP can also 

be physically realised. 

Achieving this while maintaining network security will require interaction and in-

creased use of various congestion management measures. This may include the 

use of phase-shifting transformers65 (PSTs), possibly the installation of additional 

PSTs, the use of reserves such as the grid reserve and biding  zone internal redis-

patch (in situations where Germany requires imports, the latter  applies paricularly 

to foreign countries). In addition, the network expansion within the bidding  zone 

can also make a significant contribution to the physical achievability of exchange 

capacities in accordance with CEP. 

According to the current status of th e Winter Package, Germany will be obliged 

to achieve the 75 percent target for cross-border electricity exchange. To this end, 

Germany may have to take some of the above and/or other measures. The anal-

ysis of the concrete need for such measures is not the subject of this study, but 

rather their successful implementation is assumed. A sensitivity analysis (sec-

tion  6.4) furthermore  examines the impact on the SoS level of a 10 % reduction 

in physical exchange capacity (assumed not to be visible to the electricity market 

and its players) compared to the CEP target level. 

Detailed documentation in the appendix  

In order to ensure in the parameterisation of the exchange capacity model that 

the effect of the modelled capacities corresponds to the requirements and as-

                                                                                                 

65 Phase-shifting transformers are network equipment that allow a certain control of the power flows even in 

the meshed three-phase grid, which are otherwise always rigidly distributed according to Kirchhoff's laws. 
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sumptions made despite the necessarily limited structural and temporal complex-

ity, a comparison was made with hourly and spatially high-resolution models of 

an exemplary year. 

A detailed description of the structure and parameterization of the exchange ca-

pacity model can be found in Appendix B. 

3.3.5 Modelling of Uncertainties  

The decisions of the players on the electricity market are always made with un-

certainty about future situations and events. This particularly (but not only) con-

cerns investment and divestment decisions. An essential feature of uncertainty is 

that uncertain events can at least approximately be assigned probabilities of oc-

currence. Uncertainty thus gives rise to a certain risk, which market players (and 

the regulator) can (and must) assess and allow for . When analysing a given sce-

nario of the development of t he electricity supply system with regard to security 

of supply, uncertain influencing factors must therefore also be taken into account. 

This particularly applies to the influence of weather and stochastic power plant 

outages, which is also accounted for with extreme events in the modelling (see 

below).  

This should be distinguished from rare extreme events for which no probability 

of occurrence can be determined. These events are therefore described by the 

term, unpredictability . Such an event can be, for example, the simultaneous non-

availability of many power plants due to a common cause, such as a serial failure 

or as a result of a prolonged heat or drought period. On the one hand, such events 

are associated with the assumption that they have a strong effect when they oc-

cur. On the other hand, it is assumed that they are very unlikely. In particular, they 

cannot be assigned a probability of occurrence. Thus, it is not possible neither for 

the regulator nor for the market players to take economically efficient measures 

to prepare for these unpredictable (as opposed to uncertain) extreme events. Un-

predictable events cannot therefore be efficiently  addressed neither in the elec-

tricity market 2.0 nor in capacity markets. For the question of whether an efficient  
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level of security of supply is achieved, these unpredictable events (due to the un-

known probability of occurrence) cannot and must not be considered. 

The hedging of unpredictbale extreme events falls within the scope of state risk 

preparedness and (due to the unknown probability of occurrence of these events) 

lies outside market design. An exchange on this topic is currently taking place 

between the BMWi, the Federal Network Agency and the German TSOs, in which 

the authors of this study are also involved in an advisory capacity. The effects of 

unpredictable extreme events can be reduced with reserves outside the electricity 

market, such as the already planned capacity reserve. Therefore, these unpredict-

able events shall also be considered in the future dimensioning of the capacity 

reserve. 

In the following, the modelling of the uncertain influences of weather and power 

plant unavailabilities will be discussed. 

Influence of the weather 

The influence of uncertain weather conditions is accounted for through  five dif-

ferent weather, water and load years (see section 3.2.2). 

Influence of power plant unavailabilities 

When modelling power plant unavailabilities, a distinction must be made be-

tween planned and unplanned unavailabilities.  

Planned unavailabilities are due to, among other things, overhauls that are gen-

erally known with sufficient lead time. Within the framework of this project, the 

time of entry, the duration and the level of the planned non -availability are taken 

from the scenario generation (see section 3.2.2 in conjunction with appen-

dix A.5.2). 

Unplanned power plant outages are not predictable for market players but have 

a stochastic character. In order to adequately model the influence of such failures, 
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probabilistic methods are required. Power plant failures are modeled as stochas-

tically independent events whose probability of occurrence can be derived from 

historical data. 

The methodical implementation in SoS analyses so far usually takes place in such 

a way that for each time slice (here: hour) the failed power plant output is deter-

mined individually by a random draw.66 If this is repeated often enough (so-called 

Monte Carlo method), a stochastic distribution of the cumulated unplanned 

power plant unavailability results. If the random drawing per type of power plant 

is parameterised with its average unavailability, then the expected value of the 

resulting distribution is precisely this unavailability.  

A weakness of this approach is that not only the failure events as such, but also 

the individual hours are modelled as stochastically independent of each other. It 

is therefore possible that in the simulation , a power plant is assumed to have 

failed in hour t, in the next hour t+1 to be in operation again and  in the next but 

one hour, t+2 again as failed. In reality, however, unplanned power plant outages 

usually last for many hours, and between outages there are longer periods of 

trouble -free operation. The modelled temporal curves of the (non-) available 

power plant capacity are therefore not realistic with such an approach, even if the 

non-availability is represented correctly overall. This has the following disad-

vantages: 

¶ First, such power plant outage modelling tends to favour the mitigation 

of scarcity situations, as the benefits of pumped storage power plants and 

other flexibilities with time constraints are overestimated. If phases of high 

and low failure power alternate quickly in the model, the more frequent 

phases between high failure powers can be used to store energy quanti-

ties for the next scarcity situation. In reality, however, longer periods of 

                                                                                                 

66  See PLEF (2018), ENTSO-E (2017a), Consentec and r2b (2015) 
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high power failure could mean that the power of these flexibilities cannot 

be fully utilised due to the limited storage capacity.  

¶ Secondly, it is not permissible to evaluate the duration of shortfall phases 

as a model result due to the unrealistic temporal progression of the (no n) 

available power plant capacity. However, these can provide important in-

formation for the development of efficient and fair shutd own concepts or 

the dimensioning of reserves outside the electricity market to avoid short-

falls. 

In order to overcome these weaknesses, a time-sequential modelling of power 

plant outages is carried out in the present project, which leads to more realistic 

time sequences of the cumulated (not) available power plant capacity. 

For this purpose, the non-availability per power plant type is broken down into 

the components, average failure frequency and average failure duration. An ex-

ponential distribution is assumed for the frequency distribution of the duration 

between two failures. This is parameterised for each type of power plant based 

on the average failure frequency. Figure 3-5 shows such a power plant type spe-

cific distribution function. An operating time for each power plant block is now 

determined by random drawing from the respective distribution (in the example  

in Figure 3-5 there are approx. 470 hours of uninterrupted operational readiness 

before a failure occurs) and then the average downtime of the power plant type 

is assumed. 



 

 

r2b energy consulting GmbH / Consentec GmbH / Fraunhofer ISI / TEP Energy GmbH   73 

 

FIGURE 3-5: EXEMPLARY REPRESENTATION OF A POWER PLANT TYPE SPECIFIC 

DISTRIBUTION FUNCTION 

 

Source: Own representation. 

This is carried out successively for the period of a simulation year. This results in 

a time series of the available capacity of each power plant unit, as shown in Figure 

3-6. The sum of all time series of the power plant units per bidding zone derived 

according to this procedure then corresponds to the annual time series of the 

available capacity of the respective generation park. 

FIGURE 3-6: EXEMPLARY TIME COURSE OF THE AVAILABLE CAPACITY OF A 

POWER PLANT UNIT 

 

Source: Own representation. 
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In this procedure as well, the expected value of the distribution of the unavailable 

power plant capacity corresponds precisely to the average unavailability. How-

ever, the time series of the simulated (not) available power plant capacity are now 

more realistic, so that the weaknesses mentioned above are overcome: Storage 

volume restrictions become effective in a more realistic way, and the duration of 

the calculated deficit phases is available for statistical evaluation. 

3.3.6 Model structure and simulation sequence  

Figure 3-7 provides an overview of the SoS analysis method used here. In the 

following, components and the simulation process are explained in more detail.  

FIGURE 3-7: OVERVIEW OF THE METHODOLOGY FOR THE SECURITY OF SUPPLY 

ANALYSIS 

 

Source: Own representation. 


















































































































































































































































































































































































































































































