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Executive Summary 
On EU level, assessments of resource adequacy are today mainly framed by two different 
legislations, the Electricity Market Regulation 2019/943 (EMR) and the Risk Preparedness 
Regulation 2019/941 (RPR). While both Regulations do not explicitly refer to each other, 
overlaps regarding methodological approaches do occur in practice. Both regulations require 
modelling of the electricity system to analyse whether demand can be covered at the elec
tricity markets under specific circumstances – under the EMR in the form of Resource Ade
quacy Assessments (RAA) and under the RPR in the form of analysing extreme events and 
short-term and seasonal adequacy assessments. This report therefore deals with the ques
tion whether a modelling tool used for RAA can also be applied (in an adapted form) under 
the RPR to assess extreme events. 

Based on an analysis of the implementation of the respective requirements in EMR and 
RPR, we identified three different approaches to assess such extreme events using 
(adapted) RAA-tools which differ regarding their probabilistic degree. We call them the “full 
probabilistic approach”, the “conditional probabilistic approach”, and the “deterministic ap
proach”. The application of these approaches depends on the nature, the likelihood of occur
rence and the predictability of the impact of the respective extreme event. 

The full probabilistic approach aims at an unconditional probability and includes random vari
ables with their respective probability distributions (i.e., for climatic conditions and unplanned 
outages). With regard to a detailed analysis of extreme events, this has the difficulty that an 
extreme event is only one unlikely outcome out of numerous alternatives or may even not be 
covered by the input data at all. For the purpose of RPR, it will typically be more informative 
to analyse the system under the condition that the extreme event is taking place – even 
though detailed information on an event may in principle also be derived in a full probabilistic 
approach with a deep-dive into the event by performing a ‘critical hour analysis’.  

A more specific analysis can either be performed stochastically or deterministically. When 
the analysis is stochastic (i.e., by means of availability of resources and climatic conditions) 
but assumes that the extreme event is happening, we refer to it as a conditional probabilistic 
approach. If also the usually stochastic / probabilistic variables are set deterministically, we 
call it the deterministic approach. Thus, using adapted RAA-tools under the condition that an 
extreme event is happening is more suitable for an explicit analysis of extreme events and 
enables the direct calculation of meaningful KPI (e.g., Loss of Load, Energy not served). 

While in principle RAA-models used under EMR seem to be suitable to assess all kinds of 
extreme events, some adaptations may be necessary. Choices have to be made in particular 
regarding the economic viability assessment as well as the probabilistic elements of the 
RAA-tools. In order to extract and analyse extreme events in detail, deterministic elements 
may have to be applied to focus on these events. That, in turn, also affects the KPI being 
used in RAA (usually LOLE and EENS), which have to be then interpreted differently when 
assessing extreme events in this way. KPI derived from such adapted RAA-tools are no 
longer expected values, but rather express the severity of the analysed event assuming it 
occurs. In turn, if extreme events are assessed using probabilistic RAA-tools, a critical hour 
analysis has to be conducted to assess the severity of the extreme event, since the probabil
istic approach will dilute the impact of the extreme event in terms of LOLE and EENS. 

It remains unclear, however, whether such adapted RAA-tools for focused analysis of ex
treme events fall within the scope of the legislative framework of the EMR or of the RPR. 
More regulatory clarity seems needed here, as the regulatory framework of the analysis may 
also have an impact on the measures being applicable to manage the different impacts that 
such extreme events will have on the system. 
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1. Introduction 
In summer 2019, two important legislations were published in the Official Journal of the Eu
ropean Union as part of the “Clean energy for all Europeans”-package (CEP)1, which contain 
legislative provisions regarding the assessment of security of supply in the electricity sector: 

• The Regulation (EU) 2019/943 on the internal market for electricity2 (Electricity Mar
ket Regulation; EMR), with provisions for European and national Resource Adequacy 
Assessments (RAA3), and 

• The Regulation (EU) 2019/941 on risk-preparedness in the electricity sector4 (Risk 
Preparedness Regulation; RPR), with provisions on the identification and assess
ment of crisis scenarios on national, regional and European level. 

Both Regulations require ENTSO-E to draft methodologies for the concrete implementation 
of the respective assessments, which have to be approved by ACER. 

While both Regulations do not refer to each other, it becomes increasingly visible in practical 
implementation that the respective provisions do overlap regarding the assessment of ex
treme events.5 On the one side, the RPR requires the identification of crisis scenarios and 
assessment of their impact as well as a short-term and seasonal assessment on resource 
adequacy. The EMR, on the other side, does not only require for a probabilistic assessment 
of resource adequacy in a mid-term time horizon (i.e., up to ten years ahead), but also for 
specific sensitivities on extreme events. The overlap becomes particularly visible with ex
treme weather events, which are both part of regional crisis scenarios as identified by EN
TSO-E for implementation of the RPR as well as explicitly named by the EMR as extreme 
event to be analysed in the context of RAA. 

This raises several questions, in particular: 

1. How can extreme weather events be appropriately analysed with the modelling tools 
applied for RAA? 

2. Are the modelling tools applied for RAA also suitable to assess other crisis scenarios 
identified pursuant to the RPR? 

3. Which modifications (if any) are needed to use the modelling tools applied for RAA 
also for the assessment of extreme events? 

In this report, we scientifically evaluate the explanatory and analytical power of modelling 
tools applied for RAA with regard to extreme events. The main aim is to evaluate whether 
extreme events should and/or can be analysed with existing RAA-tools, and if so, whether 
those tools may have to be adapted to account for the characteristics of the extreme events. 
Furthermore, we discuss how to interpret the results of those assessments of extreme 
events. The report therefore aims at providing input for answering the three questions above. 
In contrast, it is the not aim of this report to answer the question, which implications potential 

 
1  Cf. European Commission (2019a). 
2  Cf. European Parliament (2019a). 
3  In this report, we use “RAA” generally for any RAA on a European, regional or national level and we use 
“ERAA” when we refer specifically to the European Resource Adequacy Assessment performed by  ENTSO-E. 
4  Cf. European Parliament (2019b). 
5  In this report we summarize in the following the terms ‘extreme events’, ‘crisis scenarios’ and so-called 
‘stress tests in RAA’ as ‘extreme events’, as there is no clear and common differentiation between those terms, 
but they rather refer often to the same kind of events (such as extreme weather events). 
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modifications of the modelling tools may have regarding the classification as assessment un
der the EMR or RPR, and which consequences this could have regarding the measures be
ing taken to address such events. This should be subject to a political debate on European 
level. 

 

In order to deal with the three questions raised above, the report consists of five chapters.  

• In the first chapter we outline the background of the report.  

• In the second chapter we compare legislation and respective methods relevant for 
the assessment of extreme events in the EMR and RPR, identifying differences, simi
larities, and ambiguities.  

• In the third chapter we analyse relevant crisis scenarios identified by ENTSO-E and 
elaborate which elements of extreme events are already reflected in existing RAA in 
the Penta-region.6  

• In the fourth chapter we discuss whether it is technically possible to assess extreme 
events with (adapted) RAA-tools (i.e., without necessarily being relevant for RAA 
based on the EMR).  

• Finally, we conclude the analysis in the fifth chapter. 

 
6  The region of the Pentalateral Energy Forum (Penta-region) consists of Austria, Belgium, France, Germany, 
Luxembourg, the Netherlands and Switzerland. 
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2. Legislative and methodological comparison of RAA and 
RPR-assessments 

In this chapter we compare the legislative framework of RAA- and RPR-assessments for ex
treme events. First, we provide an overview on the main legal provisions of the EMR and 
RPR as well as the subsequent documents describing the methodologies as drafted by EN
TSO-E and approved by ACER, which are the basis for this report: 

Relevant elements based on the EMR Relevant elements based on the RPR 

EMR: Art. 20, 23, 24, 25, 27. RPR: Art. 1, 5, 6, 8. 

ENTSO-E draft methodology for the Euro
pean resource adequacy assessment7 

ENTSO-E draft methodology for identifying 
the most relevant regional electricity crisis 
scenarios8 

ACER decision 24/20209 on the methodol
ogy for the ERAA  

ACER decision 07/202010 on the methodol
ogy for assessing regional electricity crisis 
scenarios, incl. Annex 111 on Art. 5 RPR  

ENTSO-E draft methodology for calculating 
the reliability standard12 

ENTSO-E draft methodology for assessing 
seasonal and short-term adequacy13 

ACER decision 23/202014 on the methodol
ogy for calculating the reliability standard 

ACER decision 08/202015 on the methodol
ogy for assessing seasonal and short-term 
adequacy  

Table 1: Overview on the main legal provisions of the EMR and RPR and the subsequent regulation16 

The Articles in the EMR and RPR basically require three different methodologies: 

1. A methodology for Resource Adequacy Assessments (Art 23 EMR) – in the following 
RAA-method, 

2. A methodology to identify crisis scenarios and analyse their potential impacts (Art 5 
RPR) – in the following RPR-method17, and 

 
7 Cf. ENTSO-E (2019a). 
8 Cf. ENTSO-E (2019b). 
9 Cf. ACER (2020a). 
10 Cf. ACER (2020b). 
11  Cf. ACER (2020e). 
12 Cf. ENTSO-E (2019c). 
13 Cf. ENTSO-E (2019d). 
14 Cf. ACER (2020c). 
15 Cf. ACER (2020d). 
16  See chapter 0 for detailed extractions of the relevant legal provisions and the subsequent regulation. 
17  Art 5 RPR contains two elements. The first is the identification of relevant regional crisis scenarios and the 
second is the assessment of potential impacts of those crisis events. In the following, the term ‘RPR-method’ re
fers to the assessment of the potential impact of crisis events pursuant to Art. 5. 
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3. A methodology to assess potential risks for security of supply in the short and me
dium timeframe (short-term and seasonal adequacy assessment – STSAA; Art 8 
RPR) – in the following STSAA-method. 

All three methodologies, the RAA-method as well as the RPR-method and the STSAA-
method are looking at the same effects, i.e., threats for security of electricity supply. Thus, 
they apply, in principle, similar modelling elements and look at similar indicators. Neverthe
less, all three methodologies have their specific characteristics and have to be distinguished 
accordingly. 

Similarities, differences and possible ambiguities in the legislative framework (regulation, 
methods, decisions) of RAA and RPR-assessments are identified in the following sub-chap
ters: 

• Concerning the aim and time horizon of the assessments, we describe the pur
poses and the timeframe foreseen by the legislations / the assessments in sub-chap
ter 2.1. 

• Concerning scenarios, we describe differences and similarities in the genesis / iden
tification of scenarios to be assessed with the RAA-, RPR- and STSAA-method in 
sub-chapter 2.2. 

• Concerning the modelling approaches for the assessment of extreme events, we 
analyse which approaches are in line with the respective legislative requirements as 
well as how key performance indicators should be interpreted in different approaches 
in sub-chapter 2.3. 

 

2.1 Aims and time horizons of the assessments 

First of all, it can be stated that the different assessments required according to the EMR 
(RAA-method) and the RPR (RPR- and STSAA-method) aim at answering different ques
tions.  

RAA-method 

The aim of a RAA is to answer the question whether any resource adequacy concerns have 
to be expected in the mid-term, i.e. from one year to ten years ahead of the finalisation date 
of the assessment, on an annual basis.18 This analysis serves inter alia as basis to identify 
the need for capacity remunerations mechanisms (CRMs).19 Therefore, the underlying model 
analyses the overall adequacy of the electricity system20: It is probabilistic by nature and 
should reflect the most expected system developments and relevant scenario uncertainties. 

RPR-method 

The assessment pursuant to Art 5 of the RPR shall, first, identify relevant regional crisis sce
narios, including the appearance of simultaneous electricity crisis scenarios, and second, 
rank those risks according to their impact and probability. This assessment therefore aims to 
answer the questions, which specific crisis scenarios may appear and how their impact may 

 
18  Cf. Art. 23 (1) EMR. 
19  Cf. Acer Decision 8/2020. 
20  Cf. Art. 23 (1) EMR. 
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look like, irrespectively of whether those scenarios have already been materialised in the 
past (like cold winters) or not (like large-scale cyberattacks). Assessments according to 
Art. 5 RPR do not contain any specific time horizon. The extreme events to be identified and 
analysed can in principle occur at any time in the future. The definition of a specific time hori
zon is only relevant to identify the framework conditions for the analysis of a specific extreme 
event (e.g., how many renewables will be installed at the time of the event, etc). While such 
assessments may contain probabilistic elements, they are in principle based on largely de
terministic settings by nature. 

STSAA-method 

Finally, the assessment pursuant to Art. 8 RPR aims at answering the question whether any 
specific risks may occur in the short-term and seasonal timeframe, i.e., up to six months 
ahead, that are likely to result in a significant deterioration of the electricity supply situation. 
The focus is usually on such risks which are already expectable explicitly for the time period 
under consideration at the point of conducting the assessment (such as a cold spell for an 
upcoming winter season). Hence, the assessment shall support in preventing, preparing for, 
and managing electricity crises.21 This assessment is in principle probabilistic and thus more 
similar to the RAA-method than to the RPR-method, but with potentially some deterministic 
elements due to the shorter time horizon and thus more available information on possible 
system states / developments. 

 

2.2 Definition of scenarios to be assessed 

The different aims and time horizons of the respective assessments have inter alia an impact 
on the definition of the scenarios to be assessed. 

RAA-method 

According to the EMR, RAA shall be based on appropriate central reference scenarios 
(CRS) of projected demand and supply including an economic viability assessment (EVA). 
The CRS may be complemented by appropriate sensitivities on extreme weather events, hy
drological conditions, wholesale prices and carbon price developments. Art. 3 (6) of the 
ACER decision 24/2020 Annex I specifies that additional scenarios and/or sensitivities com
plementing the CRS should be of European relevance and may be based on different as
sumptions related to input data and scenario uncertainties, including different economic and 
policy trends relevant for resource adequacy.  

ACER allows for realistic alternative approaches to historic climate years for climate data in 
central reference scenarios (i.e., synthetic climate years to incorporate climate change). 
Moreover, it acknowledges that, in the context of the ERAA modelling exercise, other sce
narios and sensitivities pursuant to Article 3 (6) e) of the ERAA Methodology may rely on cli
mate data beyond the one used for the central reference scenarios. In particular, when this 
data incorporates extreme weather events, which should be reflected by appropriate sensi
tivities to the CRS, pursuant to Article 23 (5) b) of the EMR.22 

Furthermore, pursuant to Article 23 (5) c) EMR, a RAA should contain separate scenarios 
reflecting the differing likelihoods of the occurrence of resource adequacy concerns which 
the different types of capacity mechanisms are designed to address. Thus, a RAA analyses 

 
21  Cf. Art. 1 RPR. 
22  Cf. ACER Decision 24/2020, Recital (79) c). 
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both scenarios with potential adequacy concerns in a range of “expectable” situations, as 
well as scenarios with potential adequacy concerns that may contain extreme events.  

The CRS in the ERAA have to be based on the baseline data, which stems from the national 
projected demand, supply and grid outlooks prepared by each individual TSO. These na
tional forecasts shall be consistent with existing and planned national policies, including na
tional objectives, targets and contributions, and other projections contained in the National 
Energy and Climate Plans (NECP) of the respective EU-MS. For this baseline data provided 
by national TSOs, an EVA for all central reference scenarios has to be performed. The 
ERAA report shall clearly show whether and how the baseline data has been modified by the 
EVA (i.e., which capacities were removed and added). Furthermore, additional scenarios 
may be analysed pursuant to Art 23 (5) (c) EMR, where they are necessary in order to ana
lyse specific situations with differing likelihoods of occurrence (especially extreme events), 
which the respective capacity mechanism is designed to address.  

RPR-method 

For RPR-assessments, the methodology according to Art. 5 RPR, as developed by ENTSO-
E and approved by ACER, identifies electricity crisis scenarios in relation to security of sup
ply on the basis of at least the risks whose initiating events are rare and extreme natural 
hazards, accidental hazards going beyond the N-1 security criterion, exceptional contingen
cies, and consequential hazards including the consequences of malicious attacks and of fuel 
shortages. The scenario development for RPR-assessments is based on electricity crisis 
scenario candidates determined by national TSOs in cooperation with the competent na
tional authority. According to the legislation, the RPR-assessment methodology shall provide 
for a probabilistic approach for evaluating impact and likelihood of each crisis scenario. Ac
cording to ENTSO-E, a probabilistic approach is superior to a deterministic method and thus 
preferred, but the required minimum for evaluating the likelihood and impact measures of a 
crisis scenario is performing a deterministic calculation. The relevant electricity crisis sce
nario candidates are then aggregated into regional crisis scenarios. Each relevant regional 
crisis scenario has finally to be assessed on the European as well as on the national level. 

STSAA-method 

Furthermore, the RPR requires in Art. 8 the identification of potential risks which may occur 
in the upcoming weeks and months. The focus here is usually on those relevant regional and 
national crisis scenarios which can be expected to take place with a certain likelihood in the 
following six months, such as a possible cold spell in the next winter or a heatwave in the 
next summer. It does usually not cover events where the likelihood of occurrence is difficult 
to estimate and/or not specifically linked to seasonal effects, e.g., a Cyberattack.  

 

Following this overview, the overlap between the EMR and RPR becomes particularly obvi
ous regarding the scenarios to be analysed. The scenarios explicitly named as examples for 
sensitivities in RAA include scenarios which are partly also covered by regional crisis sce
narios to be identified pursuant to Art 5 RPR and general adequacy concerns to be analysed 
pursuant to Art 8 RPR. This holds true, in particular, for extreme weather events as well as 
for hydrological conditions, the latter to the extent that they reflect extreme events such as 
draughts or floods. In contrast, other potential sensitivities of RAA, such as specific political 
or economic developments, are not covered by the RPR. This raises the question which reg
ulatory framework is relevant for those measures which are deemed appropriate to deal with 
the respective events covered both by the EMR and RPR. 
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2.3 Modelling approaches to assess scenarios and key perfor
mance indicators 

The different analytical aims and definition of scenarios inevitably influence the modelling ap
proaches to be applied to analyse the impact on security of supply of the respective scenar
ios. 

RAA-method 

In the RAA-method it is obligatory to apply probabilistic calculations when assessing the 
overall adequacy of the electricity system to supply current and projected demands for elec
tricity at Union or Member State level. This usually contains a probabilistic analysis of rele
vant parameters which can be expected by market participants and vary regularly within a 
range of “expectable” conditions in a CRS, in particular weather conditions and forced out
ages. Other parameters, such as fuel or carbon price developments, are usually kept con
stant within a RAA, or will be adjusted in the form of different so-called ‘appropriate scenar
ios/sensitivities’, complementing the CRS. Those explicitly also shall assess extreme 
weather events pursuant to Art. 23 (5) (b) EMR. Furthermore, the application of at least the 
probabilistic KPI Loss of Load Expectation (LOLE) and Expected Energy Not Served (EENS) 
is required. From our point of view only such scenarios/sensitivities may be classified as full 
probabilistic23 in the context of this report, where impact and probabilities are known and a 
reasonable expectation from a market perspective is reflected (i.e., well-motivated and with 
transparently derived assumptions). 

RPR-method 

In the RPR-method pursuant to Art. 5 RPR, either a probabilistic or a deterministic method 
shall be applied for evaluating the likelihood and impact of specific crisis scenarios, assum
ing the event will occur.24 A probabilistic approach shall be favoured over a deterministic one 
where appropriate (i.e., depending on the particular scenario and the nature of its uncer
tainty). However, ENTSO-E’s final report on the necessity for common tools or methods doc
uments the overall feedback from TSO that in most cases likelihood and impact of crisis sce
narios have to be quantified by expert judgements, since historical databases on crisis 
events in most cases do not allow for a quantification of impact and probability or even prob
abilistic calculations.25 This would lead to rather deterministic approaches in quantitative 
analyses of the impact of such events. However, formalised (esp. quantitative) methods for 
assessing extreme events in the context of risk preparedness seem to be rare in general. 
However, if adequate tools were referenced, TSOs indicated the use of probabilistic ap
proaches in the context of RAA. In addition, there is no specific legal requirement regarding 
the application of any KPI. Nevertheless, LOLE and EENS may likely be two interesting KPI 
as well in order to quantify the impact of a given extreme event, even though potentially not 
the only ones.26 

STSAA-method 

 
23  It should be noted that the theoretical construct of a full probabilistic approach, i.e. including all possible fu
ture outcomes exactly with their accurate probabilities, is not achievable in practice. The true distribution of sto
chastic elements is unknown and has to be approximated. Furthermore, all empirical models currently used apply 
some variables in a deterministic way, in particular to keep model complexity at feasible levels. In these cases, 
assumptions should reflect best available unbiased estimates. 
24  Cf. also ACER decision 7/2020 Annex 1, Art. 8. 
25  Cf. ENTSO-E (2021). 
26  There are also other KPI relevant in the context of resource adequacy / risk preparedness, such as the “P95 
LOLE / EENS” which had been previously applied in the Belgian RAA (accounting for events occurring every 20 
years) or “excess load” during LOLE-hours (quantifying the missing resource capacity).  
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The STSAA-method pursuant to Art. 8 RPR has in general to be performed by probabilistic 
calculations concerning climate conditions and forced outages of supply and grid elements. 
However, in such scenarios one or more of the usually probabilistic parameters in RAA will 
be limited to a small and more focussed number of input data series (such as a selection of 
winter scenarios) or deterministically designed events, while other parameters remain proba
bilistic. Furthermore, the relevant KPI for STSAA are LOLE and EENS as for RAA. However, 
the derived KPI must be interpreted carefully, since the probabilistic calculations may contain 
deterministic elements as specific parameter may be less variable in the shorter time horizon 
under consideration (e.g., information on unplanned outages of power plants). Thus, LOLE 
and EENS do not necessarily represent the average state / development of the system to be 
expected for a whole year as it is the case for CRS in RAA (mean expectation of market par
ticipants). Furthermore, within the STSAA it is obligatory to perform a spatial analysis of 
those hours where the Loss of Load Probability (LOLP) is not zero.27 Such a spatial analysis 
of critical hours within a probabilistic assessment is also called critical hour analysis. It may 
also be applied to the other approaches in order to get more direct information about the 
hours contributing to overall LOLE-values within the whole set of MC-simulations. 

In the following graph, this aspect of different probabilistic degrees of the assessments ac
cording to EMR (blue) and RPR (green) are shown, in relation to the different time horizons 
to be assessed and available tools for the assessment. 

 
Figure 1: Overview on approaches for electricity system assessments in relation to the time horizon un
der consideration and the probabilistic degree of the assessments. 

The figure demonstrates that RAA pursuant to the EMR and the analysis of extreme events 
pursuant to the RPR cover in principle similar time horizons. Even though there is no official 
definition of the timeframe to assess extreme events pursuant to Art. 5 RPR, it seems rea
sonable to apply the framework conditions of the near future (i.e., the upcoming years) to the 
analysis instead of conditions in 15 or 20 years, which are much more difficult to define. The 
STSAA only covers the shorter timeframe of up to six months. 

Also, it is stated in ENTSO-E’s ‘Final report on the necessity for development of computa
tional methods and tools for assessment of regional electricity crisis scenarios’ 28 that TSOs 
suggest the use of probabilistic resource adequacy calculations for analysing extreme 

 
27  Cf. Art. 3 (8) of ACER (2020d). 
28  Cf. ENTSO-E (2021). 
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events. However, TSOs describe that expert judgment is today the predominant method to 
assess likelihood and impact of most crisis scenarios in the RPR context. This contrast 
seems to be based on the general perspective, on the one side, that probabilistic assess
ments are favoured over deterministic approaches, and the acknowledgement, on the other 
side, that a better understanding of the impact of an extreme event requires a specific analy
sis of that event. We therefore see a gradual change in the preferred modelling approach 
from more probabilistic in the context of RAA to more deterministic in the context of extreme 
events. 

We will therefore analyse technical possibilities in assessing extreme events with (adapted) 
RAA-tools in Chapter 4. We will examine, which adaptions of existing RAA-tools have to be 
done in order to enable appropriate assessments of extreme events and whether such ad
justed RAA-tools are appropriate for the assessment of different types of extreme events 
identified pursuant to the RPR (i.e., reflected in the relevant regional crisis scenarios identi
fied by ENTSO-E). 
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3. Relevant crisis scenarios identified by ENTSO-E and (ex
treme) events reflected in existing RAA 

This chapter provides first for an overview of the relevant regional crisis scenarios which EN
TSO-E has identified in cooperation with public and regulatory authorities of different levels 
pursuant to the RPR. More precisely, we describe under which circumstances the crisis sce
nario is initiated and what kind of challenges they bear for resource adequacy. 

In a second step, we present the events that have been covered by sensitivities, in addition 
to the CRS, in recent RAA in the Penta-region. We will, on the one hand, categorise them by 
their type of event. On the other hand, we will group them by the applied methodology. 

 

3.1 Characteristics of relevant regional crisis scenarios identified 
by ENTSO-E 

ENTSO-E requested the TSOs of all Member States to submit candidates for crisis scenar
ios. Then, based on 231 submitted candidate scenarios, ENTSO-E constructed 31 relevant 
regional crisis scenarios which represent “a present or imminent situation in which there is a 
significant electricity shortage, as determined by the Member States and described in their 
risk-preparedness plans, or in which it is impossible to supply electricity to customers”. In or
der to assess the scenarios with a view to consider them with RAA-tools, we will group the 
31 scenarios by their type of initiating event (i.e., extreme weather, human-related, technical 
failures). We follow strongly the categorisation proposed by ENTSO-E.29 In total, eight types 
of scenarios according to their initiating events were identified. Table 2 below lists all crisis 
scenarios and their respective type. 
 
Cyber & physical attacks   
Cyber attack – entities con
nected to power grid 

Physical attack – critical as
sets Threat to key employees 

Cyber attack – entities not 
connected to power grid 

Physical attack – control 
centres Insider attack 

Extreme weather   
Storm  Cold Spell Heatwave 
Precipitation and flooding Winter Incident Dry period 
Natural disaster   
Solar Storm Volcanic eruption Pandemic 
Forest fire Earthquake   
Fuel shortage   
Fossil fuel shortage (incl. 
natural gas) Nuclear fuel shortage  

Human-related   
Human error Strike, riots, industrial action  
Market-related   
Unforeseen interaction of 
energy market rules Unwanted power flows  

 
29  Cf. ENTSO-E (2020b). 
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Technical failure   
Local technical failure with 
regional importance 

Loss of ICT systems for 
real-time operation 

Simultaneous multiple fail
ures 

Serial equipment failure   
Miscellaneous   
Power system control mech
anism complexity 

Unusually big RES forecast 
errors Industrial/nuclear accident 

   

Table 2: Identified relevant regional crisis scenarios by ENTSO-E. 

Six of the identified crisis scenarios include some form of cyber or physical attack on ICT 
systems or physical assets. All countries represented in ENTSO-E can be potentially af
fected, even simultaneously. All parts of the electricity system could be potential targets, no 
matter if directly connected to the grid (TSOs, DSOs, power plants, major loads) or not (mar
ket participants, power exchange platforms, market makers). It is conceivable that the at
tacker successfully disrupts or destroys multiple targets at the same time, leaving the elec
tricity system with less generation and transmission capacity. 

Another seven crisis scenarios deal with extreme and disruptive weather events. They in
clude extreme cold weather (cold spells, winter incidents), extreme warm weather (heat 
waves, dry periods) as well as events associated with heavy precipitation or strong winds 
(storms, floods), lasting for several days or a few weeks. On the one hand, an extreme 
weather event may induce a high level of electricity demand for heating or cooling. On the 
other hand, the availability of assets of the electricity system may be limited, when the 
weather event restricts their functioning or even damages or destroys it. For example, in dry 
periods the cooling water for thermal capacities can reach critical temperature levels or be 
less available, storms can disrupt HVDC connections, and floods may destroy some assets 
completely. 

Five crisis scenarios represent the outbreak of a natural disaster. This includes forest fires, 
a volcanic eruption (e.g., in Iceland), an earthquake, a solar storm, and a pandemic. The 
consequence of a natural disaster is the unavailability of transmission lines or generating ca
pacity, either due to damage / destruction of an asset or a short staffing of operating person
nel (esp. in case of a pandemic).  

Two more scenarios consider the possibility of a fuel shortage. This may affect the supply 
of fossil or nuclear fuels. The root of the shortage can be a disruption of fuel production, fail
ures of the fuel supply system, or supply limitation due to political reasons or weather condi
tions, occurring in a period with high fuel demand and/or low storage levels. The shortage 
leads to a limited availability by the affected capacities.  

Another two identified crisis scenarios are human-related. One scenario is induced by a hu
man error of some individual working in the electricity system (TSO, DSO, generation unit). 
The second crisis scenario involves the inability or refusal of individuals in the electricity sys
tem to work, due to some kind of dispute leading to strikes, blockades, riots or other forms of 
social unrests. In these scenarios, one or multiple elements of the electricity system are not 
or not fully operational, bearing the danger of cascading events affecting further elements.  

Two additional crisis scenarios deal with market-related risks. One addresses the risk of un
wanted power flows in the system, for example induced by higher-than-expected infeed of 
renewables or atypical generation patterns. A massive deviation of physical power flows 
from the result of the market- and algorithm-based schedule could lead to congestion of net
work elements, voltage problems and overload of grid elements. The second scenario is initi
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ated by an extreme behaviour of market participants (market panic), induced by, for exam
ple, a change in market rules or mechanisms, or unfamiliar market circumstances. This may 
lead to unusual market results and, consequently, unusual volumes and directions of trade 
flows. Both scenarios could, in the worst case, cause cascading failures of grid elements and 
result in involuntary load shedding or regional blackouts. 

Four crisis scenarios consider technical failures of different types, including a local failure 
with regional consequences, the loss of ICT systems, failures of multiple assets at the same 
time and a serial equipment failure. This may inter alia disturb the functioning of the electric
ity markets, if TSOs cannot communicate with market participants, and/or market partici
pants are unable to follow their schedules. 

Three further scenarios are classified as miscellaneous, namely high RE forecast errors, a 
major industrial or nuclear accident, or problems related to the complexity of the power sys
tem control mechanism, and therefore different in nature. However, their consequences are 
comparable to the ones already described for the other event types. RES forecast errors are 
demanding for TSOs dispatch algorithms, similar to unwanted power flows. The conse
quences of a major industrial or nuclear accident would be comparable to a natural disaster. 
Consequences of power system control mechanism complexity corresponds to the impacts 
of technical failures. 

 

3.2 Events reflected in existing RAA  

In this subchapter we analyse the events being analysed in existing National or European 
RAA and where analogies to the identified crisis scenarios for risk preparedness can be 
found. Even sensitivities with only little or no analogy to the extreme events under the RPR 
can be useful here in order to understand how a (less probabilistic) assessment of extreme 
events may be applied. 

Before diving into the individual RAA for analysing which events are analysed, it is helpful to 
recall the basics of the RAA methodology. As elaborated in Chapter 2.4, the central refer
ence scenario (CRS) of a RAA is bound to use a probabilistic approach. There are two prob
abilistic elements that are modelled, without exception, in all of the considered RAA: 

- Forced outages of electricity system assets: In a first step, assumptions regarding 
the outage rate and length on unavailability are made for generating units and HVDC 
lines. These parameters may differ due to technology and age of the respective unit 
or line. Then, a large number of samples from this pre-defined process is drawn. 
Each sample is a set of time series which specifies the availability of each generation 
unit and HVDC line in every hour of a year. 

- Weather conditions: The stochastic process for the weather is usually constructed 
on the basis of climate years. A climate year is a set of variables that describes the 
weather conditions relevant for the energy system like temperature, wind speed, wind 
direction and solar radiation. The data is usually regionally differentiated and in 
hourly resolution. The climate years can be used to form time series regarding re
newable feed-in and electricity demand for heating and cooling. The time series can 
be either constructed based on historic30 climate years or on so-called synthetic31 cli
mate years, that are supposed to represent hypothetic but plausible weather condi
tions. 

 
30  Cf. r2b / Consentec (2021) and ENTSO-E (2019). 
31  Cf. Elia (2021). 



 

14 
 

A sample availability of capacity combined with a climate year, either historic or synthetic, 
can now serve as an input for a RAA model. To account for the wide variety of possible out
comes, the model is run many times with a large number of different system conditions. This 
Monte-Carlo simulation allows to analyse not only the range of possible outcomes but also 
the expected outcome (i.e., the mean of all observations). 

Based on this, two options to consider extreme events in RAA-tools can be identified: 

• The extreme events are reflected in the existing input data for the CRS of the RAA 
(i.e., forced outages and climate years used for the RAA). The probability density 
function of the results of the Monte Carlo-simulation represents the most extreme 
weather conditions and the most severe outage scenarios in its tails (see Figure 2). 
But the extreme event as such does not necessarily have a decisive impact on the 
general LOLE and EENS values derived from the RAA, as it may not appear often 
enough in the Monte Carlo simulations to become “visible” in the calculation of aver
age LOLE-hours.32 A critical hour analysis could thus be conducted which zooms into 
the relevant critical hours or MC-years to look at the direct impact of a specific ex
treme event only which is diluted in the full set of MC-simulations. The critical hour 
analysis can be directly based on the CRS. 

• Where the extreme events have not taken place in the past yet or cannot be directly 
reflected in the input data, they can be considered within a sensitivity analysis. In 
those cases, a “translation” of the extreme event into input data which can be com
puted in the RAA-tool is required. This holds true in particular for anthropogenic or 
technical events, such as cyber & physical attacks, human-related events, market-
related events or technical failures. Before analysing such events in a RAA, it has 
first to be defined which impact the event may have, e.g., on available generation ca
pacities, transmission capacities or demand levels. 

 

 

Figure 2: Probability density function of possible system conditions 

 
The first approach is in principle connected to the general uncertainties which are reflected 
in RAA (i.e., weather conditions, forced outages) in the CRS. In contrast, the second ap
proach reflects the explicit assessment of scenarios or sensitivities beyond the CRS which 
may be characterised by analogies to regional crisis scenarios identified by ENTSO-E. Such 
sensitivities are also foreseen by the EMR, which calls in Art. 23 (5) b) and c) for "appropri
ate sensitivities on extreme weather events, hydrological conditions, wholesale prices and 

 
32  It should be noted that the assessment may also be biased the other way, i.e., that too many / frequent ex
treme events are considered compared to what is expected (e.g., by the selection of very extreme climatic years) 
leading to LOLE / EENS above average. 
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carbon price developments" as well as “separate scenarios reflecting the differing likelihoods 
of the occurrence of resource adequacy concerns which the different types of capacity 
mechanisms are designed to address. “33 

The following RAA are now analysed regarding the nature of events assessed and the meth
odological approach applied for this: 

• ENTSO-E (2019e):  Mid-term adequacy forecast 2019 

• ENTSO-E (2020):  Mid-term adequacy forecast 2020 

• ENTSO-E (2021):  European resource adequacy assessment 2021 

• Elia (2021):   Adequacy and Flexibility Study for Belgium 2022 - 2023 

• TenneT (2020):  Monitoring Leveringszekerheid 2020 

• r2b / Consentec (2021): Monitoring the adequacy of resources in the  
    European electricity markets 

• RTE (2019):   Mid-term adequacy report 2019 

• PLEF (2020):   Generation Adequacy Assessment April 2020 

 

It has to be noted, that no sensitivities were found which explicitly aim at analysing extreme 
events for the purpose of risk preparedness under the RPR. However, some sensitivities 
represent events which may serve as a challenge for the electricity supply system under cer
tain circumstances and show some analogies to extreme events. They could thus give in
sights in how to assess extreme events under the RPR. Other sensitivities, in turn, rather re
flect for example different political decisions under discussion. These sensitivities do not 
necessarily unfold in a severity like the regional crisis scenarios by ENTSO-E and thus do 
not represent extreme events in the sense of the RPR. 

Market-related 

Several sensitivities deal with events related to political and market developments. The 
spectrum of scenarios is wide and the underlying changes in market rules or political deci
sions affect thermal generation capacities, carbon prices as well as cross-border transmis
sion. 

In the light of increased efforts to establish ambitious environmental policies on national and 
European level, ENTSO-E (2021) conducted in its ERAA 2021 a "Low thermal capacity" sce
nario for 2025 and 2030 in addition to the CRS. In this scenario, a total of 21.7 GW of ther
mal capacity was removed by 2025. In 2030, the thermal capacity is approx. 36 GW lower 
compared to the CRS. This loss was not compensated by additional units of other technolo
gies. Especially two aspects motivated this analysis: First, many countries have politically 
determined coal phase-out plans. Due to increased political efforts to reduce CO2-emissions, 
the adoption of more ambitious phase-out plans is conceivable, putting pressure on coal and 
lignite units directly. Second, by imposing higher carbon prices, politics can put coal and lig
nite capacity indirectly under pressure. Under a sufficiently high carbon price, coal and lignite 
assets will become unprofitable and eventually leave the market. 

A similar scenario had also been analysed as part of the Mid-term Adequacy Forecast (MAF) 
2019. 

 
33  Please recall Chapter 2.3 for a more elaborate description of the relevant provisions. 
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Another sensitivity regarding the accelerated decommissioning of fossil fuel plants was con
ducted by Elia (2021). In the "EU-LessCoal"-scenario 12.5 GW less coal and lignite capacity 
for 2025 and 9.6 GW less capacity for 2030 was assumed. As for the Low-Carbon sensitivity 
in the MAF 2019, the accelerated efforts towards environmental policies were the main moti
vation for the sensitivity. The assumptions were backed by an analysis by Bloomberg NEF, 
who stated that the economics-driven phase-out of coal and lignite capacity due to their un
profitability will unfold more rapidly than the currently stated phase-out plans in national leg
islations. 

Apart from the closure of coal and lignite capacity, PLEF (2020) conducted a sensitivity that 
focused on potential risks for gas capacity. A reduced profitability of gas units was applied, 
due to a high share of renewable in-feed to the European electricity grid. It was assumed 
that high levels of renewables in the market, with marginal costs of zero, can lead to lower 
price levels, worsening the economic viability of gas units. In this scenario, a total of 7.6 GW 
gas capacity in the Penta-region was identified to be at risk of being mothballed due to low 
profitability and thus removed from the available capacities for this sensitivity.  

In r2b/Consentec (2021), two "Increased sector coupling" sensitivities were modelled, where 
higher carbon and hard coal prices were assumed in combination with increased electricity 
demand from sector coupling technologies. These conditions put pressure on carbon-intense 
technologies and cause a shift towards gas and renewables. The sensitivities were moti
vated by the expectation of more ambitious climate protection measures in Europe com
pared to the reference scenario. 

Similarly, TenneT (2020) introduced a system integration scenario where the penetration of 
sector coupling technologies is significantly stronger than in the reference scenario (i.e., +1.6 
million heat pumps, +2 million EV). 

PLEF (2020) assumed a reduced net transmission capacity between Switzerland and its 
neighbours in a sensitivity. The background of this reduction was that by the time of publica
tion it was not clear whether Switzerland would be included in the flow-based market cou
pling (FBMC) by 2025. 

Elia (2021) also included sensitivities where transmission capacity is curtailed for political 
reasons. In the EU, Member States are legally bound to allow transit flows, even when they 
suffer from the risk of unserved demand within their borders. For the UK, however, these 
rules do not apply after Brexit. Belgium is highly interconnected with the UK. Therefore, two 
additional sensitivities were included as a robustness check where the availability of the in
terconnectors between the UK and the EU are limited. In the sensitivity 'UK-not2BE', the 
Nemo Link interconnector between Belgium and the UK was assumed to be unavailable in 
times of scarcity in the UK. In the sensitivity 'UK-not2EU', this applies to all interconnectors 
between the UK and the European mainland. 

All in all, the sensitivities described above are mainly relatively far away from the market-re
lated extreme events covered by the RPR. 
 
 

Technical failure 

As elaborated above, extreme events regarding the outage of assets are to some extent in
cluded implicitly in the CRS of all considered assessments, due to the probabilistic character 
of forced outages in RAA. Furthermore, some RAA include a particular sensitivity to assess 
extraordinary outage situations observed in the past. 
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Belgium and France, largely dependent on nuclear power, conducted sensitivities address
ing potential situations characterized by lower availabilities of nuclear power plants. Elia 
(2021) included sensitivities in its RAA with a reduced availability of French nuclear units 
since French imports play a considerable role for the Belgium resource adequacy. More pre
cisely, it was assumed in three sensitivities that two, four or respectively six additional nu
clear units are not available during the winter period, as such situations arose in the recent 
winter periods. These sensitivities were identified as relevant for multiple reasons. The 
French nuclear fleet is ageing and might be unavailable due to prolonged maintenance peri
ods. Additionally, the availability of the nuclear fleet has been declining for the past five 
years and was overestimated in that period. Moreover, the assessment refers to publications 
of the French TSO and public authorities which consider additional unavailabilities as well, 
deviating from the published unavailability forecasts. 

RTE (2019) addressed this aspect by a sensitivity where a prolonged unavailability of nu
clear units after their 10-year inspection is assumed. Additionally, they conducted a critical 
hour analysis within the CRS of a situation of simultaneous unplanned nuclear unavailabili
ties, comparable to winter 2016-2017, when the French Nuclear Safety Authority (ASN) in
structed a temporary shutdown of several nuclear power plants due to a technical failure of a 
component. 

PLEF (2021) also considered a sensitivity with less nuclear availability (-1.7 GW in France 
and -1.19 GW in Switzerland). 
 

Extreme and disruptive weather events 

In the French NRAA by RTE (2019), two past extreme situations, that are reflected in the 
CRS input data set, were inspected more closely. First, a prolonged cold wave like the Euro
pean cold wave in February 2012 where the historic peak electricity demand in France was 
recorded. Second, prolonged periods of light or no wind, causing extraordinarily low in-feed 
of wind generation units. Such a situation was observed for example in January 2012.  

r2b / Consentec (2021) added the climate year 2017 to their original set of climate years 
2009-2013 for the CRS because of the occurrence of the so-called ‘Dunkelflaute’, an event 
characterised by low temperatures and thus high heating demands, combined with low wind 
and solar in-feed for a prolonged period.  

Elia (2021) used a set of 200 synthetic climate years per target year to take climate change 
and plausible extreme weather events into account in their CRS. 

In its report, PLEF (2020) also conducted a critical hour analysis for this three-week period in 
January 2017 (‘Dunkelflaute’), when overall demand was high in the Penta-region due to low 
temperatures, with low wind in-feed levels at the same time. This situation was of particular 
interest, because situations with high residual demand are expected to be especially stress
ful in the near future, with a higher share of renewables in the system. 
 
 

Cyber or physical attacks, natural disasters, fuel shortage, human-related 

For other groups of extreme events, no analogies to the sensitivities in the analysed RAA 
could be found. These extreme events are characterised by a simultaneously low or non-
availability of electricity system assets. Additionally, there is limited data on impact and likeli
hood of such events, making it difficult to translate such extreme events into appropriate in
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put data for RAA. Since RAA are bound to a probabilistic assessment, they cannot be con
sidered in a CRS without sufficient information on likelihood and impact on the input data. If 
deemed relevant for the scope of a RAA, such events would most likely be considered within 
a dedicated sensitivity. 

Even though the sensitivities described above do not explicitly represent extreme events in 
the sense of the RPR, their respective modelling approach in the RAA-context reflects differ
ent options which are also relevant for the analysis of extreme events. 
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Cyber & 
physical 
attacks 

- - - - - - - - 

Extreme 
weather CRS CRS CRS CRS CRS CRS 

CRS & 
Critical 
hour 

analysis 

CRS & 
Critical 
hour 

analysis 
Natural 
disaster - - - - - - - - 

Fuel 
shortage - - - - - - - - 

Human- 
related - - - - - - - - 

Market- 
related 

Sensitivity 
analysis - Sensitivity 

analysis 
Sensitivity 

analysis 
Sensitivity 

analysis 
Sensitivity 

analysis - Sensitivity 
analysis 

Technical 
failure CRS CRS CRS 

CRS & 
Sensitivity 

analysis 
CRS CRS 

CRS & 
Sensitivity 

analysis 

CRS & 
Sensitivity 

analysis 
Misc. - - - - - - - - 

Table 3: Overview on methodological approaches for the sensitivities in the analysed RAA 

Table 3 demonstrates that the sensitivities in RAA today are basically limited to those events 
which are directly reflected in the input data of the CRS (i.e., extreme weather, technical fail
ure) or can be considered without much effort by an adjustment of the scenario framework 
(i.e. market-related and / or politically induced developments of generation capacity, trans
mission capacity, demand). This helps to get a better understanding on how specific extreme 
events could be analysed via a critical hour analysis or dedicated sensitivities. Nevertheless, 
there is not much practical experience (at least in the RAA under consideration) on how the 
wide range of extreme events identified by ENTSO-E under the RPR can be appropriately 
analysed based on RAA-tools. 
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4. Analysis of options for assessing extreme events with 
(adapted) RAA-tools 

In this Chapter we investigate whether and how (groups of) extreme events covered by the 
RPR can be appropriately assessed regarding their impact on the security of electricity sup
ply with (adapted) RAA-tools from a technical/modelling perspective. We discuss the ap
plicability of three different technical options for assessing different types of extreme events 
and examine how the respective KPI shall be interpreted. In the second sub-chapter we first 
discuss potential adaptions of RAA-tools, which may be needed to enable the assessment of 
extreme events with RAA-tools. Second, we give a recommendation on the suitability of the 
different approaches for assessing (groups of) extreme events. 

4.1 Technical options for assessing extreme events in RAA-tools 

In order to investigate whether and how (groups of) extreme events can be appropriately as
sessed with (adapted) RAA-tools from a technical/modelling perspective, we pick up the dis
cussion of Chapter 2.3, whether extreme events may be assessed by more deterministic ap
proaches or full probabilistic approaches. From our point of view, in general every extreme 
event can be analysed with (adapted) RAA-tools, as long as they materialise on bidding-
zone levels and can therefore be addressed by such tools.34 Also, ACER indicates the use of 
adapted RAA models to analyse extreme events according to Art. 8 RPR, as it states in its 
decision 8/2020 Annex I on the STSAA Methodology, that “the Methodology for the seasonal 
adequacy assessments builds on the ERAA methodology whereas short-term Adequacy has 
a reduced uncertainty due to the availability of weather forecasts”.  

In the following, we analyse three general technical options, differing in the probabilistic de
gree, and the respective needs and prerequisites for assessing extreme events using such 
(adapted) RAA-tools: 

(1) Full probabilistic approach:35 In this approach extreme events are considered with 
their respective probability, and also all other (in RAA normally) probabilistic ele
ments remain probabilistic. In this approach the impact on the input data, as well as 
the probability of occurrence of the extreme event has to be known/given. The contri
bution of the relevant extreme event(s) on the KPI is expected to be comparably low, 
since the respective probabilities of occurrence of those extreme events is typically 
(very) low as well.  

(2) Conditional probabilistic approach:36 In a conditional probabilistic approach, the 
extreme event under consideration is fixed, while forced outages and/or climate 
years potentially remain probabilistic to that extent not directly affected by the ex

 
34  It should be noted that extreme events which occur only locally (e.g., floods in local valleys) cannot be as
sessed within (adapted) RAA-tools, as those tools focus on the relation between overall demand and supply, 
while e.g. grid elements within bidding zones or at distribution grid level are not applied. 
35  It should be noted that the theoretical construct of a full probabilistic approach, i.e., including all possible fu
ture outcomes exactly with their accurate probabilities, is not achievable in practice. The true distribution of sto
chastic elements is unknown and has to be approximated. Furthermore, all empirical models currently used as
sume that some variables are deterministic, in particular to keep model complexity at feasible levels. In these 
cases, assumptions should reflect best available unbiased estimates. 
36  The term “conditional probabilistic approach” in this report also covers probabilistic assessments, where one 
or more assumptions deviate from the mean expectation of market actors. This does not necessarily mean that 
assumptions deviating from those historically observed are classified as a conditional probabilistic approach. In 
contrast the assessment may take into account most recent developments or major uncertainties and if the as
sumptions are well motivated and quantitatively based on a reasonable analysis in a transparent manner, proba
bility and impact are given/known and thus enables performing a full probabilistic assessment. 
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treme events under consideration. The probability of occurrence of the relevant ex
treme event in the assessment is 100 % by definition, even though the probability of 
occurrence in reality may be unknown, and only the impact on the input data has to 
be known/given. The contribution of the scenario on KPI is thus assumed to be high. 

(3) Deterministic approach: In a deterministic approach the extreme event and all 
other (in RAA normally) probabilistic elements which have an impact on the supply 
situation are fixed, for example when an event with specific weather patterns comes 
along with a specific outage of power plants, demand levels, etc. The probability of 
occurrence of the extreme event is 100 % by definition. However, the probability of 
occurrence in reality may be unknown since only the impact on the input data (i.e., on 
generation, demand, etc) has to be known/given in order to analyse the impact of the 
event on the supply situation. Consequently, the KPI are basically determined by the 
extreme event under consideration. 

Particularly for the full probabilistic approach, an additional critical hour analysis has to be 
performed to analyse the direct impact of a specific extreme event, since the probabilistic 
character of the assessment will dilute the impact on the electricity supply situation. This 
holds potentially also true for the conditional probabilistic approach – depending on the con
crete probabilistic degree, if the impact of the extreme event is diluted by probabilistic ele
ments. And even in a deterministic assessment an analysis of the most critical hours may 
give additional insights on the extreme event under consideration, exceeding those from the 
KPI’s (e.g., what part of the load had to be curtailed in the most critical hours of the modelled 
year). 

Depending on the given approach, the derived KPI have to be interpreted differently. In the 
deterministic and conditional probabilistic approach, the impact on the supply situation (i.e., 
loss of load and energy not served) is quantified, assuming that the crisis event occurs. 
Thus, the KPI derived from these approaches do not reflect the loss of load expectation 
(LOLE) or expected energy not served (EENS) on electricity markets in the sense of RAA 
and the respective reliability standards (RS). This only holds true for the full probabilistic ap
proach reflecting mean expectations of possible system conditions.37 In the deterministic ap
proach, it is the loss of load (LOL) and the energy not served (ENS), in case the extreme 
event occurs (i.e., not the global expected values – LOLE; EENS). In the conditional proba
bilistic approach, it is a conditional LOLE / EENS (CLOLE / CEENS), expressing the LOLE 
and EENS when an event occurs with the probability of 100 %, while other unfavourable cir
cumstances may occur or not.  

Figure 3 illustrates this for an assumed extreme event of an extraordinary heat wave. It has 
to be noted, that the influence of the heat wave on load and RE infeed is automatically im
plemented, if the respective climate year (or period) is covered. Furthermore, it is assumed 
in this illustrative example, that: 

• one out of ten climate years contains heat wave (10%) 

• LOL is zero in all years except heat wave years 

• during heat wave year, additional power plant outages can be 7, 10 or 13 GW (each 
assumed to be equally likely), additionally not available, e.g. due to fuel shortages 
caused by low river levels, restricted river cooling or generally reduced capacity dur
ing heat waves, 

 
37  It should be noted that this also doesn’t hold true in the full probabilistic approach if a critical hour analysis is 
applied, since there the critical situations are analysed directly and independently from their probability of occur
rence within the whole set of MC-simulations. 
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• the heat waves is leading to respective LOL of 0 hours (for 7 GW), 5 hours (for 10 
GW) and 10 hours (for 13 GW). 

 
Figure 3: Comparison of modelling approaches for the example of a heat wave. 

The example illustrates that the choice of the approach to be applied to assess extreme 
events strongly depends on the aim of the analysis. If the impact of an extreme event is to 
be assessed specifically, a deterministic or conditional probabilistic assessment seems to be 
preferable, since the KPI directly reflect the impact of the event. Furthermore, it is easier to 
parametrize and less computationally demanding compared to a full probabilistic assess
ment. Within a full probabilistic assessment, a critical hour analysis has to be applied in or
der to analyse the direct impact of an extreme event mirrored in the input data. However, it 
may be reasonable to choose this approach if a full probabilistic assessment is required any
way (i.e. in the context of RAA). 

In general, all these options (deterministic, conditional probabilistic and full probabilistic plus 
critical hour analysis) are suitable to assess the need for and size of additional safeguard 
measures against extreme events in order to meet the legal requirements of the RPR. Such 
measures would safeguard security of supply of a MS above the efficient market level of re
source adequacy (i.e., the reliability standard) and therefore will have to be addressed out
side the market, since the market players would not prepare themselves for these ‘unlikely’ 
extreme events.  

If, in turn, the overall resource adequacy on the electricity markets is to be assessed, poten
tial extreme events should be considered with their respective probability of occurrence in 
the full probabilistic RAA, within relevant CRS and appropriate sensitivities. Such full proba
bilistic approaches may be used to assess the need for a market-wide CRM taking into ac
count relevant extreme events. A member state might be interested in safeguarding against 
such extreme events, if adequacy concerns are identified within this approach – not neces
sarily outside the markets.  

Extraordinary heat wave
Assumptions: 
• one out of ten climate years contains heat wave (10%)
• LOL is zero in all years except heat wave years
• during heat wave year, additional power plant outages 

can be 7, 10 or 13 GW (each assumed to be equally 
likely), leading to respective LOL of 0, 5 and 10 hours

Full probabilistic approach:
• The occurrence of an extraordinary heat 

wave within 30 climate years are 
considered with their respective probability.

• Minor impact on results, because 
probability as low as 10 %.

• LOLE = (27*0h+0h+5h+10h)/30 = 0.5h per 
year (if 30 climate years are analysed and
each heatwave with specific additional 
outages has occurred once)

Deterministic approach:
• Assuming the high impact 

heatwave scenario of 13 
GW outages.

• Strong impact on results, 
since LOL: 10h per Year

Interpretation of KPIs:
- LOL: Resulting loss of load in the specific scenario with an extraordinary heat wave.
- CLOLE: Resulting loss of load in a probabilistic assessment under the condition that an extraordinary heat wave 

would occur
- LOLE: Resulting loss of load in a full probabilistic assessment containing an extraordinary heat wave every ten 

years (expectational values expressing market expectations)

Conditional probabilistic 
approach:
• The occurrence of the 

extraordinary heat waves is 
fixed. 

• Strong impact on results, 
since Conditional 
LOLEheatwave (CLOLEheatwave): 
(0h+5h+10h)/3 = 5h per year 
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In PLEF (2020), two illustrative examples for both a full probabilistic and a conditional proba
bilistic approach can be found, even though they do not deal with real extreme events in a 
narrow sense: 

• A full probabilistic approach was applied to analyse the given CRS. In addition, a crit
ical hour analysis with specific simulations was conducted to analyse an extreme 
event which had taken place in January 2017, where relatively critical system condi
tions where present since electricity demand was high due to low temperatures in 
Europe and, at the same time, RES infeed was low because of weak wind. 

• Furthermore, the Low Gas sensitivity represents a conditional probabilistic approach. 
Here, 7.6 GW gas capacity is identified to be at risk of mothballing due to low profita
bility and exogenously removed from the calculation while the other elements of the 
simulation remain probabilistic (see also section 3.2). 

 

4.2 Adaptions of RAA-tools and discussion on the choice of appro
priate modelling approaches  

When assessing extreme events with RAA tools, some adaptions of the tools may be 
needed, determined by the choice of the beforementioned approaches: 

• Assessing extreme events in a full probabilistic approach doesn’t require adap
tions of the model itself. However, the likelihood of occurrence of extreme events and 
their impact (i.e., how much is the electricity supply affected and for how long?) need 
to be parameterized. If extreme events are to be analysed where no or only little his
toric observations are available, the likelihoods and impacts may need to be based 
on expert judgements. It could be sensible to conduct simulations with a set of differ
ent likelihoods to assess how sensitive the results are to the experts' guesses.  

• When assessing extreme events with a conditional probabilistic approach, the 
simulation of investment decisions (i.e., the EVA) should be disabled, since invest
ments are not possible in the short timeframe when extreme events occur and the 
market would not invest anticipating the extreme event, as they usually occur only 
very rarely but are assumed to occur in the assessment.  

• When assessing extreme events with a deterministic approach, the simulation of 
investment decisions (EVA) should also be disabled, for the same reasons as for the 
conditional probabilistic approach.  

To quantify the direct impact / severity of an extreme event within a full or conditional proba
bilistic approach, we recommend conducting a critical hour analysis. Otherwise, the severity 
may be diluted or may not be visible, due to the comparatively low likelihood of occurrence 
of extreme events within a probabilistic MC-simulation. 

Even if it is technically possible to assess extreme events with a full probabilistic approach, a 
deterministic or conditional probabilistic approach to directly analyse the impact of extreme 
events is in general more suitable, because a full probabilistic assessment aims at an uncon
ditional LOLE and a critical hour analysis is needed to analyse the direct consequences of 
the occurrence of the extreme event. In contrast, in a conditional probabilistic and in particu
lar in a deterministic approach the explicit consequences of the assessed extreme event are 
identified (more) directly and theses approaches are easier to model and less computational 
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demanding. Furthermore, the probability of occurrence doesn’t have to be known given, be
cause it is assumed to occur with 100% probability by definition in these approaches.  

In Table 4 the categories of extreme events contained in the relevant crisis scenarios identi
fied by ENTSO-E according to Art. 5 and 6 RPR are summarized. For every category we 
give a recommendation whether it is possible and appropriate to assess them with (adapted) 
RAA-tools based on one of the aforementioned approaches.  

Category of 
extreme event Recommended modelling approach / explanation 

Extreme 
weather 

Extreme weather events in historic climate years considered in existing 
RAA are automatically included in a full probabilistic approach. Further
more, considering climate change in RAA may lead to account for more 
frequent / critical extreme weather events in the future. In order to ana
lyse the direct impact of these specific events a critical hour analysis 
would be suitable. To directly analyse the severity of extraordinary ex
treme weather events (e.g., occurring in 1/50 years), we recommend a 
deterministic or conditional probabilistic approach. 

Technical  
failures 

Concerning technical failures, our recommendation depends on the con
crete specification of the extreme event. If the technical failures influence 
the availability of resources (generation assets, load or HVDCs), and 
there is historic evidence to derive probabilities and impact they should 
be analysed by a full probabilistic approach. The necessary adaptions 
only belong to input data and thus are relatively easy to parametrize. To 
assess extraordinary technical failures or other for electricity markets ra
ther uncommon technical failures, like the loss of ICT systems followed 
by the loss of communication possibilities between TSOs and market 
participants, we recommend applying a deterministic or conditional prob
abilistic approach (for an explanation see category on cyber-attacks, etc. 
below). 

Market 
related 

Concerning market related extreme events, our recommendation also 
depends on the concrete specification of the extreme event. For price 
sensitivities, like the recent gas price peak or carbon price increases, we 
recommend assessing the event with a full probabilistic approach. Differ
ent price assumptions may lead to substantial differences in the eco
nomic viability of resources, which should be considered when assessing 
the scenario. For other specifications of market related extreme events 
like unwanted power flows in the system, induced, for example, by 
higher-than-expected infeed of renewables or atypical generation pat
terns, we rather recommend assessing the event with a deterministic or 
conditional probabilistic approach (for an explanation see category on 
cyber-attacks, etc. below). 

Cyber- & 
physical  
attacks 

Concerning the other five types of extreme events, we recommend as
sessing those (in the context of electricity market modelling rather un
common events) directly within a deterministic or conditional probabilistic 
approach, because: 
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Natural disas
ters 

 

Fuel shortage 

 

Human 
related 

 

Miscellane
ous 

• the aim of assessing those extreme events should from our perspec
tive be an analysis of the impact if the assumed extreme event occurs,  

• they are relatively difficult to parametrize appropriately in a full proba
bilistic assessment, as the likelihood of occurrence and impact of those 
extreme events are difficult to quantify or may even be arbitrary, since 
there is no or only little empirical evidence of such events, 

• the market cannot be assumed to prepare for such an unknown or un
common event. Thus, no investment decisions should be allowed in 
the model reacting only on the occurrence of the extreme event,  

• no critical hour analysis is needed to directly assess the severity of the 
extreme event (even though a critical hour analysis might still provide 
for additional information in the context of a conditional probabilistic ap
proach). 

Table 4: Recommended modelling approaches for assessing extreme events. 

Extreme events with a sufficiently high probability of occurrence, from a market perspective, 
may be appropriately assessed using full probabilistic approaches and with non-adapted 
RAA-tools. This, in particular, holds true for extreme events concerning climatic conditions or 
availability of resources, which are already covered by the input data of the RAA. However, 
to assess the severity of such extreme events more directly or to assess other extreme 
events with very low or unknown probability of occurrence, we recommend a conditional 
probabilistic or deterministic approach using an adapted RAA-tool, since no investments of 
market participants are to be assumed in case of those events, the assessment is much eas
ier to conduct and the results express the impact of the extreme events more directly, with
out the need for a critical hour analysis. 
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5. Conclusions 
While evaluating the explanatory and analytical power of resource adequacy assessments 
with regard to extreme events, we identified three different approaches to assess those 
events using (adapted) RAA-tools as long as they materialise on bidding-zone levels and 
can therefore be addressed by such tools:  

1) the full probabilistic approach (in the sense of RAA), 
2) the conditional probabilistic approach, and 
3) the deterministic approach.  

The EMR requires a probabilistic approach for the Central Reference Scenarios (CRS) of 
RAA in order to consider uncertainties in prevailing climatic conditions and unexpected una
vailabilities of resources and transmission capacities. Therefore, extreme events in these 
two categories that were observed in the past and covered by the selected input data are im
plicitly reflected in the CRS with their expected likelihood of occurrence. 

Beyond that, some existing RAA extend their analysis by specific appropriate sensitivities on 
other aspects than climatic conditions and outage rates using either a conditional probabilis
tic or deterministic approach, or a critical hour analysis within the full probabilistic approach, 
to gain deeper insights on the impact of specific events, even though many of them do not 
represent extreme events in the context of the Risk Preparedness Regulation 2019/941. Es
pecially extreme weather events and extraordinary outage scenarios have been assessed in 
the past, as well as market-related scenarios regarding the development of carbon and com
modity prices or political framework conditions. Other types of crisis scenarios, i.e., natural 
disasters, cyber-attacks, or nuclear accidents, have not been assessed in current RAA. 

Which of the three approaches described above is the preferred option to analyse extreme 
events depends on the nature, the likelihood and the predictability of the respective event. 
However, for the analysis of extreme events in the context of RPR the full probabilistic ap
proach has the difficulty that such events are – by definition – one unlikely outcome out of 
numerous more likely alternatives. For the purpose of RPR, it will thus be more informative 
in most cases to analyse the system under the condition that the extreme event is taking 
place. Thus, for very rare and extraordinary events, which need to be parametrised specifi
cally, conditional probabilistic or deterministic approaches using adapted RAA-tools are 
more suitable. 

In a conditional probabilistic or deterministic approach necessary adaptions affect the possi
bility of investments (EVA) because no market anticipation is possible as well as particularly 
the probabilistic nature of the RAA-models, as rare events being part of a probabilistic as
sessment will hardly be visible, even though they have to be addressed by appropriate risk 
preparedness measures according to the RPR. Consequently, the necessary adaptions also 
affect the KPI being used in RAA (usually LOLE and EENS), which have to be read in a dif
ferent way compared to those derived from the CRS in RAA. When analysing extreme 
events based on a conditional probabilistic or deterministic approach, the outcome will inevi
tably deliver (high) LOL(E)-values, since the underlying assumption is that the respective ex
treme event occurs with 100 % probability. Thus, these KPI do not longer represent ex
pected values (as it is the case in RAA), but rather express the impact of the analysed ex
treme event, assuming its occurrence.  

While we demonstrated that extreme events covered by the RPR can in principle all be ana
lysed with adapted RAA-tools, it needs to be discussed whether such an analysis still falls 
under the scope of RAA according to the EMR. In other words, the delimitation between ap
propriate sensitivities accompanying the CRS in RAA and the assessment of extreme events 
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with adapted RAA-tools in the RPR context are unclear. A clarification seems to be neces
sary as this will have an impact on the measures that Member States are allowed to imple
ment in order to address extreme events and on the framework conditions to be respected. 
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Appendix: Relevant legislative elements 
Aims and time horizons of the assessments: 
 

Regulation (EU) 2019/943 (EMR) Regulation (EU) 2019/941 (RPR) 

Art. 23 (1) EMR:  
The ERAA shall identify RA-concerns by 
assessing the overall adequacy of the 
electricity system to supply current and 
projected demands for electricity at Union 
level, at the level of the Member States, 
and at the level of individual bidding zones, 
where relevant. 

Art. 1 RPR:  
[…] rules for cooperation between Member 
States with a view to preventing, prepar
ing for and managing electricity crises in 
a spirit of solidarity and transparency and in 
full regard for the requirements of a com
petitive internal market for electricity. 

Art. 5 (3) RPR: 
The proposed methodology shall include 
at least the following elements: 
(a) a consideration of all relevant national 
and regional circumstances, including any 
subgroups;  
(b) interaction and correlation of risks 
across borders;  
(c) simulations of simultaneous electric
ity crisis scenarios;  
(d) ranking of risks according to their im
pact and probability. 

Art. 8 (1) RPR:  
[…] methodology for assessing seasonal 
and short-term adequacy, namely 
monthly, week-ahead to at least day-ahead 
adequacy, which shall cover at least the fol
lowing:  
(a) the uncertainty of inputs such as the 
probability of a transmission capacity out
age, the probability of an unplanned outage 
of power plants, severe weather conditions, 
variable demand, in particular peaks de
pending on weather conditions, and varia
bility of production of energy from renewa
ble sources;  
(b) the probability of the occurrence of an 
electricity crisis;  
(c) the probability of the occurrence of a 
simultaneous electricity crisis. 

Recital (44) EMR: 
Medium to long-term assessments are mainly used to identify adequacy concerns and 
to assess the need for capacity mechanisms whereas seasonal adequacy assess
ments are used to alert to short-term risks that might occur in the following six months 
that are likely to result in a significant deterioration of the electricity supply situation. 

ACER Decision 8/2020:  
The ERAA methodology shall mainly be 

ACER Decision 8/2020: 
Seasonal assessments performed using the 
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used to identify adequacy concerns and 
to assess the need for capacity mecha
nisms. 

Art. 23 (1) EMR:  
The European resource adequacy as
sessment shall cover each year within a 
period of 10 years from the date of that 
assessment. 

STSAA (short-term and seasonal adequacy 
[…] methodology shall be used to analyse 
risks that might occur six months ahead 
and that are likely to result in a deteriora
tion of the electricity supply situation. 

 
Definition of scenarios to be assessed: 
 

Regulation (EU) 2019/943 (EMR) Regulation (EU) 2019/941 (RPR) 

Art. 23 (5) EMR:  
(b) is based on appropriate central refer
ence scenarios of projected demand and 
supply including an economic assess
ment […] and appropriate sensitivities on 
extreme weather events, hydrological 
conditions, wholesale prices and carbon 
price developments;  
(c) contains separate scenarios reflecting 
the differing likelihoods of the occur
rence of resource adequacy concerns 
which the different types of capacity mech
anisms are designed to address; 

Acer Decision 24/2020 Annex 1: 
Art. 3 (3): The baseline data for the 
ERAA stems from the national projected 
demand, supply and grid outlooks prepared 
by each individual TSO. These national 
forecasts shall be consistent with exist
ing and planned national policies, includ
ing: 
(a) national objectives, targets and contri
butions, and other projections contained in 
the NECPs […]. To this aim, the assump
tions of the central reference scenarios 
shall align with the measures and actions 
defined by MSs pursuant to Article 10(5) of 
Electricity Regulation and with implementa
tion plans pursuant to Article 20(3) of Elec
tricity Regulation. 

Art 3 (4): For all central reference sce
narios, the EVA shall be performed on the 
baseline data described in the previous par
agraph. The ERAA report shall clearly 
show whether and how the baseline data 
has been modified by the EVA. 

Art. 5 (2) RPR: 
The proposed methodology shall identify 
electricity crisis scenarios in relation to 
system adequacy, system security and fuel 
security on the basis of at least the follow
ing risks:  
(a) rare and extreme natural hazards;  
(b) accidental hazards going beyond the 
N-1 security criterion and exceptional con
tingencies;  
(c) consequential hazards including the 
consequences of malicious attacks and of 
fuel shortages. 

Art. 6 (1) RPR:  
ENTSO-E shall, on the basis of that meth
odology […] identify the most relevant elec
tricity crisis scenarios for each region. 

Art 8 (2) RPR: 
[…] The methodology shall take into ac
count the specificities of each Member 
State's energy sector, including specific 
weather conditions and external circum
stances. 

Recital (11) RPR: 
‘ENTSO-E’ and the Member States should, 
respectively, determine concrete regional 
and national electricity crisis scenarios. 
That approach should ensure that all rele
vant electricity crises are covered, taking 
into account regional and national specifici
ties such as the topology of the grid, the 
electricity mix, the size of production and 
consumption, and the degree of population 
density. 

Recital (14) RPR: 
On the basis of the common methodology 



 

32 
 

Art 3 (5): The ERAA shall rely on the fol
lowing central reference scenarios:  
a) With CMs […] 
b) Without CMs […]. 

Art 3 (6): ENTSO-E may complement the 
central reference scenarios with additional 
scenarios and/or sensitivities with Euro
pean relevance, e.g., to assess the robust
ness of the identified resource adequacy 
concerns. Such scenarios and/or sensitivi
ties may be based on inter alia the following 
elements: 
(a) different assumptions related to input 
data and scenario uncertainties, including 
different economic and policy trends rele
vant for resource adequacy; […] 
(e) consideration of extreme weather 
events and hydrological conditions; 

ACER Decision 24/2020 Recital (79) c): 
[…]. ACER also allows for realistic alterna
tive approaches for climate data in central 
reference scenarios. ACER observes that, in 
the context of the ERAA modelling exer
cise, other scenarios and sensitivities pur
suant to Article 3(6)(e) of the ERAA Meth
odology may rely on climate data beyond 
the one used for the central reference 
scenarios. In particular, extreme weather 
events should be reflected by sensitivi
ties in line with Article 23(5)(b) of the Elec
tricity Regulation; 

for risk identification, the ENTSO for 
Electricity should regularly draw up and up
date regional electricity crisis scenarios 
and identify the most relevant risks for 
each region such as extreme weather 
conditions, natural disasters, fuel short
ages or malicious attacks. 

Art. 6 No. 3 ENTSO-E method:  
(g) A probabilistic method for evaluating 
both impact and likelihood of each crisis 
scenario is usually superior to a determinis
tic one (and thus preferred). However, the 
required minimum for evaluating the likeli
hood and impact measures of a crisis sce
nario is performing a deterministic calcu
lation, based on […]; 
(h) In case of the most relevant regional 
electricity crisis scenarios, ENTSO-E 
may propose use of a scenario specific 
probabilistic method 

ACER Decision 7/2020: 
Art. 10: Electricity crisis scenario candi
dates determined by TSOs in cooperation 
with the national competent authority. 

Recital (29) ACER Decision 8/2020: 
Seasonal assessments performed using the 
STSAA (short-term and seasonal adequacy 
[…] methodology shall be used to analyse 
risks that might occur six months ahead 
and that are likely to result in a deteriora
tion of the electricity supply situation. 

 
Modelling approaches to assess scenarios and key performance indicators: 
 

Regulation (EU) 2019/943 
(EMR) 

Regulation (EU) 2019/941 (RPR) 

Art. 23 (1) EMR:  
The ERAA shall be based 
on a transparent methodol
ogy which shall ensure that 
the assessment: […] 
(h) applies probabilistic 
calculations; […]  
(j) includes at least the fol
lowing indicators referred to 
in Article 25:  
- ‘expected energy not 
served’, and  

ACER decision 7/2020 Annex 1 Art. 8:  
During electricity crisis scenario identification and evalua
tion, either a probabilistic or a deterministic method of 
evaluating the likelihood and impact of a crisis shall be 
used. A probabilistic method shall be favoured over a de
terministic one where appropriate. ENTSO-E shall propose 
the use of a scenario-specific method (or methods) for 
evaluating the likelihood and impact measures relevant to 
the particular scenario and the nature of its uncertainty 
when appropriate. 

Art. 6 (3) ENTSO-E method:  
(g) A probabilistic method for evaluating both impact and 
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- ‘loss of load expecta
tion’; 

likelihood of each crisis scenario is usually superior to a de
terministic one (and thus preferred). However, the re
quired minimum for evaluating the likelihood and impact 
measures of a crisis scenario is performing a determinis
tic calculation, based on […]; 
(h) In case of the most relevant regional electricity crisis 
scenarios, ENTSO-E may propose use of a scenario 
specific probabilistic method 

Recital (17) RPR: 
To improve those adequacy assessments (i.e., STSAA), 
the ENTSO for Electricity should develop a common prob
abilistic methodology for them […]. 

Recital (29) ACER Decision 8/2020: 
Seasonal assessments performed using the STSAA (short-
term and seasonal adequacy […] methodology shall be 
used to analyse risks that might occur six months ahead 
and that are likely to result in a deterioration of the elec
tricity supply situation. 

Art.3 ACER Decision 8/2020 Annex I: 
1. All seasonal adequacy assessments, whether carried 
out on national, regional or Union level, shall be based on 
the probabilistic method described in Annex I. […] 
7. Seasonal adequacy assessments shall be based on 
any relevant metrics, including LOLE, LOLP and EENS. 
8. The seasonal adequacy assessment shall consist of the 
following steps: 
a. Run of Monte Carlo probabilistic assessment with 
UCED model, as defined in Annex I; 
b. Spatial analysis on seasonal basis to detect zones with 
adequacy risk, meaning hours with probability that part of 
demand might be not supplied (LOLP is higher than 0); 
c. Temporal analysis on weekly basis to detect periods with 
adequacy risk; 
 11. The short-term and seasonal adequacy assess
ments shall use a probabilistic methodology to assess 
adequacy for the concerned period. The methodology shall 
follow a Monte Carlo method to reflect the variability of 
weather as well as the randomness of supply and trans
mission unplanned outages.  
12. Monte Carlo simulations shall be built combining the 
weather-dependent variables and random outages. 
Each weather scenario consists of a realistic combination 
of demand (accounting for temperature dependency), wind, 
solar and hydro inflow time-series. From each weather sce
nario, the relevant time period is selected, i.e., the season, 
month or week under consideration. Each set of weather 
scenarios is further associated with a relatively large num
ber of random unplanned outage samples, that is, ran
domly assigning unplanned outage patterns for thermal 
units and interconnections. 
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