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EXECUTIVE SUMMARY 

 

The power system is currently undergoing significant changes as the energy transition has profound effects 

on many aspects of modern power systems. The transition should lead to a power system which is reliable, 

affordable and sustainable. Governments, TSOs and regulators are tasked with steering the energy transition 

into this direction. In order to enable them to do so, they are provided with numerous research reports, such 

as power system adequacy assessments. However, the current understanding of adequacy does not suffice 

anymore for future power systems, rendering these adequacy assessments less useful than would ideally be 

the case. Therefore, it has become necessary to come to a renewed understanding of adequacy and its 

subsequent expression in renewed adequacy indicators.  

Using a literature review, the background of adequacy assessments is studied as well as the 

interpretations of adequacy and current practice in adequacy assessments. Using a comparative analyses, 

adequacy assessments across Europe are analyzed. These show that there is remarkably little difference in 

the understanding and expression of adequacy across countries. Furthermore, a comparative analysis of 

reliability evaluations of infrastructural sectors shows that best practices and evaluation concepts could be 

shared across sectors.  

Based on scientific literature, the shortcomings of current interpretations, identified developments 

in the power sector, expert interviews and analysis of included dimensions, a renewed understanding of 

adequacy is proposed. Power system adequacy is proposed to refer to the ability of a power system to reliably 

provide access to, satisfy and dynamically adapt to the needs of its users at any time and at an acceptable 

cost and risk level, while complying with societal goals and quality requirements. This understanding 

incorporates more dimensions in power system adequacy than the current interpretation.  

Next, the limitations of current power system adequacy modelling efforts are analyzed, followed by 

an analysis of currently used or proposed adequacy indicators. Based upon these results, the renewed 

understanding of adequacy and expert interviews, forty-two renewed adequacy indicators in ten categories 

are proposed to be used in future adequacy assessments. Next, these are each discussed to highlight how 

these can be calculated and used in adequacy assessments.  

Subsequently, these indicators have been demonstrated on an adequacy assessment performed on 

a power system which was based upon the IEEE Reliability Test System. The adequacy assessment of the 

demonstration power system was performed using ANTARES. For each indicator, it is shown how it can be 

calculated, how the data can be interpreted and displayed and what kind of additional insight can be derived 

from the renewed indicator. Furthermore, recommendations on improving adequacy assessments are given 

for TSOs, governments and research agencies. They are recommended to adopt the renewed understanding 

of adequacy and implement the use of the renewed indicators in their adequacy assessments. Furthermore, 

they should consult with other infrastructural sectors to exchange best practices in reliability evaluations, 

aim to integrate transmission network constraints into adequacy assessments more explicitly, improve the 

market models used in power system simulations, employ ‘what-if’ analyses to research requirements of 

future power systems, communicate pro-actively towards the general public on the future expected 

adequacy of the power system using probabilistic expressions of the proposed indicators and set adequacy 

target values based upon an explicit analysis. Specific recommendations aimed at the power system of the 

Netherlands are also given to the Dutch government and the Dutch TSO, TenneT.  

 This research contributes to a renewed understanding and expression of power system adequacy. 

In doing so, it contributes to the creation of the right monitoring tools to achieve a successful energy 

transition. Adequacy assessments performed using the results of this thesis will be more insightful to policy 

makers than previous assessments, enabling policy makers to use the results of adequacy assessments for 

the proper design and planning of power systems of the future.  
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 INTRODUCTION 

 

The power system is currently undergoing major changes. The energy transition has profound effects 

on many aspects of the power system as well as society. Conventional thermal generation is being 

phased out and mainly being replaced by variable renewable energy sources, which come with their 

challenges [1]. There is increasing differentiation in the amount and type of actors active in the power 

sector, exemplified by the rise of actors such as prosumers and aggregators [2]. Furthermore, there is a 

simultaneous development towards increasing internationalization as well as a decentralization of the 

power sector [3], [4]. Lastly, the digitalization of the power grid offers solutions to new challenges, but 

comes with its own risks as well [5]. These developments have significant consequences for the 

regulation, planning and operation of power systems. Power system adequacy – the ability of a power 

system to satisfy electricity demand at all times – is concerned with all these aspects: adequacy is an 

outcome of and subjected to government regulation, the result of power system planning and needs to 

be safeguarded by the proper operation of the power system. Thus, the adequacy of the power system 

needs be properly monitored in order to be able to undertake mitigative action if necessary. How such 

adequacy assessments could be improved is the subject of this thesis.  

 

1.1. POWER SYSTEM ADEQUACY IN CONTEXT 

 

Power system adequacy is of vital importance to society. A stable and secure electricity supply is a 

precondition to many societal processes, such as economic activity, health care, mobility, safety and 

leisure [6]. It is therefore important to reduce interruptions to the electricity supply as much as is 

economically responsible and socially acceptable, although the costs of preventing interruptions should 

be weighed against the value of increased reliability. A reliable power system is achieved by the right 

operation of the power system, but just as much by the planning and design of the power system. For 

example, the impact of transmission outages is reduced by having redundant transmission 

infrastructure for the most important connections. In the long run, the existence of sufficient generation 

facilities is also of vital importance to the security of supply of the power system. In liberalized 

electricity markets, there is however, no central planning agency responsible for achieving such 

investments but this rather depends on an assessment of investors on the economic feasibility, the 

incurred risks and regulatory framework. As governments and Transmission System Operators (TSOs) 

are not in charge of investing in new facilities anymore – while they are responsible for the stable 

operation of the power grid – they monitor market developments and regularly assess the expected 

future reliability of the power system. In the Netherlands, the Dutch Minister of Economic Affairs and 

Climate Policy is responsible for the regular assessment of the adequacy of the power system, although 

the assessment has in practice been delegated to TenneT, the Dutch TSO [7].  

Anno 2019, there is a need for changes in the power system. Global CO2-emissions need to be 

urgently reduced in order to limit global warming due to climate change [8]. The Paris Climate 

Agreement has outlined that global warming should be limited to maximum 2° C while aiming for only 

1.5° C [4]. Power systems are envisioned to play an important role in reducing CO2-emissions by 

diminishing their own emissions as well as enabling the electrification of industry, heat demand and 

mobility. The European Union has set concrete goals for CO2-emission reductions and the integration 

of renewable energy sources. In 2030, CO2-emissions need to be reduced by 40% (compared to 1990) 
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leading up to net zero emissions by 2050 [9]. A large contribution in this emission reduction is expected 

to come from the electric power sector. Urgent action is required in order to achieve these targets [8].  

In the Netherlands, a legally binding Climate Act has set concrete CO2-emission reduction goals 

[10], [11]. By 2030, there should be an overall 49% reduction in CO2-emissions compared to 1990. Out 

of the total emission reduction goal of 48.7 megaton CO2 in 2030, the electricity sector will need to 

reduce 20.2 megaton which forms just over 40% of the total emission reduction goal [12]. This should 

lead up to a 95% reduction of CO2-emissions target by 2050. The share of renewable energy should 

become 100% by 2050, entailing zero net CO2-emissions from the electricity sector, despite growing 

electricity demand due to the electrification of amongst others mobility and industry [4], [11]. The 

methods by which these goals should be achieved are outlined in the Climate Agreement. Following 

negotiations, a proposal for a Climate Agreement was presented in December 2018 and was finalized 

in 2019.1 The proposal contains a roadmap towards the goal that the electricity sector should have no 

net CO2-emissions in 2050 [12]. 

The developments warranted by these CO2-reduction goals have profound effects on the power 

system. The share of conventional (thermal) controllable power generation is decreasing and will no 

longer suffice to meet peak demand [1], [18]. The supply of electricity will thus become less controllable, 

and more variable and weather-dependent [1]. This may lead to adequacy risks, which need to be 

mitigated. Total installed capacity in the Netherlands is expected to grow towards 56.3 GW (by 2033) 

of which only 20.2 GW consists of thermal capacity and 36.1 GW of variable renewable energy sources 

(VRES; wind and solar-PV) [12]. The future power system is therefore projected to become more 

supply-oriented and less demand-oriented as it has typically been in the past.  

The increasing share of intermittent energy production by variable renewable energy sources 

requires sufficient flexibility in the power system to safeguard a reliable power system [4]. This is due 

to the fact that the power system needs to be balanced continuously and a large variability of power 

production by VRES thus requires new solutions to ensure the power balance is ensured at all times 

[4]. Such solutions include Demand Side Response and energy storage. However, in extreme situations 

– periods of so-called 'Dunkelflaute'2 – there may not be enough wind and solar electric energy 

production to satisfy the adapted demand [1], [20]. These periods can also become quite long, rendering 

options for short-term storage of electric power insufficient [12]. There is therefore, an envisioned future 

adequacy challenge to be mitigated [1].  

  

                                                           

1 In July 2018, the proposal for the main outline of the Climate Agreement (‘Voorstel tot hoofdlijnen van een Klimaatakkoord) 

was published, following negotiations of over 100 different stakeholders [13], [14]. After an analysis by the Netherlands 

Environmental Assessment Agency and an appreciation by the Government, another round of negotiations followed [13], [15]. 

In December 2018, the design of a Climate Agreement (‘Ontwerp van het Klimaatakkoord’) was presented [12]. Afterwards, this 

was again analyzed on its effectiveness and social-economic consequences by the Netherlands Environmental Assessment 

Agency and the Netherlands Bureau for Economic Policy Analysis [16]. After government appreciation and political choices in 

the design of policy instruments, the final text of the Climate Agreement was published in June 2019, commonly referred to as 

the Climate Agreement [4], [17]. However, this final text is a proposal and still subject to the approval of the concerned 

stakeholders before a definitive Climate Agreement has been reached [17].  

2 The term Dunkelflaute is commonly used to refer to prolonged periods of time without sufficient sunlight and wind speeds for 

significant VRES production (consisting of the German words ‘dunkel’ for the lack of sufficient sunlight and ‘flaute’ to refer to 

the lack of sufficient wind speeds. [19] 
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1.2. PROBLEM STATEMENT 

 

The power system is currently undergoing significant changes. However, the tools used to study the 

reliability of the power system are not keeping up with some of these developments. The current 

interpretation of adequacy has not been changed since it was defined by, amongst others, Roy Billinton3 

and Ronald N. Allan from the 1970s onwards [22]–[24]. The understanding is based upon a demand-

oriented power system and builds upon the assumption that electricity demand should be satisfied by 

an adequate amount of supply (generation) at all times. However, the future power system is 

envisioned to become more supply-oriented due to the large-scale penetration of variable renewable 

energy sources. Such changes need to be reflected in the understanding of adequacy, because it affects 

the affordability, effectiveness and desirability of policy options aimed at safeguarding power system 

adequacy. Without an adaptation of the current understanding of adequacy, there will most likely be a 

growing disparity between the outcomes of adequacy assessments and the actually observed 

developments in power system adequacy. For instance, a perceived adequacy problem may lead to 

undesired and/or expensive mitigation actions while these actions would not have been required. Such 

a disparity would endanger the credibility of adequacy warnings with the risk of TenneT becoming 

'The Boy Who Cried Wolf'.4 To prevent this situation, there is therefore a need to adapt current 

adequacy assessment practices to adapt these studies to the ongoing developments in the power 

system.  

Power system adequacy has long been the subject of academic studies as well as assessments 

by TSOs, governments and research institutes. The main approach to this concept has, however, not 

progressed since the conception of the discipline in the 1970s. Nowadays, multiple interpretations of 

adequacy exist and although these have some differences, they share many traits as they all approach 

the power system to function as has classically been the case, with centralized dispatchable generation 

adapting to changes in consumer load. As will be discussed in Chapters 3 and 4, some assumptions 

underlying the current understanding of adequacy will no longer hold in the future. Therefore, the 

classical interpretations of adequacy no longer suffice for use in future power systems.  

Furthermore, power system adequacy is currently often separated into generation adequacy 

and transmission adequacy and not studied in an integrated fashion. However, as generation and 

transmission adequacy may become more interdependent, there is also a need to study these in a more 

integrated manner. Although part of the renewable energy production will be scattered over the 

country (e.g. residential solar-PV) in the future, there will also be areas with high concentration of 

renewable energy production. Large-scale offshore wind power production in the North Sea would be 

an example. Due to these developments, the production of power may become very concentrated in 

one area, resulting in large power flows which could also vary significantly throughout time. 

Meanwhile, there could be a simultaneous increase in the concentration of load centers (e.g. due to the 

electrification of industry), requiring additional infrastructure to be able to accommodate these large 

power flows.  

                                                           

3 Billinton is credited with writing the first comprehensive book on power system reliability in 1970 and can thus truly be 

regarded to be a founding father of the discipline [21].   

4 ‘The Boy Who Cried Wolf’ is a famous fable about a shepherd boy who has repeatedly alarmed villagers on an attack of the 

sheep flock by wolfs, so that when he finally does spot a wolf attack, no one beliefs him because he has given too many false 

warnings.  
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Therefore, adequacy would not only become a question of sufficient power production but also of 

sufficient transportation capacity, as a lack of transmission capacity would result in insufficient energy 

supplied to the load center(s). This is different from current practice, because conventional thermal 

generation units can easily be subjected to redispatch in case of a need for congestion management. The 

Infrastructure Outlook 2050 [25] – recently published by TenneT and Gasunie – can be seen as a first 

step towards the integration of transmission and generation adequacy studies. Although this study 

mainly focused on the future energy infrastructure requirements, it also highlighted that the required 

future flexibility - amongst others in order to mitigate the effects of Dunkelflaute – for a stable power 

system can be created through the energy infrastructure: ‘The analysis we performed shows that 

coupling power and gas grids gives the energy system valuable flexibility and transport capacity’ [25, 

p. 5].  

Moreover, power system adequacy is not merely a techno-economic issue although many 

existing interpretations do not include societal aspects in their understanding of adequacy. In principle, 

one could argue that any power system can be regarded to be adequate if sufficient price elasticity of 

demand is present. In that case, consumers will not consume electricity anymore from a certain price 

level onwards. In that way, it is ensured that there is always an economically determined balance 

between the demand and supply of power, even if this entails the complete lack of power supply. 

However, such situations are clearly socially undesirable and harmful to the economy, since many 

aspects of society and economy are dependent upon a reliable power supply. The power system is thus 

expected to comply with societal goals as well, which – next to the affordability – also include aspects 

such as the reduction of CO2-emissions and the facilitation of (industrial) electrification. This is 

commonly referred to as the ‘energy trilemma’ of affordability, reliability and sustainability [26]. Policy 

makers who aim to achieve these goals need to be enabled to make well-informed decisions.5 More 

specifically, in the Netherlands, TenneT performs the adequacy assessment and subsequently advises 

the Minister of Economic Affairs and Climate Policy whether government interference is required to 

ensure power system adequacy. As the Minister is likely to base this decision upon several aspects, 

information on all such aspects should be available in order to be able take well-informed decisions.  

There is also an increasing societal interest into the adequacy of the power systems, amongst 

others due to the projected coal-phase out due to the Urgenda climate case (see [27], [28]) and the 

Climate Agreement (see [12], [29]). Reliability (adequacy) has also been designated to be one of the 

main design principles of the (future) power system envisioned by the Dutch government, next to 

safety, affordability and CO2-poorness [30]. Furthermore, the Dutch parliament has requested TenneT 

to investigate how the several renewable energy development scenarios would impact the adequacy of 

the power supply towards 2050, while current adequacy studies only focus on a time-period of up to 

fifteen years ahead [1], [31]. 

Currently, many (academic) studies are available (and being undertaken) into different aspects 

of the power system of the future in order to serve as input for power system design and planning. 

These studies for example focus on the impact of increasing VRES penetration [32]–[36], the increasing 

need for flexibility [37]–[44] and/or the potential of (distributed) smart grids in reducing network 

reinforcement costs [38], [45]–[52]. Next to such studies, there are several periodic adequacy 

                                                           

5 For example, the Climate Agreement contains a proposal for a minimum price per tonne of CO2-emissions in the electricity 

sector (complimentary to the European Emissions Trading System) [4]. It is explicitly recognized that this could have an affect 

on the adequacy of the power system. Therefore, the Dutch adequacy assessment will be used to regularly evaluate the working 

of this policy instrument and adapt the minimum price in case the adequacy is endangered.  
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assessments executed which focus on a time-period of 10-15 years ahead [1], [53], [54]. As such studies 

are in principle concerned with similar research goals – monitoring developments and researching how 

to establish a power system that is reliable, affordable and sustainable – these studies could be brought 

closer to each other in order to share insights and cooperate in achieving those research goals. However, 

the current understanding of adequacy prevents this because it is too limited in its scope. Most 

academic literature into adequacy also focusses on one of two aspects: they either investigate the impact 

of VRES on adequacy using several scenarios [55]–[65] or they investigate how adequacy can best be 

ensured by appropriate regulatory frameworks (e.g. capacity mechanisms; energy-only market etc.) 

[66]–[74].  

There are, however, no studies into the fundamental understanding of power system adequacy 

while there is a need to come to a renewed understanding. There is also hardly any research questioning 

the fundamental approaches used in modelling power system adequacy, with the notable exception of 

Helistö et al. [75]. As power systems also need to comply with social goals, its understanding and 

expression in indicators need to reflect this and thus needs to be broadened to include more aspects. A 

similar development has taken place with the establishment of a ‘Broad Welfare Assessment’ 

containing multiple indicators, complementing the Gross Domestic Product that has traditionally been 

used by governments to quantify societal progress [76], [77]. Furthermore, the Climate Agreement has 

also explicitly recognized that the continuous monitoring of adequacy is a crucial part of the energy 

transition, necessitating a long-term horizon of adequacy assessments [4]. Adequacy studies focused 

on long-term analyses could be used for power system design towards 2050 and could be used for 

'what-if' analyses, researching the requirements for the proper working of a future power system under 

different scenarios. Long-term outlooks could thus study the impact of renewable energy sources and 

the future need for different types of flexibility in the power system. Adequacy studies would thus also 

need to include flexibility explicitly in their analyses, as explicitly requested in the Climate Agreement 

[4]. Such long-term adequacy studies with a broadened focus necessitate a renewed understanding of 

adequacy.  

Furthermore, in order to transparently communicate on power system adequacy, suitable 

adequacy indicators need to be used. TenneT is dissatisfied with current adequacy indicators and has 

the desire to be able to communicate more clearly to the general public on the expected (future) power 

system adequacy [78]. This dissatisfaction with adequacy indicators is not entirely new. For instance, 

Billinton & Allan wrote in 1988 already that “there is, however, considerable confusion both inside and 

outside the power industry on the specific meaning of these expectation indices and the use that can be 

made of them.” [23, p. 10]. As will be outlined further in this thesis, there are additional shortcomings 

of the current indicators used to express adequacy (see Section 5.2.2). Furthermore, the lack of indicators 

capable of assessing (required) power system flexibility has previously been identified as a research 

gap [39], [79], [80] although some proposals have been put forward [40], [56], [79].  
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1.3. RESEARCH QUESTION 

 

As has been discussed in the preceding section, there is need to come to a renewed interpretation of 

power system adequacy and its resulting expression in adequacy indicators. Therefore, the following 

research question will be addressed in this thesis:  

 

What interpretation of adequacy is suitable for use in the future power system and how can 

this renewed interpretation be modelled and expressed?  

 

This main research question can be divided into the following sub-questions: 

I. How has adequacy been understood and researched in the past?  

II. What developments are taking place in the power sector and how do these developments 

impact power system adequacy?  

III. How can the understanding of adequacy be renewed and redefined for use in future power 

systems? 

IV. Which dimensions should be included and which requirements need to be satisfied by renewed 

adequacy indicators?  

V. How can this renewed understanding of power system adequacy be expressed in adequacy 

indicators suited for modelling purposes? 

 

The first sub-question lays the foundation for the research of this thesis. Power system adequacy has 

been researched extensively in the past and this thesis can build upon an impressive body of work (see 

sections 3.1 & 3.2). Previous work both includes scientific literature on power system reliability 

evaluation methodology as well as adequacy assessments by governments, TSOs and similar 

organizations. These will be analyzed in order to research what interpretations of adequacy are used.  

Secondly, several major developments in the power sector will be researched in order to 

investigate how the power system is developing. The impact of these developments on power system 

adequacy will be assessed as well as their impact on the assessment of power system adequacy.  

The third sub question focusses on a renewed understanding of adequacy. It will first be 

investigated which dimensions would need to be included in a renewed understanding. In this context, 

dimensions are understood to be the different characteristic elements that collectively form an 

exhaustive interpretation of adequacy. This research question will result in a proposal for a renewed 

understanding of adequacy.  

The fourth sub-question focusses on the adequacy indicators. Following the identification of 

dimensions to be included in a renewed understanding of adequacy, it will be investigated which 

dimensions should be included by renewed adequacy indicators. Furthermore, the requirements that 

must be satisfied by renewed adequacy indicators will also be determined.  

The fifth sub-question focusses on the indicators used to express power system adequacy. 

Indicators are understood to be the (numerical) expression of the most important result(s) of the 

adequacy modelling performed for an adequacy forecast. This will follow partially from the previous 

sub-questions, since indicators need to be in line with the renewed understanding and they need to 

satisfy the set requirements. Further elaboration on the research plan is given in Chapter 2.  
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1.4. SCOPE AND STRUCTURE OF THIS THESIS 

 

As can be inferred from the research question, this thesis contains a conceptual part focused on 

renewing the understanding of adequacy which is complemented by a more practical investigation into 

how such a renewed understanding can be expressed in suitable indicators. By doing so, this thesis will 

hopefully not only result in a contribution to the academic discipline, but also result in practical 

recommendations that can be implemented by TSOs in future adequacy assessments. Although this 

thesis aims to improve adequacy assessments in general, it is also particularly focused on the Dutch 

power system, the Dutch TSO TenneT and its adequacy assessments. Although the results of this thesis 

will therefore be mostly focused towards this context, international comparisons have also been 

employed. The renewed understanding of adequacy and its subsequent expression in indicators that 

will be proposed in this thesis are therefore intended to be applicable to the adequacy assessment of 

power systems in general.  

It is explicitly not the goal of this thesis to perform an adequacy assessment of the (Dutch) 

power system. Nor is the purpose of this research to investigate in detail how the modelling of 

adequacy could be improved by reducing computational speeds, additional optimization formulae or 

adaptations to the modelling software. It should rather be regarded as an attempt to further improve 

adequacy assessments by renewing the underlying interpretation of adequacy and providing a new set 

of indicators to express the results of the adequacy assessment in. By doing so, this research strengthens 

the foundation upon which adequacy assessments are built, contributes to making such assessments 

more future-proof, provides better insight into the results of adequacy assessments as well as 

improving communication towards the general public.  

This thesis is composed as follows. Chapter two discusses the research plan and methods used 

to conduct the research of this thesis. Chapter three discusses the current understanding of power 

system reliability and its interpretation of adequacy, as well as discussing current practice in adequacy 

assessments. It also contains a comparative analysis of reliability evaluations of different power systems 

(international comparison) as well as several (Dutch) infrastructural sectors. Subsequently, chapter four 

analyzes which dimensions are included and which should be included in the understanding of 

adequacy. Furthermore, chapter four proposes a renewed interpretation of adequacy. This concludes 

the conceptual part of this thesis. Chapter five discusses current adequacy modelling efforts, including 

its limitations and output indicators. Next, the dimensions of current output indicators as well as the 

requirements for renewed indicators are discussed, which is followed by a proposal of a set of power 

system adequacy indicators. Chapter six is devoted to the demonstration of these indicators by using 

these to report on the output of adequacy assessments of different test systems, showcasing how the 

proposed indicators can be modelled, analyzed and interpreted. These two chapters form the more 

practical part of this thesis. Finally, chapter seven formulates general recommendations for future 

adequacy assessments, recommendations for the implementation of the proposed indicators and 

specific recommendations for the Dutch government and the Dutch TSO, TenneT. This thesis is 

finalized with a general conclusions, outlining the main results of this thesis. The conclusion also 

contains a discussion of the limitations of the research and formulates recommendations for future 

research.  

Each separate chapter ends with a synthesis of its most important results. Readers most 

interested in the practical implications of this thesis are mainly referred to the renewed definition of 

adequacy (Section 4.3), the modelling of renewed adequacy indicators (Chapter 6) and 

recommendations for future adequacy assessments (Chapter 7).   
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PART I – CONCEPTUAL FRAMEWORK 

 

 RESEARCH METHODOLOGY 

 

This thesis investigates how adequacy should be interpreted and expressed for use in future power 

systems. In order to investigate these issues, several research methods are used. This chapter will 

outline how the research for this thesis has been conducted. The research methods employed in this 

thesis are discussed, as well as how these have been used and why these have been selected. 

Furthermore, the methodology used for the demonstration of the renewed indicators in adequacy 

modelling is also described in this chapter.  

 

2.1. RESEARCH PLAN 

 

In order to investigate a renewed understanding of adequacy, it is vital to understand and recapitulate 

the current understanding of adequacy and current practice of power system adequacy assessments. 

This analysis is based upon scientific literature, legislation, regulation and published adequacy 

assessments. The analysis focusses on the underlying understanding of power system adequacy in 

these documents as well as their expression in quantitative indicators. A comparative analysis of 

different (European) adequacy studies will highlight how different TSOs interpret, model and express 

adequacy. Similarities and differences in the approach of these adequacy studies will serve as input for 

a renewed understanding of adequacy. Furthermore, a comparative analysis of different reliability of 

reliability evaluations of different infrastructure asset owners will highlight how reliability is 

researched and expressed in different sectors (e.g. road, railroad, telecom infrastructure etc.). Although 

there are substantial differences between the characteristics of these sectors, it will be investigated what 

kind of dimensions are included in the understanding of reliability in these sectors as well as their 

expression in indicators in order to learn from the reliability evaluations of other infrastructural sectors.  

Secondly, using a literature research (Chapter 4), it will be investigated how power system 

adequacy is impacted by several developments in the electricity sector. This analysis will highlight why 

the current understanding of adequacy is no longer suitable for use in future power systems. By 

contrasting the need for a renewed understanding of adequacy with the current understanding, this 

thesis analyzes the shortcomings of the current understanding. This ‘gap analysis’ provides guidance 

for a renewed understanding of power system adequacy as it highlights the type of dimensions that 

should be included in a future understanding of adequacy.  

A structured approach is used to arrive at a renewed understanding of adequacy and its 

expression in quantitative indicators. As the understanding of the concept underlies its expression in 

performance indicators, the renewed understanding is studied first (Chapter 4). The dimensions 

currently included in the interpretation of adequacy are analyzed. Expert interviews are conducted in 

order to gain more insight into the (required) use of different dimensions of power system adequacy. 

The identified need for additional dimensions due to developments in the power sector subsequently 

leads to the identification of an exhaustive list of dimensions that need to be included in power system 

adequacy assessments. A proposal for a renewed understanding of adequacy is subsequently put 

forward upon the basis of this list.  

Using this renewed understanding, it will be researched how power system adequacy can be 

expressed in additional and/or improved indicators. To do so, the current adequacy indicators are 
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researched and assessed, next to an investigation of the limitations of current modelling efforts. The 

required dimensions of adequacy indicators for performing meaningful analyses on future power 

systems are identified, as well as the requirements that such indicators need to comply with (e.g. 

suitable for public communication). This – together with the renewed understanding of adequacy – 

leads to a longlist list of potential adequacy indicators. These will subsequently be clustered, filtered 

and selected to arrive at a list of proposed adequacy indicators (Chapter 5). This is done upon the basis 

of author judgment (amongst others based upon expert interviews), the identified requirements for 

adequacy indicators and the overcoming of shortcomings of the previous generation of power system 

adequacy indicators. Each of the proposed indicators is discussed shortly in which it is outlined how it 

can be calculated as well as why it provides valuable information for adequacy assessments. The result 

of the conceptual part of this thesis is thus a proposal for a renewed understanding of adequacy as well 

as a set of renewed indicators for adequacy assessments.  

The renewed indicators are then each demonstrated in an adequacy assessment (Chapter 6). 

For validation purposes, a benchmark study was constructed within the modelling software in order 

to compare its results with the results mentioned in the literature. Different test systems are 

subsequently set up in order to demonstrate the use of every proposed indicator for adequacy 

assessments. Most of the indicators are demonstrated using the data of explicit modelling of power 

system adequacy, whereas a few indicators are solely demonstrated using dummy calculations and/or 

descriptions. Together, this part of the thesis showcases how all the indicators can be implemented and 

calculated and what the added value is of these indicators and analyses for adequacy assessments.  

Following the demonstration of the proposed indicators, recommendations are given to 

academia, TSOs and governments on the future interpretation and modelling of adequacy for use in 

power system adequacy assessments. Furthermore, recommendations are given on which indicators 

are suitable to be used in adequacy assessments and which are easy to be implemented in future power 

system adequacy assessments. These recommendations can be used for the design and development of 

the power system of the future. This thesis finally contains a conclusion in which the research question 

is answered, next to a discussion of the limitations of this research. This results in recommendations for 

future research.  

As can be inferred, this research contains both a conceptual and a practical part. Proposing a 

renewed understanding of adequacy and its subsequent expression in suitable indicators is largely 

conceptual. However, the impact of this work on adequacy studies is demonstrated by showcasing the 

calculations for all the proposed indicators and discussing these results.  
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2.2. RESEARCH METHODS 

 

In order to execute the research plan as outlined above, several research methods are used. A literature 

review is used to gain insight into different aspects of adequacy: the current understanding, its 

background and the indicators in which it is currently expressed. The literature review has been 

predominantly based upon peer-reviewed journal articles, as well as books authored by acclaimed 

reliability evaluation authors such as Billinton and Allan. The comparative analysis of other adequacy 

assessments is based upon an analysis of published adequacy assessments by European TSOs, 

governments and research organizations. Furthermore, the analysis of reliability evaluations of other 

infrastructural sectors are based upon public documents and has been solely focused on Dutch 

organizations. Literature on current developments in the power sector is used to gain insight into 

developments that might impact future power system adequacy. Furthermore, Dutch and European 

legislation is used to gain insight into the regulatory framework surrounding power system adequacy.  

The investigations conducted with these research methods provide the input for the ‘gap 

analysis’. This analysis focusses on understanding the current state of affairs of adequacy assessments 

(status quo) and the identified requirements for a future-proof understanding of adequacy (desired 

result). The insufficiency of current adequacy assessments and indicator can be discerned by analyzing 

the gap between those two. By analyzing which developments should be included in a future 

understanding of adequacy, the pathway is given as to which dimensions should be included in a 

future understanding of adequacy. These form the input for the proposed adequacy indicators. 

Furthermore, expert interviews are used to gain insight into power system adequacy as well as to 

identify ongoing and desired developments in the power sector and to validate preliminary results. 

Expert interviews have been held with adequacy experts within TenneT, the Dutch Ministry of 

Economic Affairs, the association of Dutch power producers (Energie-Nederland), the Belgian TSO Elia 

and the European Network of Transmission System Operators for Electricity (ENTSO-E). 

The proposed indicators will be demonstrated using a power system adequacy study using 

modelling of the power system. The results of this modelling are subsequently analyzed to be able to 

demonstrate all the proposed indicators. The modelling efforts of this research consist of a number of 

steps. First, ANTARES (A New Tool for Adequacy Reporting of Electricity Systems), which has been 

developed by the French TSO, RTE, was selected as a the power system simulation software. Secondly, 

a benchmark study – the IEEE Reliability Test System – was constructed within the simulation software 

and an adequacy assessment of this benchmark system was carried out for validation purposes. 

Thirdly, in order to make the results more realistic and intuitively easy to understand, the test system 

was adapted further. Amongst others, it was scaled to resemble the Dutch power system and modified 

to include VRES and storage as well. These test systems were used to carry out adequacy assessments, 

upon which the demonstration calculations for the proposed adequacy indicators have been based. The 

analysis of the results of the adequacy study (the calculation of the proposed adequacy indicators) were 

done in R, a free software environment used for data analysis. Lastly, the results of the demonstration 

calculations were used to formulate recommendations for further research and future adequacy 

studies.  
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Figure 1. Diagram depicting flow chart with research approach and employed methods 
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 POWER SYSTEM RELIABILITY: THE ASSESSMENT OF POWER SYSTEM 

ADEQUACY 

 

As has been outlined in the introduction and research plan, it is of importance to first investigate the 

theoretical background of power system reliability evaluations and analyze the current understanding 

of adequacy. This will be the subject of the first section of this chapter. Secondly, current practice in the 

evaluation of power system adequacy by TSOs and research agencies will be treated. Thirdly, a 

comparative analysis of reliability evaluations will showcase similarities and differences in adequacy 

assessments across European countries and reliability evaluations across different infrastructural 

sectors. This chapter lies the foundation upon which this thesis is built. Based upon the findings of this 

chapter, the shortcomings of the current understanding of adequacy will be analyzed which will guide 

the way towards a renewed understanding of adequacy as put forward in the next chapter.  

 

3.1. UNDERSTANDING POWER SYSTEM RELIABILITY 

 

The reliability of a power system can be understood, defined and assessed in multiple ways. 

Throughout the last decades of the twentieth century, there have been many publications on power 

system reliability evaluations, many of which were authored by authors such as Billinton, Allan and 

Leite da Silva (see publications such as [22]–[24], [81]–[83]). Generally, the reliability of any system is 

“the probability of a device or system performing its function adequately, for the period of time 

intended, under the operating conditions intended” [21, p. 1]. Within the power system, the reliability 

of the power system is conceptually divided into adequacy and security [22], [23]. This distinction 

between adequacy and security is also made by ENTSO-E when describing the different aspects of 

security of supply [84]. Adequacy is understood to relate "to the existence of sufficient facilities within 

the system to satisfy the consumer load demand or system operational constraints" [24, p. 9]. Therefore, 

there need to be sufficient facilities for energy generation and sufficient transport facilities (both 

transmission as well as distribution) for energy to be served to the consumer load points. This 

understanding of adequacy relates to a static system without disturbances: it therefore considers 

steady-state conditions, disregarding the transition from one system state to another (i.e. a contingency) 

[85]. In contrast, the security of a power system is understood to describe its ability "to respond to 

dynamic or transient disturbances arising within the system", such as the dynamic behavior of a system 

upon generation and/or transmission outages and thus includes the transitioning from one state to 

another [24, p. 9], [85]. In the power sector, adequacy assessments are most relevant for planning 

purposes whereas security assessments relate to the operation of the system. 

The security of supply of power is of high value to society. Key actors in the power sector – 

such as central planning agencies, electricity producers, regulators and Transmission System Operators 

– can use adequacy assessments for decision-making aimed at securing this security of supply [23]. For 

example, using such assessments, well-informed investment decisions can be taken on reinforcement 

initiatives aimed at strengthening generation or transmission facilities. Adequacy assessments become 

particularly relevant if the costs of such investments can be related to its benefit to society. Generally 

speaking, such investments should only be carried out if their value is greater than their costs. 

Calculating the costs of reinforcements is relatively straightforward, however this is not the case for the 

benefit of adequacy improving investments to society. Only if this value is also known, a full cost-

benefit analysis can be carried out. The importance of determining the adequacy value (‘inadequacy 
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costs’) was already recognized in the 1980s [23]. However, the challenge remains relevant: although 

many studies have been carried out into determining the Value of Lost Load (the net value of adequacy) 

[6], [86]–[88], there is no agreement among European regulators and network operators on what values 

to use for cost-benefit analyses [89]. However, a process is underway to draft a methodology for the 

calculation of the value of lost load and applicable reliability standards [89].  

The adequacy of the power system can also be studied at different timescales. Adequacy 

forecasts typically either focus on mid- and long-term (≥ 5 years) or more short-term (< 5 years) time 

horizons. Following European legislation, regional adequacy assessments are also performed by 

regional security coordinators using a week-ahead time horizon [90]. On a sub-hourly timescale, the 

adequacy of the power system is secured by the imbalance market as these market corrections prevent 

frequency deviations due to imbalances. Lastly, in the (near) real-time timeframe, for the purpose of 

system operations and frequency preservation, the adequacy of the power system is monitored by the 

System Operator. The adequacy of the power system is expressed differently for these different 

timescales. Whereas the adequacy in long-term forecasts is typically expressed in Loss of Load 

Expectation (LOLE), the real-time adequacy is expressed in a deviation of electricity frequency from 

50.00 Hertz.  

 

3.1.1. INTERPRETATIONS OF ADEQUACY 

 

Despite agreement on the conceptual division between adequacy and security, there are still significant 

differences in the interpretation of adequacy among different actors and documents. For example, in 

the Midterm Adequacy Forecast of the European Network of Transmission System Operators for 

Electricity (ENTSO-E) is understood to refer "to the relationship of available resources and demand 

which is balanced via network infrastructure" [91, p. 3]. In another document, ENTSO-E defines 

adequacy as the “the ability of a power system to provide an adequate supply of electricity in order to 

meet the demand at any moment in time, i.e. that a sufficient volume of power is available and can be 

physically delivered to consumers” [84, p. 26]. In this definition, the transmission system is required to 

connect generation to load, but not explicitly considered. ENTSO-E does differentiate in its definitions 

between generation adequacy and transmission adequacy. Generation adequacy is defined as “an 

assessment of the ability of the generation on the power system to match the load on the power system” 

and transmission adequacy is “an assessment of the ability of a power system to manage the flow 

resulting from the location of load and generation” [92, pp. 3, 5]. 

 CIGRE defines adequacy as a “measure of the ability of a power system to meet the electric 

power and energy requirements of its customers within acceptable technical limits, taking into account 

scheduled and unscheduled outages of system components” [93, p. 4]. This definition thus also uses a 

demand-oriented approach, although this definition does discern between power and energy 

requirements.  

As the adequacy of the power system is of vital importance to society, the assessment of power 

system adequacy is also codified in both Dutch as European legislation. Different interpretations of 

adequacy seem to exist in these regulations. For example, European legislation defines adequacy as 

"the ability of in-feed into an area to meet the load in that area" [90, p. 8]. However, the Dutch law 

(Energiewet 1998) defines adequacy (‘leveringszekerheid’) as "the ability of a grid to deliver electricity to 

suppliers" and thus refers to transmission adequacy and excludes generation adequacy [7]. The same 
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law prescribes that developments on the 'leverings- en voorzieningszekerheid' should be monitored, 

especially considering the following aspects: 

• The balance between demand and supply on the national market; 

• The level of the expected future demand; 

• The planned or under construction additional production- or network capacity; 

• The quality and the status of maintenance of the grid; 

• The measures in case of peak demand or one or multiple suppliers defaulting. 

 

Thus in this case, 'leveringszekerheid' seems to be interpreted as transmission adequacy and 

'voorzieningszekerheid' as generation adequacy. The Dutch translation of adequacy into 

‘leveringszekerheid’ can also refer to the historical reliability of the Dutch transmission network 

(99.99%) [94], [95]. The interpretation of the concept of adequacy thus varies considerably and is 

ascribed different meanings. In the 2002 ‘Energierapport’ – published amidst the liberalization of the 

Dutch power system – the Dutch government defined ‘voorzieningszekerheid’ to be the “the certainty 

on the availability of sufficient primary resources and secondary energy now and in the future” [96, p. 

9]. This consists of three parts, the long-term availability of resources (e.g. gas, oil, coal reserves), the 

‘'leveringszekerheid' and the prevention of international crises (e.g. 1973 Oil Crisis) [96]. The 

‘leveringszekerheid’ refers to the actual supply of power to consumers under foreseeable circumstances 

[96, p. 9]. Although this mostly focusses on the availability of the transmission infrastructure, the 

availability of sufficient generation capacity is also considered due to the Californian power crisis [96].  

For a proper understanding of adequacy, it is important to make a conceptual distinction 

between load and demand. As can be inferred above, the general interpretation of adequacy refers to 

the projected balance between electricity supply and demand. However, demand and load cannot be 

equated to have the same meaning at all times. Electricity demand is usually dependent on the 

electricity price. The electricity load is the finally determined demand once the price has been cleared 

using the supply-demand curve. Thus, electricity demand will partially translate into electricity load. 

This distinction is important to recognize in evaluating the net value (or costs) of (in)adequacy. 

Unsatisfied demand is simply demand that is not fulfilled due to the electricity price determined by the 

market. Unsatisfied load refers to the electricity that should have been delivered, but is not due to 

adequacy problems. The price of this unsatisfied load is reflected by the Value of Lost Load (VoLL) 

which usually has a value much higher than that of regular electricity demand [6] (see also section 0).  

 

3.1.2. HIERARCHICAL LEVELS OF ADEQUACY 

 

The adequacy of the power system can be evaluated at different hierarchical levels. These levels refer 

to the consideration of the different functional zones that can be discerned [23]. Generally, the power 

system consists out of generation facilities, transmission facilities and distribution facilities. In a so-

called first level adequacy study, only total system generation and consumer demand are included in 

the assessment [23]. The network itself is thus not considered, except for interconnection between 

systems because these impact either generation ('import') or demand ('export'). In a second level 

adequacy study, the transmission system is also included in order to investigate whether the 

transmission system is capable of handling the power flows resulting from the generation supply and 

consumer demand. In a third level adequacy study, the distribution facilities are also considered. The 

main difference between a first level and a second/third level adequacy assessments is the consideration 
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of network elements. In a first level assessment, the electricity grid is not included: the zone under 

investigation is assumed to represent a copper plate. In a second and third level assessment, the power 

flow limitations of the network elements that together form the electricity grid are considered as 

constraints. A first level adequacy assessment thus only considers total system generation and total 

system load. In principle, a zero-level hierarchical level also exists although this is rarely considered in 

an adequacy study. This zero-level hierarchical level considers the supply of primary energy, such as 

coal, gas or oil. The importance of this hierarchical level became imminent during the Oil Crisis of 1973, 

but is for instance also relevant to gas supply interruptions through Ukraine or the availability of the 

required natural resources (i.e. wind; solar irradiation) for VRES production [97].  

The conceptual framework of hierarchical levels and functional zones partially provide an 

explanation for the existence of different interpretations of adequacy. Power system adequacy studies 

often refer to a first level adequacy assessment, but can also refer to a second or third level study. Strictly 

speaking, such a first level adequacy assessment should be referred to as ‘generating capacity reliability 

evaluation’ [23]. The only requirement in such an evaluation is that system demand – for all hours of 

the year, under different climate circumstances and with foreseen (maintenance) and unforeseen 

outages of generation facilities – should be satisfied by the total system generation. Classically, this was 

achieved by applying a certain reserve margin on the total installed capacity for example by requiring 

that total installed capacity was equal to or higher than 110% of the peak load [23]. Such a reserve 

margin is an example of a deterministic adequacy assessment, which will be outlined in more detail 

further along this section.  

In a so-called composite system evaluation, both generation and transmission facilities are 

considered in the reliability assessment. It thus forms a second level adequacy assessment. Such a 

model is able to consider various investment (reinforcement) in either generating or transmission 

alternatives aimed at improving the overall adequacy of the system. Due to the fact that the system 

includes both generation as well as transmission facilities, the results of the adequacy analysis are 

expressed in two types of indicators: system indicators (such as LOLE, see Section 5.2.1) and so-called 

load-point indicators, which expresses the reliability of the power system at a specific load-point (i.e. a 

busbar) [23]. The inclusion of transmission facilities does make the reliability assessment much more 

complex, due to the need to include more complex system behavior (e.g. locational dispatch) and more 

complex outage behavior (e.g. common-cause outages) [23]. For the purpose of this thesis, only the 

generation and transmission systems will be considered.  

 

3.1.3. DETERMENISTIC AND PROBABLISTIC RELIABILITY ASSESSMENTS 

 

The reliability of the power system can be assessed by both deterministic as well as probabilistic 

methods. Typically, using a deterministic method, a satisfactory margin (or redundancy) is reserved 

for contingencies that have been incorporated into the analysis on the basis of historical experience. 

However, such studies may one the one hand be uneconomical by applying a too large reserve margin 

while insufficiently accounting for High-Impact, Low-Frequency (HILF) contingencies. Furthermore, 

due to the increasing complexity of power systems, such assessments become less reliable due to an 

increased risk of missing relevant possible contingencies [85]. The reliability of the transmission system 

is usually studied and defined in a deterministic way (i.e. N-1 analysis), but the adequacy of the power 

system is typically studied in a probabilistic manner. Such probabilistic studies also better reflect the 

inherent stochastic behavior of a complex power system [85]. Although the need for such probabilistic 
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assessments had been recognized since the 1930s onwards, they have only been executed from the later 

decades of the 20th century onwards due to its computation requirements [22]. 

Probabilistic techniques for reliability assessments are generally geared towards adequacy 

assessments of generation and transmission facilities [23]. Probabilistic reliability assessments can be 

evaluated using analytical methods or by simulation using a Monte Carlo simulation [83]. In the 

analytical method, the generation system is expressed by a mathematical model. Using mathematical 

solutions and an outage probability table, the reliability indicators are evaluated [23]. This can be done 

using state enumeration, in which the system is expressed by a limited number of different states. 

Disturbances are represented by a certain state. These system states can be expressed by their 

frequency, probability and duration. If these variables are known (or approximated), the reliability of 

the power grid can be evaluated.  

In contrast, a Monte Carlo simulation is based on random draws and does not require data on 

the frequency, probability and duration of certain system states and thus not on component failure 

rates. In a Monte Carlo simulation, the generation system is simulated by representing the actual 

stochastic processes and random behavior of the system [23]. For each draw (subject to different 

variables), the adequacy of the power system under the conditions of that draw is assessed. Using 

different scenarios this may amount to millions of different computations in total. A disadvantage of a 

Monte Carlo simulation is therefore the required computing power. Furthermore, it requires many 

draws for the results to become reasonably reliable (‘convergence’) [85]. However, an advantage of this 

simulation method is that it provides more information than the analytical methods: for example it can 

produce a probability distribution function of the LOLE or EENS which is not possible using analytical 

methods [23]. 

 

3.1.4. GENERATION CAPACITY ADEQUACY 

 

As described, a generation capacity adequacy assessment only considers total system generation and 

total system load and thus represents a first level adequacy assessment. Such assessments have been 

carried out since 1930s onwards [23]. The generation capacity adequacy assessment is depicted 

graphically in  

Figure 2.  

 

 
 

Figure 2. Schematic overview of generation capacity adequacy assessment. 

Nowadays, generation capacity adequacy assessment typically represent a multi-area generating 

system, because of the interconnection between power systems. Even a nationally focused adequacy 

assessment needs to consider the power system of other countries and the respective interconnection 

capacities to these countries in order to perform a meaningful assessment as these are coupled through 

the synchronous grid of Continental Europe.  

Generation adequacy assessments are typically executed using a Monte Carlo technique using 

system state sampling. Using such a method, each system state is assumed to be independent of other 

system states. Using variations in load, climate conditions, generator availability (intermittent sources, 
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(un)expected outages) and interconnection capacity availability, the power system is represented in 

many different states. This is typically done for each hour of the year, although more crude sampling 

resolutions are also used. The adequacy of the system is evaluated for each of these states. The 

advantage of such a sampling method is that it hardly requires detailed data on generator availability 

[24]. Generator availability is approached using a uniformly distributed random number sequence, 

total generating capacity of the system for each state is expressed by summing these availabilities for 

the specific state under consideration. Demand is expressed using an annual hourly load curve, which 

can be subjected to different variations of several scenarios. The adequacy of the system is evaluated 

for each state by comparing the total demand for that state with the total generation capacity.  

A simplified example of a probabilistic generation adequacy evaluation can be given by 

assuming that we evaluate the adequacy to meet the given load in one particular hour (see Table 1). 

Consider the presence of three power plants within our system, each with a specific capacity and forced 

outage probability (e.g. 0.95, 0.92, 0.90). Given the generator capacities, only three out of the possible 

eight states are able to meet the given load. The probability of occurrence for each state is calculated. If 

this results in an inability to meet the given load, this probability results in a loss of load probability. 

For the system under consideration in this example, the loss of load probability is 0.1036. This entails a 

10.36% probability that the load cannot be adequately served.  

Within a Monte Carlo simulation, this loss of load probability is calculated for many states, 

considering variations in generation capacity of renewable energy sources, outage rates of conventional 

units, interconnection capacities and variations in demand. This translates into many values for the loss 

of load probability for each of these particular states. The (unweighted) average of all these states gives 

the Loss of Load Expectation. Using an unweighted average entails that all considered conditions have 

an equal contribution to the calculation of the LOLE. In principle, different weight could be assigned to 

these conditions, such as a lower weight for the LOLP of less representative climate years.  

 

Table 1. Simplified example probabilistic adequacy assessment. Adapted from [98].  

State 
Units in 

service 

Ability to meet 

demand 

Probability of 

state 

Probability of 

state 

Loss of Load Probability 

(LOLP) 

1 A, B, C Pass 0.95 * 0.92 * 0.90 = 0.7866 0 

2 B, C Pass 0.05 * 0.92 * 0.90 = 0.0414 0 

3 A, C Pass 0.95 * 0.08 * 0.90 = 0.0684 0 

4 C Fail 0.05 * 0.08 * 0.90 = 0.0036 0.0036 

5 A, B Fail 0.95 * 0.92 * 0.10 = 0.0874 0.0874 

6 B Fail 0.05 * 0.92 * 0.10 = 0.0046 0.0046 

7 A Fail 0.95 * 0.08 * 0.10 = 0.0076 0.0076 

8 none Fail 0.05 * 0.08 * 0.10 = 0.0004 0.0004 

Total    1.0000 0.1036 

 

3.1.5. TRANSMISSION SYSTEM ADEQUACY 

 

In practice, consumer demand can only be met if there are sufficient transmission and distribution 

facilities to transmit power from its generation location to the site of consumer demand. Therefore, both 

generation adequacy as well as transmission system adequacy are a prerequisite for overall power 

system reliability. In so-called composite system studies, the evaluation of generation and transmission 

adequacy is combined into one analysis. The advantage of such an approach is that different 

reinforcement alternatives (either generation or transmission) can be compared [23]. The adequacy of 
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the system is evaluated by using a combination of load-point indicators and system indicators. System 

indicators describe characteristics that hold for the total system, while load-point indicators describe 

characteristics that hold for a specific bus. Insights on specific load-point reliability indicators cannot 

in general not be distilled from system indicators or average values of load-point indicators [23]. For a 

transmission system adequacy assessment, these would include the major load points on the 

transmission network. The combination of such indicators gives insight into the overall adequacy of 

the power system [23].  

While composite adequacy evaluations would offer important advantages as they form a more 

complete representation of real power system dynamics, actually performing such an evaluation is 

difficult due to the vastly increasing complexity of the system as well as the need for additional 

assumptions. For example, congestion and redispatch options need to be included in the assessment. 

Furthermore, whereas reliability evaluations typically assume independent failures, a composite 

adequacy evaluations would need to include common-cause failures as there are reciprocal 

relationships between generation adequacy and transmission adequacy (e.g. generator-trip may lead 

to overloading of transmission lines) [23]. Furthermore, there may be potential common-cause failures 

within the transmission network, as different transmission lines often use the same towers as support 

structure [23]. Due to the complexity of composite adequacy evaluations, these are in practice not 

carried out.  

Separate transmission system adequacy analyses are part of the biennial Quality- and Capacity 

assessment report of TenneT, which will be replaced by an Investment Plan in the near future [94]. For 

this report, the transmission system adequacy is evaluated and if required, proposals for transmission 

network reinforcements are outlined. It can be regarded as an deterministic assessment. Several 

scenarios are evaluated for multiple sight years, based on the market modelling outcomes which are 

also performed for adequacy assessments. Given these market modelling outcomes and plant-specific 

dispatch, this results in location-specific load and dispatch (generation) profiles for 8760 hours per 

scenario [94]. This is then subsequently evaluated for the transmission adequacy, by calculating the 

resulting power flows and short-circuit currents for every hour [94].  

This is evaluated for both normal operating conditions (N-2) as well as disturbed operating 

conditions (N-1/N-0). The duration of overloading of components under these three conditions forms 

the input for the evaluation by means of a so-called ‘severity index’. This is based on a weighting of 

several dimensions (namely safety, security of supply, finances, compliance, environment, customers 

and reputation) and subsequently divided into six risk categories. Based on company policies, this 

forms the input for reinforcement proposals. In this whole process, the reliability target used is the 

criterion that a single contingency should not result in disruption of the transmission network (N-1 

criterion) [78]. The possible effect of transmission congestions on power system adequacy is not 

evaluated in this process [78].  

 

3.1.6. ADEQUACY INDICATORS 

 

Only a few indicators are typically used to express power system (in)adequacy. The Loss of Load 

Expectation (LOLE) is widely used in adequacy assessments and describes the expected number of hours 

in which generation capacity is insufficient to meet the load [83]. It thus describes the amount of periods 

in which it is expected that there will be a load loss or deficiency of power [23]. The LOLE is typically 

expressed in hours per year. Furthermore, the Loss of Energy Expectation (LOEE) or Expected Energy 
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Not Served (EENS) describes the total amount of energy that is not supplied due to power system 

inadequacy and is expressed in MWh per year. The frequency by which there is power system 

inadequacy can be expressed in Loss of Load Frequency (LOLF), expressed in total occurrences per 

year. The use of LOLE and EENS are also codified in proposed European legislation [99]. The currently 

used adequacy indicators, their shortcomings and proposed adequacy indicators in scientific literature 

are treated more extensively in Section 5.2.  
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3.2. CURRENT PRACTICE IN EVALUATING POWER SYSTEM ADEQUACY 

 

The theoretical background of power system adequacy evaluation has remained much the same since 

probabilistic techniques using Monte Carlo simulation were introduced. The basics of power system 

adequacy evaluation thus remain to rely on the same methodology as described in the preceding 

section. However, considerable improvements have since then been achieved with respect to the 

integration of variable renewable energy sources, the consideration of surrounding regions in the 

models to assess the impact of interconnection, the temporal resolution of the models, the detail of input 

data, the weather data used as input for supply and demand models, the different scenarios under 

consideration and the amount of system states evaluated. Such improvements continue to be made to 

adequacy studies.  

 

3.2.1. THE SOCIETAL USE OF POWER SYSTEM ADEQUACY EVALUATION 

 

An adequate monitoring of power system adequacy has become more important since the liberalization 

of the electricity markets in Europe. Following this liberalization, countries do not have a central 

planning agency anymore that guarantees the long-term adequacy of the power supply. There is no 

single actor that has the power to enforce investments leading to long-term power system adequacy, 

apart from far-reaching government intervention. However, it is not a priori clear that a liberalized 

market will guarantee this long-term power system adequacy in itself [73], [74]. This is in part due to 

the fact that the necessary dispatchable and flexible power units – such as gas turbines – could be 

subjected to volatile and on average lower electricity prices and capacity factors than before the 

liberalization [39], [72]. This may lead to a situation in which they will not generate enough revenue to 

sustain, leading to mothballing of existing capacity and no investments in new capacity, also referred 

to as the ‘missing money’ problem in which power plant owners cannot fully recover their investment 

costs [100]. The mothballing of installed capacity has for example been the case in the Netherlands [69]. 

If the mothballing of installed capacity would continue, the adequacy of the power system could be 

endangered especially if there is no central coordination with respect to safeguarding the adequacy of 

the system [39].Therefore, the adequacy needs to be monitored closely. This provides power plant 

owners with transparent information which potentially leads to better investment choices (i.e. helping 

the market fulfill its function) as well as to information that will help the government to implement 

policies aimed at enhancing the adequacy of the power system if necessary.6 Generation adequacy 

assessments are thus important in helping the electricity market perform its function; resolving the 

‘trilemma’ between affordability, high level of security of supply and sustainability [102].  

 

 

 

                                                           

6 The Dutch electricity act contains a safety net (‘vangnet’) procedure to take additional policy measures in such cases. It is not 

entirely clear how this would be implemented in practice. The Climate Agreement has formulated that a policy framework will 

be developed for use in case the market cannot sustain power system adequacy. A previous Dutch policy framework has never 

been withdrawn, however [101]. This policy provides in power system adequacy by allowing the TSO to contract additional 

reserve capacity using long-term contracts in such a case, ensuring sufficient capacity while also giving incentives to provide this 

capacity (long-term contracts) [101]. Although not having been formally withdrawn, this implementation may have become 

prohibited under the Clean Energy Package which limits the use of capacity mechanisms [89].  
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ENERGY-ONLY MARKETS, CAPACITY MECHANISMS AND THE RISK OF OVERCAPACITY 

The assessment of power system adequacy is especially relevant in so-called ‘energy-only’ markets. In 

such markets, of which the Dutch power market is an example, electricity producers are only rewarded 

for the production of actual energy, not for having power producing capacity available. Within energy-

only markets, there is a risk of the power system adequacy to be insufficient because this is not explicitly 

guaranteed by its market mechanisms. The general idea is that the market will provide enough 

incentives for power plant producers to also consider the long-term, but to what extent this is true is 

uncertain [66], [73]. That is why it is especially important to assess power system adequacy in energy-

only markets. In contrast, energy markets with capacity mechanisms also exist. In such a market, power 

plant owners are rewarded for having capacity available. However, due to the risk of state support, the 

use of such mechanisms will be restricted in the European Union. [89]. Furthermore, in regional 

electricity markets with good interconnection capacities, unharmonized policies bear the risk of 

undesirable side effects such as the unintentional transfer of taxpayers’ money from one country to 

another [66]. This forms another reason to restrict the use of capacity mechanisms. In the future, these 

can only be used if there is a real danger to the power system adequacy. This is to be shown and verified 

upon the basis of the European adequacy assessment carried out by ENTSO-E (Proposal for a regulation 

of the European Union, numbered 2016/0379(COD) see [89]).  

On the other hand, adequacy assessments can highlight a situation of generation overcapacity, 

which is currently the case according to the European Agency for the Cooperation of Energy Regulators 

(ACER) [103]. This could lead to economic inefficiencies and highlights that there may be no need for 

capacity mechanisms, although these have been implemented in many European markets [103]. More 

specifically, ACER interprets the lack of high-price periods in some markets as a sign of generation 

overcapacity. Despite an overall decline in conventional generation capacity, this mostly affects the 

competitiveness of gas turbines which fulfill an important role in modern power systems since they are 

dispatchable, flexible power units. Total capacity margin is assessed to be two to three times as large as 

is commonly understood to be required [103]. Generation adequacy would thus ideally show a balance, 

as insufficient generation adequacy entails a risk for the security of supply and oversufficiency of 

generation adequacy entails an inefficient market. The adequacy risks of the system need to be assessed 

with the goal of keeping the inadequacy risk at an acceptable level for society, considering economic 

constraints [71], [104]. The determination of this economic optimum is, however, no sinecure as was 

recently exemplified by the divergent views on the required additional capacity to safeguard the 

adequacy in Belgium [105].  

 

 
Figure 3. Relationship between system reliability (value) and costs of reliability from which it can inferred that 

overcapacity (too high system reliability) leads to an economic inefficiency as there is no total costs optimum. Source: [23] 
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MONITORING POWER SYSTEM ADEQUACY 

Due to the importance of assessing power system adequacy, its regular evaluation is codified in legal 

requirements. Under Dutch law, TenneT is required to assess the adequacy of the Dutch power system 

yearly for a timescale between five and fifteen years ahead [7]. Furthermore, following the most recent 

proposal for a European Regulation as part of the Clean Energy Package, ENTSO-E is to be obliged to 

carry out an European adequacy assessment [89]. Following European legislation, regional adequacy 

assessments are also performed by regional security coordinators using a week-ahead time horizon 

[13]. These legal requirements are in place to ensure a reliable supply of power. 

As part of the proposed regulation of the Clean Energy Package, multiple legal requirements 

will also be set to the methods by which adequacy assessments are carried out [89]. This regulation 

requires adequacy assessments to be carried out using a probabilistic method, containing several 

separate scenarios and they should use a market-based model. Furthermore, it will become required to 

report on the Expected Energy Not Served and the Loss of Load Expectation. These two adequacy 

indicators are thus projected to become legally required under European legislation [89]. 

It should be stressed that if the result of an adequacy assessment is a non-zero Loss of Load 

Expectation, this does not necessarily result in an inadequate supply of power to consumers, let alone 

a full-scale blackout. Apart from being a probabilistic indicator, the way the LOLE is calculated 

excludes mitigation measures available to Transmission System Operators who are tasked with 

balancing power supply and demand. For the purpose of an adequacy assessment, the capacity 

considered in the evaluation is normally taken to be the installed generation capacity freely available 

to the market. Contracted reserves are not freely available to the market and are thus not included in 

the adequacy assessment. However, these contracted reserves are available to Transmission System 

Operators for the exact purpose of providing a solution to such adequacy risks. A non-zero LOLE 

merely indicates a risk that the adequate supply of power is not being guaranteed by the day-ahead 

market. This leaves ample room for Transmission System Operators to take further mitigation 

measures. Furthermore, if there would be a loss of load, this could happen in the form of controlled 

load-shedding and would not necessarily result in a system-wide black-out [106].  

However, there are important limitations of adequacy assessments to be aware of. The market 

model of adequacy assessments typically represent the day-ahead market on an hourly basis, and thus 

excludes any electricity exchanges on other markets (intraday, balancing etc.). Generation adequacy 

assessments assume rational market behavior (‘perfect’ competition), with energy-only markets and 

perfect foresight for the optimization of (hydro) resources [53]. Furthermore, such a market model 

assumes an unchanged future market design and also assumes no changes in bidding zones 

delineations.  

 

3.2.2. CURRENT PRACTICE AT TENNET: NATIONAL ADEQUACY ASSESSMENT 

 

TenneT performs multiple kinds of power system adequacy evaluations. First of all, there is the national 

adequacy assessment (Monitoring Leveringszekerheid; MLZ) which is executed yearly by TenneT. 

Secondly, TenneT actively participates in the Midterm Adequacy Forecast (MAF) and Seasonal 

Outlooks (Winter/Summer) of ENTSO-E. Thirdly, TenneT participates in the adequacy assessments 

carried out under the umbrella of the Pentalateral Energy Forum (PLEF). There are many similarities, 

but also some differences between these evaluations. Generally speaking, all these adequacy 

assessments are generation adequacy assessments and only consider total demand and supply. Of the 
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international adequacy assessments, the generation adequacy assessment of the PLEF is the one most 

limited in geographical scope, but most advanced in modelling techniques. For example, the adequacy 

study by the PLEF employs a flow-based method for a time period up to two years ahead to determine 

available interconnection capacities. Within the domains used in this study, a flow-based methodology 

implies that the internal grid is not a copper plate and thus somewhat resembles a composite adequacy 

evaluation. However, there is no full implementation of a flow-based method and the method still has 

many limitations [53], [54]. 

The most recent national adequacy study (MLZ) published in December 2018, uses both a 

national as well as a regional model to assess the adequacy of the Dutch power system [1]. The 

adequacy assessment is in principle carried out on the basis of a market-based unit commitment model. 

For each market region (often delineated along country borders and therefore subsequently referred to 

as ‘country’), it is assessed to what extent it is possible to satisfy this demand using supply, demand 

response and possible import on an hourly basis.  

For the national model, only domestic supply and demand is considered. The regional model 

also considers all other countries within the synchronous Continental European grid, since the actual 

power system is an interconnected system. This entails that a domestic shortage of supply (inadequacy) 

does not necessarily lead to a loss of load, since neighboring countries may have sufficient supply to 

assist in satisfying domestic demand. Conversely, a shortage of supply in a neighboring country may 

also lead to domestic inadequacy since such shortages may cross borders. The regional model thus 

requires modelling of the supply and demand of neighboring countries as well as incorporating 

interconnection capacity with and between these countries. For this regional assessment, the 

methodology as developed in the PLEF has been used. Although all countries within the synchronous 

Continental European grid are considered, additional attention (especially with regards to the 

construction of scenarios) is given to the neighboring countries  

Both the supply and demand are modelled to be weather-dependent. For example, the demand 

of heat pumps is related to ambient temperatures. The production of electricity is also weather-

dependent with regards to the production of solar-PV, wind turbines and hydro power plants. A 

weekly optimization (minimizing the LOLE) is used for hydro power plants, based on perfect foresight 

algorithms. Using a Pan European Climate Database, it is possible to model these influences over many 

climate years as well as incorporate possible simultaneity in such conditions between regions. This 

variation, as well as unforeseen outages, are incorporated by means of a Monte Carlo probabilistic 

simulation. All of these different sets of variables are assessed on their adequacy. The average of all 

these modelling results forms the Loss of Load Expectation (LOLE).  

The input data for supply and demand are also subject to different (predefined) scenarios, 

outlining different developments and policy alternatives. These for example include different 

assumptions on electrification of heat demand, electric vehicles, demand side response, market 

developments with respect to thermal production units, increase in solar-PV and wind energy 

production units and future interconnection capacities. Thus, for the MLZ 2018 by TenneT, in total 27 

different scenarios (both national as well as regional analysis) have been assessed for several time 

horizons in combination with 34 different climate years. This has been subjected to many variations 

under a Monte Carlo simulation.  

The MLZ uses a probabilistic modelling approach and expresses the adequacy of the system in 

the Loss of Load Expectation (LOLE). This is an ‘expected value for the amount of hours per year that 

the available generation capacity will not be sufficient to satisfy demand’ [1, p. 13]. The threshold value 

for this LOLE, which indicates a risk that is regarded to be socially acceptable, has been set to four hours 
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per year. This threshold is not codified in legal requirements in the Netherlands, but accepted as an 

indicator of ‘good’ adequacy by the Dutch Ministry of Economic Affairs and Climate Policy [78]. 

Furthermore, for each scenarios a so-called ‘firm capacity requirement’ has also been calculated. This 

expresses the shortage or surplus of capacity required to suffice the adequacy criterium of a LOLE of 

four hours per year. If the result of a calculation would be a LOLE of four hours per year, the firm 

capacity requirements would thus be zero. The firm capacity requirement assumes a 100% availability: 

in practice the equivalent production capacity would be 1.15-1.30 larger as the firm capacity 

requirement due to the application of a de-rating factor [1].  

The Dutch adequacy assessment of TenneT has also developed significantly since the 

liberalization of the electricity market. For example, the 2004 assessment of the adequacy of the Dutch 

power system used the amount of installed domestic dispatchable power plants to estimate whether 

annual production would be enough to cover annual domestic demand. The analysis did thus not 

contain an probabilistic assessment of the power system adequacy for all hours of the year nor was this 

subjected to a Monte Carlo analysis. Furthermore, the analysis was not based on multiple scenarios but 

rather on a single prognosis of demand growth. The 2004 adequacy assessment showed tight margins: 

the import dependence forecast of the power system would grow to over 60% of annual demand for 

2011. Next to indicating the import dependence, the adequacy of the power system was expressed using 

a reserve margin.  

TenneT uses the PowrSym market modelling software to perform its adequacy assessment. 

This software tool uses a Unit Commitment Economic Dispatch approach with an optimization on a 

weekly basis. Data on demand and generation (e.g. VRES generation) is used as input, just as a planned 

maintenance schedule. The optimization takes constraints related to the technical characteristics of 

power plants (ramping rates; minimum up/down time etc.), spinning reserve constraints and 

contractual constraints (i.e. must run due to district heating) into account. For hydro power plants, 

reservoir constrains include minimum/maximum levels, required weekly levels and hourly inflow 

levels. The dispatch of hydro is in principally optimized, except for situations without adequacy risks 

in order to save computational time. The output of the model includes the LOLE, EENS, fuel 

consumption and costs and CO2-emissions on different time scales (hour/day/week/month/year). This 

output is currently only used to assess power system adequacy, although the model could in principle 

also be used to assess the sustainability and affordability of the power system under different scenarios.   
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3.3. COMPARATIVE ANALYSIS OF RELIABILITY EVALUATIONS 

 

In this section, the adequacy assessments performed by national governments, regulators and TSOs of 

different countries are compared with each other. In doing so, differences and similarities in the 

approach, methodology and indicators used in adequacy assessments can be analyzed. In doing so, a 

‘gap analysis’ between current practice and the ideal assessment of power system adequacy is executed. 

Next to this, the comparative analysis also provides insight into the best practices of the sector and 

inspiration for a future understanding of adequacy and its subsequent expression in suitable indicators.  

Furthermore, the reliability evaluations of different infrastructure sectors have been analyzed in order 

to draw lessons from these, providing inspiration for the power system. Below, an overview of 

adequacy (or reliability) assessments considered in this comparative analysis can be found (Table 2). 

 

Table 2. Overview of comparative analysis of reliability assessments.  

Adequacy assessment Reliability assessment 

Country TSO / Organization Sector Organization 

Belgium Elia Gas sector (Netherlands) National Grid 

Denmark Energinet Gas sector (United Kingdom) Gasunie 

Finland Fingrid Railway sector (Netherlands) ProRail; NS 

France RTE 
Road (highways) sector 

(Netherlands) 

Rijkswaterstaat; Ministry 

of Infrastructure & 

Environment 
Germany 

TenneT, Amprion, 

50Hertz, TransnetBW 

Ireland EirGrid / SONI Telecommunications sector 

(Netherlands) 

Telecom Authority; 

T-Mobile Latvia Augstsprieguma Tīkls AS 

Norway Statnett   

Sweden Svenska kraftnät   

United Kingdom National Grid   

Pan-European  

(Midterm Adequacy Forecast) 
ENTSO-E   

Pan-European (Winter Outlook) ENTSO-E   

Pan-European Pentalateral Energy Forum   

 

3.3.1. EUROPEAN ADEQUACY ASSESSMENTS 

 

For the comparative analysis of European adequacy assessments, thirteen different countries across 

Europe have been analyzed. A complete description of the adequacy assessments per analyzed country 

can be found in Appendix A: Comparative analysis of power system adequacy evaluations. For these 

adequacy assessments, the most recent (mid- or long-term) adequacy reports per country or sector were 

analyzed. Special attention was given to the underlying understanding of adequacy or reliability in 

these reports, the research approach, the type of scenarios used and the indicators in which the output 

of the assessments is reported. The main results of this comparison are given in Table 3.  

The adequacy assessments reflect large differences in the national (political) context of different 

countries. Whereas the adequacy assessments of some countries are focused on the future growth of 

renewable energy (Netherlands) or the closing of nuclear power plants (France), other countries mostly 

focus on the potential impact of geopolitical factors (Finland, Baltic states) or interconnection 

availability (Great Britain). Nonetheless, although different factors may motivate the development of 

several scenarios, the overall adequacy assessment methodology is remarkably similar across all 

countries.  



TOWARDS A RENEWED UNDERSTANDING OF ADEQUACY FOR FUTURE POWER SYSTEMS 

 

36 

 

The main differences can be discerned in the type of scenarios, the use of advanced modelling 

techniques, the amount of scenarios and level of detail of the modelling and the way adequacy results 

are expressed in indicators. The adequacy assessments with a mid- and long-term time horizon are 

mostly relevant for the purpose of system design and power system planning. To highlight the 

existence of more short-term adequacy assessments, the Winter Outlook by ENTSO-E has also been 

included in the comparative analysis. Such outlooks, as well as weekly assessments, are mostly used 

by System Operators to identify potential operational risks.  

Although the most advanced adequacy assessments use a probabilistic approach, there are 

some adequacy assessments which employ a deterministic approach. Previous research has also shown 

that only half of the European countries use a probabilistic assessment to evaluate power system 

adequacy [103], [107]. Especially with the rise of VRES, the deterministic approach is becoming 

unsuitable for use in adequacy assessments. In order to realistically model future power systems which 

are increasingly faced with stochastic behavior, the use of probabilistic approaches will be necessary. 

This is also codified in the Clean Energy Package, by which the use of probabilistic methods for 

adequacy assessments will become mandatory [89].  

Next, a wide variety (in the use) of scenarios can be discerned. Some adequacy assessments use 

a single prognosis instead of a variety of scenarios. The adequacy assessments which use different 

scenarios are divergent with regards to the identified drivers (e.g. geopolitical, sustainable) and the 

content, scope and level of detail of these scenarios. Scenarios which are based upon CO2-emission 

reduction goals are not validated iteratively using the results of UCED algorithm used in the adequacy 

assessments. Therefore, a scenario set-up to achieve a certain emission reduction is not verified through 

simulations to actually achieve this reduction. The use of a unit commitment economic dispatch model 

would enable TSOs to do so, however.  

Furthermore, it has become apparent that the analyzed adequacy assessments hardly show any 

variety as to the reliability indicators used (see Table 3). Almost all assessments use the Loss of Load 

Expectation as the main output, where some assessments include a probabilistic distribution of the 

LOLE. Furthermore, some assessments use indicators which are based upon the LOLE, such as the 

required firm capacity which expresses the required need for firm capacity in order to satisfy a certain 

LOLE threshold. Based upon the output of the UCED model, some adequacy assessments also report 

on aspects such as annual CO2-emissions and import/export balances. For example, this can easily be 

done for annual CO2-emissions by analyzing the dispatch of power plants and the CO2-emissions per 

MWh of produced electricity. Simulation constraints are thus not necessarily the reason behind the 

limited scope of some adequacy assessments. Furthermore, some assessments use subsequent analyses 

or visualizations in order to investigate the power system adequacy in more detail. This for example 

consists of an analysis of the probability of remaining capacity in neighboring countries at times of 

scarcity [108]. The use of further analyses is however, scarce as most assessments only report on the 

direct LOLE output. Furthermore, as can be inferred from Table 3, many countries do not have a 

explicitly set reliability standard.  
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Table 3: Overview of main results of comparative analysis of adequacy assessments 

Country Reliability indicators Other indicators 
Reliability 

standard 
VRES modelling Scenarios 

Belgium 
LOLE; size of structural 

block 

Active hours of reserve, 

flexibility needs, 

remaining capacity in 

other countries 

3 hours per year; 

20 hours per year 

for LOLE95 

Probabilistic on 

basis of climate 

data 

Base case and 8 

sensitivity 

analyses 

Denmark 
LOLE; EENS (AVG / 

MED / 95) 
  

Probabilistic on 

basis of climate 

data 

Eight 

Finland 
LOLE; EENS (AVG / 

MED / 95) 
  

Probabilistic on 

basis of climate 

data 

Eight 

France 

LOLE (probability 

distribution analyses); 

flexibility needs 

(GWh/day) 

Reduction in CO2-

emissions, import/export, 

shortfall risk 

3 hours per year 

Probabilistic on 

basis of climate 

data 

Two scenarios, 

four sensitivity 

analyses 

Germany 
Capacity margin 

(deterministic) 
  N/A One 

Ireland LOLE  8 hours per year 
Deterministic 

(Capacity Credit) 
Two 

Latvia LOLE / EENS Import/export 3 hours per year N/A Three 

Netherlands 
LOLE / firm capacity 

requirement  
Import/export  

Probabilistic on 

basis of climate 

data 

Base case and 

sensitivity 

analysis 

Norway 
LOLE; EENS (AVG / 

MED / 95) 
  

Probabilistic on 

basis of climate 

data 

Eight 

Pan-European 

(MAF) 
LOLE (LOLE95)   

Probabilistic on 

basis of climate 

data 

Base case and 

sensitivity 

analysis 

Pan-European 

(Seasonal 

outlook) 

Capacity margin 

(deterministic) 
  Deterministic 

Base case and 

sensitivity 

analysis 

Pan-European 

(PLEF) 

LOLE; EENS; 

Remaining capacities 
Annual energy balances  

Probabilistic on 

basis of climate 

data 

Base case and five 

sensitivity 

analyses 

Sweden 
LOLE; EENS (AVG / 

MED / 95) 
  

Probabilistic on 

basis of climate 

data 

Eight 

United 

Kingdom 
LOLE  3 hours per year 

Deterministic 

(Equivalent Firm 

Capacity) 

Four scenarios 

and sensitivity 

analyses 

 

3.3.2. RELIABILITY EVALUATIONS IN DIFFERENT INFRASTRUCTURAL SECTORS 

 

Power system reliability evaluations form a subset of infrastructure reliability evaluations which are 

also performed in other sectors, such as the gas, road, railway and telecommunication sector. Therefore, 

some reliability evaluations from these sectors have also been studied in a comparative analysis. 

Although significant differences exist between the power sectors and these sectors – due to both 

technical and regulatory characteristics – similarities may exist. Useful lessons could thus be drawn 

from other sectors, especially regarding the indicators in which reliability of the infrastructure is 
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expressed. The potential for cross-sectoral frameworks has already been recognized in the wide-spread 

adaptation of the Asset Management model over several of these sectors [109], [110]. This section will 

briefly investigate how the reliability of infrastructure services is investigated in other sectors and what 

kind of indicators are used to express this reliability in. A full description of the reliability evaluations 

per analyzed country can be found in Appendix B: Comparative analysis of infrastructure reliability 

evaluations.  

The gas sector has multiple similarities with the power sector. In a similar vein to electricity, 

the reliability of gas delivery is determined by the reliability of its infrastructure (‘transmission 

adequacy’) and gas supply (‘generation adequacy’). The Dutch gas TSO, Gasunie, has been legally 

tasked with safeguarding the security of supply by means of peak delivery and emergency delivery 

[111]. The adequacy is studied by monitoring the balance between supply and demand of gas [111], 

[112]. Contrary to the electricity sector, the balance is only studied and monitored on an annual basis. 

This forms an important difference with the power sector, in which a momentaneous balance is 

required at all times. The ability of the gas sector to store energy in large quantities (storage facilities), 

as well as allow for fluctuations of energy flows within the transmission network (by allowing changes 

in the pressure) easies the adequate operation of the gas sector. This also eases the assessments of the 

adequacy of the system greatly, since assessments on a daily, weekly or even annual basis can suffice. 

To meet the legal obligation of emergency delivery of gas, Gasunie contracts the supply of gas in the 

form of both supply capacity (GWh/h) as well as volume (TWh) of these reserves [112]. This highlights 

the fact that adequacy of gas supply is concerned with both power and energy, as is also the case in the 

power sector. For the supply of gas, the zero-level hierarchical level (supply of primary energy) is also 

considered, since the adequacy of the gas delivery in the Netherlands is currently a concern of policy 

makers, due to the planned production reduction of the ‘Groningen field’ [113].  

The adequacy assessments of the gas supply in the United Kingdom mostly focuses on the 

adequacy of the transmission network. To that end, the capacity of the transmission network in case of 

peak demand is evaluated. Even in case of a large loss of transmission infrastructure, this peak demand 

could be satisfied [114]. The sequentiality of peak demand is considered. Apart from a peak day, 

average peak demand for a very cold week, month and overall winter is also evaluated (all 1-in-20 

events) [114]. This analysis shows that also for these events the gas sector is considered to be adequate, 

since the transmission network in conjunction with storage buffers is able to meet this demand, under 

the condition that the production and import of gas does not change. The contribution of gas storage 

does diminish with a longer time interval, as the storage supply of gas is depleted.  

The railway sector has less obvious similarities with the power sector, but useful lessons can 

nonetheless be drawn. The yearly ‘management plan’ of ProRail – the infrastructure owner and 

operator – contains improvement plans on a number of performance indicators. Customer satisfaction 

is an important parameter used to assess the delivered quality of the services provided by ProRail. 

Furthermore, the punctuality of train services is assessed on different timescales (<3 min delay; <5 min 

delay). Furthermore, the amount of ‘delivered train trajectories’ is an indicator measuring to what 

extent ProRail has delivered the required capacity reservations on its network for train movements. 

This could be seen as the extent to which its users (or: the market) has been adequately served. Within 

the electricity system, this could be interpreted by the amount of time the power plant dispatch 

schedules delivered by electricity producers do not have to be changed due to limitations of the TSO, 

resulting in redispatch.  

Another important indicator is the customer nuisance due disturbances of the network [115]. 

The disturbances are counted in ‘train delay minutes’, measuring the delay of the sum of all trains 



TOWARDS A RENEWED UNDERSTANDING OF ADEQUACY FOR FUTURE POWER SYSTEMS 

 

39 

 

impacted by the network disturbance and converted into ‘additional customer minutes’ for the most 

severe cases only [116]. For the main transportation company (Nationale Spoorwegen; NS) the main 

performance indicator is its customer satisfaction. Furthermore, the punctuality of the train services 

and the chance of a seating place during rush hour are used as performance indicators [117]. The NS 

performs pilot experiments with Demand Response (‘vraagsturing’) to reduce constraints during rush 

hour, since reducing the demand is helpful in restoring the balance between available capacity and 

demand [117]. This forms a parallel with the potential for Demand Response in the power sector, since 

a reduction of peak demand could increase the adequacy of the power system.  

As for the road sector, Rijkswaterstaat (the government body responsible for civil infrastructure 

assets such as highways and roads) regularly reports on the usage of the road network [118]. The 

adequacy of the road network could be interpreted as the occurrence of traffic jams, since insufficient 

capacity to meet demand results in traffic jams. Furthermore, the daily profile of road usage is similar 

to the daily profile of electricity demand, where in both cases peak demand could be reduced by 

‘demand response’ by changing the time period of demand. This can be inferred from Figure 4 and 

Figure 5.  

 

  

Figure 4. Road usage over the day. Source: [118]. Figure 5. Typical daily electricity load profile. Source 

[119] 

 

One of the key performance indicators is the amount of additional travel time that all road users 

collectively had to face, and is expressed in millions hours of ‘vehicle loss hour’. This indicator is 

calculated by comparing actual travel time of road users with the reference travel time of an average 

speed of 100 km/h [118]. This indicator is quite interesting since it does not contain an absolute 

standard, but defines a baseline reference in order to express inadequacy in relative terms.  

Every few years, Rijkswaterstaat performs a National Market and Capacity Analysis which 

calculates the infrastructure demand and required additional capacity [120]. This forms the basis upon 

which the Ministry takes investment decisions, and can be seen as the equivalent of the Quality- and 

Capacity assessment. The ’Kennisinstituut voor Mobiliteitsbeleid’ of the Dutch Ministry of 

Infrastructure & Environment, has assessed the societal value of short and reliable transit times [121]. 

The value of short transit times are monetized for different user groups and different sectors (highway, 

railway etc.) in order to be able to perform cost-benefit analyses on potential investments in 

infrastructure projects. These values are based on a survey in which a representative group of 

respondents indicated the so-called ‘stated preference’ monetary value of transport. Next to the value 

(cost) of travel time, the variability of it is also studied. This is meant as an indicator of reliability of the 

expected transit times, since longer transportation times are less annoying if they are constant: this 
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means people and companies can adjust their expectations and planning accordingly [121]. The report 

expresses the Value of Time and the Value of Reliability for different use cases and sectors. For example, 

transportation of freight is separated from personal transportation, which is subdivided in professional 

use, commuting use and ‘other’ (including recreational transportation). The Value of Time for 

commuting traffic is for example assessed to be €9.25 per person per hour (2010 price level), while its 

related Value of Reliability is set at €3.75 [121]. An interesting parallel with the electricity sector can be 

discerned, since the Value of Lost Load seems to be an equivalent of the Value of (lost) Time in the 

infrastructure sector. Furthermore, from this publication, it can be discerned that apparently the 

reliability (or: congruence between real and expected travel times) has a separate value as well. This 

forms interesting input for the valuation of reliability and adequacy of the power sector.  

The telecommunication sector in the Netherlands has no single Transmission System Operator, 

as each mobile carrier develops its own network infrastructure. The adequacy of telecom infrastructure 

could be interpreted as the timely and reliable delivery of telecommunication services such as data 

transfer, text messages or voice calls. In the past, the telecom infrastructure has not always been 

adequate at peak times such as New Year’s Eve [122]. This resulted in, amongst others, the untimely 

delivery of text messages. The Telecom Authority, the Dutch telecommunications regulator, has 

recently signaled a risk of diminished connectivity at large events, where a large group of users in 

combination with heavy data usage may exceed the available network capacity, leading to diminished 

connectivity [123]. This may endanger the availability for emergency phone calls and emergency 

broadcasts [123]. This ‘imbalance between supply and demand of telecom’ could be seen as the 

adequacy of telecom services and the unavailability of this vital infrastructure could have significant 

consequences. A dedicated program ‘Telekwetsbaarheid’ has therefore been launched to enhance the 

resilience of society to such events. 

Based on these reliability evaluations of different infrastructural sectors, it can be concluded 

that despite the significant differences between these sectors and the power sectors, there are important 

similarities and lessons can be drawn from other sectors. Most sectors understand adequacy (or: 

reliability) to consist of the unhindered availability of the services provided by said infrastructure. The 

potential of Demand Response is not only considered in the power sector, but also in the railway and 

road sector. These sectors have also developed a methodology for the determination of the Value of 

Time, allowing cost-benefit analyses to be carried out. Furthermore, the consequences of the 

unavailability of the infrastructure is not only considered in the power sector but also in the 

telecommunication sector. An overview of the main insights per sector is given in Table 4.  

 

Table 4. Overview of main insights derived from comparative analysis of reliability evaluations 

Sector Main insights 

Gas sector  Explicit consideration of zero-level hierarchical level adequacy (resources); consideration of 

both power and energy requirements of reserves 

Railway sector (Netherlands) Indicators on the delivery of the requested capacity reservations on the network and 

customer hindrance due to service disturbances; potential of Demand Response in 

alleviating capacity constraints.  

Road (highways) sector 

(Netherlands) 

Indicator on customer hindrance opposed to reference case; potential of Demand Response 

in alleviating capacity constraints; determination of Value of Time and Value of Reliability 

Telecommunications sector 

(Netherlands) 

Unreliable service at times of high demand; unreliable service at highly concentrated 

demand; enhancing societal resilience to unreliable service 
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3.4. CONCLUSION 

 

This chapter set out to investigate the current understanding of adequacy and current practice in power 

system adequacy assessments. In doing so, the similarities and differences of power system adequacy 

assessments across Europe have been identified and analyzed. Despite some variety, these assessments 

are remarkably similar and do not significantly diverge when it comes to the fundamental 

understanding of adequacy nor its expression in adequacy indicators. The methodology is quite 

homogenous across European countries and the differences mainly concern the scenarios and the 

expression of the LOLE in a probabilistic way or just its average value. Based on the level of detail, the 

tools used and the inclusion of climate data and flow-based interconnection capacities, the adequacy 

assessments of TenneT can be regarded to be among the frontrunners of Europe. However, there are 

still further improvements to be made across the line. The basic methodology and underlying 

presumptions of adequacy assessments have hardly progressed since its conception in the 1970s. There 

are still important steps to be taken, in which the work of this thesis will be instrumental.  

Other infrastructural sectors can teach valuable lessons. The adequacy assessments of gas 

infrastructure is similar to that of the power supply, although it is more focused on transmission 

adequacy than generation adequacy. These are also less advanced than most of the power adequacy 

assessments. Furthermore, the reliability evaluations of other infrastructural sectors typically focus on 

the available capacity at peak demand. This characteristic is shared with the power system and is thus 

also relevant for adequacy assessments in the power system. In both cases, changing the timing of 

demand can improve the adequacy of the system. An interesting dimension included in mobility 

reliability evaluations is the Value of Reliability which separately accounts a value to the reliability 

(expectedness) of travel times, as opposed to only looking at the Value of Time (‘Value of Lost Load’). 

Contrary to the electricity sector, the mobility sector has thus set up a methodology to determine the 

value of the reliable provision of its service whereas there is no accepted value of methodology to 

determine the Value of Lost Load within the electricity sector yet. 

This chapter has laid the foundation for the remaining research of this thesis as it has treated 

how adequacy has been defined, understood and studied in the past as well as treating the importance 

of power system adequacy to society. Furthermore, the treatment of current practice in adequacy 

evaluations and a comparative analyses of different European adequacy assessments has highlighted 

how adequacy is understood and researched in different countries. The next chapter will discuss 

current developments in the power sector which have an impact on power system adequacy. Based 

upon these developments, as well as the comparative analysis executed in this chapter, Chapter 4 will 

analyze the dimensions which should be included in a future understanding of power system adequacy 

in order to put forward a renewed understanding of adequacy.  
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 RENEWED UNDERSTANDING OF POWER SYSTEM ADEQUACY  

 

4.1. CURRENT DEVELOPMENTS WITHIN THE POWER SYSTEM 

 

The power sector is undergoing significant changes and is in transition towards a system characterized 

by net-zero carbon dioxide emissions. Variable renewable energy sources such as (offshore) wind and 

solar-PV are projected to become the main sources of power supply in the future [25]. A large-scale coal 

phase-out is projected to happen in the coming years, coupled with a large increase in installed 

capacities of variable renewable energy sources [12]. This has a large impact on the power system 

adequacy and system adequacy studies. Traditionally, controllable thermal units such as nuclear, coal 

or gas power plants guaranteed the security of supply of electricity. System adequacy needs to be 

secured in the transition to a sustainable energy power system, while affordability and acceptability 

are key components of this transition as well. These developments both take place in The Netherlands 

as well as in the wider region of Europe. Due to the stochastic nature of variable renewable energy 

sources, such developments will have a large impact on the power system. As the power system needs 

to have a frequency of around 50.00 Hz, changes in the supply of power due to intermittent production 

output of VRES need to be compensated by other supply sources or by adjusting demand.7  

As the future is unknown, researchers and policy makers use scenarios to study potential 

developments of the power system. Depending on input assumptions for these scenarios, different 

results with respect to future VRES production and subsequent flexibility needs arise. However in any 

case, due to electrification of mobility, heat demand and industry, an increase in electricity demand is 

foreseen which should be matched by an equal increase in electricity generation. This electricity 

generation is to be predominantly supplied by VRES, most notably solar-PV and (offshore) wind [25]. 

The power system will thus undergo a transition from mainly dispatchable supply sources to 

variable sources of power supply. This requires large amounts of flexibility in the power system. This 

flexibility was previously provided by the supply (generators responding to changes in demand), but 

demand is envisioned to play a large role in the future provision of flexibility as well (demand 

responding to changes in supply). Furthermore, the intermittent nature of VRES will result in high 

amounts of installed power generation capacities, many times higher than current installed capacity 

[1]. These large capacities have an effect on the transmission grid as well, which will probably require 

upgrades in transmission capacities due to these developments. In the following section, these 

developments and their impact on adequacy will be discussed, by discussing variable renewable 

energy sources first, flexibility second, the impact of these developments on the transmission grid third 

and lastly the impact of Demand Side Response and price elasticity fourth.  

 

4.1.1. VARIABLE RENEWABLE ENERGY SOURCES 

 

A major change in the power sector of the future is the large-scale development of variable renewable 

energy sources. This is confirmed by the scenarios used in a recent study by TenneT and Gasunie, the 

Infrastructure Outlook 2050 [25]. This study uses three distinct scenarios: a decentralized renewables 

scenario, a centralized renewable scenario and an international scenario with a focus on energy import. 

                                                           

7 Operating reserves in the Continental European synchronous grid are designed in such a way that under normal operating 

conditions, the maximum frequency deviation is below +/- 0.2 Hz (ranges from 49.8 to 50.2 Hz) [124].  
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The rise of VRES is exemplified by the assumptions of these scenarios. For the decentralized renewable 

scenario, the assumptions include 84 GW solar, 16 GW onshore wind and 26 GW offshore wind of 

installed VRES capacity in the Netherlands in 2050 (126 GW in total). The centralized renewables 

scenario assumes the installation of 34 GW solar, 14 GW onshore wind and 53 GW offshore wind in the 

Netherlands in 2050 (101 GW in total). These two scenarios are far-reaching, implying accordance with 

the Paris Agreement CO2-reduction goals with significant self-sufficiency with regards to the energy 

supply, although the third scenario does rely more on energy import [125]. Although these numbers 

are only scenario assumptions, these are in line with future requirements. It has been calculated that in 

order to reach the ambitions as set in the Climate Agreement, the required installed VRES capacity 

amounts to 7.4 GW onshore wind, 11.0 GW offshore wind and 24.3 GW solar PV in 2030 (42.7 GW in 

total) [16]. For reference, currently installed VRES capacity in the Netherlands amounts to 7.1 GW (2018) 

[1]. 

Another study – the FLEXNET study – has studied the effects on the power system of a large-

scale increase in VRES [126], [127]. In the main scenario of this study, total electricity production in the 

Netherlands doubles and the share of VRES (wind/solar) increases from 9% (2015) to 87% (2050) [126]. 

This scenario has been developed upon the basis of an 85% decline in greenhouse gas emissions 

reduction in 2050 compared to 1990. VRES installed capacity is projected to increase from 5 GW (2015) 

to 92 GW (2050) in the central scenario of this study [126]. With an increase in variable energy sources, 

the power system is projected to become more supply-oriented with a need for demand to start 

adapting to changes in the power supply.  

The growth in installed VRES capacity will be (partially) matched by increases in electricity 

demand. The most important factor in the integration of VRES into the power system is the size of the 

residual demand which is obtained by subtracting the momentaneous VRES production from 

momentaneous demand. This residual demand now varies between 6 to 18 GW, which is projected to 

increase to a range of -48 to +41 GW of residual demand (respectively a large VRES surplus and a large 

shortage) [127]. As a result of the increasing share of VRES in the power supply, an increase in many 

parameters is witnessed: the number of hours with a VRES surplus increases; the maximum hourly 

VRES surplus increases; the total (summed) VRES surplus per annum increases; and the maximum 

number of consecutive VRES surplus hours increases [127]. These increases result in a large challenges 

for the power system of the future. 

The variability of VRES has an impact on different time scales: both short-term timescales 

(intra-hourly and intraday) as well as longer timescales (weekly and seasonal variations) [39]. On a 

short-term time-scale (hour-to-hour), increasing penetration of VRES may lead to higher ramping 

requirements, an increase in reserve needs and requirements on minimum outputs of conventional 

thermal generators. Furthermore, research has shown that increased price volatility may lead to 

increased cycling of conventional thermal generators, resulting in increased maintenance requirements 

and increased forced outage rates [41]. On a longer timescale, sector coupling and large-scale energy 

storage may play an important role in mitigating the effects of the large-scale increase of VRES [25]. 

The effects of the increase of VRES on the power system can be mitigated by a combination of strategies: 

increasing grid capacities (including interconnectors), balancing tools and Demand Side Response, 

more flexible generating capacities, combining different VRES technologies, improved forecasting tools 

and transparent communication towards the market [41]. 
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4.1.2.  FLEXIBILITY 

 

Flexibility – in all its forms – is required to successfully accommodate an energy transition characterized 

by a large-scale increase of VRES. The flexibility of a power system can be defined as its ability to 

“rapidly respond to large fluctuations in demand and supply, both scheduled and unforeseen 

variations, ramping down production when demand decreases and upward when it increases (within 

economic boundaries)” [41, p. 1187]. Such flexibility can be provided both by supply as well as demand 

[41]. The International Energy Agency defines flexibility as comprised out of stability services (seconds 

timeframe), adequacy services to guarantee security of supply over several months to years and 

balancing services for the intermediate timeframes [72].  

 

FLEXIBILITY PHENOMENA 

Flexibility is needed due to three phenomena which will occur more frequently and more severely in 

future power systems. There is an increase in the variability of the residual demand (total demand 

minus variable renewable power generation), there is an increase in the uncertainty of this demand 

(decreasing forecastability) and there is an expected increase in congestion in the power grid, due to 

rising electricity demand by amongst others heat pumps and electric vehicles [127]. These 

developments can become problematic as they jeopardize the balance of the power system (variability 

of residual demand; uncertainty of demand) and could result in overloading of (parts of) the electricity 

grid (rising demand). Flexibility in the power system can be a solution to all three phenomena as they 

can help sustain the required balance as well as shift demand in order to prevent overloading of the 

electricity grid at peak demand. Therefore, a large increase in the need for flexibility is forecasted [127]. 

In this respect, flexibility is understood to be “the ability of the energy system to respond to the 

variability and uncertainty of the residual power load within the limits of the electricity grid” [127, p. 

26]. The main driver of this increase in future flexibility needs has been shown to be the variability in 

residual demand due to the increase in electricity production from VRES [127].  

 

TECHNOLOGIES FOR PROVIDING FLEXIBILITY  

Flexibility in the power system exists in many forms and can be provided by a number of resources. 

These include controllable power plants (e.g. conventional thermal units as well as hydro, biomass), 

curtailment of VRES, demand curtailment (lowering peak demand), demand response (demand 

shifting), energy conversion (e.g. P2G), hybrid electrification of industry, energy storage (e.g. batteries) 

and flexible cross-border electricity trades through interconnection [12], [72], [126], [128]. Generally 

speaking, the energy requirements of flexibility are relatively small for frequent occurrences (e.g. 

hourly; daily) whereas less frequently occurring events require more energy flexibility (i.e. 

Dunkelflaute scenario). This relationship does not necessarily hold for power or ramping requirements, 

however. This is an important insight to consider as there are large differences between the 

technological capabilities of different flexibility sources and the predictability of the occurrence of such 

events [79]. It has been shown that cross-border trade provides a very cost-effective flexibility option 

for dealing with large variations in residual demand, although it is unable to resolve problems that 

occur simultaneously across countries [126]. In order to deal with large variations in residual demand, 

large increases in interconnection capacity may be required for the Netherlands and Europe (increase 

to 33 GW and 241 GW respectively) [126].  
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Due to the CO2-emission reduction goals of the electricity sector, flexibility options would eventually 

need to have zero CO2-emissions [4]. This requirement is especially challenging for controllable power 

production, as most of these currently emit CO2 by burning fossil fuels. Carbon capture and storage, 

biogas production or green hydrogen production could enable emission-free controllable power 

production. The required amount of flexibility can be determined on the basis of residual load time 

series, but the supply of this required flexibility is more difficult to determine since it depends heavily 

on the (uncertain) developments in the behavior of consumers, market parties and society. 

Investigating potential supply of flexibility thus requires more detailed insights into technical 

characteristics, market developments and operation strategies than quantifying the demand for 

flexibility [79].  

In future power systems, flexibility would be required on different time-scales, ranging from 

sub-hour variations to seasonal variations. It is therefore expected that different flexibility technologies 

will fulfill different roles in a future power system, just as current thermal power plants fulfill different 

roles (base load, peak load etc.). In a similar vein to conventional thermal power plants, different types 

of storage options exist with technical features varying with respect to their response time, cycling 

efficiency, capital costs and operational costs [41]. Demand Response has a quick response as it hardly 

has any ramping rates, contrary to supply-side solutions [72]. Some flexibility options are bidirectional 

(e.g. storage), others are one-directional (e.g. curtailment) [79]. Communication technologies may be 

used to manage the power system optimally in such a way that the required flexibility is provided, 

using the smart dispatch of demand response, storage and electric vehicles without causing congestion 

[41]. A precursor of such a system, called GOPACS, has recently been introduced by Dutch grid 

operators [129]. This is a market-based system which is able to solve network congestion by reducing 

production or increasing consumption, while simultaneously safeguarding the overall balance of the 

grid by compensating this response in another (not congested) part of the grid.  

 

THE NEED FOR FLEXIBILITY IN THE NETHERLANDS 

The need for flexibility (balancing mechanisms) increases as power systems have an increasing share 

of variable renewable energy sources [39], [72]. The short-term supply-side variability of future energy 

systems and its subsequent requirements on demand-side flexibility need to be considered also when 

developing long-term grid plans [72]. So far, the integration of VRES into power systems has mainly 

been the subject of studies focusing on power system operations [80]. The variability of VRES is related 

to system security, but also to system adequacy [72]. The net contribution to system adequacy per unit 

of installed VRES capacity decreases, while society is becoming more and more dependent on a 

undisturbed security of supply of electricity.8 A literature review shows that significant increases in 

reserve capacities become necessary already at wind penetration levels of 10-20% [72]. Maintaining 

system reliability is thus increasingly challenging at higher levels of VRES integration. The increase of 

required reserve capacities is, however, typically not incorporated in long-term power system 

evaluations.  

                                                           

8 For example, the increasing importance of telecommunication for many aspects of society increases the dependence on a stable 

power system. As a proxy for this dependency, the monetary Value of Lost Load could be used. The VoLL is often approximated 

by calculating the added value to the economy per unit of energy for different sectors [87]. As the Gross Domestic Product of the 

Netherlands has risen significantly since 1990 [130], but total energy usage has not [131], the economic value per unit of energy 

has increased, signaling an increasing economic dependency on the power system. Also, the share of electricity in total energy 

usage is rising, signaling in increasing dependency on the power system (e.g. electric vehicles vs. petrol cars).  
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A comprehensive study (FLEXNET) into the need for flexibility in the Dutch system has been executed 

and the quantitative results in this section are based upon this study. The study has shown that there 

is a substantial amount of hours annually in which the supply of power is not enough to cover demand 

[127]. This could be seen as an adequacy problem which needs to be solved. In the researched scenario 

(80% VRES penetration), there are up to 2600 hours per year in which the power demand would have 

to be (largely) met by alternative power generation sources [127]. Put differently: even with some power 

supply by conventional generation, the power system will be inadequate to satisfy demand at almost 

30% of the time. However, this result does not include any flexibility options nor any power generation 

by conventional means. 

Within the aforementioned scenario, 80% VRES penetration was accompanied by large-scale 

electrification. In this scenario, there are significant effects on the power system and the need for 

flexibility. The amount of hours per annum in which VRES production exceeds demand will rise to 

3200. This may continuously be the case for consecutive days, while this may also be the case the other 

way around (‘Dunkelflaute’). The hourly mismatch between VRES supply and demand may rise to a 

maximum of 47.9 GW, indicating a large need for flexibility [127]. 

Furthermore, the variable nature of VRES leads to high demands for ramping-up and ramping-

down to accommodate changes in the hourly power balance. The maximum hourly ramping 

requirements may increase to up to 29.6 GW/h, with maximum ramp-up requirements may increase to 

66 GW in the timespan of just 10 hours [127]. This represents an eightfold increase in the need for 

flexibility compared to the current Dutch power system. Electric vehicles and variable solar 

photovoltaic electricity production are the main causes for the need for flexibility according to this 

study. These fluctuations in the output of VRES can be smoothened out by energy storage, and from an 

adequacy perspective energy storage can thus subsequently improve the stability of the power supply. 

It has been quantitatively verified that incorporating energy storage can significantly improve the 

adequacy of power systems [132]. However, there are limits to the required energy storage capacity: 

only marginal gains are reaped after a certain amount of energy storage has already been added to the 

system. These effects also hold for Demand Side Response. 

Compared to the increase in the need for power system flexibility due to the variability of 

VRES, the increased need for flexibility due to uncertainty in production forecasting is somewhat more 

modest and predicted to account for a maximum of 13.7 GW/h ramping requirements. However, this 

result is in itself somewhat uncertain since the model used in the FLEXNET study is based on the 

assumption that VRES power generation forecasting will not improve in comparison with 2012. The 

report also evaluated the possible need for flexibility due to congestion on (local) electricity networks. 

There is congestion towards 2050 on both the local (DSO) and regional/national (TSO) electricity 

network levels. The congestion on local networks accounts to maximum 50% overloading of its current 

capacity, which is expected to be possible to mitigate by network reinforcements. This may not be the 

case so clearly for the national networks. For both networks, the congestion could be resolved by either 

network reinforcements or (some forms of) flexibility, such as local temporary energy storage or 

shifting power demand over time. In any case, these results indicate that the main driver of future 

flexibility needs is the variability in residual demand [127].  

The variations in hourly power trade are large, ranging from -33 GW to +33 GW in two hours 

(Netherlands). VRES capacity is projected to increase significantly from 5 GW to 92 GW in 2050, with a 

decline of conventional thermal capacity from 25 GW to 9 GW. Towards 2050, VRES curtailment 

becomes an important flexibility provider. Curtailment of power demand is hardly used at less than 

six hours per year, whereas 22% of total wind production is curtailed in the researched scenario. Since 
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power demand curtailment entails a Loss of Load (load shedding), this forms a proxy for the adequacy 

of the system. Note that the projected power demand curtailment of six hours per year is only slightly 

above the LOLE threshold of four hours per year used in the Netherlands. Alternative scenarios 

highlight a trade-off between cross-border interconnection capacities and domestically installed gas-

fired power plants. Despite the declining importance of conventional thermal power plants for 

flexibility provision, gas-fired power plants could remain important as back-up capacity.  

In the future, large hourly ramp rates are expected to be mostly satisfied by cross-border 

electricity trades [126]. Maximum cumulative ramp rates will be mostly satisfied by VRES curtailment 

in combination with cross-border electricity trades. Annually, flexibility needs will be satisfied by up 

to 73.5% by cross-border electricity trades and up to 20.2% VRES curtailment [126]. However, these 

outcomes are highly sensitive to assumptions on increases in interconnection capacities. Without any 

additional interconnection capacities installed after 2030, only 40.8% of flexibility needs are satisfied by 

cross-border electricity trades [127].  

 

ECONOMIC FEASABILITY OF FLEXIBILITY 

It is not a priori clear that the market will deliver sufficient flexibility in itself and analyses of 

the economic feasibility of future flexibility solutions thus remain important [39], [108]. The dominance 

of cross-border electricity trades has a large impact on the economic feasibility of other flexibility 

providers. Due to other flexibility providers being cheaper, dedicated energy storage is has been shown 

to be hardly used as a flexibility option (1-5% of annual flexibility needs) [126]. A sensitivity analysis 

decreasing the costs of these options by 90% highlights that even in that case, other available flexibility 

providers remain more cost-effective. This is mostly due to the fact that energy storage solutions need 

high price volatility to be cost-effective, while large amounts of cross-border electricity trades and VRES 

curtailment have a negative effect on price volatility (e.g. result in price stability) [126]. Through cross-

border trades, the Netherlands may benefit, however, from foreign hydro storage. Demand Response 

(electric vehicles, power-to-X) accounts for more than 40% of total annual electricity demand in 2050, 

satisfying 12-32% of total flexibility needs [126].  

In conclusion, due to the large-scale integration of VRES in future power systems, there is a 

significant increased need for flexibility in the power system. This flexibility can be provided by a 

number of sources, where cross-border electricity trades and Demand Response seem to become the 

main suppliers of flexibility. However, flexibility from interconnection comes with its downsides as 

well, as it cannot alleviate problems that occur simultaneously across borders, such as Dunkelflaute. 

Many forms of flexibility exist and these will perhaps all play a role in the power system of the future 

as these all come with different technologic characteristics, specific (dis)advantages and different 

business cases. In any case, this flexibility needs to be provided by CO2-emission-free technologies to 

achieve the goals as outlined in the Climate Agreement [12].  

 

4.1.3. TRANSMISSION GRID 

 

The large-scale integration of variable renewable energy sources will have an impact on the 

transmission grid as well as on the distribution grids [133]–[137]. Towards 2050 the expected increase 

in electricity demand due to electrification will require larger transports of electricity. Although part of 

this demand may not become fed into the transmission grid (e.g. direct charging of EVs by local solar-

PV), large-scale VRES sites such as offshore wind will require large flows of electricity. Secondly, the 
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developments in VRES installation also entail that for some branches of the transmission grid, the 

predominant direction of power flows changes. This is for example case in the non-densely populated 

areas in the north of the Netherlands, where traditionally large transport capacities were not needed 

but due to the large-scale installation of VRES in those areas (amongst others due to low land lease 

prices), there is a change in both the direction and magnitude of transmission power flows [138]. 

Thirdly, large-scale offshore wind projects entail high concentrations of power feeding into the grid at 

specific locations near shore. There will thus be areas with high concentration of renewable energy 

production infeed. Simultaneously, there could be an increase in the concentration of load centers due 

to the electrification of industry. As these locations do not necessarily coincide, there is thus a need for 

large amounts of transmission.  

An analysis of transmission constraints in the Netherlands towards 2027 indeed confirms that 

there increasing transmission capacity needs arise due to the location of dispatched capacity, the 

growth of offshore wind and the increasing demand for interconnection capacity [139]. Furthermore, 

currently in Germany the transmission adequacy is of a larger concern to the security of supply of 

power than generation adequacy. This is exemplified by the fact that the generation adequacy analysis 

is rather short and simple (deterministic) [140] whereas transmission adequacy analyses are extensive, 

complex and reported on using multiple research documents [141]–[143].  

 

4.1.4. DEMAND SIDE RESPONSE AND PRICE ELASTICITY 

 

The fourth major development in the power sector is the expected increase of Demand Side Response, 

resulting in an increase in the price elasticity of demand. This can also be regarded to be a subset of 

flexibility, but due to its (potential) impact on or power system adequacy, it is treated separately here 

in order to explicitly recognize its potential impact. The total power load has a large impact on the 

adequacy of the system, and an increase in the Demand Side Response could thus have a major impact 

on the adequacy of power systems. Demand (Side) Response can be regarded to be a special form of 

flexibility and refers to the price elasticity of demand. Reliably assessing the existence and size of 

Demand Side Response existing in current markets has been identified to be challenging [144].  

Generally, power demand can be divided into two parts: the must-serve load and price-

sensitive demand. The must-serve demand refers to demand that is not price-sensitive and of large 

importance to its users and society. Its price insensitivity refers to the phenomenon that this demand 

will not change its behavior or requested power needs in response to fluctuating electricity prices. 

Must-serve demand includes for example consumer households, health care, mobility and other public 

services. The must-serve load is an important parameter since it describes the minimum of power that 

needs to be supplied to the system to keep society functioning properly [145]. The price-sensitive 

demand refers to demand that will respond to price fluctuations and for example includes industrial 

processes that do not have to run continuously. In principle, the adequacy of a system can be improved 

by increasing the price-sensitive demand as a share of total demand.  

Demand Side Response is thus understood to refer to flexible demand that will adapt its 

behavior (e.g. timing and magnitude of the demand) based on electricity prices or other activation 

signals. Household-level Demand Side Response could significantly reduce congestions and thus avoid 

additional investments in local grids [126]. DSR is expected to be supplied more in the future, as 

aggregators and IT solutions make DSR more accessible. Aggregators can combine many electricity 

users (or: producers) to act as a virtual power plants, using price incentives to change demand behavior.  
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Demand Response is fundamentally different from flexibility provided by thermal generation [40]. 

Advantages of the provision of flexibility through DSR are its cost-effectiveness (hardly any CAPEX) 

and high ramping rates. Furthermore, it has a higher efficiency than many other storage options with 

lower round-trip efficiencies (e.g. electricity-hydrogen-electricity conversion, pumped hydro storage 

or battery storage). Its disadvantages include the energy limits of Demand Response, and constraints 

on its activation and maximum duration time due to the value of demand [126].  

The demand for flexibility allocated to balancing purposes is expected to increases significantly 

[127]. Domestic demand side response (e.g. washing machines, heat pumps etc.) is in principle capable 

of delivering this required flexibility and the aggregated power capacities of household appliances are 

projected to be sufficient to cover imbalances [126]. However, the expected low remuneration (€40 

average per household annually) may not provide enough incentives to develop such applications 

[126]. A large part of the intra-day imbalance can also be settled by international cooperation. Contrary 

to day-ahead residual demand flexibility needs, energy storage options may generate enough revenues 

on the intra-day imbalance market. These findings are however rather uncertain, but do highlight that 

it is uncertain to what extent household DSR will deliver on its potential [126].  

Industrial processes such as aluminum smelting or other energy-intensive processes may be 

more susceptible to the potential of DSR. Such Demand Response is also already current practice, but 

its extension towards household consumers is an expected new development [146]. There is indeed 

additional potential for the use of DSR, as for example Dutch water authorities can both save energy as 

well as money by smarter scheduling of water pumping [147]. Research has shown that the share of 

must-serve load in the Netherlands is on average around 60% of total load, with a peak must-serve load 

of 13 GW displaying strong seasonal variation [145]. Nonetheless, this entails that on average, 40% of 

the load, can be regarded to be price-sensitive to some extent. This offers a large potential for increasing 

the flexibility of power systems.  
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4.2. DIMENSIONS OF ADEQUACY 

 

4.2.1.  CURRENT DIMENSIONS OF ADEQUACY 

 

As discussed in Chapter 3, current definitions of adequacy contain significant differences among 

different actors and documents. The most elaborate definition comes from ENTSO-E: “the ability of a 

power system to provide an adequate supply of electricity in order to meet the demand at any moment 

in time, i.e. that a sufficient volume of power is available and can be physically delivered to consumers” 

[84, p. 36]. In any case, all interpretations of adequacy share the trait that they consider load to be 

invariable; the load needs to be satisfied by the supply under any circumstances and most 

interpretations do not explicitly consider potential grid constraints. In this section, it will be 

disseminated which dimensions are included in current interpretations of adequacy and which are not. 

This – together with the preceding sections on shortcomings of current adequacy interpretations and 

expert interviews – form the basis upon which a renewed understanding of adequacy will be proposed.  

The notion of adequacy can be conceptually disseminated by highlighting the dimensions 

which are taken into account in the concept. In doing so, a distinction can be made between the 

dimensions that are fundamentally not part of adequacy using current interpretations, and 

simplifications and/or omissions in the current modelling approaches of adequacy. Dimensions are 

understood to be the different characteristic elements that together form a cohesive interpretations of 

adequacy. The dimensions currently included in commonly used interpretations of adequacy are its 

physical scope, magnitude of supply and demand, time, geographical scope and concerned 

stakeholders which are hereafter discussed individually.  

 

PHYSICAL SCOPE OF POWER SYSTEM 

Firstly, adequacy is concerned with providing an adequate supply of electricity. The physical scope, 

outlining the interpretation of the system’s tasks, is an important dimension underlying current 

interpretations of adequacy. The supply of electricity is typically interpreted as a physical supply of 

electricity, and not regarded as the undisturbed access to the services of a power system (see Section 

3.1.1). It is also not defined as the undisturbed provisioning of end-use of electricity supply (e.g. light, 

heat etc.) but rather on the specific transportation medium of energy. Power quality is also not included 

in this interpretation. Furthermore, it is important to highlight that this interpretation thus only 

considers electricity and no other sources of energy (e.g. heat, gas). The scope of adequacy studies – the 

physical supply of electricity – is thus the first dimension underlying current adequacy interpretations.  

 

MAGNITUDE OF SUPPLY AND DEMAND 

The second dimension underlying current interpretations, is the magnitude of supply and demand at 

a given time. The balance between these two is the most important parameter in the determination of 

adequacy. In principle, adequacy is not concerned with the absolute magnitude of supply and demand, 

but rather with the relative balance between supply and demand. It is important to notice that this 

dimension focusses on the instantaneous magnitude of power (W) not on the power use of longer 

periods of time (Wh) (e.g. annual power use).  
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TIME 

This is closely related to the third dimension: time. The balance between the magnitude of supply and 

demand needs to be guaranteed at every moment in time. In practice, present-day adequacy 

assessments typically exclude any temporal phenomena on a sub-hourly time-scale. Fundamentally, 

however, the instantaneous balance between supply and demand is taken into account in the current 

understandings of adequacy. Adequacy is thus concerned with momentaneous power balances, but 

mostly studied on a long-term time horizon (e.g. fifteen years ahead) using longer time periods (hourly 

resolution).  

 

GEOGRAPHICAL BOUNDARIES 

Fourthly, there are geographical boundaries to the system considered in defining power system 

adequacy which define the scope of the study. These boundaries can be different per adequacy 

assessment, but fundamentally power system adequacy is concerned with a single power system which 

inherently has geographical boundaries. In practice, these boundaries are sometimes artificially 

imposed to perform national, European or pan-European (i.e. synchronous area) studies.  

 

CONSIDERED STAKEHOLDERS 

Lastly, the type of stakeholders considered is another dimension taken into account in current 

interpretations of adequacy. Current interpretations solely focus on supplying electricity to demand 

(e.g. consumers) and disregards the (in)ability of electricity suppliers to supply power to the power 

system.  

 

4.2.2.  PROPOSED DIMENSIONS OF ADEQUACY 

 

Current interpretations of adequacy thus contain a number of dimensions and also exclude some other 

dimensions. For example, the sustainability, the affordability and acceptability of the power system 

and locational elements (i.e. transmission grid) are not included in the current dimensions of adequacy. 

Adequacy is also not a purely technical concept. For example, the International Energy Agency defines 

energy security as ‘the uninterrupted availability of energy sources at an affordable price’ [148]. Energy 

security is often characterized upon the basis of four dimensions: availability, accessibility, affordability 

and acceptability, which widens the scope to also include non-technical aspects [149]. Of these 

dimensions, only the availability of electricity is taken into account in most current interpretations of 

adequacy. Current interpretations of adequacy do not take all relevant dimensions into account, as has 

been shown by discussing major developments in the power sector.  

Due to the shortcomings of current adequacy interpretations, additional dimensions to be taken 

into account are proposed in this section. This will lead to an exhaustive renewed interpretation of 

adequacy presented in the following section. The proposed additional dimensions to be included are 

the value of demand; location of supply and demand; flexibility; quality (power quality); supply source; 

acceptability; affordability and profitability; and forecastability. Furthermore, the dimensions related 

to concerned stakeholders and time will be extended, to include power suppliers (concerned 

stakeholders) and simultaneity and sequentiality (time). These dimensions are proposed upon the basis 

of the shortcomings of current interpretations, developments in the power sector, the comparative 

analyses, the literature review and expert interviews. Together, these additional dimensions cover all 
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relevant aspects of (future) power systems and are thus suitable to serve as building blocks for a 

renewed understanding of adequacy. An overview of previously included dimensions and the 

proposed additional dimensions is given in Table 5. 

 

VALUE OF DEMAND 

The first additionally proposed dimension is the value of demand. This dimension is lacking in current 

interpretations and adequacy thus does not discriminate upon the basis of the value of demand. At the 

same time, there is differentiation in electricity prices within the current electricity market, indicating 

that not all demand has the same value. In principle, if the price of electricity exceeds the set value of 

lost load, there is no inadequacy because due to the high electricity prices, demand will adjust in such 

a way that the balance between supply and demand will be restored. Properly including the value of 

demand could thus solve adequacy problems. Furthermore, in case of power system inadequacy, 

forced load shedding will be required. It has long been recognized that there are differences in the value 

of demand in such a case: households, public buildings and non-essential industry will first be 

disconnected whereas electricity users related to public order, safety and public health will remain to 

be supplied with electricity as much as possible [150]. Such differences in the value of demand need to 

be incorporated into a renewed interpretation of adequacy. This especially holds as Demand Response, 

supplied by (aggregated) households or industry reacting to electricity prices, is projected to become 

more important in future power systems. 

 

LOCATION OF SUPPLY AND DEMAND 

Secondly, the location of supply and demand will need to be included as a dimension of adequacy. As 

put forward in the previous section, the transmission grid may impose constraints on future power 

system adequacy. Therefore, this dimension needs to be taken into account.  

 

FLEXIBILITY  

Thirdly, flexibility as a dimension should be included. A power system characterized by high flexibility 

is likely to be adequate more often. As put forward by Lannoye et al. put it, adequacy is the result of 

the combination of sufficient capacity to meet demand as well as sufficient flexibility abilities to meet 

changes in the residual load [79]. Given the important role flexibility will play in future power systems, 

flexibility as a dimension of adequacy should be included explicitly.  

 

QUALITY OF SUPPLY 

Fourthly, the quality of the supply is another proposed dimension. Power supply can only be regarded 

to be adequate if its characteristics (quality) are such that it can be used in the intended way; this 

includes compliance with the (legal) requirements on power quality phenomena such as frequency, 

phase symmetry, voltage levels and harmonic disturbances. This has also been recognized by Endrenyi 

by defining power system reliability as ‘the probability of providing the users with continuous service 

of satisfactory quality’ [21, p. 4].  

 

SUPPLY SOURCE 

Fifthly, the source of electricity supply may be included as a dimension. As society aims to make power 

systems sustainable and carbon-neutral, the source of power supply also becomes an important 
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dimension of adequacy. The adequacy of the power system should be approached within a larger 

framework of societal goals. It is not inconceivable that in the future, a power system could be regarded 

as inadequate if it is not able to satisfy demand in a sustainable way.  

 

ACCEPTABILITY 

The acceptability of the power system is the sixth additionally proposed dimension in the definition of 

adequacy. This could for example relate to the public and political acceptance of the system, which is 

especially relevant in the context of the energy transition. But it is also closely related to the acceptability 

of the level of risk of the system with regards to failures. Perfect reliability of any technical system does 

not exist. However, measures can be taken to make systems more reliable. This should only be done up 

to the level where the risks are deemed to be appropriate and acceptable by society. The 

appropriateness of the risk levels often refers to the benefits and costs of additional measures aimed to 

increase the reliability of the system. As current adequacy assessments include a accepted risk level (i.e. 

LOLE of four hours), the acceptability of a power system also needs to be explicitly included as a 

dimension.  

 

AFFORDABILITY & PROFITABILITY 

The seventh proposed dimension is the affordability and profitability associated with the power 

system. The affordability refers to the supply of electricity to consumers at a reasonable price, ensuring 

access to electricity for all and opportunities for economic growth. This dimension is related, but not 

the same, as including the value of demand in adequacy interpretations. Including the value of demand 

is a fundamental approach to discriminate between types of demand. However, it is not concerned yet 

with the absolute price of this demand, which is where the affordability of the electricity supply comes 

in. This dimension puts a threshold above which the price of electricity is no longer regarded to be 

affordable and thus acceptable. Furthermore, power suppliers also need to be able to produce electricity 

in an economically feasible way (profitability). Without sufficient returns on their investment, long-

term investments in installed capacity cannot be guaranteed in an energy-only market. This is especially 

relevant to flexibility providers. Therefore, profitability also needs to be taken into account.  

 

FORECASTABILITY  

The eight proposed dimension is the forecastability of the balance between supply and demand. Large 

fluctuations are easier dealt with if they are expected than if they are unforeseen. The ability of a power 

system to deal with large variability is the product of the forecastability and flexibility. 

 

POWER SUPPLIERS 

The ninth dimension to be included are the suppliers of electrical power as concerned stakeholders. It 

should be recognized that a power system serves both consumers as well as producers. Although the 

predominant focus on consumers within current interpretations of adequacy may have been fit for use 

in the past, the increasing existence of ‘prosumers’ and the aggregators bundling many consumers for 

Demand Response purposes, will increasingly blur the line between consumers and producers. For 

example, a household with solar-PV installed may be a net-producer at certain moments of the day. 

Would a disturbance of the power system in such a case not count as inadequacy since the household 

does not consume electricity supplied by the grid? Electricity suppliers should have access to a properly 
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working power system and should therefore be included as in the understanding of adequacy. This 

does not necessarily entail that producers always need to be able to actually produce and supply 

electricity, since this is dependent on market prices (market clearing) and accepted risk levels 

(redundancy of infeed connection), but the ability of producers to use the services of the power system 

is an important aspect of adequacy.  

 

SIMULTANEITY & SEQUENTIALITY 

Lastly, simultaneity and sequentiality need to be taken into account. Inadequacy risks are more severe 

if they happen simultaneously across regions and/or following upon each other as this limits the 

potential for mitigation actions. These phenomena are already recognized by the characterization of 

potentially disruptive ‘Dunkelflaute’ situations and by analyzing sequential inadequacy situations in 

the Belgium generation adequacy assessment [108]. To date, however, these have not been explicitly 

recognized as dimensions of adequacy although they have a large impact on the actual adequacy of 

power systems.  

 

Table 5: Overview of dimensions of power system adequacy  

Current understanding Proposed understanding 

Physical scope of power system Physical scope of power system 

Magnitude of supply and demand Magnitude of supply and demand 

Time Time (extended to include simultaneity and sequentiality) 

Geographical boundaries Geographical boundaries 

Considered stakeholders Considered stakeholders (extended to include power suppliers) 

 Value of demand 

 Location of supply and demand 

 Flexibility 

 Power quality 

 Supply source 

 Acceptability 

 Affordability & profitability 

 Forecastability 
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4.3. RENEWED INTERPRETATION OF ADEQUACY 

 

Following the identification in the previous section of the additional dimensions to be included in the 

understanding of adequacy, the following renewed definition of adequacy is proposed for use in future 

power systems:  

 

The ability of a power system to reliably provide access to, satisfy and dynamically adapt to 

the needs of its users at any time and at an acceptable cost and risk level, while complying 

with societal goals and quality requirements.  

 

Where: 

• The power system refers to the boundaries of the system; only electricity is considered and the 

system is understood to be physically and geographically bounded.  

• This system is understood to reliably provide access to its users and thus includes the 

reliability of the transmission/distribution grid as well as that of ancillary services supporting 

the well-functioning of the power system (e.g. required IT services). Furthermore, this 

interpretation is broader than just the delivery of electricity and also considers the undisturbed 

access to the services of a power system, such as the ability to supply electricity to the system.  

• The system should satisfy the needs of its users and should do so by dynamically adapting, 

entailing that a balance between supply and demand of power is continuously guaranteed 

without an a priori preference for doing so by steering on either supply or demand (satisfying 

the needs) and dynamically adapting to changes herein, including responses to dynamic and 

differentiated values of demand, which requires a certain forecastability of this balance and 

using flexibility to guarantee the balance of supply and demand.  

• The understanding of adequacy is focused on the needs of its users, which refers to the ability 

of users to extract or supply electricity from the power system, including the ability to do so at 

the specifically desired location of the user.  

• The users are understood to be both consumers and producers, and the distinction between 

those two is thus not required to be clear at all times and can also be different per user, 

depending on the time and circumstances.  

• Providing in the needs of its users must to be done at any time, which refers to the need to 

continuously guarantee the balance between demand and supply as well as doing so in case of 

simultaneous or sequential inadequacy risks within the power system.  

• The system should function at an acceptable cost and risk level, which includes the 

affordability of power for consumers and a reasonable profitability for producers at a risk level 

deemed appropriate following a desired optimum in the cost-benefit analysis of additional 

investments geared towards decreasing risks, recognizing that no technical system can function 

perfectly.  

• In doing so, it needs to comply with societal goals, which refers to the political and public 

acceptability of the power system. Furthermore, recognizing the need to have zero CO2-

emissions in 2050, the source of the electricity supply should also be included in the 
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understanding of adequacy for future power systems, entailing that a system can only be 

adequate if it is able to supply the desired electricity in a sustainable way.  

• Lastly, the system needs to adhere to certain quality requirements, referring to compliance 

with quality standards on certain power quality phenomena as this is required by users to be 

able to use the provided services of the power system in the intended way.  

 

It is crucial to highlight that these different aspects of the renewed understanding of adequacy are 

coordinate to each other. In principle, a power system can only be regarded to be adequate if it satisfies 

all of the requirements imposed by this definition, where no aspect or dimension is regarded to be more 

important than any other. However, none of these aspects are absolute, except for the need to balance 

supply and demand continuously due to this fundamental characteristics of power systems. The way 

in which this balancing is performed may differ, and is also subject to risk and cost levels deemed 

acceptable and appropriate by society. For example, far-reaching voluntary load reduction by Demand 

Response at times of resource scarcity would not entail inadequacy as long as the balance between 

supply and demand is guaranteed and the system adheres to acceptable cost and risk levels in general. 

In practice, it is thus conceivable that trade-offs exist between different aspects of this renewed 

understanding of adequacy. It is up to society to make choices among these tradeoffs. For example, a 

moderate increase in cost level may be acceptable when it goes hand in hand with large increases in the 

sustainability of the electricity supply infeed.  

Furthermore, it should be recognized that it is unlikely that all these aspects of power system 

adequacy can be taken into account in a detailed way (or even: in any way) in the modelling used for 

adequacy assessments performed by TSOs and governments. Practical difficulties in modelling 

approaches should not, however, result in the dismissal of such aspects in the fundamental 

understanding of power system adequacy. Inherently, every model contains simplifications of reality. 

However, these simplifications for practical purposes can only be highlighted in comparison with the 

ideal type. In order to clearly communicate on the limitations of adequacy assessments, the 

fundamental understanding of adequacy needs to be complete. This helps in recognizing that 

generation adequacy assessments are helpful analyses which contain useful information, while the 

limitations of these assessments need to be explicitly recognized and taken into account by society and 

policy makers. The limitations of current modelling efforts are further discussed in Chapter 5.  
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4.4. CONCLUSION  

 

Power system adequacy evaluations are carried out because they provide useful information on the 

current state of and developments in the balance between availability, accessibility, affordability and 

acceptability as power systems are undergoing a fundamental transition. It is thus a useful instrument 

used by stakeholders in the electricity market, such as policy makers, electricity producers and 

regulators. In order to remain relevant for those stakeholders, adequacy evaluations need to remain on 

par with developments in the power sector. The assessment of the adequacy of future power systems 

can help to effectively assess the required investments in flexible capacities [72]. The proposal for a 

Climate Agreement also stipulates that continuous monitoring of adequacy is a crucial part of the 

energy transition and describes that this monitoring should have a long-term horizon [12]. 

The preceding sections have shown that the power system is undergoing significant changes, 

such as the large-scale increase of installed VRES capacity, the increasing requirement for flexibility, 

transmission network constraints and the differentiation in the value of demand. These developments 

have a large impact on the adequacy of future power systems, but are insufficiently taken into account 

in the current power system adequacy evaluations as will be expanded upon further in Chapter 5. Some 

assumptions underlying the current understanding of adequacy will not hold anymore in the future. 

Current power system adequacy interpretations share the trait that they consider load to be invariable; 

the load needs to be satisfied by the supply and potential grid constraints are not explicitly considered.  

There is thus a clear need to come to a renewed understanding of power system adequacy. As 

the current understanding of adequacy is not fit for these purposes, it has been investigated which kind 

of dimensions are currently included in interpretations of adequacy and which dimensions are ideally 

part of a renewed understanding of adequacy. Future adequacy evaluations need to include the right 

dimensions in order to be able to study developments such as the increase of VRES and the growing 

need for flexibility. Following the identification of these dimensions, a renewed understanding of 

adequacy has been proposed. This renewed understanding – in which adequacy refers to the ability of 

a power system to reliably provide access to, satisfy and dynamically adapt to the needs of its users at 

any time and at an acceptable cost and risk level, while complying with societal goals and quality 

requirements – also needs to be operationalized in order to be used in adequacy assessments. Suitable 

indicators need to be developed to express power system (in)adequacy following the renewed 

understanding. This is the subject of the next chapter.  
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PART II – MODELLING ADEQUACY 

 

 MODELLING AND EXPRESSION OF POWER SYSTEM ADEQUACY 

 

In the previous chapter, a renewed understanding of adequacy has been put forward. This chapter will 

extend that work by treating the expression of power system adequacy assessments in adequacy 

indicators. In doing so, the renewed understanding of adequacy is also operationalized by its 

translation into a set of appropriate indicators. In order to arrive at a set of appropriate adequacy 

indicators, first the limitations of current modelling efforts are discussed based on the four 

aforementioned developments concerning VRES, flexibility, the transmission grid and DSR. Secondly, 

the power system adequacy indicators currently used will also be treated. This both consists of 

discussing the indicators used in current adequacy studies, as well as indicators that have already been 

proposed in (scientific) literature. Thirdly, the dimensions and requirements for future power system 

adequacy indicators are analyzed. Based on this results, a set of adequacy indicators will be proposed 

and individually discussed.  

 

5.1. LIMITATIONS OF CURRENT MODELLING IN INCLUDING POWER SYSTEM 

DEVELOPMENTS 

 

The aforementioned developments concerning VRES, flexibility, the transmission grid and DSR have a 

large impact on the power systems of the future. As adequacy studies aim to evaluate the generation 

adequacy of power systems, these developments are thus also relevant for adequacy studies. Somehow, 

these developments thus need to be incorporated into system adequacy studies. In this section, it will 

be highlighted why incorporating these developments is quintessential for future power system 

adequacy evaluations and how limitations in current modelling have prevented this from occurring. 

There also exist other limitations in current modelling efforts which also have an effect on the outcome 

of adequacy studies. Although including ongoing developments in the power sector may greatly 

improve the reliability of adequacy evaluations, it should also be forgotten that adequacy evaluations 

form long-term projections. Exogenous uncertainties of the model (scenario assumptions) are probably 

many times higher than endogenous uncertainties within the model (uncertainties in unit commitment 

model etc.). Nonetheless, there are limitations of current modelling efforts that can be overcome.  

 

5.1.1. VARIABLE RENEWABLE ENERGY SOURCES 

 

The large increase of VRES has multiple impacts on power system adequacy. The short-term variability 

of VRES may result in an inability of the power system to remain balanced as it may not be able to 

accommodate the required ramp-up/ramp-down rates. Furthermore, peak demand may not be able to 

be fulfilled using momentaneous VRES infeed, requiring other sources of power infeed. Moreover, 

longer periods of insufficient VRES infeed (‘Dunkelflaute’ or ‘Elfstedenscenario’) need to be bridged by 

the power system to remain adequate. Lastly, large-scale concentrations VRES infeed may put 

additional constraints on the transmission network.  

Currently, ramp-up and ramp-down rates observed in power systems are rather limited and 

can be taken into account by means of an hourly resolution in adequacy modelling. The development 

of VRES will increase the required ramp-up and ramp-down rates significantly [127]. This becomes 
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visible in the so-called ‘duck curve’ for the large-scale integration of solar PV in power systems, where 

daytime demand is mostly met by solar PV generation, requiring a large ramp-up rates of other power 

sources at sunset (Figure 6) [151]. If the future power system cannot accommodate the required ramp-

up and ramp-down rates, the balance between demand and supply will be distorted, resulting in power 

system inadequacy. It is therefore important to take these effects into account in power system 

adequacy evaluations. This is currently already done on an hourly basis.  

However, sub-hourly modelling may be required to properly take into account the maximum 

ramp-up and ramp-down rates that may become required in the future. This has been confirmed in a 

study by Deane et al., showing that different sub-hourly time resolutions for the modelling of Unit 

Commitment results in significantly different outcomes, especially with regards to the dispatch of 

flexibility sources such as pumped hydro and the required ramping rates of different power plants 

[152]. Another study has confirmed that taking into account operational aspects in the assessments used 

for power system planning has become necessary with the rise of VRES [75]. Furthermore, the 

FLEXNET study has shown that maximum hourly ramping requirements in the Netherlands may 

increase to up to 29.6 GW/h [127]. However, this requirement may not be evenly distributed over the 

hour. Furthermore, the maximum ramping requirements observed within fifteen minutes may be 

higher within an hour with overall lower ramping requirements, so the current information does not 

reveal all necessary details. Properly including these intricacies in power system adequacy evaluations 

is necessary to highlight the required amount of flexibility in the power system in order for the system 

to remain adequate. Instead of only evaluating power system adequacy, adequacy assessments can 

thus also be used to quantify the requirements to safeguard the proper working of the power system 

under different scenarios.  

Many studies have been performed on including wind energy in adequacy studies, in which 

different approaches are used [62]. For example, Welsch et al. suggest using a capacity credit approach 

for VRES integration in adequacy studies [72]. Such a capacity credit is a measure of the total amount 

of generation power that is constantly produced by wind turbines in the system. This effectively entails 

the amount of conventional generation that can be completely displaced by wind generation. In 

practice, a derating factor (e.g. 10%) is often applied to the installed capacity to estimate the contribution 

to power system adequacy. Many of such studies treat wind or other variable sources as an ‘extra’ by 

assuming that thermal generation will remain the foundation of power systems. They approach the 

contribution of VRES to power system adequacy in a deterministic way, by evaluating how much 

conventional generation it can replace by means of the allocation of capacity credit to installed VRES 

capacity. Such deterministic methods for evaluating the contribution of VRES to power system 

adequacy have its limitations, however. For example, it does not take into account any simultaneity in 

peak power production of VRES units and peak demand. It has been shown already that this 

simultaneity is indeed the case in the UK [72]. Other academic research has for example been focused 

on accurately implementing wind speed models into wind generation for adequacy evaluation [58]. 

Several adequacy evaluations already include this variability by probabilistic modelling of VRES 

production. Using input data over multiple climate years, the electricity generation output of VRES is 

varied over the day, seasons and climate years leading to the proper inclusion of VRES production into 

adequacy assessments.  

Further developments in this area are necessary. The current climate years database of ENTSO-

E does not yet include sufficient climate variation to accurately account for realistic climate events [54]. 

Furthermore, many current adequacy assessments have a rather short-term time horizon (up to 2030) 

and take the current power system as a reference scenario, counting on thermal generation as back-up 
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in case of inadequacy risks. Such studies often do not evaluate how a power system can remain 

adequate when the predominant source of power is VRES and conventional thermal units have been 

decommissioned. For that, an assessment of future flexibility requirements is necessary.  

 

 
Figure 6: Diagram depicting the ‘duck curve’ of residual demand (forecasts) for a typical day in California. Source: [151] 

 

5.1.2. FLEXIBILITY 

 

The preceding sections have shown that there will be an increase of VRES in the power system (Section 

4.1.1), that this will have affect power system adequacy assessments (Section 5.1.1) and that there will 

be an increasing need for flexibility within the power system (Sections 4.1.2, 5.1.1). A recent study into 

flexibility options for the Dutch electricity market also explicitly links these developments by defining 

flexibility as the “extent to which a power system can increase/decrease electricity production or 

consumption in response to variability” [146, p. 15]. Adequacy evaluations will need to include 

flexibility more explicitly in their analyses [79], [146]. Classically, security of supply has been focused 

solely on supply, dismissing the influence of Demand Side Response [149]. Furthermore, apart from 

guaranteeing sufficient generation capacity, long-term power system planning also needs to ensure 

sufficient flexibility in the operation of such a power system [79]. Without considering the impact of 

variability of supply and demand in system adequacy studies, the importance and value of flexibility 

may be underestimated [72]. Without the explicit inclusion of flexibility in power systems dominated 

by VRES, adequacy studies would report tremendous problems with adequacy although these 

problems would perhaps not be a situation observed in reality. The inclusion of flexibility in adequacy 

studies is also an explicit request formulated in the proposed Dutch Climate Agreement [4]. For system 

planning and market facilitation purposes, it is also important to assess the future needs of flexibility. 

Studies show that the importance of flexibility in current-day markets may have been underestimated, 

and there exists a gap between the economic feasibility of investing in flexibility and the need for further 

flexibility investments [72]. 

Some of the adequacy evaluations of European TSOs take flexibility in the form of 

interconnection, controllable production and storage / Demand Side Response into account. The 

inclusion of storage and DSR is most often rather limited, however, both in terms of its aspects (e.g. 

complex behavior) as capacity (MW / MWh). A full-fledged inclusion of storage, Demand Side 

Response, VRES curtailment and other forms of flexibility is still lacking (see also Section 0). A 
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simulation method for the inclusion of storage in generation capacity adequacy assessments has been 

put forward by Bagen & Billinton, who have shown that the inclusion of storage in generation adequacy 

evaluations has a significant impact on its outcomes [132]. Due to storage requirements when 

integrating intermittent (wind and solar) energy sources at a large-scale, it is important to incorporate 

storage properly in adequacy evaluations as well. For storage facilities, this includes the cycling 

efficiency of different energy storage options and the inclusion of charging of the energy storage in the 

load profile. If the energy storage needs to provide electricity to the system at times of a capacity 

shortage, it also needs to be charged beforehand and afterwards [132]. Without a proper inclusion of 

this demand due to charging of storage, such adequacy assessments become invalid. The demand for 

flexibility is the result of many different system characteristics, including the variability of demand and 

VRES production, temporal correlation of VRES production and (peak) demand and the geographical 

spread of VRES infeed sources [79]. Flexibility adequacy assessments thus need to incorporate all such 

characteristics in order to provide meaningful results on the expected future (requirements for) 

flexibility of power systems.  

 

5.1.3. TRANSMISSION NETWORK CONSTRAINTS 

 

Currently, adequacy evaluations are predominantly executed without the modelling of internal 

network constraints (‘copper plate’ approach) [153]. This is done for simplification purposes (including 

computation times) and justifiable given the scope of these studies. However, this scope needs to be 

extended for a number of reasons. First of all, at a fundamental level it is an unrealistic assumption 

since internal network constraints do exist in reality and have a significant impact on the power system. 

Secondly, disregarding the internal network may over- or underestimate available interconnection 

capacities. Thirdly, developments in the power sector may lead to more concentrated areas of power 

demand and supply, leading to more stringent requirements on transmission capacities. Without 

adequate transmission, demand cannot be satisfied by the available supply, resulting in power system 

(generation) inadequacy. Fourthly, currently transmission congestion is managed by means of 

redispatch, operating upon the assumption of controllable (dispatchable) installed capacity. In a power 

system dominated by stochastic VRES, this will change fundamentally. The potential lack of 

(economically feasible) redispatch providers using other flexibility resources, could translate into an 

inadequate power system. Lastly, transportation losses are dependent on the characteristics of the 

internal network, dispatch of power plants and locations of demand. As transportation losses form a 

sizeable portion of demand, including the transmission network is important.  

Firstly, it is an inherent characteristic of modelling that it aims to simplify the complex 

dynamics of reality. This also holds for power system adequacy evaluations. However, the transmission 

network capacity is a very significant factor in the actually observed power system behavior. Models 

should aim to include all major influencing factors that have a large impact on the outcomes of the 

model, thus including transmission constraints in adequacy evaluations is important. Although power 

system adequacy evaluations model the day-ahead market (which does not include any locational 

aspects and thus excludes transmission constraints), such studies do try to model potential future 

power system outcomes, not solely the power market. Assessing the power system as a whole is 

explicitly the goal of an adequacy evaluation; it is not called a power market evaluation for a reason. 

Therefore, as transmission constraints do play an important role in the reality of power systems, it 

should also be included in power system adequacy evaluations.  
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Secondly, excluding transmission network constraints may under- or overestimate available 

interconnection capacities. In its turn, this has an impact on the adequacy evaluation of interconnected 

power systems. This is increasingly relevant as the integration of stochastic VRES energy production is 

eased with large interconnection capacities available, mitigating a possible mismatch in the 

simultaneity of VRES power supply infeed and domestic demand. The contribution of interconnection 

capacity is explicitly recognized by including it in the 2nd ENTSO-E Guideline for Cost Benefit Analysis 

of Grid Development Projects [84]. The importance of including transmission network constraints in 

assessing available interconnection capacities is already recognized by major pan-European adequacy 

evaluations due to the partial implementation of flow-based interconnection capacity assessment 

methodologies [53], [54]. State-of-the-art adequacy evaluations already partially take internal 

transmission network constraints into account, but still far away from full implementation [53], [54].  

Thirdly, due to the increasing concentration of energy production locations as a result of the 

large-scale development of offshore wind, treating adequacy as an location-independent system 

parameter could becoming increasingly problematic in the future. In the future, overall installed power 

production capacity will greatly exceed the peak demand (if no large Demand Response units are 

installed) [12]. Although part of the renewable energy production at that time will be scattered over the 

country (e.g. residential solar-PV), there will also be areas with high concentration of renewable energy 

production (e.g. large-scale offshore wind in the North Sea). 

Due to these developments, at certain moments in time, the production of power may become 

very concentrated in one area. At the same time, there could be an increase in the concentration of load 

centers due to electrification of industry. Therefore, adequacy would not only become a question of 

sufficient power production but also of sufficient transport capacity. If the concentration of power 

supply and power demand does not take place at the same location, there would be a need for this 

power to flow from one area to another. For large power flows, this could become problematic, as has 

been recognized in the scientific literature: ”The fact that variable generation sites are far from 

consumption areas may cause some congestion problems due to the capacity constraints of existing 

transmission lines, during some high generation occasions” [41, p. 1191].  

This could turn into an adequacy problem, because energy would not be supplied adequately 

at the load center. This is different from current practice, because due to a coordinated policy (see ‘Derde 

Structuurschema Elektriciteitsvoorziening’ [154]), thermal power production takes place at different 

locations and these units are controllable and can thus be subjected to redispatch in case of a need for 

congestion management. Such problems could be partially mitigated by measures such as Dynamic 

Line Rating. This refers to the effect that high wind speeds increase cooling rates and thus the thermal 

capacities of transmission lines [41]. This allows for increased use at times of high wind speeds which 

is of course related to high infeed of wind electricity. However this may be insufficient and also 

inapplicable to other supply sources of VRES production. In any case, it is clear that the increasing 

concentration of power supply necessitates the inclusion of internal network constraints in adequacy 

evaluations.  

Fourthly, as redispatch possibilities may become scarcer in the future, transmission constraints 

are less easily mitigated than is currently the case, as exemplified by the already rising redispatch costs 

in Germany due to the increase of VRES [155]. This development is due to the stochastic and 

uncontrollable nature of VRES production. Currently, redispatch is executed using conventional 

thermal power plants which will largely be decommissioned in the (far) future. Although other 

flexibility options than thermal power plants can also be used for redispatch purposes, flexibility 

solutions such as energy storage or Demand Response are already very much needed in order to deal 
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with the large variability of VRES. Requiring additional flexibility capacity for redispatch purposes 

puts additional constraints on the development of flexibility, which is an undesired outcome. This is 

also recognized by TenneT in its recently published Infrastructure Outlook 2050, since this report calls 

for locational guidance on the development of Power-to-Gas installations (Demand Response), since 

allocating these close to the infeed locations of high amounts of VRES would greatly reduce large 

investments in electricity transmission networks [25].  

Redispatch (congestion management) is a measure that aims to correct market outcomes that 

cannot be accommodated. It should primarily be seen as a temporary measure, as structural redispatch 

should result in investments in transmission capacity at the congested parts of the transmission 

network [84], [94]. As adequacy studies are also part of an economic optimization, excluding internal 

network constraints and fully relying on redispatch to mitigate any congestions is an implausible result. 

Congestion constraints thus need to be taken into account.  

Lastly, in current adequacy assessments transportation losses are taken into account by 

including it in the demand. This is based upon historical data. In 2017, transportation losses formed 

4,53% of total demand in The Netherlands [1]. It is thus a sizeable portion of total electricity demand. 

These transportation losses are an annual summation of grid losses, which are in itself dependent on 

many parameters, including characteristics of the transmission network, the location of demand and 

generation (dispatch) and interconnection use. Even relatively minor changes in these losses can have 

an impact on the adequacy of the system as exemplified by the following data. The most recent Dutch 

adequacy assessments has shown that an increase of annual demand by 2.55% (increase of peak 

demand by 2.20%) results in a near doubling of the Loss of Load Expectation from 8,5 hrs/yr to 16.93 

hrs/yr [1]. Even a minor increase in annual demand thus has a major effect on power system adequacy 

and developments in grid losses can also result in minor increases in annual demand. Therefore, 

including the transmission network in adequacy assessments is pertinent for accurate adequacy 

analyses.  

 

 
Figure 7: Diagram depicting the relative costs of different flexibility options from several technologies. Adapted from 

Cochran et al. [37]. 
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5.1.4. DEMAND SIDE RESPONSE, PRICE ELASTICITY AND VALUE OF LOST LOAD 

 

As future power systems require more flexibility, it is of large importance to correctly model the 

available flexibility within power systems due to Demand Side Response of consumers acting on price 

signals. Currently, only 500 MW of DSR is included in Dutch adequacy assessments [78]. Reliably 

assessing the existence and size of Demand Side Response existing in current markets has been 

identified to be challenging [144]. It is still uncertain how large the potential of DSR exactly is, since it 

is unknown at what price level consumers will become willing to change their demand behavior [146].  

As different flexibility technologies have different characteristics with different impacts on 

power system adequacy, these need to be modelled correctly. Cochran et al. have provided an overview 

of the relative costs of different flexibility options supplied by several technologies (Figure 7). In 

general, flexibility technologies differ with respects to their technical capabilities (e.g. ramping rates), 

capital and operational costs, construction lead times and their behavior (e.g. price-sensitivity; ability 

to only shift demand or provide additional generation). For instance, a characteristic of Demand Side 

Response is that the energy requirement usually presides; the demand is only shifted in time and/or 

magnitude, but the total energy needs do not change. This is for example the case with the energy-

intensive charging of electric cars; the demand is flexible in the sense that it can somewhat adapt the 

timing of the charging, but the overall energy requirement remain to be equal. Following this example, 

including the load profile of electric cars and its DSR potential is thus essential for the proper modelling 

of the behavior of electricity systems for future adequacy assessments. The need for improved power 

system models which are able to include such developments has been recognized in a study 

commissioned by TenneT [146]. 

The potential of Market Response has been analyzed in Belgium based upon questionnaires 

and aggregated demand and supply curves of the Belgium electricity market [144], [156], [157]. Market 

response is regarded to be the decrease of demand or the increase in supply due to price increases. The 

study has been executed to properly include Market Response (including DSR) in the Belgium 

adequacy studies [144]. In order to do so, historic market bids have been analyzed. In power markets, 

market players place bids for supply and demand for a given price and volume, as depicted in Figure 

8. Typically, adequacy assessments consider the load to be invariable. Regardless of the marginal prices 

of generation, the optimization algorithms used in market simulations will thus always strive towards 

satisfying the load as long as the marginal costs will remain under the set Value of Lost Load. The 

inclusion of DSR in adequacy assessments, thus forms a fundamental reorientation of the modelling 

involved since it has to simulate market demand curves as well, next to supply curves. Due to the 

projected influential role of DSR in future power systems, this needs to be included properly in 

adequacy assessments.  

Amongst others due to developments in DSR and storage, properly including the Value of Lost 

Load is also quintessential for future adequacy assessments. The economic optimization of adequacy 

modelling software is dependent on the given Value of Lost Load. Apart from an absolute deficiency 

of power resources, if the Value of Lost Load is lower than the costs of dispatching additional 

generation, the economic optimization will result in a loss of load within the modelled power system. 

Further differentiation in the price of electricity can also in reality be helpful in preventing insufficient 

generation adequacy [6]. Implementing a correct Value of Lost Load is thus of importance, but difficult 

since this value is dependent on many factors (type of consumer, time of day, duration of power loss 

etc.). A 2003 study into the economic damage of power losses in the Netherlands has been estimated to 

be € 8.60 per kWh (2003 price level) [6]. Corrected for price developments (2019 price level), this is the 
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equivalent of € 10,780 per MWh which is line with the commonly used € 10,000 per MWh. This is, 

however, an average which varies significantly across sectors and is different depending on the time of 

occurrence, duration of occurrence and its forecastability [6]. The Value of Lost Load for consumer 

households is almost double the average VoLL [6]. The damage due to power outages is higher in the 

services sector than in the manufacturing industry, although this result may be skewed due to its 

expression in a monetary value per unit of consumed electricity (€/kWh) as the services sector uses 

relatively little electricity.  

 
Figure 8: Diagram depicting the market clearing price for a supply and demand curve (illustrative). Source: [157] 

With respect to the forecastability of power outages, an interesting parallel can be discerned with the 

mobility sector, in which different monetary values are assigned for the Value of Time and the Value 

of Reliability [121]. If a power outage is expected more frequently, customers will adapt to it, lowering 

the costs per outage. The certainty of power supply thus has a value in itself [6]. The high Value of Lost 

Load is the other side of the coin of the very reliable Dutch power system, also dubbed the ‘vulnerability 

paradox’ [158]. The costs of power outages is also dependent on its duration. Another study estimated 

that the VoLL for sufficiently short interruptions lies around € 5.13 / kWh, while longer interruptions 

have a VoLL of € 9.12 / kWh [145]. This difference is amongst others due to possible mitigation methods 

(e.g. back-up power with limited fuel reserves) and the magnitude of the damage (e.g. wasted foods 

due to defrosted warehouses).  

The Value of Lost Load has an effect on the value of storage and additional installed capacity, 

and is thus not only of importance to the modelling of adequacy assessments, but also affects the 

behavior of market parties in power systems. Sectors with a high VoLL such as health services and data 

centers, provide in back-up solutions to cover their own needs in case of a power outage. The addition 

of distributed power back-up solutions, however, reduces the overall monetary incentives to invest in 

power system adequacy since the value of the power supply is reduced. Due to these effects, the Value 

of Lost Load has an effect on the value and therefore the business case of storage solutions and/or 

additional capacity. Conversely, the addition of distributed storage to the system could heavily 

influence (decrease) the Value of Lost Load.  

Current adequacy assessments use one overall Value of Lost Load for its optimization 

algorithms. Due to the aforementioned effects, differentiation in the Value of Lost Load across sectors, 

timing of occurrence and duration, could lead to different results of the adequacy assessments. Previous 

results have shown that the market in itself will not deliver an economic optimum with regards to 

power interruptions, as exemplified by the Californian electricity crisis of 2000-2001 [6], [87]. It is 

therefore of importance to monitor developments using adequacy assessments, since regulatory 

frameworks could be updated in order to achieve the outcomes desired by society.   
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5.2. CURRENT POWER SYSTEM ADEQUACY INDICATORS 

 

As has been shown in the comparative analysis of adequacy assessments (Chapter 3), power system 

(in)adequacy is currently predominantly expressed in the Loss of Load Expectation (LOLE), sometimes 

complemented by the Expected Energy Not Served (EENS). This section treats the adequacy indicators 

that are currently used and their shortcomings. Subsequently, different indicators which have been 

proposed in the scientific literature are treated. These function as inspiration for the determination of 

the requirements for future power system adequacy indicators (Section 5.4) as well as the proposal of 

this thesis for adequacy indicators which should be used in the future (Section 5.5).  

 

5.2.1. CURRENTLY USED ADEQUACY INDIACTORS 

 

The Loss of Load Expectation and the Expected Energy Not Served which are widely used in adequacy 

assessments are often expressed as an average value, but sometimes a probability distribution of these 

values is given, either by indicators such as LOLE95 or by visual representations of the probability 

distribution. On the basis of the calculated LOLE, sometimes power system (in)adequacy is expressed 

in other indicators such as the required firm capacity. Some adequacy evaluations include 

import/export balances on top of that and the adequacy evaluation of RTE (France) also reports on the 

average achieved reduction in CO2-emissions under different scenarios. Lastly, both France and 

Belgium partially report on the future required flexibility.  

Adequacy indicators are used to express the results of a complex probabilistic adequacy 

assessment which is in itself subject to (scenario) assumptions, modelling constraints, the chosen scope, 

limited resources etc. Adequacy indicators can only be used in the proper way if such limitations are 

recognized. Most importantly, adequacy indicators express the expected outcomes following a 

probabilistic evaluation and are not a forecast of the future. Therefore, next to expressing average 

values, including the distribution of values may be helpful in recognizing the probabilistic nature of 

the adequacy assessments results. 

For example, for all sampling years modelled, the probability (relative amount of occurrences 

in all modelled years) that there will be no Loss of Load can also be expressed [83]. As the LOLE is 

typically the unweighted average over all sampling years considered in the adequacy model, the 

probability distribution of the results can provide additional information on its dispersion and 

variability. The Expected Energy Not Served and the Value of Lost Load can together give information 

on optimal power system configurations. Especially when expressed using probability distributions, 

this can be helpful in the risk management of power system adequacy by national authorities and 

transmission system operators. For example, by means of these indicators and subject to modelling 

assumptions, it can be expressed what the probability is that power system inadequacy leads to an 

economic loss of over a predefined threshold value of monetary losses [83].  

Furthermore, it is important to consider the time horizons used in the modelling to evaluate 

power system adequacy. For example, a LOLE of one day per year is not equivalent to a LOLE of 24 

hours per year [83]. It could be the case that there would be only one hour with an expected loss of load 

occurring, which is expressed in one day per year if one uses a low (daily) time resolution for the 

modelling. This also holds for a LOLE expressed in hours per year: inadequacy of the power system on 

a sub-hourly basis may remain unnoticed.  
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Ordinarily, the LOLE is calculated using the following formula: 

 

𝐿𝑂𝐿𝐸 =  ∑ 𝑃(𝐶𝑖 <  𝐿𝑖)

𝑁

𝑖=1

 

 

With 𝐶𝑖 expressing generation capacity at time instant 𝑖 and 𝐿𝑖 expressing the load at that time. The 

LOLE is thus the (average) sum of the probabilities for all states N in which load is higher than available 

generation capacity. Using an hourly resolution, 8760 time periods are considered. However, for a 

Monte Carlo simulation, 𝑁 may become much larger if other variables, such as different climate years, 

are also included. In a Monte Carlo generation adequacy analysis, the adequacy of the system is 

evaluated for each state (𝑘) by comparing the total demand for that state with the total generation 

capacity: 

 

𝐷𝑁𝑆𝑘 = max {0, 𝐷 −  ∑ 𝐺𝑖𝑘

𝑁

𝑖=1

} 

 

With DNS describing the Demand Not Served for state (𝑘), the 𝐺𝑖𝑘 the sum of all generators (𝑖 units) 

for the specific state and D the total demand [24]. Based on the mathematical operator which selects the 

maximum value, the 𝐷𝑁𝑆𝑘  can thus either be zero or have a positive value if demand is greater than 

total generation. The subsequent adequacy evaluation needs to consider all possible states 

 

𝐸𝐸𝑁𝑆 =
∑ 𝐷𝑁𝑆𝑘  𝑁

𝑘=1 ∙ 8760

𝑁
 𝑖𝑛 [𝑀𝑊ℎ/𝑦𝑟] 

 

𝐿𝑂𝐿𝐸 =
∑ 𝐼𝑘(𝐷𝑁𝑆𝑘)𝑁

𝑘=1

𝑁
∙ 8760 𝑖𝑛 [ℎ𝑟/𝑦𝑟] 

 

With 𝐼𝑘 being a binary indicator variable, expressing whether the demand not served (𝐷𝑁𝑆𝑘) is zero or 

not for a given time step. It should be emphasized that both indicators express a probabilistic 

expectation based upon the evaluation of many states, and do not express an exact forecast. In other 

words, the LOLE is the “mathematical expectation of a probability distribution (albeit unknown), i.e. it 

is therefore the long-run average value” [23, pp. 10–11]. In most adequacy assessments, the LOLE is 

calculated upon an optimized unit commitment and economic dispatch market simulation.  

Some adequacy studies also use a required firm capacity or structural block analysis to indicate 

the adequacy of the power system. After performing the adequacy analysis, the LOLE result is 

compared with the target value set for the LOLE. The required firm capacity is determined by assessing 

the total required amount of additional capacity (or: surplus) for the LOLE to satisfy the set target value. 

This is done in an iterative process, by adding extra capacity to the adequacy assessment until the LOLE 

target value is satisfied (or: by removing surplus capacity) [108].  

 

5.2.2. INSUFFICIENCY OF CURRENT POWER SYSTEM ADEQUACY INDICATORS 

 

The current indicators used to express power system (in)adequacy are inadequate in its capability of 

serving its goal: clearly reporting on the expressed power system (in)adequacy of the system under 

consideration. As the LOLE only contains an expression of the expected duration of the time period in 
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which there is a lack of sufficient generation, it does not express the severity of the lack of generation, 

nor the frequency or amount of customers affected. Furthermore, the LOLE can be manipulated. To 

give an example: for a limited amount of hydro power plant resources due to drought, the LOLE can 

vary significantly for a given amount of energy not served. The lack of sufficient generation capacity 

can be concentrated in one hour (low LOLE, high ENS in that hour; equal overall ENS) or in a longer 

time period (higher LOLE; lower hourly ENS; equal overall ENS).  

It is also for this reason that the EENS should actually be preferred over the LOLE according to  

Billinton & Allan, two founding fathers of power system adequacy assessments [23]. The EENS gives a 

quantitative expectation of the total volume of energy that is not supplied adequately: it is a measure 

of deficiency rather than a measure of inadequacy. Furthermore, it focusses on the deficiency of energy 

supply, which is the main goal of a power reliability assessment and thus it reflects the true nature of 

the reliability assessment more closely [23]. However, both indicators have its shortcomings: the EENS 

does also not detail the frequency, duration or amount of customers affected by the lack of generation. 

Amongst others due to these reasons, adequacy experts also believe that the LOLE and the EENS are 

not suitable to clearly communicate on adequacy assessments towards the general public [78].  

Furthermore, the indicators themselves do not express whether there is sufficient adequacy, 

nor do they indicate the cause of certain developments or provide clear guidance for mitigation actions 

such as future investment choices. Contrary to some other European countries, the Netherlands has no 

legal requirements on the required power system adequacy (certain LOLE target value). In line with 

the thresholds used by many other countries, TenneT currently uses a threshold of the LOLE under 

four hours per year to express a 'good adequacy', which has arbitrarily been decided upon in 

consultation with government officials [12]. This value is supposed to express a balance between a 

stable security of supply and the economic effectiveness of investments in power system adequacy and 

is therefore supposed to express the reliability optimum. However, a clear and substantiated analysis 

underlying the choice for this value is lacking.  

Moreover, there is a lack of appropriate indicators to assess the flexibility in the power system 

[39], [79], [80]. On the basis of a literature review, it is concluded there is a need for probabilistic 

flexibility metrics to be used for power system planning [41], [79]. The main parameters of interest with 

regards to flexibility are the observed and/or required ramp-up and ramp-down rates, total ramping 

power capacities, the duration and frequency of such events, energy storage capabilities and the 

predictability of such events [41], [79]. In principle, it should be able to characterize, measure and 

analyze flexibility in terms of both its capacity (GW), ramping rates (GW/h) and energy capacity (GWh) 

[127]. If there is insufficient flexibility present to prevent load shedding, the reporting by flexibility 

indicators would coincide with the occurrence of a Loss of Load Probability [41]. Conversely however, 

insufficient flexibility resulting in curtailment of VRES would not be captured by the LOLE. It is 

therefore necessary to perform further research on the requirements for flexibility indicators, 

developing these indicators and implementing these in current adequacy assessments. 

 

5.2.3. PROPOSED INDICATORS IN SCIENTIFIC LITERATURE 

 

There have been some proposals for indicators that could be used in adequacy assessments in the 

scientific literature. Some proposed indicators on adequacy and flexibility are discussed in this section, 

to highlight the current state of affairs of academic progress on this topic. These proposals will also 
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serve as input for the proposal for renewed adequacy indicators put forward in this thesis. An overview 

of the already proposed indicators in scientific literature is given in Table 6.  

 

ADEQUACY INDICATORS 

Da Silva et al. [159] propose the use of ‘well-being analyses’ to assess the adequacy of a power system. 

Such an analysis defines different system states (i.e. ‘healthy’, ‘marginal’, ‘at risk’) on the basis of a 

deterministic reserve rule, but computes the probability of the system being in each of the states on the 

basis of probabilistic Monte Carlo analyses. It can express the number of hours, the frequency of 

occurrence and the duration of the system being in each state. It provides additional information 

compared to the LOLE, since it divides the adequate system states into healthy and marginal states 

providing more detail than the single value of the LOLE itself. Da Silva et al. also propose several 

indicators for long-term probabilistic evaluation of operating reserves, since these also impact the 

adequacy of a power system [159]. The momentaneous power balance is expressed by the synchronized 

power generation at time instant 𝑡 minus the load at that time instant. The performance of non-spinning 

reserve can be evaluated by using indicators for the expected power of non-spinning reserve, the 

expected number of hours per year that there is no non-spinning reserve available and the frequency 

by which non-spinning reserve is used to restore system failures 13]. 

Larsen et al. propose the concept of ‘secured capacity’ which is a probabilistic estimate of 

available capacity within a certain area [160]. It forms an assessment of the total amount of capacity 

that can be expected to be available: it is calculated by multiplying the forced outage rate of 

conventional thermal power plants with their rated capacity, combined with a capacity credit of wind 

energy calculated upon the basis of wind infeed density functions. This results in a probability density 

function of available generation capacity. Subsequently, using a confidence level (e.g. 99%) the total 

amount of available generation can be determined. In essence, the secured capacity is one of the inputs 

for a Loss of Load Expectation calculation, but can be regarded to be an indicator in itself as well. 

Another proposed indicator focusses on the long-term profitability of power plants, since a decreasing 

profitability could be a warning signal for the long-term adequacy of the power system. To this end, 

the load factor of individual power plants can be analyzed: a significant decrease in this load factor 

may be a signal of decreasing profitability [149]. This information could subsequently be used by policy 

makers in deciding whether capacity mechanisms and/or other market incentives would be required 

to safeguard the adequacy of the power system. 

 

FLEXIBILITY INDICATORS 

Conventional indicators can express an insufficient supply of power, but do not explicitly express any 

(in)sufficiency in power system flexibility [56]. An explicit expression of generation flexibility is 

required to accurately assess power system adequacy as well as analyze potential trade-offs between 

adequacy and economic optimization [56]. Therefore, Tanabe et al. have proposed an indicator on Loss 

of Reserve capacity Probability (LORP) to assess the adequacy of generation reserves. This indicator is 

given by the following formula: 

 

𝐿𝑂𝑅𝑃 =  ∑ 𝑃𝑟(𝑅𝐶𝑖 − 𝑅𝑅𝑖) ∙  𝑃𝑟 (𝑅𝑅𝑖) 

𝑁

𝑖=1
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With 𝑃𝑟(𝑅𝐶𝑖 − 𝑅𝑅𝑖) indicating the probability of a shortage of reserve capacity (𝑅𝐶𝑖) at the required 

flexibility level (𝑅𝑅𝑖), 𝑅𝐶𝑖 the reserve capacity at instant 𝑖, 𝑅𝑅𝑖 the required flexibility level at instant 𝑖 

and 𝑃𝑟 (𝑅𝑅𝑖) the occurrence probability of the required flexibility level 𝑅𝑅𝑖.  

The paper by Tanabe et al., however, uses an analytical approach to assess this flexibility and 

does not model the contribution of VRES in a probabilistic way but rather uses a capacity credit 

approach. From annual residual load time series, the maximum net hourly ramp-up/ramp-down 

requirements can be inferred. A more detailed analysis is then performed for the week in which this 

event took place. In a similar vein to a Load Duration Curve, the ramp-up and ramp-down duration 

curves can be drawn (Figure 9). On the basis of this, the required amount of flexibility is visualized 

coupled with the duration for which this is needed (Figure 10). This provides the required information 

for a more value-based economic approach, similarly to the way in which a distinction is made between 

base load and peak load units for Load Duration Curves. In principle, a similar approach can also be 

used on the basis of probabilistically determined curves. ENTSO-E has proposed a similar indicator 

(system flexibility) to be able to quantify the contribution of transmission infrastructure to the required 

flexibility of the power system [84].  

 

 

 
 

Figure 9: Diagram depicting the weekly duration curve of 

net ramp-up rates. Source: [56] 

Figure 10: Diagram depicting possible flexibility 

providers Source: [56] 

 

A similar approach is taken by Lannoye et al. [40], [80]. The Insufficient Ramp Resource Expectation 

(IRRE) is a proposed indicator for long-term planning of power system flexibility which uses a similar 

probabilistic approach as the Loss of Load Expectation employs. This indicator expresses the number 

of situations where the system cannot appropriately deal with the (un)foreseen changes in the residual 

load [41]. The IRRE can be derived from indicators that have traditionally been used in generation 

adequacy assessments [80]. It compares the expected required amount of ramping events within the 

power system per year with the amount that can actually be satisfied by the power system and forms 

an expression of the number of times there an insufficient ramp capacity available. The IRRE is a 

probabilistic metric based on an assessment of the availability of flexibility sources in two directions 

for each time interval under consideration within the study. It can be used to identify shortages in the 

flexibility adequacy and can also be used for ‘what-if’ analyses, highlighting the effects of different 

policies or scenarios [80]. Furthermore, it can be used to assess the required flexibility in a system for 

both foreseen and unforeseen changes in net load (variability and uncertainty) [80].  

For long-term planning purposes, a two-step approach is proposed by [80] where the 

generation capacity adequacy of a power system is followed by a system flexibility assessment. The 

assessment of the reliability of the system is thus a combination of indicators on both types of 

assessments. It is therefore desirable to have a flexibility indicator which is an extension of conventional 
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indicators to express power system adequacy. Similar to the determination of the Loss of Load 

Expectation, the proposed IRRE is a probabilistic measure expressing the time period within the system 

is not able to meet is requirements [80]. The IRRE is calculated by comparing the flexibility requirements 

(from net load time series) and the potential supply of this required flexibility (dependent on 

characteristics of thermal generation and other sources of flexibility) for a given time period (i.e. hourly 

resolution). For every time instant there is insufficient flexibility available to satisfy the required 

flexibility, an Insufficient Ramp Resource Probability is recorded. The long-run average of these forms 

the IRRE, in a similar vein to the calculation of the LOLE. As flexibility requirements may be different 

on different timescales (e.g. hourly; daily), the calculation of the IRRE should be performed separately 

for these time periods.  

The value of the IRRE is, however, expected to be structurally higher than actual observations 

in the power system since the methodology removes any correlation between net load and changes in 

net load. In practice however, if net load is high, it is also easier to account for large changes in net load 

since more thermal generators are online [80]. This effect may become different, however, in power 

systems with hardly any thermal generation units.  

Further development of the IRRE has resulted in a proposal for the periods of flexibility deficit 

(PFD) methodology [40]. On the basis of time-coupled (available flexibility) residual load duration 

curves, the deficit of flexibility can be determined. This is done by subtracting available flexibility 

capacity for a given time period from the required net ramp-up rate in that time period. The number of 

deficit periods is a similar indicator of flexibility insufficiency as the IRRE. Furthermore, on the basis of 

such a methodology, the power capacity and energy requirements of flexibility can also be determined. 

However, this specific methodology for the calculation of PFD is deterministic and does not contain a 

probabilistic assessment of flexibility requirements in different possible states using a Monte Carlo 

approach.  

Another proposed indicator is the Expected Energy Supplied by the Energy Storage (EESES), 

indicating the usage of storage in the power system [132]. The FLEXNET study uses three indicators to 

express the need for flexibility. The maximum hourly ramp (up/downwards) expresses the maximum 

observed hourly variation in the residual load. It is expressed in power requirements (GW/h) [127]. The 

maximum cumulative ramp (up/downward) expresses the cumulative ramp rates resulting from 

consecutive hours of ramping requirements. This is expressed in power requirements for a certain 

amount of time (GW/time period). Lastly, the annual total hourly ramps are aggregated and expressed 

in total energy requirements (TWh), which highlights that flexibility requirements consists of both 

power as energy requirements [127].  

Another paper proposes a different indicator to quantify the flexibility of individual generators 

as well as the whole system [39]. This flexibility is solely considered to be provided by thermal 

generation, thus the maximum flexibility available is determined by both the ramp rates as well as the 

maximum capacities of these generators. As thermal generators also have a minimum stable generation 

(MSG) level, in practice flexibility can only be provided within this bandwidth. For each generator, the 

flexibility is quantified using a normalized index: 

 

𝐹𝑙𝑒𝑥 (𝑖) =  

1
2

[𝑃𝑚𝑎𝑥(𝑖) −  𝑃𝑚𝑖𝑛(𝑖)] +  
1
2

[𝑅𝑎𝑚𝑝 (𝑖)  ∙  ∆𝑡]

𝑃𝑚𝑎𝑥(𝑖)
 

 



TOWARDS A RENEWED UNDERSTANDING OF ADEQUACY FOR FUTURE POWER SYSTEMS 

 

72 

 

With 
1

2
[𝑅𝑎𝑚𝑝 (𝑖)  ∙  ∆𝑡] expressing the average value of ramp-up and ramp-down speeds within the 

boundaries of 𝑃𝑚𝑎𝑥 and 𝑃𝑚𝑖𝑛. The flexibility of the overall system is subsequently determined upon the 

basis of a weighted sum of individual generators:  

 

𝐹𝑙𝑒𝑥 (𝑠𝑦𝑠𝑡𝑒𝑚) =  ∑ [
𝑃𝑚𝑎𝑥(𝑖)

∑ 𝑃𝑚𝑎𝑥(𝑖)
 ∙ 𝑓𝑙𝑒𝑥 (𝑖)] 

 

This assessment thus requires detailed knowledge on all generators within the system. For adequacy 

assessments, parameters concerning the ramp speeds, minimum and maximum power output are in 

principle already known. However, this determination completely excludes any non-thermal sources 

of flexibility. However, the methodology could be extended to also include other source of flexibility. 

The analysis also shows that market clearing on a rolling-basis can improve the economic performance 

of the system, thus efficient market design can also be a source of the required flexibility [39].  

Additional flexibility indicators are also proposed in the academic literature. Larsen et al. 

propose a flexibility metric based on the ratio between all available flexibility and the maximum load 

supplied by VRES, indicating that as long as available flexibility supersedes maximum VRES 

generation the system can be regarded to be adequate [149]. A second flexibility indicator proposed by 

Larsen et al. is the percentage of flexible demand as a portion of total demand [149]. Such indicators do 

not, however, provide information on improvements or deterioration in the adequacy of the power 

system. The additional adequacy benefits due to increases in variable renewable energy sources can be 

expressed in the ‘increase in peak load carrying capability’ of the power system. This metric, also 

referred to as the Effective Load Carrying Capability (ELCC), is determined upon a comparison of the 

LOLE of the two systems under comparison [58]. The ‘Flexibility Index’ refers to a power system’s 

ability to quickly accommodate to the variability in the system load [161]. The index is computed by 

calculating the ration between quick starting power plants (e.g. gas, hydro) and VRES installed 

capacity. A higher index value indicates a more flexible system.  

 

Table 6. Overview of indicators proposed in the scientific literature 

Type of indicator Indicator Authors 

Adequacy indicator 

Well-being analysis Da Silva et al. [159] 

Expected power of non-spinning reserves Da Silva et al. [159] 

Unavailability of non-spinning reserves Da Silva et al. [159] 

Activation frequency of non-spinning reserves Da Silva et al. [159] 

Secured capacity Larsen et al. [160] 

Long-term profitability of power plants Larsen et al. [160] 

Flexibility indicator 

Loss of Reserve capacity Probability Tanabe et al. [56] 

System flexibility ENTSO-E [84] 

Insufficient Ramp Resource Expectation Lannoye et al. [40], [80] 

Periods of Flexibility Deficit Lannoye et al. [40] 

Expected Energy Supplied by Energy Storage Sijm et al. (FLEXNET) [132] 

Flexibility of individual thermal generators Ma et al. [39] 

Flexibility ratio based upon maximum load and VRES infeed Larsen et al. [149] 

Flexible demand as percentage of total demand Larsen et al. [149] 

Effective Load Carrying Capability Billinton et al. [58] 

Flexibility Index Karunanithi et al. [161] 
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5.3. DIMENSIONS OF CURRENT POWER SYSTEM ADEQUACY INDICATORS 

 

As the previous section has shown, there are currently only a few indicators used to express power 

system (in)adequacy. Current indicators are mostly suitable for technical communication towards 

experts. TenneT has the explicit wish to be able to communicate more clearly on future power system 

adequacy towards a wider public and would thus like to develop indicators which are more suited to 

this goal [78]. Furthermore, there are challenges associated with assessing power system flexibility, 

although several indicators have already been proposed in the academic literature. This section will 

analyze the dimensions included in current power system adequacy indicators and formulate a 

proposal for the dimensions to be used in newly developed adequacy indicators. This is followed by a 

list of requirements which new adequacy indicators would need to comply with. The identification of 

the dimensions and criteria of future power system adequacy indicators forms the basis for proposing 

new indicators in the next section.  

The dimensions included in current power system adequacy indicators are– as would be 

expected – in line with the dimensions of the current understanding of power system adequacy 

definition, which includes the physical scope; magnitude of supply and demand; time; geographical 

boundaries; and type of stakeholders included (see previous chapter).  

The Loss of Load Expectation is the average of a probability density distribution of Loss of Load 

Probabilities: a Boolean expression of energy balance which results in a LOLP of one in case of a 

negative power balance. This power balance is in principle momentaneous, but uses an hourly 

resolution in most modelling approaches. Thus, the magnitude of power supply and demand and time 

are both dimensions which are included in this indicator. Furthermore, the LOLE is an expression of 

(in)adequacy of a certain system, bounded by both its geographical as well as physical scope. Lastly, 

the LOLE is demand-centered as it only accounts for power deficiencies and not for a power surpluses, 

thus the type of stakeholder included is also a dimension included in the LOLE.  

The Expected Energy Not Served (EENS) is often used complementary to the LOLE. It is also a 

result of the comparison between the supply and demand of power, but expresses the absolute value 

of an energy deficiency over a certain time period (e.g. certain amount expressed in MWh/year) instead 

of converting the deficiency to a binary result by means of a Boolean operator. It can be expressed on 

an hourly timescale, but its summed total can also be used to express annual power system deficiency, 

a contrary to the LOLE which is an average and not a summation on an annual timescale. Thus, it 

expresses the energy deficiency, which is composed out of the two dimensions time and magnitude of 

power supply and demand. Also in case of the EENS, the system is of course bounded by both its 

geographical as well as physical scope and the energy balance only focusses on its deficiencies and can 

therefore be seen as demand-centered: the stakeholder type is also an included dimension in the EENS.  

The dimensions included in current adequacy indicators thus closely follow the dimensions 

included in the current understanding of adequacy, as would be expected.  
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5.4. REQUIREMENTS FOR FUTURE POWER SYSTEM ADEQUACY INDICATORS 

 

As has been elaborated upon, current adequacy indicators only include dimensions related to the 

magnitude of power supply and demand; energy deficiency; time; geographic scope; physical scope; 

the type of stakeholder included; and the capacity of power plants. Since adequacy indicators follow 

from the definition of power system adequacy, all additional dimensions included in the renewed 

definition that have been proposed in the previous chapter, also need to be included in the newly 

proposed adequacy indicators. These additional dimensions are the value of demand; location of 

supply and demand; flexibility; quality (power quality); supply source; acceptability; affordability and 

profitability; and forecastability. Furthermore, the dimensions related to concerned stakeholders and 

time will be extended, to include power suppliers (concerned stakeholders) and simultaneity and 

sequentiality (time). An overview of this is given in Table 7 (taken from Chapter 4).  

 

Table 7: Overview of dimensions of power system adequacy  

Current understanding Proposed understanding 

Physical scope of power system Physical scope of power system 

Magnitude of supply and demand Magnitude of supply and demand 

Time Time (extended to include simultaneity and sequentiality) 

Geographical boundaries Geographical boundaries 

Considered stakeholders Considered stakeholders (extended to include power suppliers) 

 Value of demand 

 Location of supply and demand 

 Flexibility 

 Power quality 

 Supply source 

 Acceptability 

 Affordability & profitability 

 Forecastability 

 

Furthermore, there are multiple criteria that future power system adequacy indicators need to comply 

with. These formulation of these criteria are based on the fundamental characteristics of power system 

adequacy assessments, the insufficiency of current indicators, expert insight and the expressed needs 

of different users of adequacy indicators through expert interviews (e.g. TenneT). In total, this thesis 

identifies nine requirements that future power system adequacy indicators need to comply with:  

 

1. Adequacy indicators need to reliably, objectively and robustly express the results of power 

system adequacy assessments, ensuring comparability over different regions and time periods; 

2. Adequacy indicators need to be suitable for clear communication to both technical experts as 

well as a broader public; 

3. Adequacy indicators need to cover all dimensions of power system adequacy, being 

collectively exhaustive and as much as possible mutually exclusive; 

4. Adequacy indicators need to represent the fundamentally probabilistic characteristic of 

adequacy evaluations; 

5. Adequacy indicators need to provide guidance towards the root causes of power system 

inadequacy and in doing so point towards possible mitigation measures; 
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6. Adequacy indicators need to provide meaningful results for different users and/ or 

stakeholders (i.e. users, producers etc.); 

7. Provide reliable information on the severity of, and possible consequences of power system 

(in)adequacy;  

8. Provide reliable information on possible trade-offs with the power system; 

9. Be in line as closely as possible with current adequacy assessment practices in order to ease 

implementation of renewed indicators in existing adequacy assessments.  

 

It should be noted that these criteria hold for the total set of adequacy indicators and not necessarily 

for every single indicator (e.g. the total set of indicators should cover all dimensions of power system 

adequacy, but this does not need to be compressed in a single indicator). The total set of criteria would, 

however, need to comply with these criteria. Current adequacy indicators do not satisfy all these 

requirements. For example, they are hardly usable for communication towards a broad public, do not 

cover all dimensions of power system adequacy and do not provide any guidance towards the root 

causes of power system inadequacy. An overview of this is given in Table 8. There is therefore a clear 

need to propose renewed adequacy indicators.  

 

Table 8: Overview of compliance of current adequacy indicators with the identified requirements* 

# Requirement 
Compliance 

of LOLE 

Compliance 

of EENS 

1 

Adequacy indicators need to reliably, objectively and robustly express the results of 

power system adequacy assessments, ensuring comparability over different regions 

and time periods; 

✗ ✓ 

2 
Adequacy indicators need to be suitable for clear communication to both technical 

experts as well as a broader public; 
✗ ✗ 

3 
Adequacy indicators need to cover all dimensions of power system adequacy, being 

collectively exhaustive and as much as possible mutually exclusive; 
–** –** 

4 
Adequacy indicators need to represent the fundamentally probabilistic characteristic 

of adequacy evaluations; 
– – 

5 
Adequacy indicators need to provide guidance towards the root causes of power 

system inadequacy and in doing so point towards possible mitigation measures; 
✗ ✗ 

6 
Adequacy indicators need to provide meaningful results for different users and/ or 

stakeholders (i.e. users, producers etc.); 
✗ ✗ 

7 
Provide reliable information on the severity of, and possible consequences of power 

system (in)adequacy;  
✗ ✓ 

8 Provide reliable information on possible trade-offs with the power system; ✗ ✗ 

9 
Be in line as closely as possible with current adequacy assessment practices in order 

to ease implementation of renewed indicators in existing adequacy assessments. 
N/A N/A 

 

* In this table, compliance is indicated with a check mark (✓), the lack of compliance with a cross (✗), partial compliance with 

a dash (–) and inapplicability with N/A.  

** The LOLE/EENS do cover all dimensions of the current understanding of adequacy, but not of the proposed renewed 

understanding.  
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5.5. PROPOSED FUTURE POWER SYSTEM ADEQUACY INDICATORS 

 

Following the identification of relevant dimensions for adequacy indicators and the criteria that they 

need to comply with, a list of potential adequacy indicators was drafted. The full list has been included 

in this thesis in Appendix C: List of potential power system adequacy indicators (Table 70). This section 

will present a selection of these adequacy indicators which are proposed to be used in future adequacy 

assessments. The use of these indicators will be demonstrated and validated in Chapter 6. This section 

contains some notes on how adequacy indicators should be interpreted and used, describes the process 

of selecting these indicators and gives an overview of the proposed indicators, including a short 

explanation per indicator.  

Ordinarily, (generation) adequacy indicators are typically system indicators, describing 

characteristics that hold for the whole system under review. When looking at transmission network 

adequacy evaluations, load point indicators are more commonly used. Such indicators describe 

characteristics (e.g. the amount of occurrences of overloading) for a single point in the system (i.e. 

busbar). Most of the proposed indicators are system indicators, but some could be transformed into 

load point indicators. For example, by implementing the policies for Load Shedding, the LOLE (system 

indicator) could be transformed into a set of load point indicators for different locations. Furthermore, 

the value of demand is a system indicator but could become a load point indicator if nodal pricing (or: 

more detailed zonal pricing) would be used. Thus, although it is important to recognized the 

differences between load point and system indicators, these are related to each other. Furthermore, 

system indicators can also have a limited scope. For example, adequacy indicators can be expressed for 

a certain area (‘the Netherlands’), as well as for the whole system (‘Europe) that has been assessed.  

Moreover, some indicators may only have a meaning in relative terms. In those cases, the 

difference in the value for two different situations under consideration could be used to describe 

improvements or deteriorations between two situations, such as system under review for different sight 

years. Furthermore, such indicators could also be used to express the result of changes in the input of 

adequacy assessments. For example, the required firm capacity is calculated by comparing the system 

under review without additional generation with a system under review with additional generation 

such that the value of LOLE meets a certain threshold. Therefore, an indicator such as the required firm 

capacity only has meaning in contrast with another system and does not inherently contain information 

on the adequacy of the system. These indicators can be very useful nonetheless.  

The list of indicators proposed hereafter is the result of a process of clustering, filtering and 

selecting the most appropriate indicators based on the drafted long list. The long list has been drafted 

upon the basis of indicators used in existing adequacy assessments (Section 5.2.1), indicators already 

proposed in the literature (Section 5.2.3), expert interviews and gathered insight by the author, taking 

into account the renewed understanding of adequacy (Section 4.3), and the identified criteria for 

adequacy assessments (Section 5.4). In order to shorten the list of required adequacy indicators, all these 

potential indicators were categorized and clustered according to their assigned categories (e.g. 

‘flexibility’). Next, it was assessed whether the information expressed by such indicators was not also 

expressed by an another indicator in the list (filtering). Lastly, the indicators were selected upon the 

basis of being in accordance with the identified criteria and being collectively exhaustive for all aspects 

of power system adequacy as identified in the previous chapter. Where appropriate, further selection 

was applied upon the basis of relevance, simplicity and information density. These steps were taken 

upon the basis of the author’s judgment as well as expert judgment by adequacy experts at TenneT. As 

this selection is a particularly subjective step within this scientific process, it is unavoidable that the 
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result of this selection may have been different if it would have been executed by a different researcher 

consulting with different experts. For the sake of transparency, the full list of indicators is therefore 

included in Appendix C: List of potential power system adequacy indicators.  

It may turn out that it is not feasible to model all of these indicators in detail within this thesis, 

and perhaps even that the modelling of some of these indicators may require substantial efforts with 

regard to updating software tools or data handling. However, that does not mean that these indicators 

should not be proposed here as ‘ideal type’ indicators for the adequacy of a power system. They are 

therefore included in this thesis nonetheless, as practical difficulties should not result in fundamental 

incompleteness. Moreover, it is expected that there could be a difference between long-term and short-

term monitoring of adequacy. Whereas the long-term adequacy of the power system is modelled, for 

more short-term focused adequacy assessments a careful monitoring of certain trends in the power 

system may be sufficient. The detailed monitoring of such trends could also prove to be an elegant 

solution for indicators that are difficult to model but easy to monitor. Further recommendations on the 

implementation of the adequacy indicators proposed in this section is given in Chapter 7.  
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Table 9. List of proposed adequacy indicators 

Indicator group Indicator Number 

Adequacy probability 

Probability of adequacy A1 

Probability of power interruption A2 

SAIFI, including generation inadequacy A3 

SAIDI, including generation inadequacy A4 

Reliability / cost curve A5 

Loss of Load Expectation 

Loss of Load Expectation (LOLE) (total) B1 

Insufficient Ramp Resource Expectation (LOLE – IRRE) B2 

Insufficient Transmission Capacity Expectation (LOLE – ITCE) B3 

Insufficient Power Resources Expectation (LOLE – IPRE) B4 

Timing of inadequacy 

 

Timing of occurrence of inadequacy  C1 

Relative frequency of inadequacy  C2 

Time period between inadequacy occurrences C3 

Expected duration of load curtailment  C4 

Scarcity event 

LOLE per area, with and without interconnection D1 

Interconnection capacity saturation in case of scarcity D2 

Simultaneous scarcity D3 

VRES contribution during scarcity event D4 

LOLE reduction in case of use of curtailed energy D5 

Energy / Power deficit 

Expected Energy Not Served (EENS) E1 

Expected Power Not Supplied (EPNS) E2 

Health Index E3 

Severity of deficit per scarcity event E4 

Flexibility 

Residual load duration curve F1 

Required flexible power F2 

Required flexibility F3 

Required ramping rates flexibility F4 

Periods of flexibility deficit F5 

Required VRES for annually balanced residual demand F6 

Expected Energy Supplied by Energy Storage (EESES) F7 

Forecastability  F8 

Environmental indicators 
CO2-emissions G1 

Renewably supplied demand G2 

Monetary indicators 

Expected customer interruption costs H1 

Occurrences of peak prices H2 

Price Duration Curve  H3 

Amount of activation hours of DSR, reserves & storage H4 

Storage revenues  H5 

Changes in load factor of power plants H6 

Transmission capacity 

Distance between load and supply centers I1 

Transmission network capacity violations I2 

Loss of Supply Possibility Expectation (LSPE) I3 

Power quality Occurrences of insufficient power quality  J1 
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5.5.1. ADEQUACY PROBABILITY 

 

Most power system users are likely to be most interested in the probability of power system adequacy 

(A1). In most current adequacy assessments, this is expressed as the probability of inadequacy, using a 

value for the LOLE. By taking the inverse of the LOLE, divided by the total amount of hours per year, 

the probability of power system adequacy can be computed: 

 

𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑝𝑜𝑤𝑒𝑟 𝑠𝑦𝑠𝑡𝑒𝑚 𝑎𝑑𝑒𝑞𝑢𝑎𝑐𝑦 (%) =
8760 −  𝐿𝑂𝐿𝐸

8760
 

 

Such a calculation is also in line with the main indicator of transmission adequacy: the network 

availability expressed as a percentage of the time. The Dutch threshold LOLE of 4 hours per year, would 

translate into a power system adequacy probability of 
(8760−4)

8760
= 99,954 %. Expressing the adequacy of 

the power system in this way is easy to understand, reflects the probabilistic nature of adequacy 

assessments and is in line with the main indicators of other reliability evaluations.  

The next proposed indicator is the Probability of Power Interruption (A2). The probability of 

power supply interruption due to load shedding for customers is the product of the probability of 

inadequacy and the severity of this inadequacy. For a given hour of Loss of Load Probability, there is a 

corresponding Expected Energy Not Served. In most cases, this is a relatively minor part of total 

demand. Thus, even in case of system inadequacy, not all customers would be faced with an 

interruption of the power supply. This indicator is computed by using the following formula:  

 

𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑃𝑜𝑤𝑒𝑟 𝐼𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛 (%) =
𝐸𝐸𝑁𝑆

𝑇𝑜𝑡𝑎𝑙 𝑑𝑒𝑚𝑎𝑛𝑑
∗ 

𝐿𝑂𝐿𝐸

8760
 

 

Suppose a system faces inadequacy issues 10% of the time, with an expected energy not served of 10% 

of total demand. The Probability of Power Interruption is then 10 % ∗ 10 % = 1 %. Of course, this is an 

average value and the actual Probability of Power Interruption could be different per customer 

depending on load shedding policies. Nonetheless, the indicator provides insight into the consequences 

of adequacy. This indicator solely focusses on generation adequacy however, and excludes network 

availability.  

The System Average Interruption Frequency Index (A3) and the System Average Interruption 

Duration Index (A4) are indicators that describe the network availability in interruption occurrences 

per year (SAIFI) and duration (SAIDI). The generation inadequacy can be superimposed on these 

indicators, either on their current values or on their future target values: 

 

𝑆𝐴𝐼𝐹𝐼 =  𝑆𝐴𝐼𝐹𝐼𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑔𝑟𝑖𝑑 + 𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑃𝑜𝑤𝑒𝑟 𝐼𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛 

 

𝑆𝐴𝐼𝐷𝐼 =  𝑆𝐴𝐼𝐷𝐼𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑔𝑟𝑖𝑑 + 𝐿𝑂𝐿𝐸 

 

In doing so, the total unavailability of the power system is evaluated (including generation, 

transmission and distribution systems). In very reliable systems, however, these values may be higher 

than would be realistically expected, since generation adequacy analyses have an hourly timescale and 

the SAIDI is usually expressed in minutes. Superimposing generation inadequacy thus immediately 

leads to a significantly higher value of the SAIDI.  
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In principle, the LOLE should reflect an optimum between the reliability of the grid versus (social) costs 

investing in additional reliability measures. However, there is no explicit analysis underlying this. That 

is why it is proposed to regularly perform such an analysis by drawing a reliability curve for a system 

under different circumstances (A5). By adding installed capacity to the reference system (with high 

fixed capital costs for these generators), the effect of additional capacity on the adequacy and costs of 

the system can be evaluated. By contrasting these with the net value of additional reliability (the 

product of a decrease in Expected Energy Not Served times the Value Of Lost Load), a theoretical 

optimum can be found using the following formula:  

 

𝑇𝑜𝑡𝑎𝑙 𝑠𝑦𝑠𝑡𝑒𝑚 𝑟𝑒𝑙𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑐𝑜𝑠𝑡𝑠 =  𝐶𝐴𝑃𝐸𝑋𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 + (𝑉𝑜𝐿𝐿 ∗ 𝐸𝐸𝑁𝑆)  

 

This formula is evaluated for multiple cases, in which the case with minimum total system reliability 

costs describes the power system optimum.  

 

5.5.2. LOSS OF LOAD EXPECTATION 

 

As all present-day adequacy assessments use the Loss of Load Expectation (B1), it is proposed to 

include this indicator in future adequacy assessments as well. This ensures comparability over different 

countries and time periods. However, it is proposed to perform further analyses on the root causes of 

the Loss of Load Expectation. Fundamentally, there can be different root causes of power system 

inadequacy. This entails distinguishing between insufficient transmission network capacity (e.g. 

congestion of interconnection), insufficient flexibility (e.g. insufficient ramping rates) and insufficient 

resources (e.g. insufficient total power production, insufficient elasticity of demand or insufficient 

storage capacity). Distinguishing between such causes also provides guidance for policy makers in 

order to take mitigation actions. Therefore, it is proposed to divide the Loss of Load Expectation into 

three subcategories, namely the Insufficient Ramp Resource Expectation (LOLE – IRRE) (B2); the 

Insufficient Transmission Capacity Expectation (LOLE – ITCE) (B3); and the Insufficient Power 

Resources Expectation (LOLE – IPRE) (B4). 

This subcategorization requires detailed analysis of each occurrence of a Loss of Load 

Probability. For every occurrence, it needs to be analyzed whether there were insufficient power 

resources available (IPRE), whether there were sufficient resources available in neighboring areas but 

insufficient interconnection capacity to transport these resources or whether there were sufficient 

power resources but these could not handle the required ramping rates (IRRE). By doing so, every 

LOLE occurrence can be assigned a different root cause which can be used in reporting in adequacy 

assessments. On which logical conditions this subcategorization is based, is explained in Section 6.2.2. 

As the three subcategories are mutually exclusive, the sum of these should equal the overall LOLE: 

 

𝐿𝑂𝐿𝐸𝑇𝑜𝑡𝑎𝑙 =  𝐿𝑂𝐿𝐸𝐼𝑅𝑅𝐸  +  𝐿𝑂𝐿𝐸𝐼𝑇𝐶𝐸  +  𝐿𝑂𝐿𝐸𝐼𝑃𝑅𝐸   

 

The subdivision between the three types is based upon conditional logic, as explained in Section 6.2.2. 
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5.5.3. TIMING OF OCCURRENCE OF INADEQUACY 

 

The occurrence of a inadequacy can take place at different moments. For example, they may be 

concentrated in the winter months or in the evening hours due to the load peak occurring at these 

hours. To gain further insight into the occurrence of inadequacy, it is therefore important to analyze 

when inadequacy takes place. To that end, it is proposed to include a distribution of the number of times 

of inadequacy over months, weeks, days and hours (C1). This expresses the occurrence of inadequacy 

in absolute terms (count). Similarly, the occurrence of inadequacy can be expressed in relative terms 

(frequency) (C2). It is proposed to also include this with an analysis over the same time-periods as the 

absolute amount of inadequacy occurrences.  

Furthermore, mitigation measures may depend on the duration of inadequacy. If the 

inadequacy duration is only short (e.g. one hour) and small in magnitude, it is foreseeable that such 

occurrences could be mitigated with Demand Response. However, a continuous shortfall of many 

hours (e.g. 48 hours continuously) would require different solutions. Therefore, it is proposed to 

include the time-period between inadequacy occurrences (C3) and the expected duration of inadequacy 

(C4) as indicators for adequacy assessments.  

 

5.5.4.  SCARCITY EVENT 

 

The characteristics of the power system in case of a scarcity event (inadequacy) can be analyzed further 

to gain more insight into the event. Such an analysis is different from analyzing the timing of adequacy, 

which only focusses on the ‘when?’ whereas the group of indicators focused on scarcity events focusses 

on the surrounding circumstances in case of scarcity.  

For every area, the Loss of Load Expectation can be analyzed with or without interconnection 

capacity to neighboring countries (D1). In essence, this reflects the difference between ‘national’ (per 

individual area) or ‘European’ (whole system) power systems adequacy assessments. Since generation 

adequacy is a technical characteristic of a whole power system, impacted by national policies, it makes 

sense to analyze the results of adequacy for both cases. This is also in line with many present-day 

adequacy assessments.  

Furthermore, the saturation of interconnection capacity in case of scarcity can be analyzed (D2): 

 

𝐼𝑛𝑡𝑒𝑟𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛 𝑢𝑠𝑒 (%) =  [
𝐼𝑛𝑡𝑒𝑟𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛 𝑢𝑠𝑒 (𝑀𝑊)

𝐼𝑛𝑡𝑒𝑟𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑀𝑊)
]

𝑝𝑒𝑟 𝑖𝑛𝑡𝑒𝑟𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑜𝑟

  

 

This shows the contribution interconnection capacity has (could have) in resolving scarcity events. If 

the interconnection capacity is fully saturated while there is still resource capacity available in 

neighboring countries, developing additional interconnection capacity may alleviate scarcity risks. On 

the other hand, if interconnection capacity is not fully saturated there may be an overall lack of 

generation capacity. While this indicator is similar to the Insufficient Transmission Capacity 

Expectation (LOLE – ITCE), it is not entirely the same. The ITCE describes the root cause of power 

system inadequacy, whereas the saturation of interconnection capacity describes the characteristics of 

the system at a particular time (in case of a scarcity event).  

Consider a country A, which is interconnected with country C only through country B. If 

country A faces inadequacy while its interconnection with country B has not been saturated, further 
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analysis of the Loss of Load Expectation might show that insufficient resources were available. 

However, if country C would have plenty of resources available but the interconnection capacity B-C 

would be saturated, another mitigation solution would be to enhance the capacity of this 

interconnection B-C. Thus while the Insufficient Transmission Capacity Expectation only conveys 

information in the case of inadequacy in a particular area, the interconnection capacity saturation can 

convey usage metrics on all interconnection lines in the whole system during a scarcity event in a 

particular area.  

Furthermore, the simultaneous scarcity indicator (D3) can convey information on the 

simultaneity of scarcity events between different regions. For a certain area facing inadequacy, this 

indicator expresses the number of times (as a percentage) that this inadequacy takes places 

simultaneously with scarcity in another region.  

 

𝑆𝑖𝑚𝑢𝑙𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑠𝑐𝑎𝑟𝑐𝑖𝑡𝑦 (%) =  [
𝐼𝑛𝑎𝑑𝑒𝑞𝑢𝑎𝑐𝑦 𝑖𝑛 𝑎𝑛𝑜𝑡ℎ𝑒𝑟 𝑟𝑒𝑔𝑖𝑜𝑛

𝐼𝑛𝑎𝑑𝑒𝑞𝑢𝑎𝑐𝑦 𝑖𝑛 𝑟𝑒𝑔𝑖𝑜𝑛 𝑢𝑛𝑑𝑒𝑟 𝑠𝑡𝑢𝑑𝑦
]

𝑝𝑒𝑟 𝑟𝑒𝑔𝑖𝑜𝑛

 

 

This is partly impacted by transmission capacity. However, with increasing penetration of VRES, power 

systems are becoming more weather-dependent. This indicator thus also describes this 

interdependence, since simultaneous weather conditions can have a similar effect in different areas 

(correlated adequacy risks). For example, it may become visible that a Dunkelflaute scenario would 

lead to adequacy problems in all areas simultaneously, or that certain weather patterns are ‘local’ 

enough to not have an overall effect on the power system.  

The contribution of variable renewable energy sources to power production during a scarcity 

event (D4) describes to what extent VRES power production covers demand during a scarcity event: 

 

𝐶𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑜𝑓 𝑉𝑅𝐸𝑆 𝑑𝑢𝑟𝑖𝑛𝑔 𝑠𝑐𝑎𝑟𝑐𝑖𝑡𝑦 𝑒𝑣𝑒𝑛𝑡 (%) =  
𝑉𝑅𝐸𝑆 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (𝑀𝑊)

𝑇𝑜𝑡𝑎𝑙 𝑙𝑜𝑎𝑑 (𝑀𝑊)
 

 

If this indicator has a low value, it would indicate that adding more VRES to the system is unlikely to 

resolve these problems. However, if there is a relatively high contribution of VRES during such an 

event, adding additional VRES could be helpful in preventing adequacy risks. Alternatively, instead of 

total load, the VRES production could be contrasted against hourly EENS values.  

Lastly, the LOLE reduction in case of use of curtailed energy (D5) describes the potential 

reduction of a loss of load in case curtailed (VRES) energy could have been used. Essentially, it thus 

describes the potential reduction of inadequacy events if more storage would be present within the 

system. To that end, the overall EENS is compared to the overall curtailed energy over a given time 

period. If the amount of curtailed energy is larger than the EENS, a loss of load could have been 

prevented. This analysis could be done on a daily and weekly time-scale in order to simulate short-

term storage options.  

 

5.5.5.  ENERGY / POWER DEFICIT 

 

The Expected Energy Not Served (EENS) is a common indicator already frequently used in adequacy 

assessments (E1). The power of this indicator resides in the fact that it not susceptible to manipulation 

in the same way the LOLE is (Section 5.2.2). It could be given as the average value for every inadequate 

hour, but also as the summed value for the total year.  
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The Expected Power Not Supplied (EPNS) is a proposed indicator expressing the total power 

requirements not satisfied due to inadequacy (E2). The hourly value in MW will in principle have the 

same value as the hourly Expected Energy Not Served (MWh). However, the added value of this 

indicator lies in describing the power requirements in order to alleviate a particular scarcity event. 

Furthermore, the power deficit can be related to possible solutions. After all, most mitigation actions 

are focused on power requirements (additional installed generation, additional interconnection, 

demand response) and not on energy requirements. This follows from the observation that adequacy 

is mostly impacted by increases in the peak load (power) rather than changes in the overall annual 

electricity demand (energy). In principle, the maximum value of the Expected Power Not Supplied 

describes the amount of additional resources to get to a zero occurrence of LOLE.  

The Health Index is a proposed indicator based on the margin of power reserves (E3). It can be 

computed upon the basis of the Expected Power Not Supplied. The health index is calculated by 

dividing the EPNS over the total amount of reserve capacity available to the TSO, expressed as a 

percentage: 

 

𝑀𝑎𝑟𝑔𝑖𝑛 𝑜𝑓 𝑝𝑜𝑤𝑒𝑟 𝑟𝑒𝑠𝑒𝑟𝑣𝑒𝑠 (%) =  
𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑃𝑜𝑤𝑒𝑟 𝑁𝑜𝑡 𝑆𝑢𝑝𝑝𝑙𝑖𝑒𝑑 (𝑀𝑊)

𝑇𝑜𝑡𝑎𝑙 𝑇𝑆𝑂 𝑟𝑒𝑠𝑒𝑟𝑣𝑒𝑠 (𝑀𝑊)
 

 

For instance, assume a case with the following (assumed) threshold values. For all time steps in which 

the EPNS is zero, the health index will also be zero. For all these cases, the power system can be 

regarded to be healthy. For all time steps in which the Health Index is between 0% - 50%, the power 

system is in the ‘marginal’ state. For all time steps at which the Expected Power Not Supplied exceeds 

50% of the available reserves, the system is regarded to be at ‘risk’. This entails that the power system 

inadequacy is so severe that even the dispatch of a substantial amount of the TSO’s reserve capacity 

would not resolve the issue yet. For all inadequacy occurrences, the system can thus be divided into 

the ‘marginal’ state and the ‘at risk’ state. An adequacy assessment with many inadequacy occurrences 

within the ‘at risk’ state may trigger policy responses aimed at improving adequacy and enlarging 

reserves, while a similar assessment with many occurrences within the ‘marginal’ state may only 

warrant a policy response aimed at improving the adequacy of the system.  

Lastly, the deficit severity is an indicator which describes the severity of the inadequacy 

occurrence (E4). Such an occurrence is characterized by its duration as well as by the severity of the 

energy deficit. The overall deficit is the sum of hourly EENS values for the total duration of the 

inadequacy occurrence. Similarly to the EENS, this indicator is not susceptible to manipulation.  

 

5.5.6. FLEXIBILITY 

 

The residual demand is the main parameter expressing how much flexibility is needed in the system. 

The residual demand can be calculated by subtracting all VRES production from the load, hence the 

name residual demand: 

 

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑑𝑒𝑚𝑎𝑛𝑑 (𝑀𝑊) = 𝑆𝑦𝑠𝑡𝑒𝑚 𝑙𝑜𝑎𝑑 (𝑀𝑊) − 𝑇𝑜𝑡𝑎𝑙 𝑉𝑅𝐸𝑆 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (𝑀𝑊)  

 

In a similar way to the Load Duration Curve, a Residual Load Duration Curve can be drawn (F1). The 

peaks of the RLDC can be used to quantify the amount of peak flexibility required in the system. For a 

system with a high percentage of VRES, it is expected that the residual demand can become negative 
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as well (VRES surplus). The RLDC is thus expected to have two peaks: a positive and a negative peak, 

which describe the maximum required flexible power capacity (MW) (F2). The integral over the positive 

and the negative area describes the total flexibility energy capacity requirements (MWh). If required, 

different cross sections can be taken from the RLDC, such as the 90th percentile required flexibility or 

all flexibility requirements that are needed for less than 100 hours per year (F3). These analyses can be 

done for different time scales: from daily, weekly, monthly to annual Residual Load Duration Curves.  

Based on the residual demand, the required ramping rates of the system can also be deduced. 

This can be done by calculating the net load change between two consecutive hours: 

 

𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑟𝑎𝑚𝑝𝑖𝑛𝑔 𝑟𝑎𝑡𝑒𝑠 (𝑀𝑊) = 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑙𝑜𝑎𝑑𝑡 − 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑙𝑜𝑎𝑑𝑡−1 

 

If this is done for all hours and all Monte Carlo years, information on the required ramping rates can 

be deduced (F4). The time-coupled information can also be used to analyze consecutive ramping 

requirements. If sorted based on its magnitude, the information can be used to describe maximum and 

minimum ramping requirements in both upwards as downwards regulation directions.  

The periods of flexibility deficit describes the amount and duration of times that there is 

insufficient flexibility present within the system to satisfy the need for flexibility (F5). It can be 

calculated by subtracting the available flexible power capacity from the residual load at every time 

instant: 

 

𝐹𝑙𝑒𝑥𝑖𝑏𝑖𝑙𝑖𝑡𝑦 𝑑𝑒𝑓𝑖𝑐𝑖𝑡 = 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑙𝑜𝑎𝑑 − 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑓𝑙𝑒𝑥𝑖𝑏𝑙𝑒 𝑝𝑜𝑤𝑒𝑟 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 

 

 If the resulting number is positive, this can be counted as a period of flexibility deficit. Furthermore, 

this deficit can be quantified in terms of power requirements (MW), highlighting the amount of 

required additional flexibility to be provided in the system.  

Next, the required VRES installed capacity for an annually balanced residual demand describes 

the amount of required VRES capacity that needs to be present in order to be self-sufficient at an annual 

basis (F6): 

 

𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 𝑉𝑅𝐸𝑆 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑀𝑊) 𝑠𝑢𝑐ℎ 𝑡ℎ𝑎𝑡 ∑ 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑙𝑜𝑎𝑑
𝑎𝑛𝑛𝑢𝑎𝑙 𝑡𝑜𝑡𝑎𝑙

= 0 

 

This indicator assumes that large-scale (seasonal) storage would be present within the system, in order 

to compensate for periods with insufficient VRES production. An inefficiency rate could be added to 

the use of such storage facilities in order to simulate a more realistic situation. This indicator does not 

express how the system should be balanced, let alone with what type of technologies. However, it does 

indicate the minimum required amount of VRES installed capacity for a country to become climate-

neutral on an annual basis and thus provides relevant information on trade-offs within power system 

design. This exercise could also be repeated on different timescales, but this may exaggerate the 

required VRES capacity since timescales shorter than months would exclude the effects of seasonal 

storage. Furthermore, the weekly VRES surplus/shortage could be deducted from this indicator.  

Furthermore, the Expected Energy Supplied by Energy Storage describes the percentage of 

demand which is to be supplied by energy storage (F7). It can be modelled explicitly by including 

storage into the adequacy assessment and analyzing its dispatch, or approximated by using the residual 



TOWARDS A RENEWED UNDERSTANDING OF ADEQUACY FOR FUTURE POWER SYSTEMS 

 

85 

 

load duration curve by setting a cut-off point on this curve between Demand Side Response and the 

supply of energy by storage.  

Lastly, the forecastability of VRES production is an important parameter in assessing the future 

need for intra-day flexibility, which can be approximated by analyzing deviations from the submitted 

electricity programs by power producers (F8). This deviation is difficult to model, especially since they 

take place on a sub-hourly timescale. However, trends in these deviations could be monitored and 

deviation forecasts can be done upon the basis of present-day deviations coupled with expected growth 

in VRES infeed (see Elia [108]). For short-term adequacy assessments, careful monitoring of trends 

could suffice. The additional need for flexibility due to deviations could be analyzed further, for 

example by looking at power requirements or activation frequency and/or duration.  

 

5.5.7. ENVIRONMENTAL INDICATORS 

 

Adequacy assessments are typically performed with a Unit Commitment Economic Dispatch model. 

The result of this model is an individual dispatch of power plants for every hour of the year, for 

different Monte Carlo years. Based on this information, environmental indicators can also be calculated. 

The total amount of CO2-emissions is the primary indicator for this group of indicators (G1). This 

expresses the total amount of CO2-emisions of the power system that can be expected be emitted under 

the circumstances evaluated. This is useful information, since it can portray information used in 

evaluating policy options and assessing potential trade-offs within the system: perhaps policy makers 

would accept a minor reliability decrease if this would be coupled to a very large decline in CO2-

emissions. Next – but related to it the indicator on CO2-emissions, the amount of demand renewably 

supplied is an environmental indicator (G2). This describes the annual average of the total amount of 

demand which has been supplied by renewable energy sources as a percentage of total demand: 

 

𝑅𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑦 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 𝑑𝑒𝑚𝑎𝑛𝑑 (%) =
1

8760
∑

𝑉𝑅𝐸𝑆 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (𝑀𝑊ℎ)

𝑇𝑜𝑡𝑎𝑙 𝑑𝑒𝑚𝑎𝑛𝑑  (𝑀𝑊ℎ)

𝑡=8760

𝑡=1

  

 

5.5.8. MONETARY INDICATORS 

 

Different monetary indicators are proposed to be used in adequacy assessments. The Expected 

Customer Interruption Costs is proposed to express the monetary costs of power interruption to all 

customers (H1): 

 

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝐼𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛 𝐶𝑜𝑠𝑡𝑠 (€) =  𝐸𝐸𝑁𝑆 (𝑀𝑊ℎ) ∗ 𝑉𝑜𝐿𝐿(€/𝑀𝑊ℎ) 

 

This results in a straightforward analysis of the costs due to power supply interruption. Since the Value 

of Lost Load can have different values depending on the circumstances (e.g. moment of occurrence), 

further differentiation in the Expected Customer Interruption Costs would be possible. For instance, 

the Expected Customer Interruption Costs of a relatively small interruption at an instant with a high 

Value of Lost Load, may be higher than that of a large interruption at a less valuable time.  

The affordability of electricity to consumers is also an important parameter of power system 

adequacy. Although it is ultimately a political and societal question what an affordable electricity price 

entails, the frequent occurrence of high peak prices may be bad to consumers in any case as it could 
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lead to uncertainty. Therefore, the indicator for peak prices (H2) expresses the number of times the 

price exceeds three times the average price. This gives an indication of the price volatility of electricity.  

More information on the electricity prices can be given by including a Price Duration Curve as 

a monetary indicator (H3). This curve will outline what the marginal price of power is within the system 

for all time steps, sorted from the highest prices to the lowest prices. Using a statistical analysis, 

information on the relative occurrence of high and low prices can be given. Furthermore, it can be 

analyzed how often a marginal price of €0 per MWh is present within the power system as this indicates 

a decreasing number of hours per year that can be used for investment payback.  

Furthermore, the profitability of power production for producers is an important aspect of an 

adequate power system. Low marginal prices offer no incentives for power plant producers to invest 

in new power production capacity, which can endanger the adequacy of the power system in the long-

term. Therefore, the frequency and duration of activation hours of reserves and/or storage facilities will 

be used as an indicator (H4). This information can be used to assess the feasibility of new projects and 

can give information on the type of required technologies. Furthermore, the revenues of storage 

facilities (annually, per MWh) will also be included as an parameter to assess the profitability of storage 

facilities (H5): 

 

𝑆𝑡𝑜𝑟𝑎𝑔𝑒 𝑟𝑒𝑣𝑒𝑛𝑢𝑒𝑠 (€) = 𝑆𝑡𝑜𝑟𝑎𝑔𝑒 𝑑𝑖𝑠𝑝𝑎𝑡𝑐ℎ (𝑀𝑊) ∗ 𝑀𝑎𝑟𝑔𝑖𝑛𝑎𝑙 𝑝𝑟𝑖𝑐𝑒 (€/𝑀𝑊) 

 

 Lastly, changes in the load factor of power plants will be used as an ‘early warning’ indicator for 

decreasing profitability of certain (classes of) power plants (H6). For example, if the adequacy 

assessment would show that there would be a large decline in the activation hours of flexible power 

production units (for peak periods), this indicator could inform policy makers on the potential need to 

take action.  

 

5.5.9. TRANSMISSION CAPACITY 

 

As a main indicator for requirements of transmission capacity, the weighted distance between the load 

and supply centers is proposed to be used (I1). Based on the magnitude and location of load, the ‘center 

of gravity’ for the load can be calculated. In a similar way, this can be done for the supply of electricity. 

The distance between these two says something about the need for transmission capacity. If load and 

supply are perfectly distributed over the country, during all hours of the year, the distance between 

those would be zero for all time steps. Although this indicator may not mean so much in absolute terms, 

changes in this indicator do signal an increase or decrease in required transmission capacity. If the 

distance between the weighted load/supply centers, grows, so does the need for transmission capacity. 

Further analysis could then be undertaken to see where strengthening of transmission network is 

necessary.  

Next, the amount of transmission network capacity violations without dispatch could be used 

as an indicator of sufficient transmission capacity (I2). If there is sufficient transmission capacity, there 

would be no violations of network limitations and also redispatch would not be required. This means 

the market can be facilitated perfectly. In reality, some amount of redispatch is still acceptable since this 

can entail the economic optimum between transmission infrastructure investments and redispatch 

costs. However, a large increase in the amount of required redispatch would signal a growing 

transmission capacity scarcity. This indicator can only be used if locational data is added to market 
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simulations. Alternatively, it can be based on historical data to monitor certain trends for short-term 

adequacy assessments.  

Lastly, the Loss of Supply Possibility Expectation due to transmission network outages (I3) is 

an indicator expressing to what extent power plants could not deliver power supply to the power 

system due to transmission network outages. It is in a way similar to the Loss of Load Expectation, but 

focusses on producers and only on one potential cause of the disability to deliver power to the system. 

It can be modelled upon the basis of transmission network outage failure rates or monitored upon the 

basis of historical data.  

 

5.5.10. POWER QUALITY 

 

The power quality can be judged by the number of times the recorded power quality was not in line 

with legal standards (J1). Although this indicator seems relatively straightforward, at present it can 

only be monitored retroactively and not modelled for long-term assessments. Nonetheless, it is an 

important indicator as power systems can only be regarded to be adequate as long as the power supply 

adheres to certain standards.  
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5.6. CONCLUSION 

 

This chapter set out to evaluate current modelling efforts, research existing and potential adequacy and 

flexibility indicators, define the requirements for future power system adequacy indicators and finally 

come up with a proposal for such indicators. Based on existing adequacy assessments, scientific 

literature and expert insight, these objectives have been accomplished. An exhaustive list of adequacy 

indicators has been proposed (see Appendix C: List of potential power system adequacy indicators), 

where it can be decided for each adequacy assessment which indicators are most appropriate to be 

used. The total set of indicators cover all aspects of the renewed understanding of adequacy which was 

proposed in Chapter 4.  

Furthermore, the proposed indicators satisfy all of the requirements that were set for them. This 

is an important improvement, since previously used adequacy indicators (EENS / LOLE) do not satisfy 

all of these requirements. Due to the proposed renewal of adequacy indicators, there is now a set of 

adequacy indicators that is suitable for expressing the results of power system adequacy assessments 

using a renewed understanding of adequacy while solving some of the previously identified 

shortcomings of current indicators, such as its unsuitability for broad communication towards the 

general public. It should be noted that not all of the proposed indicators can be used to express the 

results of present-day long-term adequacy assessments. However, some of these – such as the 

forecastability of VRES, redispatch occurrences and power quality anomalies – can be monitored to 

detect trends and in that way serve as important parameters for short-term adequacy assessments as 

well as for long-term planning purposes. An observed deterioration of these indicators would lead to 

increased risks for the (long-term) adequacy of the power system. Having proposed a new set of 

indicators, the added value of these indicators will be demonstrated and validated in the next chapter.  
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 DEMONSTRATION OF PROPOSED ADEQUACY INDICATORS  

 

Having defined a renewed understanding of adequacy and its corresponding indicators, it is now time 

to demonstrate and validate the use of this renewed understanding for future adequacy assessments. 

The goal of this section is to highlight how the previously proposed (Chapter 5) indicators can be 

calculated. The structure of this chapter is as follows. Section 6.1 will introduce the methodology used, 

the validation of the used software tools, the main assumptions and how the standard power system 

used in this research was defined. Section 6.2 demonstrates the use of each of the forty-two proposed 

adequacy indicators by calculating this indicator for an adequacy test system. Section 6.3 forms the 

conclusion of this chapter and reflects on the additional insights gained using the additional indicators.  

 

6.1. METHODOLOGY, ASSUMPTIONS AND VALIDATION OF BENCHMARK STUDY 

 

The adequacy studies in this thesis are performed using ANTARES (A New Tool for Adequacy 

Reporting of Electric Systems), a free open-source power system simulator tool which has been 

developed by the French Transmission System Operator, RTE [162]. As most adequacy evaluation 

software tools, ANTARES is a mixed-integer linear programming tool used to perform weekly cost 

optimizations with a Unit Commitment Economic Dispatch model. More information on ANTARES is 

given in Appendix D: Further information on adequacy assessment test system. In order to verify the 

proper working of ANTARES and its set-up, the IEEE Reliability Test System was used to verify the 

approach used. The results of this adequacy assessment (LOLE of 9.59 hours/year) are in line with the 

expected results mentioned in literature (9.39 hours/year; a 2.08% deviation). We can thus conclude that 

the IEEE Reliability Test System was implemented in ANTARES in the correct manner and that the 

software works correctly. More information on the verification of the proper working of the modelling 

software is also given in Appendix D: Further information on adequacy assessment test system. 

 

6.1.1. MAIN ASSUMPTIONS AND POWER SYSTEM TEST CASES 

 

The three-area IEEE Reliability Test System was modified for further use in this thesis. This standard 

system serves as a basis for any further analyses in this thesis. Multiple test systems were defined upon 

the basis of the IEEE Reliability Test System, where the test system was modified further to be able to 

showcase the proposed indicators by the proper modelling of power system behavior. These 

modifications for example included changing the magnitude of load, installed thermal capacity and 

installed VRES capacity and modifying interconnection capacities, but it also included simplifications 

(e.g. exclusion of thermal generation units). Depending on the desired scope and goal of the modelling 

study, careful attention needs to be given to certain input data or assumptions. Since the overall goal 

of this section is not to perform an adequacy assessment but rather to demonstrate the use of additional 

adequacy indicators, it is not necessary to include all relevant dynamics within one complete system. 

By demonstrating one indicator at a time, it may only be required to focus on one effect at a time. 

Therefore, many factors outside the specific scope for the demonstration of one specific indicator, may 

be simplified or neglected. For example, when focusing on the residual demand curve, careful attention 

needs to be given to the modelling of VRES, but no attention needs to be given to the modelling of 

thermal generation units since these do not affect the residual demand in any way.  
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The basic test system is described hereafter, any modifications for use for specific indicators are 

explained when demonstrating that respective indicator. The modelling is thus set up in a modular 

way, in order to conceptually show the use of certain indicators. It was, unfortunately, not possible to 

model all indicators within ANTARES. Most of the indicators have been based upon explicit modelling 

results (‘modelled indicators’) whereas a few indicators are not based upon modelling results but were 

showcased using demonstrative calculations (‘demonstrated indicators’).  

The test system is based upon the IEEE Reliability Test system and is composed out of three 

areas (Figure 11). Each area is identical in terms of load, installed thermal generation units and installed 

VRES capacity. A separate area is used as a virtual storage area and connected to all three areas. For 

some indicators, the data of the of the IEEE Reliability Test System was scaled to represent the Dutch 

system (e.g. load, thermal generation). This was done to make the results more intuitive and thus easier 

to understand for readers, but should in no way be interpreted as an adequacy assessment of the Dutch 

power system. In order to perform this scaling, data used for adequacy assessments performed by 

TenneT and ENTSO-E was used.   

 

 
Figure 11. Schematic overview of test system, including key parameters of the characteristics per area (IEEE RTS). The 

(virtually shared) storage facility was added in the applied modifications to the IEEE RTS. 

 

More specifically, the load of the system was scaled to represent the Dutch peak load of 18.4 GW [1]. 

The daily, weekly and seasonal distribution were kept equal to that of the IEEE Reliability Test system. 

Using this data, an annual load of 98.76 TWh was constructed for the test system, which is lower than 

the actual Dutch annual load of 115.8 TWh [1]. This difference is due to differences in the load factor of 

the actual Dutch system and the IEEE Reliability Test System, but has no consequences for the purpose 

of this research.  

Furthermore, the installed thermal generation was also modified. In order to resemble the 

Dutch system, the installed capacity was scaled relative to the peak load and the type of installed 

capacity (share of nuclear/coal/gas) was adapted as well, based on [1]. Other characteristics, such as 

forced outage rates and duration, of the thermal generation units were based upon data of ENTSO-E 

[163]. As it is not possible to model restricted ramping rates in ANTARES and the data of ENTSO-E 

also assumes ramping capabilities of 100% of nominal capacity per hour, no ramping rate limitations 

were included in the modelling. The amount of installed VRES capacity was based upon data of the 

Monitoring Leveringszekerheid 2018 for the year 2033, which includes 18.3 GW of wind power and 

17.8 GW of solar power [1]. Based on yet unpublished scenario data of TenneT, storage capacity was 

set to 5 GW (10 GWh energy volume). A round-trip inefficiency ratio of 72% was assumed for this 
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storage. Furthermore, a Value of Lost Load of € 10 780/MWh was used (Chapter 4). More detailed 

information can be found in Appendix D: Further information on adequacy assessment test system .  

In order to introduce sufficient inadequacy to be able to analyze the results of scarcity, the system was 

subsequently deliberately ‘handicapped’. This allows for clearly demonstrating the effect of certain 

modelling efforts and is in line with the procedure followed by Huang & Billinton [164]. A total of 13.07 

GW of thermal capacity (gas) was excluded from the system. This also leads to a relative lack of 

flexibility within the system, leading to inflexible thermal resources (nuclear; coal) frequently being 

used and thus to high amounts of spilled energy. For the simulation, 200 time series were constructed 

independently for thermal, hydro, wind and solar power generation which were subsequently 

combined into 200 Monte Carlo years.  

The main outcomes of a preliminary adequacy assessment of this test system are as follows. 

The resulting average LOLE is 28.03 hours per year. For reference, TenneT has calculated the LOLE for 

an isolated Dutch power system with a decrease in conventional thermal capacity to be 45.11 in 2025 

[1]. Although this value may deviate from actually expected results for the Dutch power system, they 

only serve for validation purposes. It should not be forgotten that many simplifications were made, 

including the dismissal of any interconnection with neighboring countries. As the system was 

composed of three areas, ‘internal’ network constraints also play a role. As the results are within the 

expected order of magnitude, it can be concluded that the system performs well as a test system.  

In summary, the following systems are used as a basis to demonstrate the use of the proposed 

adequacy indicators. Any other modifications of these systems are explained when describing the 

results of the respective indicator. 

I. IEEE RTS Single Area (50 Monte Carlo years) 

II. IEEE RTS Three Area – with/without further handicap (200 Monte Carlo years) 

III. IEEE RTS Three Area – modified to Dutch characteristics (200 Monte Carlo years) 

These systems have been analyzed using the ‘economy’ mode of ANTARES, enabling detailed insight 

into the behavior of the system. An hourly resolution for the results was used, along with storing the 

output per individual Monte Carlo year next to the aggregated results. A full year (364 days: 52 weeks 

times seven days) were analyzed per Monte Carlo year, leading up to 8736 data points per Monte Caro 

year for every variable.  
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6.2. MAIN RESULTS OF THE DEMONSTRATION OF ADEQUACY INDICATORS 

 

In the following section, the use of each proposed indicator is demonstrated. Whereas it was explained 

in Section 5.5 how each proposed indicator can be calculated, this section demonstrates said calculation 

using the results of an adequacy assessments of a test system Below, an overview of the indicator 

groups and the amount of indicators per indicator group can be found. Each indicator is subsequently 

individually treated to highlight its calculation, the results and the insights that can be derived from 

these results.  

 

# Indicator group Amount of indicators Page number 

A Adequacy probability 5 92 

B Loss of Load Expectation 4 98 

C Timing of inadequacy 4 102 

D Scarcity event 5 108 

E Energy / Power deficit 4 114 

F Flexibility 8 120 

G Environmental indicators 2 132 

H Monetary indicators 6 136 

I Transmission capacity 3 142 

J Power quality 1 146 

 

6.2.1. ADEQUACY PROBABILITY 

 

PROBABILITY OF ADEQUACY (A1) 

For demonstrating the adequacy probability indicators, test system III as described in the previous 

section was used. The results were analyzed in R. This is a simple calculation as it expresses the number 

of hours in which the power system was adequate relative to the total number of hours expressed as a 

percentage. The results are given below in Table 10. In addition to the average values per area, a brief 

statistical summary is given.  

 

Table 10. Summary of adequacy probability per area (main statistical results).  

Area Probability of adequacy 

 Min 5th percentile Mean Median 95th percentile Max 

A 98.397% 98.901% 99.667% 100% 100% 100% 

B 98.478% 98.878% 99.726% 100% 100% 100% 

C 98.420% 98.854% 99.700% 100% 100% 100% 
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Alternatively, this information is also be given in a histogram of results, as depicted in Figure 12: 

 

  
Figure 12. Histogram of adequacy probability of Area A & C 

 

These analyses give important insight into the adequacy of the power system that can be expected. Of 

the 200 Monte Carlo years evaluated, over 100 have a perfect adequacy score (see Figure 12). The worst-

case scenario has adequacy probabilities of around 98.4% (small differences per area), while the average 

adequacy probability is over 99.6% for all areas. The distribution of the adequacy probability thus gives 

more insight than just displaying the average values while it also highlights the fundamentally 

probabilistic nature of adequacy assessments.  

 

PROBABILITY OF POWER INTERRUPTION (A2) 

Calculating the Probability of Power Interruption takes a little bit more effort, since more parameters 

are involved. The total values of EENS, LOLE and total demand were calculated for each Monte Carlo 

year, which thus expresses a value averaged out over the year, and not the average value of scarcity 

events. It is be expected that the Probability of Power Interruption is smaller than the inadequacy 

probability, since the EENS is most likely lower (or in a worst-case scenario: equal to) than total 

demand. The main statistical results of this analysis are given in  

Table 11 and depicted in Figure 13 and Figure 14. 

 
Table 11. Summary of Probability of Power Interruption per area (main statistical results).  

Area Probability of Power Interruption 

 Min 5th percentile Mean Median 95th percentile Max 

A 0.00% 0.00% 0.0785% 0.00% 0.3242% 0.7529% 

B 0.00% 0.00% 0.0664% 0.00% 0.3246% 0.7124% 

C 0.00% 0.00% 0.0731% 0.00% 0.3480% 0.7350% 

 



TOWARDS A RENEWED UNDERSTANDING OF ADEQUACY FOR FUTURE POWER SYSTEMS 

 

94 

 

  
Figure 13. Histogram of Probability of Power Interruption 

for Area A.  

Figure 14. Histogram of Probability of Power Interruption 

for Area C.  

 

From Figure 13 and Figure 14, it can be inferred that the probability of power interruption is zero for 

over half of the evaluated Monte Carlo years, and its average value is lower than the inverse of the 

adequacy probability since only a small portion of demand may be unsatisfied in case of a scarcity 

event. We can also investigate the relationship between the Loss of Load Expectation and the Expected 

Energy Not Served, which demonstrates to be a quite linear relationship. This is a quite logical result, 

since EENS is only observed in case of a LOLE and these parameters thus (partially) express the same 

phenomenon. A similar relationship also holds for the Probability of Power Interruption and Loss of 

Load Expectation. These relationships are depicted in Figure 15 and Figure 16, where each dot 

represents a Monte Carlo year. As would be expected, the Probability of Power Interruption increases 

as the Loss of Load Expectation increases. Apparently, the Monte Carlo years with greater LOLE also 

display a greater portion of unsatisfied demand, since the relationship between the Probability of 

Power Interruption and LOLE seems to be exponential.  

 

  

Figure 15. Relationship between Loss of Load Expectation 

and Expected Energy Not Served for Area A. 

Figure 16. Relationship between Probability of Power 

Interruption and Loss of Load Expectation for Area A.  
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SAIFI, INCLUDING GENERATION INADEQUACY (A3) 

The superimposition of inadequacy on the System Average Interruption Frequency Index (SAIFI) 

requires data on the SAIFI. As an example, this data is taken from a quality assessment of the Dutch 

regulator Autoriteit Consument & Markt [165]. The average yearly SAIFI across all DSOs is 0.172 

interruptions per customer. We superimpose the mean Probability of Power Interruption of Area A on 

this SAIFI to generate an overall System Average Interruption Frequency Index of 0.172 + 0.0785 =

 0.2505 interruptions per customer. This expresses the total probability for customers that they are faced 

with a loss of power supply.  

 
SAIDI, INCLUDING GENERATION INADEQUACY (A4) 

The superimposition of inadequacy on the System Average Interruption Duration Index (SAIDI) 

requires data on the SAIDI. As an example, this data is taken from Enexis [166] in which the 2018 SAIDI 

was 16 minutes or 0.267 hours. For our system, the LOLE for area A is equal to 29.115 hours/year. 

Superimposing the SAIDI leads to a total power unavailability of 29.115 +  0.267 =  29.382 hours per 

year. This expresses the total duration probability for customers that they are faced with a loss of power 

supply. 

 
RELIABILITY / COST CURVE (A5) 

In order to find the optimum reliability of the power system, the costs of unreliability need to be 

compared with the additional capital costs required to improve the system reliability. The minimum of 

the sum of these costs describes the scenario under which the power system is optimal. In order to 

demonstrate the use of a reliability/cost-curve, test system I was further modified. The one-area IEEE 

Reliability Test System was modified by changing the amount of installed thermal capacity. In total, 

ten cases were evaluated. Each case has progressively more installed thermal capacity, which leads to 

higher capital costs, but also in a decreasing inadequacy and thus decreasing unreliability costs (the 

product of EENS and VoLL). At first, four hard coal power plant units of 155 MW (620 MW in total) 

and one unit of 350 MW were removed from the IEEE RTS, leading to a total removal of 970 MW and 

total installed thermal capacity being set to 2135 MW. The installed hydro capacity of 300 MW was not 

changed. Subsequently, the capacity per unit (hard coal) was modified to 100 MW and two of these 

were added, leading to a total thermal capacity of 2335 MW (base case). For the ten cases, the thermal 

capacity was progressively increased by 100 MW up to 3235 MW installed thermal capacity. In order 

to speed up the computation process, only 50 Monte Carlo years per case were evaluated. For each case, 

the average LOLE and EENS were taken from the output of the simulation process. The Value of Lost 

Load was set to € 10,780 / MWh. The capital costs of additional thermal generation were set to € 1350 / 

kW, based on the Fraunhofer report [167] leading to capital costs of € 135 000 000.00 per 100 MW unit. 

As can be inferred from Figure 17, the reliability of the power system increases as more thermal 

generation is installed (increasing case number). In principle, this is also done when calculating the 

required firm capacity: additional generation capacity is added (or: removed) until a certain LOLE 

threshold is reached. Based upon the simulation, the economic impact of additional generation was 

calculated which has resulted in the computation of  

Table 12 which shows an economic optimum exists. 
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Figure 17. Increasing reliability (decreasing EENS and LOLE) due to additional installed thermal capacity 

 

Table 12. Computation of optimal power system configuration based on lowest amount of total costs.  

Case 
Installed 

capacity 
Change 

Additional 

capital costs 
LOLE EENS VOLL 

Costs of 

unreliability 

Total system  

reliability costs 

Unit / 

Formula 
MW MW € Hours MWh €/MWh 𝑉𝑜𝐿𝐿 ∙ 𝐸𝐸𝑁𝑆 (€) 

Additional capital 

costs + costs of 

unreliability (€) 

1 (base 

case) 
2335 0 € 0 495.68 89895 10,780 € 969,068,100 € 969,068,100 

2 2435 + 100 € 135,000,000 327.06 58198 10,780 € 627,374,440 € 762,374,440 

3 2535 + 200 € 270,000,000 206.2 32209 10,780 € 347,213,020 € 617,213,020 

4 2635 + 300 € 405,000,000 114.68 15526 10,780 € 167,370,280 € 572,370,280 

5 2735 + 400 € 540,000,000 66.4 9243 10,780 € 99,639,540 € 639,639,540 

6 2835 + 500 € 675,000,000 36.38 4805 10,780 € 51,797,900 € 726,797,900 

7 2935 + 600 € 810,000,000 20 2206 10,780 € 23,780,680 € 833,780,680 

8 3035 + 700 € 945,000,000 8.86 887 10,780 €  9,561,860 € 954,561,860 

9 3135 + 800 € 1,080,000,000 4 380 10,780 €  4,096,400 € 1,084,096,400 

10 3235 + 900 € 1,215,000,000 2.42 191 10,780 €  2,058,980 € 1,217,058,980 
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This information can also be depicted in a graphical form, which makes it easy to infer the optimal case: 

 

 
Figure 18. Optimal power system reliability curve, depicting capital costs of utilities, unreliability costs and total system 

costs.  

As can be inferred from this calculation, case nr. four leads to the optimal configuration since this case 

has the lowest amount of total system reliability costs. This is the well-known optimum between 

reliability and societal costs, as discussed in Section 3.2.1. Power system designers could actively 

support the realization of case nr. four in order to reach an optimum of the social welfare. This exercise 

could be executed for more complex power systems as well, in order to validate whether the perceived 

power system optimum (i.e. LOLE of four hours per year), is indeed (close to) the actual power system 

reliability optimum as computed by such an exercise. Of course, the outcome of such an analysis is 

highly dependent on the assumed values for the Value of Lost Load and the cost of additionally 

installed capacity. Nonetheless, verifying whether the order of magnitude is correct would be useful. 

Furthermore, differentiated analyses could be done. For example, the calculation could focus on the 

power system reliability during evening hours, when the Value of Lost Load is usually higher and 

similarly for night hours in the weekend, when the Value of Lost Load is usually lower than the average 

value (for more information on the VoLL at different moments of the day see [6]). These analyses could 

result in different optimums, after which policy makers could make well-informed decisions on the 

desired power system.  

 

  



TOWARDS A RENEWED UNDERSTANDING OF ADEQUACY FOR FUTURE POWER SYSTEMS 

 

98 

 

6.2.2. LOSS OF LOAD EXPECTATION 

 

In order to introduce more Loss of Load Expectation occurrences, the test system II was further 

handicapped to clearly show the intricacies of the Loss of Load Expectation. The system was 

handicapped by taking 1848 MW of coal capacity offline (924 MW in Area A; 924 MW in Area C). This 

system was used for all analyses on the Loss of Load Expectation.  

 

LOSS OF LOAD EXPECTATION (TOTAL) (B1) 

The total Loss of Load Expectation is a straightforward analysis since it is a main output indicator used 

by ANTARES. The results of the analysis are given below in Table 13. Not only the average value, but 

rather a statistical summary is given.  

 

Table 13. Summary of Loss of Load Expectation per area (main statistical results).  

Area Loss of Load Expectation 

 Min 5th percentile Mean Median 95th percentile Max 

A 0 0 118.66 0 436.4 534 

B 0 0 125.88 0 401.7 504 

C 0 0 100.18 0 400.3 524 

 

  
Figure 19. Histogram of Loss of Load Expectation of Area A & C 

 

Over half of the Monte Carlo years have a perfect Loss of Load Expectation value of zero. Nonetheless, 

the average value of the LOLE is quite high at 100.18-125.88 hours per year, depending on the area. 

Given the handicaps we have introduced in the system, these high values are to be expected. This case 

also shows that it is valuable to highlight the distribution of probabilities for the Loss of Load 

Expectation as the mean value does not tell the full story. Furthermore, the Monte Carlo years with 

high or low LOLE could be further analyzed. For example, when using climate years as input, it could 

be analyzed whether there are more LOLE occurrences in case of a cold winter or not. This could 

highlight certain dependencies present in the power system, which could form input for policies on 

power system adequacy.   
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SUBDIVISION OF LOLE (B2 / B3 / B4) 

Conceptually, discriminating between a Loss of Load Expectation due to insufficient ramp resources, 

insufficient transmission capacity or insufficient power resources is quite simple. The data analysis is, 

however, less straightforward. Each occurrence of inadequacy (Loss of Load Expectation) needs to be 

analyzed in further detail and ascribed a certain root cause. The advantage is however, that further 

insight into the root causes of inadequacy is gained which is helpful in designing the right policies to 

safeguard or improve power system adequacy. Consider the following case of an inadequacy event, 

occurring in the three-area IEEE RTS system without any installed VRES capacity.  

 

Table 14. Detailed analysis of inadequacy event in a single hour, all values in MWh.  

Area A B C 

Generation (thermal) 1761 3105 1984 

Hydro generation 4 300 0 

Total generation 1765 3405 1984 

Import/export (-/+) -525 +973 -448 

Total resources 2290 2432 2432 

Load 2432 2432 2432 

Difference  142 0 0 

EENS 142 0 0 

 

As can be inferred from Table 14, the occurrence of a Loss of Load Expectation only takes place in Area 

A. From this data, it looks like both Area A and C had insufficient resources to be self-sustainable as 

total generation is lower than total load. Meanwhile, however, Area B is producing at maximum 

capacity which proves to be incapable nonetheless of dealing with the insufficiencies of both Area A 

and Area C; Area A subsequently suffers a Loss of Load event. This is a result of the allocation of the 

Loss of Load within ANTARES, as a given amount of EENS could also be distributed over multiple 

areas. The import/export numbers shown here are the net position of the area under investigation. The 

actual flows are the following: 

 

Table 15. Detailed analysis of flows during the inadequacy event, all values in MW.  

Link A to B A to C B to C 

Direction From B to A From A to C From C to B 

Flow (absolute value) 1025 500 52 

Capacity 1175 500 500 

Congestion: yes/no No Yes No 

Usage (%) 87,23% 100% 10,40% 

 

As can be inferred from Table 15, the interconnection capacity of Area A to other areas is not fully used. 

Therefore, the lack of interconnection capacity is not the root cause of this inadequacy event, but rather 

the lack of resources. In this specific example, the remaining interconnection capacity (150 MW) is even 

larger than the EENS (142 MW), further highlighting that the lack of interconnection capacity was not 

the root cause of inadequacy here.  

This example is helpful in distilling the logical conditional formulas in order to discriminate 

between different sources of inadequacy. We can see that LOLE due to insufficient resources (LOLE–

IPRE) takes place if there is an occurrence of LOLE in the area under investigation, while there is no 
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congestion of interconnection to or from this area. This case could subsequently be further analyzed to 

distinguish between an absolute insufficiency of resources, or the insufficient flexibility (ramping) of 

these resources (LOLE–IRRE). On the other hand, the occurrences of LOLE due to insufficient 

transmission capacity (LOLE–ITCE) take place when there is an occurrence of LOLE event in the 

respective area, the transmission capacity to/from that area is fully congested and there is no 

simultaneous LOLE occurrence in all the areas to which it is interconnected, showing there could still 

be available resources within the system. Based on this conditional logic, the data analysis can be 

automated for large datasets of hourly values for many Monte Carlo years for different areas. The 

results of this analysis are given below. The Loss of Load occurrences due to insufficient transmission 

capacity are given in Table 16, the occurrences due to insufficient power resources are given in Table 

17. The overall subdivision of LOLE occurrences, both its mean value as well as relative occurrence, are 

summarized in Table 18.  

 

Table 16. Summary of Loss of Load Expectation due to insufficient transmission capacity per area (main statistical results, 

only for Monte Carlo years with occurrence of ITCE).  

Area Loss of Load Expectation – Insufficient Transmission Capacity Expectation 

 Min 5th percentile Mean Median 95th percentile Max 

A N/A N/A N/A N/A N/A N/A 

B 1 1 5.71 4 13.10 17 

C 1 1 5.34 1 20 29 

 

Table 17. Summary of Loss of Load Expectation due to insufficient power resources per area (main statistical results, only 

for Monte Carlo years with occurrence of IPRE).  

Area Loss of Load Expectation – Insufficient Power Resources Expectation 

 Min 5th percentile Mean Median 95th percentile Max 

A 1 3.70 316.43 332 465.2 534 

B 249 255 343.79 346 434 504 

C 6 228 324.85 330 433 522 

 

Table 18. Mean values for subdivision of Loss of Load Expectation per area.  

 Area A Area B Area C 

LOLE (hrs) % LOLE (hrs) % LOLE (hrs) % 

Insufficient Ramp 

Resources Expectation 
N/A N/A N/A N/A N/A N/A 

Insufficient Power 

Resources Expectation 
118.66 100 125.48 99.68 99.08 98.91 

Insufficient Transmission 

Capacity Expectation 
0 0 0.40 0.32 1.095 1.09 

Total 118.66 100 125.88 100 100.175 100 

LOLE 118.66  125.88  100.175  

 

This analysis does not discriminate yet between Insufficient Power Resources Expectation and the 

Insufficient Ramping Resources Expectation. It requires further data analysis in order to be able to do 

so. For all Monte Carlo years, the thermal time series are collected in order to calculate the availability 

of thermal generators for all time steps. For simplicity purposes, it was assumed that flexibility was 
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only provided by thermal generators for this specific analysis (excluding storage; hydro and/or 

interconnection). A deficit of flexibility was calculated by subtracting the available thermal capacity 

from the residual load at that time step, where a positive value indicates a deficit of flexibility 

(insufficient ramping). This analysis is used to discriminate in an occurrence of LOLE due to insufficient 

power resources or insufficient ramping. The previously described logic was used to discriminate 

between a LOLE due to IPRE/IRRE or ITCE. For all LOLE occurrences due to insufficient resources, it 

was analyzed whether there was a flexibility deficit at that moment or not. For all instances where this 

was the case, we can ascribe the occurrence of LOLE to insufficient ramping resources, all other 

instances are ascribed to insufficient power resources. This analysis yields the following results (Table 

19 & Table 20).  

 

Table 19. Summary of Loss of Load Expectation due to insufficient power resources per area (main statistical results, only 

for Monte Carlo years with occurrence of IRRE).  

Area Loss of Load Expectation – Insufficient Ramping Resources Expectation 

 Min 5th percentile Mean Median 95th percentile Max 

A 2 2 13.71 12 39.50 45 

B 2 3 31.96 30.50 71.65 111 

C 3 3 9.35 6 31.25 40 

 

Table 20. Mean values for subdivision of Loss of Load Expectation per area.  

 Area A Area B Area C 

LOLE (hrs) % LOLE (hrs) % LOLE (hrs) % 

Insufficient Ramp 

Resources Expectation 
2.4 2.02 10.87 8.63 1.215 1.21 

Insufficient Power 

Resources Expectation 
116.26 97.98 114.61 91.05 97.865 97.7 

Insufficient Transmission 

Capacity Expectation 
0 0 0.40 0.32 1.095 1.09 

Total 118.66 100 125.88 100 100.175 100 

LOLE 118.66  125.88  100.175  

 

This analysis yields useful results. The root causes of a Loss of Load Expectation are diverse and vary 

across areas. This also means that the policy options aimed at improving adequacy may be different 

across areas, an insight that could previously not have been derived. Therefore, the subdivision of Loss 

of Load Expectation occurrences adds value to the previously used overall value of LOLE.  
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6.2.3. TIMING OF INADEQUACY 

 

For demonstrating the indicators on the timing of inadequacy, test system III as described in section 6.2 

was used. This analysis is used to gain further insight in the occurrence of inadequacy of the power 

system, as the timing of inadequacy may highlight its causes or mitigation solution strategies. 

 

TIMING OF OCCURRENCE OF INADEQUACY (C1) 

In order to analyze the specific timing of the occurrence of inadequacy, the sum of all Loss of Load 

Expectation instants for all Monte Carlo years need to be taken for different time variables (hour, day, 

week, month). This analysis results in the following graphs for Area A (Area B and C show similar 

patterns). 

 

  

  
Figure 20. Occurrence of inadequacy (count) within Area A for the hours of the day, day of the week, week of the year and 

month of the year respectively.  

 

Although this analysis provides additional insights as the timing of inadequacy may be relevant for 

solution strategies and/or the quantification of the economic damage, it displays the absolute number 

of occurrences which could make it more difficult to compare the results to the results of different areas 

or other adequacy assessments. Therefore, the same information can also be displayed in relative terms.  
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TIMING OF INADEQUACY OCCURRENCES (RELATIVE FREQUENCY) (C2) 

The timing of the occurrences of inadequacy can also be displayed as a relative frequency, which 

compares the occurrence of a Loss of Load Expectation at a specific moment against the overall total 

occurrence of Loss of Load Expectation.  

 

  

  
Figure 21. Occurrence of inadequacy (relative frequency) within Area A for the hours of the day, day of the week, week of 

the year and month of the year respectively.  

 

As expected, this displays the same information and patterns as Figure 20, but the data displayed on 

the y-axis (relative frequency) may be more useful for comparative purposes than the absolute 

occurrence. Useful information that may be derived from these figures is that a loss of load takes place 

on weekdays, and not on weekend days. This means that industrial demand side response may be used 

to alleviate adequacy problems throughout the week. Furthermore, it can be seen that most LOLE 

occurrences take place in December, highlighting that seasonal variations have a large influence. For 

this system, installing additional Solar-PV generation would likely not result in an alleviation of 

inadequacy, while policy options aimed at decreasing the temperature dependence of electricity 

demand may work. The information displayed in these graphs can also be combined in a multi-

dimensional diagram; a heatmap. Using such a heatmap, three variables can be plotted against each 

other, for example the occurrence of LOLE for all weekdays and weeks of the year (Figure 22) or the 

occurrences of LOLE for all weeks of the year and time of the day (Figure 23). Furthermore, the variation 

across Monte Carlo years can be made visual, highlighting that the results of adequacy assessments are 

different for every Monte Carlo year (Figure 24).  
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Figure 22. Heatmap of LOLE occurrences for all days and weeks of the year. 

 

 
Figure 23. Heatmap of LOLE occurrences for all weeks and time of the day. 
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Figure 24. Heatmap of LOLE occurrences weeks and all Monte Carlo years. 

 

Such heatmaps are useful, because they provide more detailed information than plots of average 

values. For instance, from Figure 21, one may infer that most LOLE instances occur at the early evening 

(~19:00). While this is correct, this describes an average value. From Figure 23, we can deduct that for 

LOLE occurrences in winter these events take place around 17:00 while they take place around 21:00 in 

summer. These more complex relations cannot be deducted from graphs displaying average results.  

 

TIME PERIOD BETWEEN INADEQUACY OCCURRENCES (C3) 

Further analysis can be executed on the timing of inadequacy occurrences. This is of special relevance, 

since inadequacy occurrences with long time periods in between them would offer more mitigation 

solutions (e.g. Demand Side Response; storage), than inadequacy occurrences with no or short time 

periods in between them as these flexibility technologies have limited activation hours. The analysis of 

the time period in between inadequacy occurrences is a bit more complex than analyzing the timing of 

inadequacy occurrences. For each Monte Carlo year, the time period between the inadequacy 

occurrences within that Monte Carlo year need to be analyzed. Next, all Monte Carlo years with no 

inadequacy occurrences need to be discarded. The remaining Monte Carlo years can be used for further 

(statistical) analysis. This yields the following Table.  

 

Table 21. Summary of time period in between two separate inadequacy events in hours (main statistical results).  

Area Time period in between two separate inadequacy events (hrs) 

 Min 5th percentile Mean Median 95th percentile Max 

A 0 0 135.72 1 690.20 3741 

B 0 0 140.42 1 742.20 3499 

C 0 0 136.61 1 669.00 4029 
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Table 22. Similar analysis to Table 21, excluding continuous inadequacy events 

Area 
Time period in between two separate inadequacy events (hrs) 

Excluding zero values (continuous inadequacy events) 

 Min 5th percentile Mean Median 95th percentile Max 

A 1 2 267.25 64 1628.80 3741 

B 1 2 276.35 69 1655.55 3499 

C 1 2 268.98 68 1700.90 4029 

 

 
Figure 25. Histogram of relative frequency of the time period in between two separate inadequacy events for Area A. 

 

We can see that the average duration between two LOLE events is quite long (>130 hours), entailing 

that there it would be possible to use options as DSR or storage to solve LOLE occurrences. However, 

there are occurrences of LOLE where these take place shortly after each other. Further analysis of these 

instances may reveal useful information, such as the magnitude (MWh) of these events. In any case, 

these instances are less likely to be able to be resolved by DSR and/or storage as these have limits on its 

activation and maximum duration time [126]. Therefore, occurrences of LOLE taking place shortly after 

each other would point towards a need for additional resources, either transmission capacity or power 

resources.  

 

EXPECTED DURATION OF LOAD CURTAILMENT (C4) 

For all inadequacy occurrences, we can also analyze the duration of this occurrence. There are 

important differences in mitigation solutions, depending on the duration of LOLE occurrences. Short 

durations may warrant the use of DSR or short-term storage, while long durations would require other 

type of resources. The data analysis is executed as follows. First, the data is mutated in order to reflect 

(in)adequacy occurrences rather than hourly data. Next, the duration of adequacy events is analyzed 

(similarly as the duration of inadequacy events, i.e. the time in between two adequacy events). This can 

be done for all events as well as for continuous events of over one hour.  
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Table 23. Summary of duration of inadequacy events in hours (main statistical results).  

Area Duration of inadequacy events (hrs) 

 Min 5th percentile Mean Median 95th percentile Max 

A 1 1 2.72 2 6 16 

B 1 1 2.74 2 6 16 

C 1 1 2.69 2 6 16 

 

Table 24. Summary of duration of continuous inadequacy events in hours (main statistical results).  

Area 
Duration of inadequacy events (hrs) 

Excluding single hour inadequacy events (i.e. all values with one) 

 Min 5th percentile Mean Median 95th percentile Max 

A 2 2 3.6703 3 7 16 

B 2 2 3.6277 3 7 16 

C 2 2 3.6282 3 7 16 

 

 
Figure 26. Histogram of relative frequency of the duration of inadequacy events for Area A. 

 

As can be inferred from Table 23, Table 24 and Figure 26, most inadequacy events are quite short. 

Inadequacy events of over ten hours take place in less than 5% of the cases and are thus relatively scarce. 

Mitigation actions could thus mostly focus on inadequacy events with a short duration.   
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6.2.4. SCARCITY EVENTS 

 

All occurrences of LOLE (scarcity events) can be further analyzed. This has already been partially done 

by discriminating between the root causes of LOLE and by analyzing the timing, duration and 

frequency of LOLE occurrences. Further insight can be derived from analyzing scarcity events in detail, 

for example by looking more closely at interconnection usage at times of a scarcity events. For all 

analyses demonstrating the indicators on the scarcity events, test system II as described in section 6.2 

was used.  

 

LOLE PER AREA, WITH AND WITHOUT INTERCONNECTION (D1) 

Analyzing the Loss of Load Expectation for interconnected areas and isolated areas (without 

interconnection) is straightforward, but computationally intensive. The analysis can simply be executed 

by running the model of the adequacy assessment multiple times, for different settings of the 

interconnection capacity. In this example, the case of infinite, limited and zero interconnection capacity 

were compared against each other. It would be expected that the Loss of Load Expectation decreases 

with increasing interconnection capacity (i.e. highest mean value of LOLE for lowest interconnection 

capacity). To reduce computational efforts, for this specific case, test system II was used with only 100 

Monte Carlo years per adequacy assessment. In order to introduce more Loss of Load Expectation 

occurrences, the system was handicapped by taking 1848 MW of coal capacity offline (924 MW in Area 

A; 924 MW in Area C). 

 

Table 25. Loss of Load Expectation per area, for different interconnection configurations (main statistical results).  

Interconnection 

capacity 
Area 

Loss of Load Expectation 

Min 5th percentile Mean Median 95th percentile Max 

Infinite 

A 0 0 123.96 0 397.40 452 

B 0 0 123.61 0 421.30 489 

C 0 0 94.47 0 421.05 489 

Finite 

A 0 0 124.24 0 397.40 452 

B 0 0 123.94 0 421.30 490 

C 0 0 95.82 0 421.05 489 

Null 

A 1268 1355.95 1499.12 1498 1685.05 1732 

B 0 0 26.66 17.5 97.5 124 

C 1324 1416.90 1607.72 1612 1862.15 2000 

 

These results are in line with the expectations for this specific test system. The generation capacity of 

Area A and Area C was severely handicapped, leading to inability to be self-sufficient without any 

interconnection. Conversely, Area B is well-equipped and still manages to maintain reasonable 

adequacy on its own. The adequacy of Area B even improves in the case of null interconnection, since 

its resources are not shared anymore with Area A and C. The fact that the burden of a LOLE is shared 

across areas is a result of the optimization algorithm of ANTARES, whether this would also occur in 

practice depends heavily on market regulations and political factors. In general, the system has low 

overall margins since its adequacy hardly improves with infinite interconnection. The mean value of 

LOLE does decrease a little though, in comparison to the case of finite interconnection capacity.  

  



TOWARDS A RENEWED UNDERSTANDING OF ADEQUACY FOR FUTURE POWER SYSTEMS 

 

109 

 

INTERCONNECTION CAPACITY SATURATION IN CASE OF SCARCITY (D2) 

To gain further insight in inadequacy events, we want to be able to analyze the interconnection usage 

during a loss of load occurrence. This needs to be done separately for each area. For each loss of load 

occurrence in a single area, we can analyze the respective interconnection usage at the time of the 

occurrence. The results of this analysis, for each interconnector and for each area, are given in Table 26. 

Further analysis can be used to analyze for all LOLE occurrences per area, whether the interconnection 

was not used at all or fully used at that time. This analysis is given in Table 27. 

 

Table 26. Interconnection usage per interconnector at time of loss of load occurrence in the respective area (%).  

 Interconnection A-B Interconnection A-C Interconnection B-C 

 Min. Mean Max. Min. Mean Max. Min. Mean Max. 

Area A 0 33.52 100 0 69.86 100 0 71.78 100 

Area B 0 52.61 100 0 62.51 100 0 75.48 100 

Area C 0 37.10 100 0 80.16 100 0 77.67 100 

 
Table 27. Percentage of time of inadequacy events for which the interconnection has not been used (0% usage) at all or fully 

used (100% usage).  

 Interconnection A-B Interconnection A-C Interconnection B-C 

 Not used Fully used Not used Fully used Not used Fully used 

Area A 0.147 1.380 0.124 48.29 0.124 51.63 

Area B 0.043 10.75 0.186 33.69 0.115 57.61 

Area C 0.247 2.224 0.034 51.82 0.042 48.24 

 

We can also analyze interconnection congestion at times of a LOLE occurrence per area. For each LOLE 

occurrence in the area, it is analyzed whether all the interconnection capacity to this area was fully 

used. Note that this analysis is similar to the previous one, but now we focus on the total amount of 

available interconnection capacity and not on specific links. To provide further detail, a similar analysis 

is executed for interconnection capacity of over 95%. The result of this analysis can be found in  

Table 31.  

 

Table 28. Percentage of time of inadequacy events for which interconnection was fully or nearly fully used (%). 

 Interconnection capacity to respective area in case of inadequacy 

 Fully used (100%) Near fully used (95%) 

Area A 0.0002 % 0.0035% 

Area B 0 % 0 % 

Area C 0.00002% 0.0049% 

 

From this analyses, it can be inferred that interconnection capacity is rarely fully or near fully saturated 

in case of a scarcity event, again highlighting that interconnection capacity is not weakest link in the 

safeguarding the adequacy of this power system. The information given in Table 26 can also be given in 

a diagram, which more clearly shows the different levels of interconnection usage for all scarcity events 

occurring in Area A (Figure 27).   
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Figure 27. Histogram of interconnection usage to Area A at times of scarcity event in Area A. The graph shows an 

overlay of the usage of three interconnection lines in order to be able to depict this information in one graph. In order to 

make clear how this plot should be interpreted, separate plots per interconnection have been provided as well for this 

specific case as such an overlay plot is used several times within this document.  

 

SIMULTANEOUS SCARCITY (D3) 

In order to analyze the occurrence of simultaneous scarcity events, test system II was used. As a first 

step, it was analyzed how many events have occurred in which all areas suffered from inadequacy. 

Next, isolated cases were analyzed, detailing how many inadequacy events occurred where only the 

respective area was suffering from a loss of load. Lastly, the number of inadequacy events simultaneous 

with only one other area were analyzed. The sum of these three types is equal to the general (overall) 

analysis of LOLE. The results of this analysis can be found in Table 29.  

 

Table 29. Analysis of overall, isolated and simultaneous inadequacy events.  

Mean LOLE value Area A Area B Area C 

Scarcity in all areas 0 0 0 

Scarcity only in this area 148.235 160.41 130.31 

Scarcity simultaneous with either one of the two areas 1.495 1.070 1.435 

Total  149.73 161.48 131.75 
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Further analysis can yield even more insight into the occurrence of inadequacy. For each inadequacy 

event (occurrence of LOLE), it can be analyzed whether there was simultaneous scarcity in the other 

areas. This can be contrasted against all LOLE occurrences (Table 30), or only against the simultaneous 

LOLE occurrences which highlights the relative interdependencies between areas ( 

Table 31). These tables should be interpreted as follows: for all inadequacy events of Area A, Area B 

suffers from inadequacy as well in 0.38% of the cases (Table 30). 

 

Table 30. Analysis of simultaneous scarcity (relative to all inadequacy events)  

 Area A Area B Area C 

Area A  0.38% 0.62% 

Area B 0.57%  0.51% 

Area C 0.71% 0.38%  

 

Table 31. Analysis of simultaneous scarcity (relative to simultaneous inadequacy events)  

 Area A Area B Area C 

Area A  37.8% 62.2% 

Area B 52.8%  47.2% 

Area C 64.8% 35.2%  

 

These analyses are useful in highlighting interdependencies between different regions and thus in 

assessing to what extent these regions could be of assistance to each other in case of a scarcity event. In 

this case, it can be seen that most of the scarcity events are isolated and thus do not take place 

simultaneously with other regions. For the events where this is the case, Area A and Area C show a 

high level of correlation. As these relationships depend on a lot of aspects (interconnection capacity, 

peak loads, time zones, VRES infeed correlation etc.), this could be quite different for other systems.  

 

VRES CONTRIBUTION DURING SCARCITY EVENTS (D4) 

To gain further insight in inadequacy events, we want to be able to study the contribution of VRES 

production to total generation during a loss of load occurrence. If the contribution of VRES is (near) 

zero at these times, adding additional VRES capacity would most likely not be able to resolve these 

issues. However, if the contribution of VRES infeed at these times is significant, additional VRES 

capacity might alleviate or solve these inadequacy occurrences. Therefore, it is useful to analyze the 

contribution of VRES production (as a percentage of demand) for each area. Note that this value could 

exceed 100%, since we only consider the generation by VRES while this energy may be exported or 

curtailed as well, next to satisfying the load of the respective area. This information is given in Table 

32. 

Even more relevant, is the ratio between the generation by VRES at the time of a LOLE 

occurrence, and the actual EENS at that time instant. Perhaps even a minor increase in VRES generation 

would not have a significant effect on its share relative to the load, but would it be able to solve the 

inadequacy problem (in case of low EENS situations). This information is given in Table 33. 
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Table 32. Analysis of VRES contribution during LOLE occurrence, relative to the load at that time instant per area. Split up 

per area, for VRES production of own area and VRES production of other areas. 

Area 
Relative to 

VRES of 

VRES production relative to load, per area (%) 

Min 5th percentile Mean 95th percentile Max 

A 
Own area 0 % 0.33 % 11.87 % 36.24 % 88.84 % 

Other areas 0 % 3.50 % 23.92 % 53.49 % 85.36 % 

B 
Own area 0 % 0.38 % 11.93 % 36.88 % 74.10 % 

Other areas 0 % 3.18 % 23.77 % 51.95 % 87.17 % 

C 
Own area 0 % 0.35 % 11.80 % 35.39 % 71.31 % 

Other areas 0 % 3.60 % 23.81 % 53.27 % 91.98 % 

 

Table 33. Analysis of VRES contribution during LOLE occurrence, relative to the EENS at that time instant per area. Split 

up per area, for VRES production of own area and VRES production of other areas. 

Area Relative to 
VRES production relative to EENS, per area (%) 

Min 5th percentile Mean 95th percentile Max 

A 
Own area 0 % 1.374 % 436.44 % 1230.26 % 182100 % 

Other areas 0 % 13.33 % 884.38 % 2626.49 % 171300 % 

B 
Own area 0 % 1.863 % 476.82 % 1328.90 % 138500 % 

Other areas 0 % 13.09 % 1069.03 % 2677.84 % 396500 % 

C 
Own area 0 % 1.700 % 544.06 % 1376.38 % 167100 % 

Other areas 0 % 13.93 % 1042.91 % 2441.69 % 281500 % 

 

In this case, we can see that the mean values of VRES production exceeds the EENS in case of a scarcity 

event, entailing that installing additional VRES capacity could in many cases resolve the expected 

scarcity events. However, as the minimum value is 0% for all areas, instances will remain where 

additional VRES production will not be able to resolve the expected scarcity events.  

 

LOLE REDUCTION IN CASE OF USE OF CURTAILED ENERGY (D5) 

Storage of energy has the ability to reduce the occurrences of inadequacy because it is able to shift 

power supply to those moments where it is most urgently needed. It could be the case that scarcity 

events, therefore, could have been resolved with curtailed VRES infeed if (more) storage would have 

been present within the system. We therefore analyze the reduction of LOLE in case of the use of 

curtailed VRES infeed energy. We perform this analysis for two time scales: daily and weekly. Both are 

assessed because they resemble short-term flexibility options. As the required timescale of flexibility 

determines its technological characteristics, it is useful to assess two different time scales. For example, 

daily variations could be resolved with a larger fleet of EV and/or smart control of household 

appliances.  

Therefore, we investigate whether LOLE occurrences at a given day could have been resolved 

using the curtailed energy. This analysis is done upon the basis of the results of ANTARES and the 

storage optimization included in the UCED-model is not used for this exercise. If the model would have 

remaining storage capacity available within the power system, the optimization of the storage most 

likely would have resulted in the prevention of these LOLE occurrences. Thus, this analysis should 

rather be interpreted as an analysis of the added value of additional storage, by which the curtailed 

energy could have been employed in a useful way. In order to do so, we compare the EENS per day 
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(and week) with the curtailed VRES infeed per day (and week) for all Monte Carlo years. We then 

compute the amount of hours for which the curtailed VRES infeed of that day (or week) was sufficient 

to satisfy the EENS, without taking into account storage and/or transmission inefficiencies. The average 

of all these hours across all Monte Carlo years represent the reduction of LOLE that could be achieved 

if the curtailed energy would have been used. The results of the analysis are given in Table 34 and 

Figure 28. 

 

Table 34. Analysis of possible LOLE reduction through use of curtailed energy.  

 Daily optimization Weekly optimization 

 LOLE potentially 

resolved (hrs) 

LOLE potentially 

resolved (%) 

LOLE potentially 

resolved (hrs) 

LOLE potentially 

resolved (%) 

Area A 2.10 6.75 3.08 9.91 

Area B 1.23 4.84 2.44 9.62 

Area C 2.03 7.33 3.01 10.84 

 

 
Figure 28. Possible LOLE reduction through use of curtailed energy; diagram showcases relationship between curtailed 

energy, EENS and remaining surplus for all events where curtailed energy could prevent EENS 

 

As can be inferred, there are quite some cases in which the curtailed energy could have been used to 

prevent a scarcity event since the curtailed energy was larger than the deficit during the scarcity event. 

Weekly storage could prevent up to 10% of the scarcity events, whereas daily storage could prevent 

between 4.84 to 7.33% of all LOLE occurrences, which is still a significant number. Making good use of 

curtailed energy by means of storage and/or other flexibility options, is thus a useful instrument in 

reducing the amount of scarcity events. This analysis can be used to study how much additional storage 

would be required to reach a certain adequacy goal, enabling cost-benefit analyses of storage facilities 

for the purpose of preventing inadequacy.   
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6.2.5. ENERGY / POWER DEFICIT 

 

Power system inadequacy is not only associated with a duration of a power loss (LOLE), but also with 

the magnitude of the insufficiency of the power system, commonly expressed in the EENS. Further 

analysis into energy and power deficits gives further insight into power system adequacy. For the 

following analyses, test system II was used.  

 

E1 – EXPECTED ENERGY NOT SERVED 

The total Expected Energy Not Served is a straightforward analysis since it is a main output indicator 

used by ANTARES. The annual values of this analysis are given below in Table 35. In addition to the 

average values per area, a brief statistical summary is given. 

 

Table 35. Summary of Expected Energy Not Served per area (main statistical results).  

Area Expected Energy Not Served (MWh) 

 Min 5th percentile Mean Median 95th percentile Max 

A 0 0 65626.74 0 240241.8 349269 

B 0 0 71613.79 0 251505.1 328137 

C 0 0 59882.14 0 257907.8 318630 

 

A similar analysis can be executed for all hours with a Loss of Load. This shows the hourly value for 

the Expected Energy Not Served per scarcity event. These results are given in Table 36 and Figure 29. 

 

Table 36. Summary of hourly Expected Energy Not Served per area (main statistical results).  

Area Expected Energy Not Served (hourly values) (MWh) 

 Min 5th percentile Mean Median 95th percentile Max 

A 1 36 438.3006 357 1095 2112 

B 1 38 443.484 365 1111 2091 

C 1 38 454.5306 372 1160 2143 

 

  
Figure 29. Histogram of Expected Energy Not Served per scarcity event of Area A & C 
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Figure 30. Histogram of Expected Energy Not Served per scarcity event for all areas 

 

The mean value of hourly EENS for scarcity events is around 440 MWh. The magnitude of these events 

can be analyzed in order to be able to create policies which aim for an overall optimum of social welfare. 

For example, when it comes to the Dutch transmission network, some areas with low demand (<100 

MW) do not need to comply with the N-2 criterion since the costs of installing additional transmission 

capacity is too high compared to its benefits. It is codified in legal requirements, that for transmission 

planning purposes, a failure to those areas of up to 6 hours is allowed [139]. This translates into an 

energy loss of up to 600 MWh. It would seem logical to allow a similarly sized EENS for some cases if 

the costs of preventing such outages is higher than its direct social benefits. In order to form policies on 

such issues, reporting on the Expected Energy Not Served inadequacy assessments is necessary.  

 

EXPECTED POWER NOT SERVED (E2) 

The Expected Power Not Served can be computed upon the Expected Energy Not Served divided by 

the time step for which it has been evaluated (MWh / h = MW). In this specific case, the values for the 

Expected Power Not Served (EPNS) are equal to those of the EENS. This is a result of the fact that our 

model uses an hourly temporal resolution, but is not a fundamental inherent characteristic of adequacy 

assessments. The Expected Power Not Served is thus really a different indicator than the EENS. 

Furthermore, they serve different goals. Whereas the EENS is focused on the magnitude of the lost load 

(consumers), the EPNS focusses on the power requirements per time step that would solve the 

inadequacy (relevant for producers, TSOs, governments). The analysis has been executed for all hours 

with a Loss of Load. The result give the statistical distribution for the Expected Power Not Served per 

scarcity event. These results are given in Table 37, Figure 31 and Figure 32.  
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Table 37. Summary of Expected Power Not Served per area, per scarcity event (main statistical results).  

Area Expected Power Not Served per scarcity event (MW) 

 Min 5th percentile Mean Median 95th percentile Max 

A 1 36 438.3006 357 1095 2112 

B 1 38 443.484 365 1111 2091 

C 1 38 454.5306 372 1160 2143 

 

  
Figure 31. Histogram of Expected Power Not Served per scarcity event of Area A & C 

 

 
Figure 32. Histogram of Expected Power Not Served per scarcity event for all areas 

 

The Expected Power Not Served is a useful indicator in assessing the required amount of additional 

power capacity that would be needed to resolve scarcity events. For these results, a first estimation 

shows that the addition of around 360 MW (firm capacity) would result in halving the amount of 
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scarcity events while over 2000 MW would be required to resolve all scarcity events. This shows that 

the addition of generation capacity has diminishing returns: a first addition improves the adequacy 

significantly whereas a large addition of generation capacity is required to resolve the ‘last’ inadequacy 

events, impacting the cost-effectiveness of these additions. The advantage of this analysis is that it does 

not require additional computation, as opposed to conventional calculations of the required firm 

capacity by doing resource intensive iterative adequacy assessments.  

 

HEALTH INDEX (E3) 

The power system can be ascribed to be in different states, depending on its characteristics. For this 

analysis, we assume that the power system is ‘healthy’ if there are no LOLE events. For all scarcity 

events, a subdivision is made. For this example, it is assumed that the TSO has 1000 MW of emergency 

power reserves at its disposal. If under 50% of this reserves would be sufficient to alleviate the 

inadequacy, the system is described to be ‘marginal’, if over 50% would be required it is ‘at risk’ in this 

case. If the magnitude of the Expected Power Not Served exceeds this reserve, it is ascribed to be 

‘exceeding reserves’. This analysis results in a simple subdivision of the power system into four 

different states, of which three are Loss of Load events. The relative occurrence of these states, as well 

as a boxplot of distribution, are given in Figure 33 and Figure 34 for Area A.  

 

  
Figure 33. Relative occurrence of health states (left) and inadequacy states (right) for Area A. 

 

 
Figure 34. Boxplot containing probability distribution of Health Index states for Area A.  
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This analysis shows a first approximation of what the impact of inadequacy events would be given a 

certain operating reserve. It can thus also be used to analyze the desired amount of reserves. 

Furthermore, this specific result shows that even in case of inadequacy, there are hardly (less than 10% 

of the cases) any events at which the power deficit is greater than the operating reserves. As ‘marginal’ 

and ‘at risk’ states could most likely be resolved by the use of reserves by the TSO, it shows that the 

real risk of load-shedding is quite small.  

 

SEVERITY OF DEFICIT PER SCARCITY EVENT (E4) 

So far the energy deficit of scarcity events has been described based on its hourly values. As relevant 

is, however, the overall energy deficit per scarcity event since this describes the total shortcoming of 

the system per event. Furthermore, it describes the required energy content of possible DSR and/or 

storage solutions to the inadequacy. For all continuous occurrences of LOLE, the EENS is summed up 

in order to describe the total severity of the deficit for that scarcity event. These values are then 

subjected to further statistical analysis. The results are given in Table 38 and Figure 35. Furthermore, 

the time duration in between severe scarcity events (here defined as exceeding 1000 MWh) is analyzed 

as well and given in Table 41 and Figure 36. 

 

Table 38. Summary of Severity of Deficit per scarcity event (main statistical results).  

Area Severity of Deficit per scarcity event (MWh) 

 Min 5th percentile Mean Median 95th percentile Max 

A 1 27 2548.61 752.50 11142.85 26193 

B 1 33 2647.46 839 11294.25 26820 

C 1 31 2746.89 880.50 11520.85 27646 

 

  
Figure 35. Severity of deficit per scarcity event for Area A and Area C. 

 

The average severity of deficit per scarcity events is around 5-6 times larger than the hourly EENS 

(Figure 35). Furthermore, 5% of the scarcity events could be resolved with very minor additions of 

energy to the system (<35 MWh; the equivalent of 2600 Tesla Powerwalls). However, there are some 

scarcity events which are large and would thus require different solution strategies. In order to analyze 

the time duration between scarcity events in more detail, the time duration in between severe scarcity 

events have been analyzed. These results show that there is a large variation in the time duration in 

between severe scarcity events and there is no clear evidence supporting claims that this time duration 

is either short or large.  
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Table 39. Summary of time duration in between severe scarcity event (main statistical results).  

Area Time duration in between severe scarcity events (hours) 

 Min 5th percentile Mean Median 95th percentile Max 

A 2 2 193.40 12 1067.75 7357 

B 2 2 186.42 12 927.40 7143 

C 2 2 193.91 12 1097.20 7506 

 

  
Figure 36. Time duration in between severe scarcity events for Area A and Area C. 
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6.2.6. FLEXIBILITY 

 

As power systems are undergoing major changes (see Section 4.1), reporting on the (required) flexibility 

of the power system in adequacy assessments becomes more important. For all of the following 

analyses, test system III (containing a large amount of installed VRES) was used.  

 

RESIDUAL LOAD DURATION CURVE (F1) 

The Residual Load Duration Curve (RLDC) can be drawn by subtracting the sum of wind and solar 

VRES production from the consumer load and sorting the remaining output from largest to smallest. 

Given the Monte Carlo simulation containing many years, this first requires averaging the VRES 

production and load over all Monte Carlo years. This can be done for each area separately. As our areas 

are very similar, the RLDC for each area is almost equal. However, small differences can be discerned 

when zooming in on the plot. The annual RLDC and its zoomed version are given in Figure 37. 

 

  
Figure 37. Residual Load Duration Curve for all areas 

 

The residual load duration curves forms the basis for many types of analyses regarding the required 

flexibility and infeed of VRES into the power system. For example, the impact of a growing share of 

VRES could be made visible by plotting the Residual Load Duration Curve for different years. The 

above graphs picture the annual (averaged) Residual Load Duration Curve. Similar curves can be 

drawn for each week of the year individually, where the residual load for each time step has been 

average over all the Monte Carlo years. The advantage of this analysis is that differences between the 

weeks of the year will become visible. For instance, in a system with a significant amount of solar 

capacity, it is expected that the residual load duration curve for summer weeks looks different than 

those of winter weeks. This curve is depicted below in Figure 38.  
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Figure 38. Weekly Residual Load Duration Curve for Area A, all weeks of the year 

 

As expected, it can indeed be seen that the summer weeks (blue/greenish curves) have a larger surplus 

of VRES (negative residual load) than winter weeks (orange/red curves). For both the largest residual 

load (hour 0) as well as the smallest residual load (hour 168), we can compute the values for the two 

most extreme weeks. These respective weeks (minimum two, maximum four; in this case four weeks) 

are highlighted in Figure 39. 

 

 
Figure 39. Weekly Residual Load Duration Curve for Area A, highlighted weeks with extreme values 

Similarly, these values can also be computed and depicted in tabular form. These results – for all areas 

– can be found in Table 41.  
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Table 40. Peak values of weekly residual load duration curves (MW).  

Area Peak values residual load per week (MW) 

 Highest residual load (hour 0) Smallest residual load (hour 168) 

 Minimum (MW) Maximum (MW) Minimum (MW) Maximum (MW) 

A 2684.09 4241.36 -2738.07 1020.73 

B 2633.63 4261.30 -2676.13 1134.65 

C 2716.28 4307.18 -2670.50 1115.83 

 

REQUIRED FLEXIBLE POWER (F2) 

Using the analysis performed to compute the Residual Load Duration Curve, additional information 

can be extracted. It is useful to quantify the minimum, 10th percentile, 90th percentile and maximum 

values of this curve, since this describes the amount of required flexible (dispatchable) power in order 

to keep the system adequate under different criteria. Furthermore, it is useful to highlight where the 

RLDC crosses the x-axis (zero y-value), since this describes the amount of hours per year of a VRES 

surplus/shortage.  

 

Table 41. Summary of Required Flexible Power (main statistical results).  

Area Key indicators in required flexible power (MW) 

 Max (MW) 10th percentile (MW) 90th percentile (MW) Min (MW) Zero y-value (hours) 

A 4241.36 2916.22 -386.71 -2738.07 7543 

B 4261.30 2907.23 -398.95 -2676.13 7536 

C 4307.18 2916.10 -400.25 -2670.50 7544 

 

From Table 41 it can be inferred that for 7543 hours per year, there is insufficient VRES production to 

satisfy demand within Area A, while for the remaining hours there is a VRES surplus. Furthermore, we 

are able to quantify the required capacity of peak power production units by looking at the required 

flexible power values for different cross sections (e.g. power requirements of over 3000 MW are only 

required for less than 10% of the hours of the year).  

 

REQUIRED FLEXIBILITY (F3) 

Analyzing the required flexibility is a similar analysis to analyzing the required flexible power, but 

focusses on the total flexibility energy capacity requirements (MWh) instead of power (MW). This 

describes the required flexibility needed for different time periods, expressed in energy capacity. For 

example, we can see how much energy would be required to satisfy the 10% highest values for residual 

load, or how much storage capacity we would need to store all surplus of VRES (negative residual 

load). These examples are given in Figure 40 and Figure 41.  

More detailed information on these areas is given in Table 42. Here, we analyze the energy 

requirements for different cross sections of the Residual Load Duration Curve for all areas. To be of 

more practical use, these could be contrasted against different flexibility options, such as expressing 

the energy requirements in the amount of required electric vehicle batteries.  
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Figure 40. Residual Load Duration Curve for Area A 

(10% highest values shaded) 

Figure 41. Residual Load Duration Curve for Area A 

(negative residual load shaded) 

Table 42. Summary of energy requirements (main results) 

Area Energy requirements for different cross sections of Residual Load Duration Curves 

 Positive RLDC Negative RLDC 10% highest values 10% lowest values 

 MWh % of total load MWh % of total load MWh MWh 

A 13317140 92.73 -1043591 7.27 2897874 -984202 

B 13288177 92.60 -1061137 7.40 2893064 -998721 

C 13298038 92.65 -1055266 7.35 2894654 -994728 

 

Furthermore, we can analyze the required flexibility for less than 100 activation hours per year. This 

would describe the amount of required flexibility that would be seldom used, but would still be 

necessary. This information is helpful in assessing the business case of expensive options for power 

provisions (e.g. seasonal storage; high CAPEX solutions with low amount of payback hours).  

 

Table 43. Characteristics of seldomly used flexibility providers (main results) 

Area Characteristics of seldomly used flexibility 

 Positive (providing energy) Negative (storing energy) 

 Energy capacity Power (min) Power (max) Energy capacity Power (min) Power (max) 

 MWh MW MW MWh MW MW 

A 389774 3722 4241 -28679 -2510 -2738 

B 391073 3733 4261 -28239 -2493 -2676 

C 390188 3715 4307 -28442 -2488 -2670 

 

REQUIRED RAMPING RATES FLEXIBILITY (F4) 

Based on the residual load, the required ramping rates can be calculated. This is done by subtracting 

the residual load for a given hour from the residual load of the previous hour. This is the hourly 

ramping rate that needs to be satisfied by the power system. It can be both negative (indicating 

decreasing power demand) or positive (indicating increasing power demand). The values of the 

required ramping rates are given in Table 44. The annual (sorted) values can also be given, where small 

changes can be discerned between the three areas (Figure 42). 
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Table 44. Required ramping rates (MW) 

Area Required ramping rates (MW) 

 Minimum (MW) 10th percentile 90th percentile Maximum (MW) 

A -976.58 -446.06 580.60 1322.89 

B -1007.69 -446.74 580.96 1290.58 

C -968.74 -448.03 586.05 1311.44 

 

  
Figure 42. Required ramping rates for all areas 

 

In order to provide more detail, the required ramping rates for one specific week are given in Figure 43 

for area A, both unsorted (time series) as well as sorted based on its magnitude. 

 

  
Figure 43. Required ramping rates for week one, Area A.  

 

Although a clear relationship exists between the residual load and VRES infeed (since residual load is 

calculated upon the VRES infeed), there is no clear relationship between the required ramping rates 

and VRES infeed in this case. These conclusions can be inferred from Figure 44 and Figure 45. 
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Figure 44. Scatter plot displaying relationship between 

residual load and VRES infeed.  

Figure 45. Scatter plot displaying relationship between 

required ramping rates and VRES infeed.  

 

As an additional analysis, Figure 45 was processed further with the summer months (May, June, July) 

highlighted in red in order to see whether there is a clear seasonal variation present in the relationship 

between the required ramping rates and VRES infeed (Figure 46). As can be inferred, this is not the case 

for our test system.  

 

 
Figure 46. Scatter plot displaying relationship between required ramping rates and VRES infeed  

(summer months highlighted in red) 

 

Moreover, due to the increase of VRES, it is expected that ramping requirements will increase. This has 

been explained earlier using the infamous ‘duck curve’ (see Section 5.1.1). For our test system, we can 

analyze the residual load and subsequent ramping requirements for both a winter as well as a summer 

day. This analysis is given in Figure 47. The duck curve can clearly be distinguished in the residual load 

of a summer day. Furthermore, it is confirmed that the required maximum raping rates almost double 

in summer compared to a winter day. This seasonal variation can also be inferred from Figure 48, where 

it can be seen that certain weeks (blueish lines; summer weeks) have both larger positive as negative 

ramping requirements than other weeks (reddish lines; winter weeks).  
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Winter day Summer day 

  

  
Figure 47. Residual load and subsequent required ramping rates for Area A, for a winter and summer day 

 

 
Figure 48. Required ramping rates for Area A, all weeks of the year (sorted)  

 

PERIODS OF FLEXIBILITY DEFICIT (F5) 

Based on the required ramping rates, the periods of flexibility deficits can be analyzed. This indicator 

describes the events which take place in which there is insufficient flexibility present within the system 

to cope with the changes in the residual load. For this specific analysis, it was assumed that flexibility 

was only provided by thermal generators (excluding hydro and/or interconnection). Apart from 
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simplicity reasons, the reason to do so lies in the differences in the characteristics of flexibility 

technologies. The dispatch of thermal generators is mostly dependent on its economic value, whereas 

the dispatch of hydro is dependent on its optimization (with underlying political objectives) and the 

use of interconnection may also be subject to political intervention. Thus, the described periods of 

flexibility deficit describe a ‘worst case’-scenario, which may be possible to be resolved in reality. The 

flexibility deficit for every hour was calculated by subtracting the available thermal capacity from the 

resulting residual load for that hour. All positive values describe a flexibility deficit and were 

subsequently further analyzed. Note that insufficient thermal availability to cover residual load would 

in principle result in a Loss of Load Probability, but the use and optimization of hydro (aimed at 

preventing inadequacy) were excluded in this analysis. Therefore, the periods of flexibility deficit has 

no straightforward relationship with the Loss of Load Expectation. The results of the hourly flexibility 

deficit for all occurrences with a flexibility deficit are given in Table 45. The analysis focused on each 

occurrence of a period of flexibility deficit (duration and cumulative magnitude) are given in  

Table 46. This analysis is different from other analyses on power system flexibility provided in this 

thesis as it does not solely focus on the required flexibility nor on the supplied flexibility but only on 

the mismatch between the two.  

Table 45. Hourly flexibility deficit for all periods with a flexibility deficit 

Area Hourly flexibility deficit (MW) 

 Min 5th percentile Mean Median 95th percentile Max 

A 11 36.6 213.47 188 515.2 636 

B 10 19 132.36 97 322.5 323 

C 4 11.15 92.25 91 232.15 269 

 

Table 46. Further analysis of periods of flexibility deficit 

Area Further analysis per period of flexibility deficit  

 Probability of occurrence Duration (hrs) Magnitude (MW) 

 % Min Mean Max Min Mean Max 

A 0.00052 1 1.89 4 11 403.22 1178 

B 0.00029 1 2.2 3 31 291.2 895 

C 0.00040 1 1.714 3 4 163.28 586 

 

In case of a flexibility deficit, the maximum deficit is 636 MW (Area A) describing the amount of 

additional generation capacity / demand response required to keep the system stable under those 

circumstances. For continuous events, the duration of these events is relatively small as it varies 

between 1-4 hours.  

 

REQUIRED VRES FOR ANNUALLY BALANCED RESIDUAL DEMAND (F6) 

Determining the required amount of installed VRES capacity in order to have an annually balanced 

residual demand is a straightforward, but somewhat arduous, task. In order to have an annually 

balanced residual demand, the total amount of VRES electricity production needs to be equal to the 

total amount of load. It is, however, not possible to calculate this exactly upon the basis of the input 

data since the modelling of ANTARES is a result of a complex interplay between many factors, taking 

into account aspects such as forced outages and the optimization of hydro resources. Therefore, the 

best approach is to estimate the required scaling factor for increasing the VRES capacity from the 



TOWARDS A RENEWED UNDERSTANDING OF ADEQUACY FOR FUTURE POWER SYSTEMS 

 

128 

 

results, and use this to calculate the (estimated) required VRES capacity for an annually balanced 

residual demand. This can subsequently be verified by running the ANTARES simulation with the 

updated input for VRES installed capacity. This can be done with and without accounting for a return 

inefficiency of seasonal storage. The balance is expressed by dividing the sum of the load by the sum 

of the VRES electricity production, expressed as a percentage (averaged for all Monte Carlo years). A 

perfect balance would thus result in 100%. For this case, we have also analyzed a scenario with seasonal 

storage having a round-trip efficiency of 72%. This entails that the area of the residual load curve with 

negative residual load (VRES surplus) needs to be 1/0.72 = 1.38 times as large as the area with positive 

residual load, since storage is only required for instances with negative residual load. Since both areas 

ordinarily form 50% of the total area of the curve, the total scaling factor is estimated to be 1.19. In this 

case, a perfect balance would results in an annual balance of 83.72%. The results for both analyses are 

given in Table 47 and Figure 49. For these cases, the deviation of the simulated results from the perfect 

results are 0.60 percent point and 0.50 percent point respectively.  

 

Table 47. Required amount of VRES capacity for annually balanced residual demand curve 

Area Required VREs capacity for annually balanced residual demand. 

 No inefficiency With inefficiency 

 Input VRES (MW) Annual balance (%) Input VRES (MW) Annual balance (%) 

 Wind Solar  Wind Solar  

A 9638 9374 100.50 11512 11197 84.14 

B 9638 9374 100.71 11512 11197 84.32 

C 9638 9374 700.60 11512 11197 84.22 

Total 28914 28122 100.60 34536 33591 84.22 

 

  
Figure 49. Balanced Residual Load Duration Curve for Area A, without and with storage inefficiency 

 

These results show that for test system III, an increase of VRES installed capacity of around 60% is 

sufficient in order to be annually self-sufficient (assuming no storage inefficiency), while this is around 

90% for the scenario with storage inefficiency. This does require large volumes of storage, however, as 

exemplified by the treatment of the next indicator.  
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EXPECTED ENERGY SUPPLIED BY ENERGY STORAGE (F7) 

As storage is expected to become more important in the future, it is useful to analyze the expected 

energy supplied by energy storage. This expresses the amount of demand (either in MWh or as 

percentage) which has been satisfied by storage. It can be calculated using an implicit estimation, or by 

explicitly taking it into account in the adequacy assessment and analyze the dispatch of storage units. 

For the implicit analysis, we can analyze the Residual Load Duration Curve of our system. It is assumed 

that storage will play a role in satisfying the peak demand of the residual load. We assume that the top 

2% of the RLDC will be satisfied by Demand Side Response, while the next 3% will be satisfied by 

storage (Figure 50). Using these assumptions, the following data is retrieved from our test system (Table 

48).  

Table 48. Expected Energy Supplied by Energy Storage (implicit analysis) 

Area Expected Energy Supplied by Energy Storage 

 Maximum RLDC Demand Side Response Storage 

 
Power (MW) Energy 

(MWh) 

Energy 

(%) 

Power 

(MW) 

Energy 

(MWh) 

Energy 

(%) 

Power 

(MW) 

A 4241.36 663133 5.40 656 894321 7.29 320 

B 4261.30 664872 5.44 679 891707 7.29 338 

C 4307.18 663458 5.42 735 891808 7.28 323 

 

 
Figure 50. Shaded Residual Load Duration Curve for Area A, depicting use of storage and DSR 

 

Alternatively, an explicit analysis would look at the annual dispatch of storage if it is included in the 

adequacy assessment. This has also been analyzed for the system under investigation. For every hour 

of every Monte Carlo year, the dispatch of storage (either charging or discharging) is analyzed, which 

yields information on the total annual amount of energy supplied by energy storage, as well as its 

average dispatch per hour (average across Monte Carlo years), as supplied in Table 49 and Figure 50. 

For this test system, the storage facility was shared among the three areas and it is remarkable that the 

results of this analysis vary significantly across the three areas.  
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Table 49. Expected Energy Supplied by Energy Storage (explicit analysis) 

Area Expected Energy Supplied by Energy Storage 

 Energy supplied to storage (charging) Energy supplied to storage (discharging) 

 Energy (MWh) Energy (% of load) Energy (MWh) Energy (% of load) 

A 8299933 25.21 8824583 26.81 

B 14476894 43.98 4476173 13.60 

C 6046417 18.37 10187248 30.95 

Total 28823243 29.19 23488003 23.78 

 

Table 50. Dispatch of Energy Storage (explicit analysis) 

Area Hourly dispatch of energy storage (MW) 

 Min 5th percentile Mean Median 95th percentile Max 

A -1935.52 -1059.94 60.06 103.72 1103.69 2035.54 

B -2415.79 -1774.77 -1144.77 -1164.29 -383.16 371.13 

C -837.16 -365.94 473.99 481.06 1366.41 2131.18 

 

For the hourly dispatch, positive values denote a flow from the storage towards the main system and 

thus generation behavior (discharging of storage), whereas a negative flow indicates a reserve flow and 

thus load behavior (charging of storage). As all areas (virtually) share the same storage facility in our 

model, it is remarkable that the behavior of storage is different per area, as can be inferred from the 

large differences per area in the mean dispatch value. As can be inferred from Figure 51 and Figure 52, 

there are clear seasonal variations in the dispatch of storage. Whereas a winter week shows a very clear 

weekday vs. weekend day variation and a moderate day vs. night variation, the pattern in summer 

weeks display a significantly stronger day vs. night variation. The largest negative loads (charging of 

storage) can also be found for the weeks with the highest solar infeed.  

 

  
Figure 51. Weekly dispatch of storage reserves for Area A, winter and summer week 
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Figure 52. Weekly dispatch of storage reserves for Area A, for all weeks 

 

F8 – FORECASTABILITY  

It is not possible to model the forecastability accuracy of VRES production within ANTARES. However, 

an alternative method was used by Elia in their adequacy assessment [108], in which they used current 

inaccuracies in forecastability and applied a scaling factor (growth of VRES infeed) to model future 

inadequacies. By doing so, it became possible to estimate the required future flexibility to settle future 

intra-day imbalances. For example, consider a power system with an average VRES infeed of 1000 MW, 

with a 2% average intra-day deviation. This deviation concerns the difference between the actual 

electricity production and the forecast as submitted in the day-ahead electricity program. This works 

upon the basis of fifteen-minute periods. The average required flexibility to solve these imbalances is 

20 MW. If we assume a certain growth in VRES infeed and unchanged intra-day deviation, we can 

easily calculate the average future required flexibility for balancing. This has been demonstrated in 

Table 51. 

 

Table 51. Demonstration of future required flexibility for intra-day imbalances  

 Current system  Future system 

Average VRES infeed 1,000 MW 10x scaling factor 10,000 MW 

Average intra-day deviation 2% N/A 2% 

Average required flexibility for balancing 20 MW 10x scaling factor 200 MW 

 

This analysis could be repeated with more complete datasets on actual intra-day deviations, 

differentiating between sources of deviations, VRES technologies and time of occurrence to gain more 

insight into the required flexibility under different circumstances and different future developments. 

This could provide the required insights for policy makers to design the right incentives in order to 

ensure that the market will be capable of dealing with these intra-day imbalances.  
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6.2.7. ENVIRONMENTAL INDICATORS 

 

As power systems will have to comply with the environmental goals, reporting on expected future 

environmental performance is another key performance indicator of power systems. For the 

demonstration of the subsequent indicators, test system III was used.  

 

CO2-EMISSIONS (G1) 

By assigning a certain CO2-emissions factor per kilowatt hour generated by thermal power plants, we 

can calculate annual CO2-emissions based the dispatch of thermal power plants within the adequacy 

assessment. This can vary significantly between Monte Carlo years due to differences in VRES 

production. The expected CO2-emissions per area are given in Table 52 and Figure 53. This indicator 

provides the required information to make well-informed decisions on trade-offs within the system.  

 

Table 52. Expected CO2-emissions per area (statistical summary) 

Area Annual CO2-emissions (Mtonne) 

 Min 5th percentile Mean Median 95th percentile Max 

A 0.397 1.965 11.298 12.453 16.155 16.426 

B 1.673 4.995 16.367 17.156 24.039 24.324 

C 0.532 1.880 11.419 12.451 16.262 16.442 

 

  

 
Figure 53. Probability distribution and boxplot of annual CO2-emissions per area.  
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RENEWABLY SUPPLIED DEMAND (G2) 

Next to the annual CO2-emissions, the percentage of the demand that has been renewably supplied is 

also an important environmental indicator. The integration of VRES is also an indicator in the ENTSO-

E Cost-Benefit Analyses Guidelines, as transmission infrastructure could enhance this integration and 

it thus needs to be taken into account into cost-benefit analyses [84]. The demand that has been 

renewably supplied can be calculated for every time step by expressing the production of VRES as a 

percentage of the load. These are averaged per Monte Carlo year, which allows us to analyze the 

probability distribution over the different Monte Carlo years. Two scenarios can be calculated: with 

and without storage. For the scenario with storage, hourly values higher than 100% are taken into 

account as these could – in principle – be stored and used at a different time instant (limitations in 

storage volumes are not taken into account). This data can be found in Table 53. For the scenario without 

storage, hourly values higher than 100% are capped at 100% in order to simulate a power system where 

curtailment takes place and such high VRES production cannot be accommodated (Table 54). 

Furthermore, the amount of hours for which 100% or more than 100% of the load was supplied 

renewably (expressing the amount of hours with zero or negative residual load) are given in Table 55. 

 

Table 53. Demand renewably supplied - with storage (statistical summary) 

Area Renewably supplied demand (including storage) (% of energy) 

 Min 5th percentile Mean Median 95th percentile Max 

A 17.66 28.68 62.54 43.46 126.61 190.60 

B 17.05 28.90 62.66 53.40 126.50 188.09 

C 17.70 28.53 62.64 53.87 126.82 188.37 

 

Table 54. Demand renewably supplied - without storage (statistical summary) 

Area Renewably supplied demand (excluding storage) (% of energy) 

 Min 5th percentile Mean Median 95th percentile Max 

A 17.66 28.46 54.52 48.71 95.51 99.97 

B 17.04 28.75 54.66 48.59 95.83 99.95 

C 17.70 28.36 54.64 49.02 95.73 99.93 

 

Table 55. Hours which are (over) 100% or (over) 90% renewably supplied  

Area Renewably supplied demand (time) 

 VRES over 100% (including storage) VRES over 90% (excluding storage) 

 Hours % of time Hours % of time 

A 1194 13.67 877 10.04 

B 1201 13.74 890 10.19 

C 1193 13.66 894 10.23 

 

Important information that can be derived from these tables is that for both cases, over half of the 

demand can be satisfied by renewable sources on average, but the variation within these values is high 

(17.04% to 190.60%). There is, however, a 90% probability that this value will lie in between 28.36-

95.51% of demand. Sorted curves for the renewably supplied demand for Area A (both cases) are given 

in Figure 54, just as a boxplot depicting the probability distribution of this indicator for all areas and all 

cases. 
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Figure 54. Demand renewably supplied per area (sorted curve) and boxplot of renewably supplied demand per area.  

 

We can also analyze the infeed of renewable energy per week of the year. This can be done for the 

contribution of wind, solar and VRES (total) relative to their nominal capacity as well as the total 

contribution of VRES as a percentage of demand. These four graphs are given in Figure 55. We clearly 

see seasonal variation, where this variation seems to be more modest for wind infeed than for solar 

infeed which shows both a variation of the magnitude and production hours over the seasons of the 

year. The percentage of the demand which is renewably supplied shows a large seasonal variation for 

the top half of the hours of the week (possible daytime hours due to influence of variations in solar 

infeed) and a relatively small variation for the other half of the hours of the week.   
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Figure 55. Weekly values (sorted) for the contribution of wind, solar and VRES (total) relative to their nominal capacity 

and the total contribution of VRES as a percentage of the load, for all weeks of the year (Area A).  
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6.2.8. MONETARY INDICATORS 

 

As adequacy assessments entail an economic optimization, reporting on the financial results of an 

adequacy assessment is within reason. Furthermore, the affordability of the power system is getting 

increasing attention in the Netherlands [168]–[172], whereas its long-term adequacy can only be 

safeguarded if there is a positive business case for power plant owners. For the following monetary 

indicators, test system III was used.  

 

H1 – EXPECTED CUSTOMER INTERRUPTION COSTS 

The Expected Customer Interruption Costs describe the monetary costs of power interruption to 

customers. It can be calculated by multiplying the EENS with the Value of Lost Load. It is therefore a 

relatively straightforward analysis. The value of the VoLL is set to 10,780 €/MWh. The results of this 

analysis are given in Table 56. 

 

Table 56. Expected Customer Interruption Costs (million €) (statistical summary) 

Area Expected Customer Interruption Costs (million €) 

 Min 5th percentile Mean Median 95th percentile Max 

A 0 0 327.18 0 1181.02 1964.22 

B 0 0 261.66 0 1168.60 1639.92 

C 0 0 286.54 0 1194.95 1762.80 

 

As there are Monte Carlo years without a Loss of Load, it is no more than logical that the minimum 

Expected Customer Interruption Costs are zero. The mean value varies somewhat across the different 

regions. As the Value of Lost Load describes an average value across all customers and time periods, 

we perform an additional analysis where we apply a scaling factor to the Value of Lost Load depending 

on the time of occurrence. For all evening hours (18.00-00.00), the Value of Lost Load is now set to 1.5 

times the original value, while it is set to 0.75 times its original value for all other hours. This is a simple 

approximation of the increase in the value of electricity at peak demand of household customers, which 

has been shown to exist [87]. This analysis yields the following results (Table 57). The results of these 

analyses are combined in Figure 56. 

 

Table 57. Expected Customer Interruption Costs (million €) (differentiated VoLL) (statistical summary) 

Area Expected Customer Interruption Costs (million €) (differentiated VoLL) 

 Min 5th percentile Mean Median 95th percentile Max 

A 0 0 363.09 0 1331.57 2151.46 

B 0 0 291.13 0 1291.36 1725.87 

C 0 0 315.42 0 1269.73 2018.28 

 

There is quite some variation across the three different areas. In case of the differentiated VoLL, the 

Expected Customer Interruption Costs increase for all areas. The mean value of the Expected Customer 

Interruption Costs increases with approximately €30 M. Apparently, quite some of the Loss of Load 

occurrences take place at valuable time periods, since the Expected Customer Interruption Costs could 

also have decreased as a result of this differentiated analysis.  
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Figure 56. Boxplot of Customer Interruption Costs per area for uniform and differentiated Value of Lost Load  

 

H2 – OCCURRENCES OF PEAK PRICE 

The frequency and severity of peak price occurrences is an important parameter, since it describes the 

(extreme) deviations from the average electricity price. Since our system has a large infeed of VRES and 

no interconnection to other systems, it is expected that there is quite some volatility in the marginal 

price of electricity, becoming zero at times of high VRES infeed and very high at times of low VRES 

infeed. Therefore, we also analyze the cost price of electricity (total instantaneous system costs divided 

by the instantaneous load). We distinguish between the occurrence of high prices (three times the value 

of average prices) and extreme prices (ten times the value of average prices). The results of this analysis 

are given in Table 58. 

 

Table 58. Occurrences of peak prices 

Area Occurrences of peak prices 

  Marginal prices Cost prices 

  High prices Extreme prices High prices Extreme prices 

A 

Occurrences (#) 668 301 412 148 

Occurrences (%) 7.65 3.45 4.71 1.69 

Mean value (€) 103.78 103.78 12.86 12.86 

Mean value (peak) (€) 1262.76 2054.98 136.68 255.02 

B 

Occurrences (#) 668 301 266 41 

Occurrences (%) 7.65 3.45 3.04 0.47 

Mean value (€) 103.78 103.78 23.21 23.21 

Mean value (peak) (€) 1262.76 2054.98 155.06 344.60 

C 

Occurrences (#) 668 301 409 133 

Occurrences (%) 7.65 3.45 4.68 1.52 

Mean value (€) 103.78 103.78 12.02 12.02 

Mean value (peak) (€) 1262.76 2054.98 120.42 233.11 
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As can be inferred from Table 58, the three areas display the exact same results for the marginal price. 

Apparently, there is full convergence for marginal prices across these areas. The data for cost prices 

shows somewhat more variation across the areas. It can be inferred that extreme cost prices rarely occur 

(under 150 hours per year), indicating that the fluctuations in the cost prices are somewhat moderate. 

This is in line with expectations, as cost prices hardly increase in times of scarcity whereas marginal 

prices do. Indeed, the peak prices are higher for the marginal prices than for the cost prices. For high 

marginal price occurrences, Demand Side Response could be used to prevent high costs for consumers. 

The results of this specific test system show that this could be a realistic solution since these very high 

prices do not occur frequently. If they would occur more frequently (e.g. 20% of the time), DSR would 

be less likely to be able to mitigate these issues as DSR has activation limits.  

 

H3 – PRICE DURATION CURVE 

To gain more insight into the occurrences of different prices within the power system, the applicable 

prices can be displayed in a sorted manner, analogue to the Load Duration Curve. Similarly to the 

previous analysis, this is done for both the cost prices (Table 59) as well as the marginal prices (Table 

60). The two respective Price Duration Curves are displayed in Figure 57. 

 

Table 59. Statistical summary of prices and occurrence of zero prices (cost prices) 

Area Statistical summary of prices and occurrence of zero prices (€) (cost prices) 

 Price value Occurrence zero prices 

 Min 5th percentile Mean Median 95th percentile Max # % 

A 3.44 4.28 12.86 6.21 35.06 653.56 N/A N/A 

B 10.18 12.50 23.21 18.44 42.46 530.18 N/A N/A 

C 3.53 4.33 12.02 6.17 32.65 579.58 N/A N/A 

 

Table 60. Statistical summary of prices and occurrence of zero prices (marginal prices) 

Area Statistical summary of prices and occurrence of zero prices (€) (marginal prices) 

 Price value Occurrence zero prices 

 Min 5th percentile Mean Median 95th percentile Max # % 

A 0 0 103.78 0 646.80 5228.23 7593 86.92 

B 0 0 103.78 0 646.80 5228.23 7593 86.92 

C 0 0 103.78 0 646.80 5228.23 7593 86.92 

 

  
Figure 57. Price Duration Curves for Area A, for cost prices as well as marginal prices 
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The information on the price value (and price duration curve) shows that there are quite high values 

for the price, but they do not happen frequently (<5% of all values). However, the maximum prices can 

reach up to 50 times the mean price level. However, for prices their frequency matters more than its 

value at extreme levels, since storage and DSR levels can mitigate high price levels if they do not occur 

very frequently. That this is the case for our system, can be derived from the reported information on 

the Price Duration Curve.  

 

H4 – ACTIVATION HOURS OF DSR, RESERVES & STORAGE 

Analyzing the amount of activation hours of flexibility options such as Demand Side Response, 

strategic reserves and storage gives away information on the feasibility of potential new projects and 

could give away information on the type of required technologies. Our test system does not contain 

DSR and strategic reserves. Therefore, for all hours of the year and for all Monte Carlo years, it is 

analyzed whether storage was activated (either charging or discharging). In our test system, the storage 

facility had low marginal costs with significant energy volume, and we therefore expect high amount 

of activation hours. The activation hours per year were subjected to a statistical analysis on the 200 

Monte Carlo years.  

 

Table 61. Activation hours of storage 

Area Activation hours of storage (hours per year) 

 Min 5th percentile Mean Median 95th percentile Max 

A 8555 8704 8727.91 8734 8736 8736 

B 8641 8713.50 8730.99 8734 8736 8736 

C 8605 8688.20 8726.99 8734 8736 8736 

 

As can be inferred from the information in Table 61, the storage facility in our test system is activated 

at almost every time instant of the year. This is the result of the low marginal costs of this facility, which 

results in the optimization algorithm of ANTARES dispatching the storage frequently, although its 

power dispatch varies quite significantly. These results show that potential additional storage facilities 

would have a sizeable amount of hours per year of dispatch and thus plenty opportunity to make 

sufficient revenues in order to make a profit, which incentivizes the construction of additional storage 

facilities.  

 

H5 – STORAGE REVENUES 

Analyzing the dispatch of storage coupled to the marginal or cost prices at that given time gives insight 

into the costs, revenues and profits of storage facilities. These are therefore analyzed. For every non-

zero dispatch of the storage facility, the costs or revenues are calculated based upon the direction of the 

flow and the applicable marginal price and cost price. By averaging these for all time instants of the 

year across all Monte Carlo years, we can gain detailed insight into the revenues of storage facilities 

(Table 62 and Table 63).  
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Table 62. Hourly storage costs and revenues (marginal prices) 

Area Hourly storage costs and revenues (marginal prices) (€) 

 Costs Revenues 

 Min Mean Median Max Min Mean Median Max 

A -5295092 -749607.50 -164679 -116.42 271.65 1710524 445592 16080587 

B -10077234 -1616822 -381208 -53.90 269.49 802957 256866 9084087 

C -3416034 -599618.2 -160973 -116.42 38.808 1684124 389935 16435151 

 

Table 63. Hourly storage costs and revenues (marginal prices) 

Area Hourly storage costs and revenues (cost prices) (€) 

 Costs Revenues 

 Min Mean Median Max Min Mean Median Max 

A -3433379 -51813 -7410 -538.19 2584.70 11354 6673 405738 

B -3755208 -99687 -40724 -13019 2805.13 10950 9256 118978 

C -2726163 -39692 -5296 -191.95 3427.98 13178 983.18 324326 

 

We can also calculate the average storage costs, revenues and profits per MWh of energy, using a 

statistical distribution over all Monte Carlo years. This analysis has been executed upon the basis of 

marginal prices and its results are given in Table 64. As can be inferred from this analysis, for two out 

of three areas, the storage facility is making an operational profit (mean value). The mean profit values 

are positive at high returns per MWh, except for Area B. This may be the result of an artefact, since our 

system shares the storage facility across all the three different areas, instead of having a storage system 

attributed to every single system. In any case, this analysis shows that a rough insight into the business 

case of storage facilities can be given based on adequacy assessments. Although storage facilities could 

also gain revenues from, for example, intra-day balancing – which is not included in this analysis – the 

adequacy assessment can nonetheless give a first insight into the profitability of storage facilities and 

is thus a useful indicator for use in adequacy assessments.  

 

Table 64. Annual storage costs, revenues and profits per MWh of energy  

Area Annual storage costs, revenues and profits per MWh of energy (€) 

 Costs Revenues Profits 

 Min Mean Max Min Mean Max Min Mean Max 

A -620.82 -135.69 0 20.98 256.82 738.45 -366.38 121.13 606.31 

B -720.39 -238.57 -9.87 5.48 153.90 550.59 -567.18 -84.67 225.91 

C -415.06 -102.72 0 20.98 289.76 718.95 -234.89 187.04 562.63 
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H6 – CHANGES IN LOAD FACTOR OF POWER PLANTS 

As adequacy assessments contain information on the expected dispatch of power plants, the load factor 

of different power plant technologies can be analyzed. Changes in this load factor may function as an 

early warning signal for the decreasing profitability of certain generation technologies. The load factor 

can be analyzed in a static situation (given sight year), or changes over the years could be displayed. 

Figure 58 displays the static load factors for the three different areas, as well as a demonstration of a 

decreasing load factor for gas power plants in Area B (not based on simulated data). In this case, it can 

clearly be seen that the load factor of gas power plants is decreasing significantly over the years. This 

could warrant further analysis into the expected future profitability of gas power plants in order to 

safeguard the reliability of the power system.  

 

  

  
Figure 58. Load factor of different technologies for areas A-C,  

demonstration of decreasing load factor of gas power plants for Area B  
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6.2.9. TRANSMISSION CAPACITY 

 

As the modelling software used in this thesis (ANTARES) does include not the option to include limited 

internal transmission capacities, the following analyses are not been based upon simulations performed 

in ANTARES but rather upon calculations for demonstration purposes. Although it may be difficult to 

include such calculations in adequacy assessments in the (near) future, these indicative calculations are 

used to highlight the added value of using these indicators as well as demonstrating how they can be 

calculated.  

 

I1 – DISTANCE BETWEEN LOAD AND SUPPLY CENTERS 

Adequacy assessments typically assume a ‘copper plate’ for the internal network, although some recent 

developments towards flow-based interconnection capacities do partially take internal network 

constraints into account. Since including all internal network constraints into adequacy assessments 

may be too complex in the short-term, it is therefore useful to see how network-related aspects can be 

taken into account in a simplified way in adequacy assessments. The calculation of (changes in) the 

distance between the load and supply satisfies this need. It can be calculated for the average values of 

load and supply, for all time steps or for time steps with certain characteristics (e.g. high wind infeed). 

A simplified example is given below. Consider a power system with three load centers and three supply 

centers, each consisting of a certain share of the load (or: supply) and with certain distances to each 

other (see Table 65 and Figure 59).  

 

Table 65. Key information on power system characteristics for demonstration calculation 

Supply center Weight Load center Weight 

A 30% 1 40% 

B 30% 2 30% 

C 40% 3 30% 

 

 
Figure 59. Map of the Netherlands, showcasing three supply centers (in green) and three load centers (in blue) and the 

nine lines drawn in between them for calculation purposes (not to scale). 
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We want to calculate the distance between the load and supply centers, averaged for their respective 

relative share of total load or supply (‘weight’). In order to do so, we draw lines from each supply center 

to each load center, determine the distance between those and calculate its relative distance by applying 

the respective weights to it.  

 

∑(𝑤𝑒𝑖𝑔ℎ𝑡𝑠𝑢𝑝𝑝𝑙𝑦 ∗  𝑤𝑒𝑖𝑔ℎ𝑡𝑙𝑜𝑎𝑑 ∗ 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒)𝑎𝑙𝑙 𝑙𝑖𝑛𝑒𝑠

∑ 𝑤𝑒𝑖𝑔ℎ𝑡𝑠𝑠𝑢𝑝𝑝𝑙𝑦 ∗  ∑ 𝑤𝑒𝑖𝑔ℎ𝑡𝑠𝑙𝑜𝑎𝑑

 

 

The sum of these lines expresses the relative need for transmission capacity. Consider the following 

example of this calculation (Table 66).  

 

Table 66. Calculation of distance between load and supply centers (case one) 

Supply center Weight Load center Weight Distance (km) Product 

A 30 % 

1 40 % 240 28.80 

2 30 % 170 15.30 

3 30 % 150 13.50 

B 30 % 

1 40 % 140 16.80 

2 30 % 150 13.50 

3 30 % 145 13.05 

C 40 % 

1 40 % 10 1.60 

2 30 % 70 8.40 

3 30 % 100 12.00 

Total 100%  100 %  122.95 

 

The distance between the weighted load and the supply center has been calculated to be 122.95 km. 

Now consider the case where supply center B would lie almost at the same position as load center three. 

This would yield the following results of the calculation (Table 67).  

 
Table 67. Calculation of distance between load and supply centers (case two) 

Supply center Weight Load center Weight Distance (km) Product 

A 30 % 

1 40 % 240 28.80 

2 30 % 170 15.30 

3 30 % 150 13.50 

B 30 % 

1 40 % 90 10.80 

2 30 % 100 9.00 

3 30 % 10 0.90 

C 40 % 

1 40 % 10 1.60 

2 30 % 70 8.40 

3 30 % 100 12.00 

Total 100 %  100 %  100.3 

 

The distance between the weighted load and the supply center is now determined to be 100.30 km, a 

decrease of 18.42%. This signals a decrease in the distance between the weighted centers of the load and 

supply, and thus (as a first estimation) a likely decrease of the required overall transmission 

infrastructure in order to accommodate these load and supply.  



TOWARDS A RENEWED UNDERSTANDING OF ADEQUACY FOR FUTURE POWER SYSTEMS 

 

144 

 

Such calculations can be done for the average values of the load and supply centers for different years 

(signaling an increase or decrease in required transmission capacity), or for evaluating the relative 

internal transmission capacity usage for different conditions (e.g. high wind infeed, or high consumer 

demand). Its results should be interpreted carefully though, as an overall decrease in required 

transmission capacity could still entail an increase in required transmission capacity for certain specific 

connections. Nonetheless, it can be used as a first analysis in order to gain some insight into the use of 

transmission capacity, which may warrant more detailed and complex analyses. As this thesis has 

argued that transmission limitations should be included into adequacy analyses in the future (see 

Section 5.1.3), the use of this indicator could form a first step towards the further integration of 

transmission and generation adequacy assessments.  

 

I2 – TRANSMISSION NETWORK CAPACITY VIOLATIONS 

The power system can only satisfy the outcomes of the day-ahead market if it is able to supply power 

from the supply to the load (and back in case of prosumers). With sufficient transmission capacity, this 

will be the case. However, in reality, redispatch may be required in order to satisfy the market 

outcomes. Prolonged periods of redispatch and/or an increase in the need for redispatch may warrant 

policy changes or network reinforcements and thus need to be monitored in order to be able to 

undertake mitigative action. Occurrences of redispatch are characterized by their number (or: 

frequency), the geographic locations that they impact and the magnitude of the redispatch (MW). There 

are two ways by which the transmission network capacity violations can be taken into account into 

adequacy assessments.  

The most complete, but also most complex, one is by implementing certain binding constraints 

into the adequacy assessment modelling software tool. Based on historic redispatch data, it can be 

analyzed under which circumstances redispatch is required and what the characteristics of this 

redispatch is. However, as the power system is undergoing major changes, these patterns might change. 

Alternatively, this data could be based upon more detailed future transmission network capacity 

calculations executed for transmission grid planning. This logic could be implemented as a binding 

constraint. For example, if the combination of high industrial demand in Rotterdam and high wind 

infeed in the Northern part of the Netherlands would require redispatch, such situations could be 

implemented as non-valid outcomes within the adequacy assessment, which would force the model to 

seek an alternative market outcome (non-optimal; thus with higher costs) that would satisfy all binding 

constraints.  

By applying this method, network limitations are taken into account without the need to make 

the model overly complex, however, it does require careful analysis of historic (or: simulated) network 

transmission capacity data and it may not reflect all future redispatch occurrences since it does not 

simulate all potentially possible market outcomes. However, this may be the most complete method to 

include transmission network capacity constraints into adequacy assessments without implementing 

full-fledged network capacity calculations into the models for adequacy assessments.  

A more qualitative approach would analyze historic data in order to monitor certain trends, 

thus including a qualitative analysis of trends of transmission network operations into the report on 

power system adequacy, without taking this into account into the modelling of the power system 

adequacy in itself. This qualitative analysis of trends could focus on the amount of occurrences of 

redispatch, the geographic location of these required redispatch instances and their magnitude. 

Furthermore, the root causes of these redispatch instances could be analyzed. For example, they may 
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occur at time instants with specific characteristics (high industrial demand; high solar infeed; high wind 

infeed). It could subsequently be analyzed whether these circumstances are likely to happen more 

frequently in the future, as these circumstances are implemented into the adequacy assessment 

modelling.  

Thus, in order to approximate future redispatch occurrences, a simple scaling factor could be 

applied to the current redispatch occurrences. Suppose there are ten time instances a year for which a 

certain set of characteristics of the power system holds (e.g. low industrial demand, high 

imports/exports, high wind in-feed), and for half of these instances, redispatch is required. If the 

modelling of power system adequacy indicates that this set of characteristics of the power system will 

hold for 200 times a year in the future, a first analysis could indicate that it can be expected that 

redispatch will grow from five to 100 instances a year. If such an analysis is done for different power 

system circumstances and added up, a first indication of the amount of future required redispatch can 

be given.  

 

I3 – LOSS OF SUPPLY POSSIBILITY EXPECTATION 

A power system can only be regarded to be adequate if it is not only able to satisfy demand, but also 

able to satisfy the applicable supply, subject to market conditions. Outages of the transmission network 

entail a loss of supply. Power system adequacy assessments could thus also include an indicator on the 

loss of supply expectation.  

Conventionally, this is implicitly done by including a Forced Outage Rate (FOR) for thermal 

generation, which describes the amount of hours (and frequency) of unexpected outages of 

conventional generation. Thus, the loss of supply expectation can be expressed as the amount of hours 

per year for which it is not expected that all generation is dispatchable. Just as relevant for adequacy 

assessments is, however, to distinguish between the sources of the unavailability. Supply unavailability 

may be caused by a transmission outage, or by an outage of the generator. The share of outages caused 

by transmission failures, gives information on the expected future profitability of power plants and/or 

compensation costs of the TSO. This division could be drawn up upon the basis of historic data and/or 

transmission network outage models. Although power generation is typically connected with a N-1 

redundant connection in the Netherlands, the probability of an outage remains to be non-zero and thus 

needs to be taken into account.  

Furthermore, it is especially relevant to include calculations on the loss of supply possibility 

for VRES infeed, which is currently not subjected to a Forced Outage Rate in most models. Although 

this may be a viable solution for onshore VRES infeed, where the outage of a single wind turbine and/or 

solar park would have minor consequences, offshore wind turbines are typically connected in a 

bundled way, without a redundant connection as opposed to conventional onshore thermal generation. 

Offshore network availability was 94.50% as opposed to 99.9988% availability for onshore in 2018 [26], 

showcasing that the unavailability of offshore network transmission capacity has a real impact on the 

security of supply once offshore wind becomes a large supplier of power demand. Therefore, the forced 

outage rates of transmission infrastructure also needs to be taken into account to quantify the full loss 

of supply possibility expectation. Furthermore, with an increase of distributed generation, the 

unavailability of distribution networks may also have a large impact on the power system adequacy. It 

could thus be further analyzed to what extent distribution network unavailability could be taken into 

account in adequacy assessments, in order to be able to quantify the loss of supply possibility 
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expectation as well as improve the calculation of overall power system adequacy and all its other 

indicators.  

 

6.2.10. POWER QUALITY  

 

The quality of the power is a phenomenon that takes place at different timescale than typical adequacy 

assessment; where adequacy assessments focus on time periods of years, power quality is associated 

with the microsecond timescale (e.g. harmonics) or hourly timescale (e.g. hourly voltage fluctuations). 

It is therefore difficult to bridge the gap between these two factors. However, ultimately, a power 

system cannot be regarded to be adequate if it is not able to supply power within the given quality 

requirements [21]. Electrical power can only be regarded to be electrical power if it suffices certain 

criteria. With the increase of power electronics within the grid, the decrease of synchronous equipment 

and the rise of distributed generation, safeguarding the power quality is becoming more important 

[173]. As power quality is not included in adequacy assessment modelling software tools, the following 

analyses has not been based upon calculations carried out with ANTARES.  

 

J1 – OCCURENCES OF INSUFFICIENT POWER QUALITY 

The power quality is already being monitored and periodically assessed by TSOs and DSOs [174]. 

Trends in these monitoring data may be distilled, in order to quantitatively assess improvements or 

deteriorations in the power quality. Furthermore, the instances with insufficient power quality may be 

analyzed further. Perhaps these instances can be associated with certain conditions of the power system 

(e.g. high ramping rates, loss of generation etc.). Based on the simulations of power system adequacy 

assessments, the occurrences of these conditions can be analyzed. This could give a first rough insight 

into expected future power quality.  

Similarly to the occurrences of redispatch, such an analysis could be executed upon the basis 

of the determination of a certain scaling factor. Suppose it is found that for certain conditions of the 

power system (e.g. 10 occurrences per year), the power quality does not satisfy the applicable legal 

requirements. Suppose these conditions are found to increase to 50 times a year for future years, based 

on the modelling of the power system for adequacy assessments (scaling factor of five). A rough 

estimation would then show that it could be expected that power quality does not satisfy the applicable 

legal requirements for 50 times a year. If this analysis is done for the power quality at different locations 

for different power system conditions, a first indication of the amount of future occurrences of 

insufficient power quality can be given.  
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6.3. CONCLUSION 

 

The goal of this chapter was to demonstrate how the forty-two proposed indicators (divided over ten 

categories) can be calculated for use in adequacy assessments. Furthermore, the added value of the use 

of these indicators was highlighted where applicable. As the stakeholders of adequacy assessments are 

diverse, this thesis contains a range of possible adequacy indicators that could be used. It was, 

unfortunately, not possible to demonstrate the use of all indicators using the results of the adequacy 

assessment modelling due to the limitations of current modelling tools. Therefore, for some indicators, 

demonstrative calculations have been shown but were not based upon modelling results 

(‘demonstrated indicators’). The other indicators have been based upon explicit modelling results of 

ANTARES (‘modelled indicators’). For most of the indicators, however, the results outlined in this 

chapter are based upon the explicit modelling of the power system within ANTARES. Some of these 

are easily calculated upon the basis of indicators already available, while others require more complex 

data analysis or even integrated additional modelling not yet available. For all of the proposed 

indicators, it has thus been demonstrated how they can be used in adequacy assessments. The main 

conclusions per indicator category are given below:  

 

A. The indicators on the probability of adequacy provide accessible information on the expected 

future adequacy of the system, are in line with current practice on transmission adequacy and could 

provide information to policy makers and regulators on the optimum power system reliability. The 

probability of adequacy and the probability of the power interruption are two easy to grasp 

indicators which are suitable to be used for general communication towards the society. By 

expressing these probabilities as a percentage, these indicators are brought in line with indicators 

on transmission adequacy and they express the fundamentally probabilistic nature of adequacy 

assessments.  

B. The indicators on the Loss of Load Expectation serve two goals. On the one hand, this is the main 

indicator of current power system adequacy evaluations and it can thus be useful to also include 

these in future reports for comparative purposes. On the other hand, a subdivision towards the 

root causes of power system inadequacy is proposed in order to gain clear insight into the causes 

of inadequacy. Although these indicator require relatively complex data analyses, they do not 

necessitate significant changes in the modelling approach used for adequacy assessments.  

C. The proposed indicators on the timing of inadequacy give information on the occurrence of 

inadequacy. This is useful information, since it can portray what kind of mitigation actions would 

be required and/or effective, as well as expressing how often power system inadequacy would 

occur for how long, which gives insight into the gravity of power system inadequacy. Furthermore, 

detailed insight into the timing of inadequacy also provides the means to perform analyses on 

optimal power system reliability with differentiated values for the Value of Lost Load.  

D. The indicators on scarcity events give insight into the characteristics of the power system at the 

time of power system inadequacy. In doing so, they also provide information on the most effective 

potential mitigative actions, such as increasing transmission capacity, storage capacity and/or 

installed VRES capacity. Together with the information on the severity, timing and root causes of 

inadequacy, it provides all the necessary information for policy makers to base decisions on.  
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E. The energy / power deficit describes the magnitude of scarcity events, since it can be important for 

stakeholders to discriminate between smaller and larger magnitudes of scarcity events. Together 

with the information on the timing and duration of inadequacy, this provides some insight into the 

potential consequences of power system inadequacy to society. For instance, whereas relatively 

small inadequacy events could – if necessary – be resolved with involuntarily load shedding of 

small regions, large inadequacy events would affect a larger region with more far-reaching effects.  

F. The proposed indicators on flexibility give detailed insight into the required future demand for 

flexibility, by providing quantitative information on the required flexible power in terms of its 

capacity, energy content and ramping rates. Furthermore, by providing information on the 

required amount of VRES for an annually self-sufficient power provision, pathways towards a 

carbon-neutral power system can be analyzed. The use of storage is evaluated as well, which 

provides the required information to assess the feasibility of storage facilities.  

G. The environmental indicators express to what extent future power systems are compliant with 

environmental goals and can thus be used to identify potential trade-offs within the power system, 

for instance between affordability, sustainability and security (reliability).  

H. The monetary indicators provide users of adequacy assessments with financial-economic 

information which can be used for multiple purposes. It can be used to analyze the optimal 

functioning of the power system from an economic point of view, provide information on the 

(future) profitability of power plants, the feasibility of energy storage facilities as well as customer 

prices which may be relevant to both customers as well as policy makers.  

I. Indicators on transmission capacity are used to express the future needs for transmission capacity 

and could signal the need for more detailed analyses on transmission capacity expansion. 

Furthermore, they provide some information on the impact of transmission network unavailability 

for the business case of power plant producers and/or compensation costs for TSOs, depending on 

the applicable regulatory regime. It can also be seen as a first attempt to integrate – or at least bridge 

the gap between – generation and transmission adequacy assessments. As these have a (growing) 

reciprocal effect on each other, it is no more than logical that these will be brought together more 

closely in the future.  

J. Lastly, the indicator on power quality expresses the expected future deviations of the power supply 

from its legal boundaries. It gives an indication on the number of times power is delivered to 

customers but it does not adhere to the applicable quality standards and thus the power delivery 

cannot be regarded to be fully adequate.  

 

The demonstration of the forty-two proposed indicators has shown that many insights can be derived 

from power system adequacy assessments, which were previously not available. The added value of 

these additionally proposed indicators does thus really exist. Including a probabilistic distribution of 

the indicators does not only reflect the probabilistic nature of these adequacy assessments, but also 

gives additional insight. For example, it can be shown that there are many years within the Monte Carlo 

simulation with no loss of load. An increase or decrease in this amount of years may also act as a 

warning signal, aside from the average value of the LOLE. This also showcases that detailed further 

analyses provide additional insight. This is for example the case with the provided heatmaps for the 

timing of inadequacy and the subdivision over all weeks of the year for indicators related to the 

(required) flexibility.  
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Furthermore, power system behavior which is observed in practice and theoretically expected, also 

becomes apparent within the simulations of the power system simulations. This for example holds for 

the duck curve. Detailed analyses can thus be done on these simulation results, which can subsequently 

impact actual power system behavior, for instance through policy changes. Furthermore, the 

congruence between theory, practice and simulation also serves as a validation of the results of the 

modelling. Lastly, this chapter has shown that the combination of power system modelling with 

ANTARES and data analysis with R is a very powerful tool, enabling all kind of insightful and 

advanced analyses on massive datasets of power system simulations.  

With the calculations and analyses of the modelled indicators, the use of these forty-two 

indicators has been showcased. The indicators as demonstrated in this chapter will provide adequacy 

assessment researchers with a large toolkit. With regards to the adequacy indicators, there are now 

more options to choose from, providing additional insights previously not available.  
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PART III – RECOMMENDATIONS & IMPLICATIONS  

 

 RECOMMENDATIONS FOR FUTURE POWER SYSTEM ADEQUACY 

ASSESSMENTS 

 

Having demonstrated the use of the proposed indicators as well as the additional insights that can be 

derived from these indicators, this chapter discusses practical recommendations for future power 

system adequacy assessments. As these assessments are typically carried out by TSOs, governments 

and research organizations, the recommendations are geared towards these users. Furthermore, a 

preliminary overview on the ease of implementation per indicator will be given, highlighting which 

indicators are ‘quick wins’ and which indicators would require more efforts by the industry to be 

implemented. In doing so, these stakeholders will be provided with practical recommendations on the 

further improvement of their (communication on) adequacy assessments. These two sections provide 

general recommendations for TSOs, governments and research organizations performing adequacy 

assessments. As this thesis contained a particular focus on the Dutch power system, specific 

recommendations geared towards the Dutch context – aimed at both the Dutch government as well as 

the Dutch TSO TenneT – are given in Section 7.3.  

 

7.1. IMPROVING ADEQUACY ASSESSMENTS  

 

As has been shown in Chapter 6, the proposed indicators provide the users of adequacy assessment 

with much more information than currently given. This information can subsequently be analyzed 

further and used to steer policies in such a way that it leads towards optimal (or at least: acceptable) 

outcomes in the complex interplay between the different interest of different actors within the power 

system. These results can therefore be interpreted as an extension of the toolkit available to adequacy 

assessment researchers, where they should choose which tools to use depending on the goals of the 

adequacy assessment and the characteristics of the system under study. Based upon the results of this 

research, the following recommendations are given to TSOs, governments, regulators and research 

agencies executing adequacy assessments: 

 

1. It is recommended to adopt the proposed renewed understanding of adequacy and by doing so 

broaden the scope of adequacy assessments, as this has become necessary due to developments in 

the power sector. Adopting the renewed understanding of adequacy will be helpful in ensuring 

that adequacy assessments remain relevant and a reliable source of information, as an increasing 

mismatch between conceptual understanding, simulation and practice is prevented from taking 

place. 

2. Researchers executing adequacy assessments are recommended to include more indicators in their 

reports on adequacy assessments. This thesis has provided in a large toolkit of adequacy indicators 

that could be included in these reports. It is therefore quintessential that all proposed indicators are 

available to those researchers performing adequacy assessments. TSOs, governments and research 

organizations should thus be capable of reporting on all these indicators, after which expert 

judgment can be used in deciding which indicators to use depending on the scope and research 
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goal of the adequacy assessment. As this is currently not the case, further recommendations on the 

implementation of proposed indicators is given in Section 7.2. 

3. Consultation and cooperation with other infrastructure sectors on safeguarding reliability as well 

as the evaluation of reliability could bear fruitful results. Although there are significant differences, 

there also exist many similarities between these sectors and one could learn from each other by 

sharing best practices. For instance, where in the power sector only the Value of Lost Load is taken 

into account, the mobility sector also explicitly takes into account the so-called ‘Value of Reliability’ 

which could also be applied to the power sector.  

4. In cooperation with academia, it should be investigated how transmission network constraints can 

be included in order to arrive at integrated studies. Since generation and transmission adequacy 

increasingly have an impact on another, the reliability evaluations should also be integrated. The 

impact of the unavailability of distribution networks on the contribution of distributed generation 

could also be researched further. Some first steps have already been taken. The Infrastructure 

Outlook 2050 for example has investigated the potential of infrastructure network coupling on the 

necessary flexibility for future power systems and can be regarded as a first step towards integrated 

studies [25]. This pathway should be continued.  

5. The (market) models of power system adequacy assessments can be improved further. Cooperation 

with academia could bear fruitful results with regards to these improvements [75]. The limitations 

of current modelling efforts has been discussed in Section Error! Reference source not found.. 

Following these limitations, improvements with regards to the inclusion of VRES, flexibility, price 

elasticity, DSR and the Value of Lost Load into adequacy models need to be carried out. Further 

work can be undertaken in order to include sufficient climate variation in the database of climate 

years used in the Monte Carlo simulations. Sub-hourly modelling may be required to properly 

assess the future need for flexibility within the power system. Furthermore, further work should 

be undertaken in order to include all relevant aspects of storage, Demand Side Response, VRES 

curtailment and other forms of flexibility. This requires a reorientation of the market modelling as 

the proper inclusion of DSR requires the simulation of demand curves as well, next to the supply 

curves which are already modelled. This need for improved system models has already been 

recognized [146]. Furthermore, properly including the Value of Lost Load is of vital importance for 

adequacy assessments. Apart from undertaking further efforts in defining the monetary value of 

the VoLL, differentiation in the VoLL could be included in the models in order to simulate actual 

power system behavior more closely.  

6. Adequacy analyses should not only be used to evaluate the adequacy of current power system 

under some scenarios, but could also be employed to research the (quantitative) requirements for 

the proper working of future power systems. Such ‘what-if’ analyses are important for power 

system design and planning. For example, current adequacy assessments typically count on 

thermal generation as back-up in case of inadequacy risks. Such studies often do not evaluate how 

a power system can remain adequate when the predominant source of power are VRES and 

conventional thermal units have been decommissioned. For that, an assessment of future flexibility 

requirements is necessary. If adequacy assessments are also employed for that goal, policy makers 

are provided with the necessary information to steer the energy transition into the desired 

direction.  
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7. The general public, the government and NGOs can be proactively informed on possible transition 

routes and/or quantitative evaluations of trade-offs within the power system. This is necessary in 

order to make sure discussion in society is being based on actual and trustworthy information and 

enables policy makers and society to make the ‘smart’ choices in choosing transition pathways 

towards a more sustainable society.  

8. Target values for the desired level of adequacy need to be explicitly set by governments after a 

detailed analysis into the optimal power system adequacy. As has been shown in Section 3.3.1, a 

considerable number of European countries have no (legally codified) adequacy standard yet. The 

desired adequacy standard could be determined (and periodically updated) by researching what 

the optimal power system adequacy is for the current characteristics of the power system. This 

requires considerable efforts but is essential in order to achieve an economic optimum. It may not 

be necessary to perform this time-consuming analysis every year, but it could be useful to validate 

whether the current LOLE threshold does indeed (approximately) reflect the optimum.  

9. It is recommended that the communication on power system adequacy takes into account the 

fundamentally probabilistic nature of adequacy assessments and that the results of adequacy 

studies should thus always include a probability distribution of the results.  
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7.2. IMPLEMENTATION OF THE PROPOSED INDICATORS 

 

As mentioned in the second recommendation in the previous section, there are large differences among 

the forty-two proposed indicators when it comes to the ease by which these could be implemented into 

adequacy assessments. Some of the indicators hardly require any data analysis of the results of the 

adequacy modelling, where others required complex analyses and/or fundamental changes in the 

modelling of the power system. Therefore, using the following four categories, each indicator was 

assigned a preliminary judgment on the ease of implementation for future adequacy assessments: 

I. Calculation can be based upon existing adequacy indicators 

II. Calculation requires further analysis of modelling output 

III. Calculation requires in-depth data analysis of (intermediate) modelling results 

IV. Calculation requires fundamental reorientation of modelling tools 

 

Table 68. Preliminary overview on the expected ease of implementation on proposed adequacy indicators 

Indicator group Indicator Number 
Expected ease of  

implementation 

Adequacy probability 

Probability of adequacy A1 I 

Probability of power interruption A2 I 

SAIFI, including generation inadequacy A3 I 

SAIDI, including generation inadequacy A4 I 

Reliability / cost curve A5 II 

Loss of Load Expectation 

Loss of Load Expectation (LOLE) (total) B1 I 

Insufficient Ramp Resource Expectation (LOLE – IRRE) B2 III 

Insufficient Transmission Capacity Expectation (LOLE – ITCE) B3 III 

Insufficient Power Resources Expectation (LOLE – IPRE) B4 III 

Timing of inadequacy 

 

Timing of occurrence of inadequacy C1 II 

Relative frequency of inadequacy C2 II 

Time period between inadequacy occurrences C3 II 

Expected duration of load curtailment C4 II 

Scarcity event 

LOLE per area, with and without interconnection D1 II 

Interconnection capacity saturation in case of scarcity D2 III 

Simultaneous scarcity D3 II 

VRES contribution during scarcity event D4 III 

LOLE reduction in case of use of curtailed energy D5 III 

Energy / Power deficit 

Expected Energy Not Served (EENS) E1 I 

Expected Power Not Supplied (EPNS) E2 I 

Health index E3 I 

Severity of deficit per scarcity event E4 III 

Flexibility 

Residual load duration curve F1 III 

Required flexible power F2 III 

Required flexibility F3 III 

Required ramping rates flexibility F4 III 

Periods of flexibility deficit F5 III 

Required VRES for annually balanced residual demand F6 III 

Expected Energy Supplied by Energy Storage (EESES) F7 III 

Forecastability F8 II / IV* 

Environmental indicators 
CO2-emissions G1 II 

Renewably supplied demand G2 II 

Monetary indicators 
Expected customer interruption costs H1 III 

Occurrences of peak prices H2 III 
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Indicator group Indicator Number 
Expected ease of  

implementation 

Price Duration Curve (PDC) H3 III 

Amount of activation hours of DSR, reserves & storage H4 III 

Storage revenues H5 III 

Changes in load factor of power plants H6 III 

Transmission capacity 

Distance between load and supply centers I1 III / IV* 

Transmission network capacity violations I2 II / IV* 

Loss of Supply Possibility Expectation (LSPE) I3 IV 

Power quality Occurrences of insufficient power quality J1 II / IV* 

 

* For these indicators, it has been indicated how they would ideally be calculated, as well an alternative method providing a 

simplified approximation. The first assessment focusses on the simplified approximation, the second assessment (IV in all 

cases) on how they would ideally be calculated.  

 

Table 68 gives an overview of the ease of implementation per indicator. Using this table, adequacy 

experts can decide which indicators will need to get priority in the implementation in adequacy 

assessments. The expected ease of implementation is a preliminary judgment by the author and may 

vary slightly across different power system adequacy assessment simulation tools and workflows. 

Nonetheless, it is clear that some indicators are easier to implement than others.  

The total set of forty-two indicators provide researcher with a large toolkit which should be 

completely available to those researchers. TSOs, governments and research organizations should thus 

be capable of reporting on all these indicators. Development programs should be set up if this is not 

yet the case. Nonetheless, it is foreseeable that not all of the proposed indicators will be used at first 

instant already while performing an adequacy assessments.  

Adequacy experts should rather decide which indicators are required at what moment, using 

some kind of a decision tree in doing so. It is recommended to always use those indicators on adequacy 

probability (A1-A4), the Loss of Load Expectation (B1-B4) and Energy / Power deficits (C1-C4). These 

indicators together form a basis which gives a good preliminary overview of power system adequacy 

(the ‘stem of the decision tree’). Most of these indicators are also categorized in groups I and II and are 

thus relatively easy to implement. In order to gain more information on all aspects of the energy 

trilemma, the environmental indicators (G1-G2) and monetary indicators (especially H1-H3) could 

subsequently be used. The proposed basis for the decision tree is primarily aimed at adequacy 

assessments as they are currently carried out. Researchers are most likely to make different choices if 

the goal is to perform a ‘what-if’ analysis, however this is left up to the judgment of those experts. 

If the outcome of these indicators warrants further analysis, additional indicators can 

subsequently be calculated and analyzed. For example, detailed insight into the occurrences of 

inadequacy may only be relevant when substantial scarcity is expected to be present. Another example 

would be to further research all flexibility indicators in case the root cause of the LOLE is shown to 

consist of insufficient ramp resources in many cases. Thus, some indicators would only be required to 

be used in further analyses after a first analysis has shown that detailed insight is necessary. That is 

also why a large number of indicators has been proposed for use in this thesis: these together form an 

exhaustive toolkit available for use in adequacy assessments.  

As can be inferred from Table 68, there are eight indicators whose calculation can be based 

upon existing indicators and can thus be regarded as ‘quick wins’. Furthermore, nine indicators require 

some further analysis of the modelling output but are also quite easily implemented and would provide 

a significant amount of additional insight. Twenty out of forty-two indicators would require in-depth 
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analysis of (intermediate) modelling results and would thus take longer to implement completely, 

especially since these would also require more validation efforts due its increasing complexity as 

opposed to the indicators of categories I and II. Lastly, five indicators require a fundamental 

reorientation of the modelling efforts. As has been recommended, a development program could be set 

up in order to develop the required tools to also include these indicators in future adequacy 

assessments.  
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7.3. RECOMMENDATIONS FOR THE DUTCH GOVERNMENT & TSO (TENNET)  

 

Following the recommendations on performing adequacy assessments in general, this section gives 

recommendations specifically geared towards the Dutch context. The recommendations are thus aimed 

at both the Dutch government as well as the Dutch TSO TenneT. These recommendations should be 

seen as complementary to the general recommendations as put forward in Sections 7.1 and 7.2, which 

should also be adopted by TenneT and the Dutch government. However, based on the context of the 

Dutch power system, some more specific recommendations can also be given: 

 

1. TenneT is recommended to adopt the renewed understanding of adequacy and use additional 

indicators in its annual Dutch adequacy assessment (MLZ). Currently, the assessment only reports 

on the LOLE and required firm capacity and the use of imports/exports although the UCED-model 

employed is capable of providing output on more indicators. As can be inferred from the 

comparative analysis in Section 3.3.1, TenneT also reports on a relatively small amount of indicators 

in comparison with other European countries. Other countries (e.g. France, Belgium) also perform 

more extensive subsequent analyses based upon the results of the adequacy assessment. It is 

therefore recommended to perform more of such further in-depth analyses based on the renewed 

understanding of adequacy and the inclusion of additional indicators.  

2. In addition to the expected ease of implementation, both the significance of the indicators as well 

as the urgency of implementing these indicators has been assessed based upon the specific 

characteristics of the Dutch power system (Table 69). The assessment was based upon author 

judgment and expressed in a one to five scale (five respectively entails a large significance and large 

urgency). For example, the Expected Energy Supplied by Energy Storage (EESES) was assessed 

with a four on its significance and a one on its urgency. This is due to the fact that this indicator is 

likely to become quite important to adequacy assessments when a substantial amount of storage is 

present (or: is required to be present) within the Dutch power system at high penetrations of VRES. 

However, as this is still far way from being the case, there is still plenty of time to include this 

indicator into adequacy assessments. Therefore, it scores low on the urgency of its implementation. 

It should be noted that the assessment of the significance and urgency of indicators has been aimed 

at adequacy assessments specifically, and not on ‘what-if’ analyses. Furthermore, for those 

indicators which require a fundamental reorientation of modelling approaches (e.g. 

forecastability), the detailed monitoring of trends observed in practice could suffice in the 

meantime. TenneT could use the overview as supplied in Table 69 to further assess which indicators 

will be implemented and/or get priority in being implemented into its adequacy assessments. The 

Dutch Ministry of Economic Affairs and Climate Policy could also use this overview to indicate its 

preferences to TenneT and/or postulate requirements on the indicators which are to be used in the 

adequacy assessments.  

3. As has been shown in this thesis, inspiration for reliability evaluations can be drawn from other 

infrastructural sectors. It is therefore recommended to consult and cooperate with these sectors 

more intensively. As these lessons were based upon the analysis of Dutch reliability evaluations of 

several infrastructure sectors, this especially holds for the Dutch power sector. Given the fact that 

the determined Value of Time and Value of Reliability [121] were based upon Dutch consumers 

and the Dutch economy, its translation to the power sector is probably most easily done by the 

Dutch power sector.  
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4. This thesis has argued that generation adequacy and transmission adequacy evaluations need to 

be integrated further. Therefore, it has been recommended to research this further. In a way, the 

Infrastructure Outlook 2050 – which was executed by TenneT and Gasunie - can be seen as a first 

step towards this goal. As these Dutch companies have already taken a step into the right direction, 

they could capitalize on this head start and integrate generation and transmission adequacy 

evaluations even further, as well as further integrating the power and gas sector adequacy analyses. 

The Climate Agreement has also requested these two companies – in cooperation with Dutch DSOs 

– to perform an integral infrastructure outlook for 2030-2050. The Climate Agreement mentions the 

inclusion of green hydrogen production through electrolysis of wind energy and the potential of 

industrial Demand Response in this regard. By fully including the need to safeguard generation 

adequacy and future requirements for flexibility into this study, a truly exhaustive outlook on the 

energy sector of the future could be presented. This does, however, require substantial research 

efforts.  

5. TenneT is also recommended to execute comprehensive ‘what-if’ analyses more frequently while 

also making these publicly available. The influential role of TenneT within Dutch society9 comes 

with responsibilities, and this would be one way of taking up this responsibility. Although TenneT 

is not a research agency, given the expertise, knowledge and information TenneT possesses, they 

are very well-suited to perform such analyses. There is also a societal demand for such outlooks as 

exemplified by a recent study of CE Delft, commissioned by several NGOs. This report researched 

whether the Dutch power system would remain adequate in case of an early decommissioning of 

three coal power plants in order to comply with the Urgenda climate case [176], [177]. Although 

there was a clear societal demand for such an outlook, TenneT had not executed such an adequacy 

assessment, leading to another research organization stepping in. However, this has resulted in a 

more basic deterministic – and therefore perhaps less accurate – adequacy assessment than the 

advanced probabilistic assessments TenneT is capable of performing. However, the results of the 

research did have an influential role in the societal debate [178]. If TenneT wishes the societal debate 

to take place upon the basis of complete, trustworthy and accurate information, it also needs to pro-

actively inform the general public in order to ensure this.  

6. In the general recommendations, it was  recommended to set explicit target values for the desired 

level of adequacy. This especially holds for the Netherlands as current practice – in the absence of 

government guidance or legal codifications, a number has been set by the TSO based upon 

international comparisons – does not suffice. An explicit analysis needs to be performed in order 

to set such an adequacy standard and/or to verify whether the currently used threshold 

approximates the optimum. Although the Dutch government would ultimately be responsible for 

setting this adequacy standard, TenneT could be instrumental in performing the required analyses 

in consultation with the concerned stakeholders.  

 

  

                                                           

9 TenneT has a central role within the (Dutch) power system and the energy transition and also wishes to have this role [175]. For 

instance, TenneT has been delegated tasks originally allocated to the Minister of Economic Affairs and Climate Policy; TenneT is 

a frequently consulted stakeholder with regards to the design of the power system; and TenneT has been actively involved in the 

process leading up to the Climate Agreement. 
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Table 69. Preliminary overview on the expected ease of implementation, significance and urgency of the proposed adequacy 

indicators for the Dutch power system 

Indicator group Indicator Number 

Expected  

ease of  

implementation 

Significance  Urgency 

Adequacy 

probability 

Probability of adequacy A1 I 4 4 

Probability of power interruption A2 I 4 4 

SAIFI, including generation inadequacy A3 I 3 3 

SAIDI, including generation inadequacy A4 I 3 3 

Reliability / cost curve A5 II 5 5 

Loss of Load 

Expectation 

Loss of Load Expectation (LOLE) (total) B1 N/A* N/A* N/A* 

Insufficient Ramp Resource Expectation 

(LOLE – IRRE) 
B2 III 4 4 

Insufficient Transmission Capacity 

Expectation (LOLE – ITCE) 
B3 III 4 4 

Insufficient Power Resources Expectation 

(LOLE – IPRE) 
B4 III 4 4 

Timing of 

inadequacy 

 

Timing of occurrence of inadequacy C1 II 3 2 

Relative frequency of inadequacy C2 II 3 2 

Time period between inadequacy 

occurrences 
C3 II 3 2 

Expected duration of load curtailment C4 II 3 2 

Scarcity event 

LOLE per area, with and without 

interconnection 
D1 II 3 3 

Interconnection capacity saturation in 

case of scarcity 
D2 III 2 2 

Simultaneous scarcity D3 II 2 2 

VRES contribution during scarcity event D4 III 3 2 

LOLE reduction in case of use of 

curtailed energy 
D5 III 3 2 

Energy / Power 

deficit 

Expected Energy Not Served (EENS) E1 N/A* N/A* N/A* 

Expected Power Not Supplied (EPNS) E2 I 4 4 

Health index E3 I 4 4 

Severity of deficit per scarcity event E4 III 4 4 

Flexibility 

Residual load duration curve F1 III 3 3 

Required flexible power F2 III 3 3 

Required flexibility F3 III 3 3 

Required ramping rates flexibility F4 III 4 2 

Periods of flexibility deficit F5 III 4 2 

Required VRES for annually balanced 

residual demand 
F6 III 2 3 

Expected Energy Supplied by Energy 

Storage (EESES) 
F7 III 4 1 

Forecastability F8 II / IV** 4 2 

Environmental 

indicators 

CO2-emissions G1 II 4 5 

Renewably supplied demand G2 II 3 3 

Monetary indicators 

Expected customer interruption costs H1 III 4 4 

Occurrences of peak prices H2 III 3 3 

Price Duration Curve (PDC) H3 III 3 2 

Amount of activation hours of DSR, 

reserves & storage 
H4 III 4 1 

Storage revenues H5 III 4 1 

Changes in load factor of power plants H6 III 4 4 
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Indicator group Indicator Number 

Expected  

ease of  

implementation 

Significance  Urgency 

Transmission 

capacity 

Distance between load and supply 

centers 
I1 III / IV** 5 2 

Transmission network capacity 

violations 
I2 II / IV** 5 2 

Loss of Supply Possibility Expectation 

(LSPE) 
I3 IV 4 2 

Power quality Occurrences of insufficient power quality J1 II / IV** 4 2 

 

* Not applicable since these indicators are already used in current power system adequacy assessments.  

** For these indicators, it has been indicated how they would ideally be calculated, as well an alternative method providing a 

simplified approximation. The first assessment focusses on the simplified approximation, the second assessment (IV in all 

cases) on how they would ideally be calculated.  
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 CONCLUSION 

 

This research set out to investigate what interpretation of adequacy would be suitable for use in future 

power systems and how this renewed interpretation could be modelled and expressed in suitable 

indicators. Through the use of a review of scientific literature, comparative analysis, expert interviews 

and modelling, this has been researched extensively in this thesis. This chapter will formulate 

conclusions based upon the research executed in this research, discuss the limitations of the executed 

research and finally formulate recommendations for future academic research.  

 

8.1. CONCLUSION 

 

8.1.1. CURRENT PRACTICE IN EVALUATING POWER SYSTEM ADEQUACY  

 

The understanding of power system adequacy has hardly progressed since its conception although 

different definitions of adequacy are used by research agencies, TSOs and lawmakers. For example, 

whereas ENTSO-E defines adequacy to be the ‘ability of a power system to provide an adequate supply 

of electricity in order to meet the demand at any moment in time’, CIGRE understands adequacy to be 

a ‘measure of the ability of a power system to meet the electric power and energy requirements of its 

customers within acceptable technical limits’. The underlying notions of adequacy are however, very 

similar across different interpretations. The conventional understanding of adequacy considers the load 

to be inelastic, assumes that the load needs to be satisfied by supply under any circumstances and most 

interpretations do not explicitly consider potential grid constraints. These underlying assumptions are 

no longer tenable in the future as the power system is undergoing major changes. 

Power system adequacy is of large importance to society and it is therefore vital to monitor the 

adequacy of power systems closely. The well-functioning of society and economy has become 

dependent on the power system and the high reliability of the power system has also resulted in high 

societal costs in case of a shortage. However, in liberalized electricity markets, there is no central 

planning agency safeguarding the adequacy of the system. Due to the distributed nature of decision-

making within liberalized electricity markets, reliable information is thus key. National and regional 

adequacy assessments satisfy in this need and the evaluation of power system adequacy is also codified 

in national and European legislation.  

Adequacy can be studied in both a probabilistic and deterministic way. Whereas deterministic 

methods evaluate adequacy by requiring a certain safety margin in comparing peak demand to total 

installed capacity, probabilistic methods compare available generation capacity to power load under 

many different states. In principle, probabilistic methods should be preferred since they better 

represent the inherent stochastic behavior of power systems, especially with the rising penetration of 

VRES. So-called Unit Commitment Economic Dispatch models are used to simulate the power system 

on different time periods, up to ten or fifteen years ahead.  

A comparative analysis of different adequacy assessments of European countries has 

highlighted that these follow a very similar approach, although not all of these employ a probabilistic 

approach yet. Furthermore, there is hardly any variety in the main adequacy indicators used while the 

level of detail and scenarios reviewed do vary significantly across countries. There are, however, 

differences in the extent to which the possibilities of the UCED-model are used, as some countries for 

example also report on expected CO2-emissions under different scenarios. There are also significant 
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differences in the extent to which subsequent detailed analyses on the output of adequacy assessments 

are performed.  

A review of reliability assessments of other infrastructural sectors has highlighted that other 

infrastructural sectors are faced with similar challenges as the power sector and that there is a large 

potential for cross-sectoral sharing of knowledge. This holds for both the understanding of reliability 

as well as their expression in performance indicators. Moreover, multiple sectors face capacity 

constraints at peak demand and are therefore employing Demand Response to alleviate these 

constraints. Interestingly, the mobility sector has been able to put a monetary value on the time of 

consumers due to capacity constraints, expressed as the Value of Time for different target groups. Next, 

a separate Value of Reliability has also been determined. These form interesting parallels with the Value 

of Lost Load and the value of the certainty of power supply in the power sector.  

 

8.1.2. A RENEWED UNDERSTANDING OF ADEQUACY 

 

The power system is currently undergoing significant changes which have an impact on its adequacy. 

The four major changes currently taking place within the power system with an impact on its adequacy 

are the large-scale increase of installed VRES capacity, the increasing requirement for flexibility, 

transmission network constraints and the differentiation in the value of demand. These developments 

were identified using scientific literature and expert interviews. These developments have profound 

effects on the power system, amongst others by transforming the system from demand-oriented 

towards becoming supply-oriented using price signals and further differentiation in the value of 

demand. An increase in flexibility is required to accommodate these changes. These developments 

impact the adequacy of the system significantly, but are currently not sufficiently being taken into 

account into adequacy assessments as their inclusion is precluded by the limitations of the current 

understanding of adequacy.  

There is therefore a need to come to a renewed understanding of adequacy for use for future 

power systems. The current understanding of adequacy only includes five dimensions, namely the 

physical scope, the magnitude of supply and demand, time, geographical boundaries and the 

considered stakeholders. However, as has been highlighted by researching the developments currently 

taking place within the power system, additional dimensions need to be included into a renewed 

understanding of adequacy as well. Next to the dimensions already included, the value of demand, 

location of supply and demand, flexibility, power quality, supply source, acceptability, affordability & 

profitability and forecastability are dimensions that also need to be included in a future understanding 

of adequacy. Based on the identification of these dimensions, a proposal for a renewed understanding 

of adequacy has been put forward. Power system adequacy is proposed to refer to the ability of a power 

system to reliably provide access to, satisfy and dynamically adapt to the needs of its users at any time 

and at an acceptable cost and risk level, while complying with societal goals and quality requirements. 

This definition is considerably more exhaustive than previous definitions as it includes many more 

dimensions into the understanding of power system adequacy. In doing so, it includes all relevant 

aspects which were previously not considered or not explicitly taken into account. By using a multi-

dimensional understanding of adequacy, adequacy assessments can also provide useful information 

on possible trade-offs within the power system.  
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8.1.3. EXPRESSION OF POWER SYSTEM ADEQUACY THROUGH MODELLING 

 

As this thesis has put forward a new understanding of adequacy – following the identification of 

additional dimensions to be included – it is required that the modelling of power system adequacy is 

also adapted in order for this renewed understanding to have an impact. However, current modelling 

efforts have important limitations with regards to the four major developments in the power sector and 

the inclusion of the identified additional dimensions. It is currently not possible (or: not possible to the 

required extent) to properly include the effects of these developments in adequacy assessments, due to 

limitations in the understanding of adequacy, the expression of adequacy results in indicators and/or 

the modelling tools. So far, the adequacy of the power system is typically expressed in the LOLE and/or 

EENS, as has been the case since the introduction of probabilistic evaluation methods. As the indicators 

currently used to express power system adequacy have been based upon the classical understanding 

of adequacy, these do also not suffice for future use. Important shortcomings of these indicators are 

their unsuitability for communication towards the general public, the lack of identification of root 

causes of power system inadequacy and the lack of suitable indicators for assessing flexibility.  

In order to put forward a proposal for additional indicators for use in power system adequacy 

assessments, several requirements for power system adequacy indicators were identified. Amongst 

others, adequacy indicators need to reflect all dimensions included in the renewed understanding of 

adequacy. Next, a longlist of potential adequacy indicators was drafted and subsequently subjected to 

clustering, filtering and selection. Finally, forty-two indicators were proposed to be used to express the 

results of future adequacy assessments. These were categorized into ten groups: the adequacy 

probability, the loss of load expectation, the timing of adequacy, scarcity events, energy / power deficit, 

flexibility, environmental indicators, monetary indicators, transmission capacity and power quality.  

A demonstration system was subsequently set up in order to demonstrate the use of these 

indicators. In order to validate the results, this system was based upon (and verified with) the IEEE 

Reliability Test System. The adequacy assessment of the demonstration system was performed using 

ANTARES. For each of the forty-two indicators, it has been demonstrated how the calculation of the 

indicator should be carried out, what kind of results can be expected and what the added value 

(additional insights) of the indicator are. This section has shown that it is possible to gain considerably 

more insight into the dynamics of the power system using an adequacy assessments containing 

additional indicators, showcasing that it is now possible to answer research questions previously 

unanswerable.  

Finally, recommendations are given in order to improve adequacy assessments. It is 

recommended that TSOs, governments and research agencies executing adequacy assessments adopt 

the renewed understanding of adequacy and implement the use of the renewed indicators in their 

adequacy assessments. Furthermore, they should consult with other infrastructural sectors to exchange 

best practices in reliability evaluations, aim to integrate transmission network constraints more 

explicitly into adequacy assessments, improve market models, perform ‘what-if’ analyses, set explicit 

reliability target values based upon an explicit analysis and communicate pro-actively towards the 

general public on the future expected adequacy of the power system using probabilistic expressions of 

the proposed indicators.  

In order to ease the implementation of those indicators, an preliminary assessment has been 

performed on the expected ease of implementation per indicator. Adequacy researchers can use that 

information to judge which indicators will or can get priority in being implemented in their adequacy 
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assessments. Furthermore, TSOs, governments and research organizations performing adequacy 

assessments should be capable of reporting on the full toolkit of adequacy indicators that has been 

provided. Experts can subsequently decide per adequacy assessment which indicators are most 

relevant to report on, which can conceptually be described by a decision tree. There are, however, a few 

basic indicators which are recommended to always use in assessments of power system adequacy.  

For the Dutch power sector specifically, some additional recommendations are given. TenneT 

is recommended to broaden the scope of its adequacy assessment, perform further analyses and report 

on more indicators than currently done. Secondly, to aid in the implementation of the proposed 

indicators, guidance is given on the significance and urgency of the implementation of the indicators 

in the Dutch context. Moreover, the consultation with other infrastructural sectors is especially relevant 

since cross-sectoral insight based upon Dutch infrastructure sectors can be applied to the power sector 

most easily within the Netherlands. Furthermore, following a request of the Climate Agreement, a truly 

exhaustive energy outlook of the energy sector of the future could be given by TenneT, Gasunie and 

DSOs by further integrating transmission and generation adequacy evaluations as well as the power 

and gas sector. Furthermore, in order for societal debate to be based upon accurate information, TenneT 

should perform ‘what-if’ analyses more frequently and also pro-actively inform society on its findings. 

Lastly, the Dutch government should set explicit adequacy standards (or: target level) following an 

explicit analysis of the optimal power system adequacy.  

 

8.2. LIMITATIONS OF EXECUTED RESEARCH  

 

As all scientific research, the research effort conducted for this thesis has limitations. Therefore, the 

following section discusses the limitations of the adequacy modelling used in this thesis as well as the 

overall limitations of this research. Following these limitations, the next section concludes this chapter 

by formulating recommendations for future academic research. 

Firstly, as adequacy is not just the outcome of characteristics of the power system but also of 

the applicable regulatory framework, limitations exist as to the scope of this study. While this research 

has not been limited to the power system of the Netherlands specifically, its results are most easily 

applied to the Netherlands and other European countries as these share a similar institutional and 

regulatory framework. Even then, it should be note that important differences exist between the 

applicable regulatory regime across European countries, for example on the existence of strategic 

reserves and/or capacity mechanisms. In power systems with vertically integrated utilities without a 

distinction between the power plant producers and the transmission system operator, some proposed 

indicators would be less relevant to report on. The comparative analysis has also been focused on the 

Netherlands and other European countries and could thus contain a geographical bias, especially since 

the analysis of reliability evaluations within different infrastructural sectors was mostly focused on the 

Netherlands.  

A second important limitation of the scope of this study is that it has been solely focused on the 

power sector and not on the energy sector as a whole. The effects of some possible future developments 

such as increased sector-coupling have thus not been explicitly taken into account, although its effects 

could become visible in for instance the indicators on flexibility. However, the effects of sector-coupling 

could become apparent in other domains as well, which may not have been covered in this thesis.  

Thirdly, despite transparency on the methodology, input data and documents used and the 

validation using expert interviews, some subjectivity remains to be present within this research. This 
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especially applies to the identification of the dimensions for a renewed understanding of adequacy, the 

construction of the longlist of indicators and the subsequent shortlist of proposed indicators. However, 

this is unavoidable with this type of research in which a long-standing research paradigm is questioned 

and an alternative is proposed. The value of this research thus also lies within this limitation: a renewed 

understanding and new indicators cannot be put forward solely based on previous academic results 

and require a certain creativity of mind which inherently result in the introduction of subjectivity.  

Fourthly, there are two conceptual limitations still remain to be relevant within power system 

adequacy assessments. Firstly, transmission and generation adequacy are studied separately and 

transmission network constrains are hardly taken into account in power system adequacy assessments. 

As these have an impact each other, ideally these would be jointly studied. Secondly, the fundamental 

basis of power system reliability evaluations is the notion that failures occur independently from other 

failures. This notion has an important effect on the frequency of occurrence of simultaneous failures 

and thus on the observed reliability rates of the power system. It is, however, doubtful to what extent 

such failures are independent from each other in practice, since power outages can have a cascading 

effect [179], [180]. It could thus be the case that in case of inadequacy, the situation could become worse 

than anticipated due to simultaneous failures not modelled in the simulation.  

Lastly, as for the modelling of the adequacy of future power systems specifically, the following 

limitations are important to be aware of. Although every model is a simplification of reality, the test 

system used in this thesis was too simple to contain all the relevant dynamics of power markets. This 

was not of vital importance for the goal of this thesis (putting forward a renewed understanding of 

adequacy; proposing new indicators), but the results of this adequacy assessment need to be treated 

with great care. The most important simplifications are the lack of significant price differentiation 

across the areas, the oversimplification of storage behavior, the lack of internal network constraints, the 

lack of limitations on ramping rates, the hourly time resolution which does not allow for detailed 

analyses on a sub-hourly timescale and the lack of a forced outage rate on the generation of wind and 

solar infeed. This last point may not be so relevant for distributed generation, but for large-scale 

offshore wind parks there is a significant unavailability rate which should in principle be taken into 

account when modelling the unavailability of generation.  

 

8.3. RECOMMENDATIONS FOR FUTURE RESEARCH 

 

This research set out to investigate what interpretation of adequacy would be suitable for use in future 

power systems and how this renewed interpretation could be modelled and expressed in suitable 

indicators. This research question has been answered, and in doing so, this thesis has provided 

academia with important building blocks to progress on.  

By renewing the understanding of adequacy and its subsequent expression in indicators, this 

thesis has provided the first step towards a fundamental reorientation of power system adequacy 

assessments. It is the first of its kind to fundamentally question the understanding of adequacy as it has 

been used since the 1970s. Although a large body of academic literature on the methodology of 

adequacy assessments exist, these had not been explicitly targeted at reinterpreting power system 

adequacy and/or its subsequent expression in power system adequacy indicators. This renewed 

understanding should, however not be interpreted as a final destination, but rather as a first stepping 

stone towards bridging the gap between adequacy assessments and developments towards future 

power systems. The understanding of adequacy should be regarded as a dynamic entity that should be 

continuously reviewed and updated as power systems develop. 
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As for power system adequacy indicators, a large toolkit of adequacy indicators has been provided. It 

is probably not necessary to use all these indicators in every adequacy assessment. Depending on the 

desired scope, circumstances and outcomes of adequacy assessments, one indicator may be more 

relevant than another. Researchers performing adequacy assessments should use their expert judgment 

in deciding which indicators are appropriate to use. Nonetheless, this thesis has provided adequacy 

researchers with a significantly larger toolkit (indicators) than previously available, allowing for more 

detailed analyses, additional insights and guidance towards possible mitigation measures. By doing so, 

this thesis has contributed to developing the right tools in order to monitor and subsequently ensure a 

reliable working of the power system of the future. The results of this thesis will enable adequacy 

assessments to remain relevant and provide guidance for the design and planning of future power 

systems.  

However, following the limitations of this research, important research gaps still remain. This 

section will therefore formulate recommendations for future academic research into the (modelling of) 

adequacy assessments to improve those further: 

 

1. The research of this thesis provides in a first actualization of the understanding of adequacy. It is 

not unthinkable that this renewed understanding requires additions, improvements, regular 

updates, or that it could benefit from divergent views on the matter. Therefore, additional research 

into this area could be conducted. This could – for example – be done with a more thorough 

investigation of the desired output objectives for the different stakeholders of the power system or 

by focusing on the energy sector as a whole (sector coupling). Moreover, a more complete analysis 

of other infrastructural sector could be carried out in order to complement this first analysis. This 

analysis could – for example – focus on emergency services, water supply and international 

telecommunication infrastructure. Furthermore, it would be interesting to observe how these 

sectors evaluate and safeguard the reliability under different regulatory regimes. This research has 

been limited to studying some of such infrastructural sector under the Dutch regulatory regime 

only, thus this research could be broadened.  

2. Given the renewed understanding of adequacy, the impact of this reorientation on the desired 

regulatory regime could be investigated. There exists a considerable body of literature on the 

desired regulatory regimes in order to safeguard the adequacy of a power system while achieving 

an economic optimum. Now that the understanding of adequacy has been redefined, research 

could focus on the consequences of these changes on the optimal regulatory regime. For instance, 

next to an economic optimization, social goals also need to be achieved, such as a reduction of CO2-

emissions. It could thus be studied how regulation can stimulate the achievement of a multi-

dimensional understanding adequacy.  

3. It could be investigated how transmission network and generation adequacy studies could be 

brought close to each other and how the inclusion of the transmission network into adequacy 

studies could be accomplished. Although it may not be feasible or desirable to fully integrate such 

studies on the short-term, it should at least be researched to what extent ‘hybrid’ approaches could 

work, for instance by using some kind of iterative approach where a first estimation of the 

transmission network capacity constraints are included in generation adequacy assessments. 

Ultimately, however, one should strive towards further integration since transmission capacity 

constraints are increasingly of importance.  
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4. For the indicators for which it was not possible to model them explicitly using ANTARES, section 

6.2 has put forward how these could be approached in a different way. This often indicates how 

these demonstrated indicators could be simulated and calculated in an ideal case, but a more 

practical approach to arrive at a first estimate is also supplied. For those indicators, however, the 

pathway forward has been identified so that future research could easily pick up on the work that 

has been executed for this thesis. It is therefore recommended that academic research further 

investigates how the calculation of these indicators (i.e. forecastability; transmission capacity; 

power quality) can be included into adequacy modelling.  

5. Additional research could be conducted into an improved modelling of (the need for) flexibility in 

generation adequacy assessments. This follows from the identification of the limitations of current 

modelling efforts (Section Error! Reference source not found.). This could – for example – be 

achieved by increasing the temporal resolution to a fifteen-minute timescale (equal to the actual 

day-ahead electricity programs submitted to the TSO). Furthermore, the simulation of the complex 

behavior of storage and DSR could be further improved. This includes the price-sensitive modelling 

of demand in order to accurately model DSR (demand curves), dispatch optimization based on 

multiple aspects, including technology characteristics and potential seasonal effects and further 

research into the (differentiated) Value of Lost Load. By doing so, the simulation of future power 

systems could be greatly improved.  

6. More research could be conducted into the simulation of dependent failures in power system 

adequacy evaluations. This requires some further more fundamental research into reliability 

evaluations, but may be necessary as practical examples of failures show that many failures are not 

independent from each other in their behavior. As a next step, sensitivity analyses could then be 

conducted using the increased failure rates due to the inclusion of dependent failures in the 

simulation of the power system. 
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APPENDICES 

 

APPENDIX A: COMPARATIVE ANALYSIS OF POWER SYSTEM ADEQUACY 

EVALUATIONS 

 

ADEQUACY ASSESSMENT OF BELGIUM – ELIA  

The Belgian Transmission System Operator (Elia) regularly publishes a long-term adequacy assessment 

report, with an assessment of generation adequacy up to ten years ahead. Furthermore, in 2018 they 

published a short-term and mid-term adequacy assessment (Winter Outlook for the winter of 2019-

2020, 2020-2021 and 2021-2022). A proper adequacy assessment of Belgium is of crucial importance to 

its society. As Belgium is challenged with an aging nuclear power plant park, it is becoming more 

dependent on electricity import. In the winter of 2018-2019, there have been serious and ongoing 

concerns whether regular forced load shedding would be required to sustain the stability of the 

Belgium electricity grid and prevent a largescale blackout [181], [182]. The long-term adequacy 

assessment also focusses on the need for flexibility in the power system and thus forms a combined 

analysis of generation adequacy as well as an assessment of the required flexibility services for 

balancing purposes.  

There are two adequacy criteria to be satisfied under Belgium law [183]. The Loss of Load 

Expectation should not exceed three hours per year in a statistically normal year. The LOLE95 value 

should not exceed twenty hours per year. This represents the LOLE in year with characteristics which 

will typically only occur once every 20 years (statistically probable occurrence). This distinction is also 

made for the indicators on EENS, although these have no legally defined thresholds. The needs of the 

Belgium power system to satisfy its legally set adequacy requirements are expressed in the so-called 

‘structural block’, which can be regarded as the required firm capacity. This block is determined by 

subtracting domestic nuclear, combined heat & power and renewable energy production, market 

response and electricity import from total domestic demand for a given hour. Installed generation 

capacity consisting of thermal units using coal, gas or fuel oil are not considered. This structural block 

assumes a 100% availability; in practice, a de-rating factor would need to be applied to determine the 

requirements on production capacity. All additional generation capacity (or: additional demand 

response) will reduce the size of this structural block. The required power to be satisfied by the 

structural block could in principle come from a (combination of) wide range of technologies, such as 

existing or newly built thermal capacity (coal, gas, fuel oil), storage, demand response, additional VRES 

capacity, additional import capacity and prolongation of the existing nuclear production capacity. The 

assessment of the required size of the structural block is only an assessment of the required capacity to 

satisfy demand, not of the economic viability of future power plants as part of this structural block.  

Although the adequacy assessment does not explicitly consider several scenarios, the future 

growth of renewable energy production, demand and storage facilities is estimated by a prognosis. 

Furthermore, using (legally set) target values for nuclear decommissioning, a partial nuclear phase-out 

is modelled. This ‘base case’ hypothesis is subjected to multiple sensitivity analyses. The adequacy 

assessment takes into account different climate variables for each hour, such as the solar irradiation and 

wind speed for VRES production, temperate for determining the magnitude of the demand and the 

(monthly) hydro power production on the basis of weather data of 40 historic years. Furthermore, 

random forced outage rates are applied to the thermal power plants in order to account for unforeseen 

outages. In doing so, 200 simulations per hour are carried out. The analysis is carried out on a regional 
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basis, considering 19 countries in detail. Interconnection is modelled using a flow-based approach 

where applicable (CWE-zone; short-term) and using NTC values for other interconnectors and for the 

CWE-interconnectors in the long-term. The demand is assumed to be inelastic, apart from explicit 

market response at times of high pricing. As Belgium has the disposal over pumped hydro storage 

facilities, storage is already included in the adequacy assessment. A sensitivity analysis assesses the 

adequacy of the system with additional storage facilities of 1000 MW (reservoir: 4000 MWh) [108]. This 

would amount to around 200.000-300.000 Tesla Powerwall units installed.10  

As for most adequacy assessments, the main output of the simulation is the hourly dispatch 

per unit per country and the commercial imports/exports between countries. On the basis of this 

information, Elia reports on the annual energy balance of Belgium, the likelihood of power system 

inadequacy, the amount of energy not served, the size of the power deficit/margin, market prices and 

the production per technology type. If the adequacy criterion is not satisfied, 500 MW of production 

capacity is added to the model in an iterative way until the adequacy criterium is satisfied.  

Furthermore, the adequacy assessment of Elia also contains an evaluation of the flexibility, 

which is defined as the ability of a power system to respond to foreseen and unforeseen changes in the 

conditions of the power system. The need for flexibility is driven by uncertainty and variability of both 

demand as well as production by renewable energy sources, market behavior and unforeseen outages 

of either production or load. The flexibility needs of the system are defined using the residual system 

imbalance: compromised of residual load and uncertainty in production predictions. Residual load is 

defined as total demand minus nuclear production, renewable energy sources production and ‘must-

run’ production units (non-flexible production). The remaining residual load varies as a result of 

variability of both production and load. On the basis of this information, two flexibility needs can be 

defined: the up- and downward flexibility volumes (MW) as well as the required ramping rates of 

flexibility supply (MW per 15 minutes).  

Within the adequacy analysis, the unit commitment model already accounts for minimum and 

maximum capacity per unit (MW), its ramping rates (MW/h) and start-up and shut-down times (h). 

The flexibility needs either look at these from a system point of view and/or at a higher temporal 

resolution (15 minute interval). The latter are estimated by Elia by using historic 15-minute interval 

data for 2015 and applying a correction for growth in load and renewable energy sources production. 

A similar method is used to estimate the uncertainty in production predictions: historic data (2015) is 

used to compare day-ahead prediction with actually observed data, revealing the uncertainties present 

in the predictions. By combining these, fifteen minute interval data can be constructed to be used in an 

assessment of the flexibility needs of a future power system.  

The main result of the Belgium adequacy assessment is that the value of the structural block 

(required firm capacity) was determined to be 2500 MW for 2017, 0 MW for 2021, 500 MW for 2023 and 

finally 4000 MW for 2027. Depending on assumptions on power system developments in foreign 

countries, this requirement could increase up to 8000 MW in 2027. A first analysis of the economic 

viability of satisfying this required capacity shows that the net revenues of a Closed Cycle Gas Turbine 

(CCGT) are insufficient to incite investments, although this analysis excludes the revenues from 

providing balancing services [108]. Regardless of the adequacy analysis, the flexibility assessment 

identifies the need for multiple CCGTs to satisfy automatic Frequency Restoration Reserve 

requirements (balancing mechanism). Due to European market integration, the merit order and thus 

                                                           

10 A Tesla PowerWall can deliver 13.5 kWh of energy at 5 kW maximum [184]. Depending on the focus on either power or energy, 

this thus amounts to 200.000-300.000 Tesla Powerwall units.  
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the economic viability of power plants are determined on an European basis. Elia signals a disparity in 

the fact that although the economic dispatch of power plants has become an European affair due to a 

single electricity market, the policies regarding the energy mix and adequacy remain to be strictly 

national [108]. The Belgium Transmission System operator thus advises to take measures now already 

to guarantee power system adequacy form 2025 onwards, since the current policy compromised of a 

combination of an energy-only market with a strategic reserve mechanism may be insufficient to 

guarantee the desired power system adequacy.  

Apart from the size of the required firm capacity, the adequacy of the system is indicated using 

three figures showing multiple dimensions of the structural deficit of the required firm capacity. One 

graph depicts the amount of LOLE versus different values of additional capacity added to the structural 

block, another the likelihood of activation of the total structural block for different values of the 

structural block and the last graph depicts the amount of hours per year (for the probability values P05, 

P50, P95) that the structural block will be activated. This is useful information, since it shows that the 

‘last’ section of the structural block will have a low likelihood of activation and a relatively low number 

of production hours once activated. This has consequences for both the technological choices for 

satisfying this part of the structural block, as well as for the economic viability of such a facility. For 

example, of the expected 4000 MW sized structural block in 2027, the ‘last’ 1000 MW will on average 

only be activated in 50% of the years for an average duration of 15 hours.  

As not all modelled LOLE situations are equal, a further analysis reveals more insight into the 

occurrence of a shortage of generation adequacy. This for example reveals that almost all adequacy 

risks for the Belgium power system take place in the winter months. Another graph depicts the 

activation of the last 1000 MW section of the structural block for every month of the year, for 40 different 

Monte Carlo simulation years. Colors are used to indicate the calculated LOLE for every day of the 

year. This reveals that there are simulated years without any adequacy problems, and when there is an 

generation shortage, this shortage only occurs in winter months, is often concentrated in maximum one 

week but severe within this week.  

The sensitivity analysis with additional storage facilities reveals that storage would reduce the 

amount of LOLE hours, but does not reduce the total required volume of firm required capacity – due 

to the volume limitations of the storage facilities and the fact that many situations of a generation 

shortage occur consecutively. The need for flexibility of the system to satisfy the residual demand of 

the system is expressed in an hourly ramp-up/ramp-down rate expectation and an three-hour ramp-

up/ramp-down rate. On a fifteen-minute basis, the variability of residual demand could grow up to 

1959 MW (High VRES scenario, 99.9% percentile). For the same scenario, the 90th percentile shows a 

variability of 352 MW on a fifteen-minute basis. The day-ahead forecast prediction error may amount 

up to 3579 MW for the 99.9% percentile (861 MW for 90th percentile). As the need for balancing services 

varies, Elia pleads for a daily varying dimensioning of required balancing services as well as for VRES 

providing flexibility services to the market since a large share of flexibility need arises from the large-

scale integration of VRES.  
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ADEQUACY ASSESSMENT IN THE NORDIC STATES - FINGRID, SVENSKA KRAFTNÄT, 

STATNETT AND ENERGINET 

The four TSOs of the Nordic States, Fingrid, Svenska kraftnät, Statnett and Energinet for Finland, 

Sweden, Norway and Denmark respectively, have jointly performed a regional adequacy assessment. 

The four TSOs cooperate on several topics, such as the electricity market, grid development and IT 

developments [185]. In their reports on generation adequacy, the TSOs make an explicit connection to 

the influence of market arrangements and possible market measures aimed at security generating 

adequacy [102]. The TSOs put forward that generation adequacy can be secured via the market if 

electricity prices reflect all the relevant information on scarcity of supply [102]. The Nordic adequacy 

assessment employs a probabilistic approach which captures the inherent stochastic behavior and 

uncertainties in variable generation, the effect of weather conditions on demand and outages of 

interconnection and power plants. The analysis is based on the 2017 Midterm Adequacy Forecast of 

ENTSO-E with some specific sensitivity analyses for the Nordic countries.  

These analyses include scenarios on the unavailability of interconnection with the Russian 

power system, weather patterns, siting of additional wind farms, grid constraints and developments in 

fossil and nuclear power plant capacity [106]. The generation adequacy report does include a sensitivity 

analysis of grid constraints, but does not resemble a full composite system adequacy evaluation. This 

is due to the specific characteristics of the Nordic power system: within some countries several bidding 

zones (and synchronous zones) exist. The Danish system is split into two areas, Finland has one area, 

Sweden four areas and Norway three areas. The interactions between these areas are regarded as 

interconnection with capacity constraints, but internal grid constraints within these areas are not taken 

into account. Furthermore, the analysis excludes reserves provided by ancillary services which amount 

to an additional 5300 MW of production capacity for the total Nordic system.  

The adequacy is expressed in Loss of Load Expectation and the Energy Not Served. Both 

indicators are expressed by means of a probability distribution: the median, average value and 95 th 

percentile of the indicator is expressed. These indicators are determined for all relevant zones under 

consideration, for all eight scenarios. Furthermore, the report gives a qualitative interpretation of some 

of these results, indicating why a certain scenario leads to a certain outcome and on which kind of days 

the model indicates a loss of load expectation.  

 

ADEQUACY ASSESSMENT OF FRANCE – RTE 

The French Transmission System Operator – RTE – annually publishes an elaborate adequacy study 

[104]. The most recent study employs a probabilistic approach, using different scenarios for possible 

developments. Key drivers of these developments were identified to be changes in electricity demand, 

growth of renewables, changes in nuclear power capacity, fuel costs, interconnection capacity and 

developments in other European countries [104]. The five scenarios were built upon a specific subset 

of assumptions for these drivers. Each scenario contained multiple sensitivity variation analyses. In 

total, this amounted to 50 different variants under consideration in the adequacy analysis. In total, each 

hour of the year was simulated 1,000 different times to construct a sound Monte Carlo analysis.  

The modelling of the adequacy also accounted for an economic viability assessment to assess 

whether generation units included in the adequacy assessment, are also likely to be invested in given 

their economic viability. The main adequacy risk for the French power system are peak demands 

during cold spells, especially considering the future availability and reliability of nuclear power plants. 

The adequacy risk during cold spells is a general phenomenon, but due to the high temperature 
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dependence of the French power system, this effect is more pronounced in France than in other 

European countries. Interconnection can play an important role in mitigating these risks. The adequacy 

contribution of interconnection is assess using a Net Transfer Capacity method for the applicable 

interconnections, and a Flow-Based approach for the interactions with Belgium and Germany. Here, 

the power exchanges with these countries are represented by a simplified ‘domain’ (similar to PLEF) 

based on historical values [186]. This approach is similar to the approach used in the PLEF Adequacy 

Assessment.  

The adequacy of the system is reported by means of a capacity margin for the security of 

supply, expressed in MW. This capacity margin is calculated on the basis of the Loss of Load 

Expectation: it expresses the capacity surplus or gap to keep the LOLE at the prescribed reliability 

standard of 3 hours per year. Furthermore, the technical report also indicates the loss of load 

expectation and expected energy not served. As indicated before, the LOLE is an average: the technical 

report of the adequacy assessment also highlights a ‘loss of load duration curve’ with a probability 

distribution for the Loss of Load Expectation, showing LOLE90 and LOLE95 values as well [186]. 

Furthermore, the occurrences of LOLE can be analyzed further: the continuous duration of a capacity 

gap, the month of occurrence, the time during the day of the occurrence and the relationship between 

the duration of the loss of load and the capacity deficit are also shown. Furthermore, the report also 

indicates its results in the need for flexibility in GWh/day which is an indicator expressing the displaced 

volume of energy per day to meet the needs of the system. If power regulation of 500 MW would be 

required for half an hour, this would translate in 250 MWh flexibility need. The daily total of such a 

flexibility volume need would be expressed in GWh/day.  

The adequacy assessment also reports results that are not a conventional adequacy indicator in 

itself. For example, for each scenario, the expected amount of annual carbon dioxide emissions were 

also given. As carbon dioxide emission reduction is a major driver of the energy transition, reporting 

on the expected amount of reduction is highly relevant although it in itself is not an adequacy indicator. 

Furthermore, the annual electricity production per technology type is also reported (nuclear / thermal 

/ renewables). This is helpful in analyzing the diversification potential of the French power system 

while this information is generated anyway in the used modelling method (unit commitment). This 

also shows the share of renewables power generation as a percentage of annual generation, which is 

often the subject of policy goals. In doing so, the generation adequacy report contains useful 

information for policy makers on the required actions to achieve climate goals.  

 

ADEQUACY ASSESSMENT OF GERMANY – TENNET, AMPRION, 50HERTZ & TRANSNETBW 

As the German power system is operated by four Transmission System Operators, the Government 

regulator Bundesnetzagentur reports on the ability of the power system to guarantee a security of 

supply. This is not assessed on an annual basis, but rather with on an irregular basis with commissioned 

studies, such as a 2015 study by Consentec and r2b energy consulting [187]. Furthermore, the four 

German TSO jointly also execute an voluntarily annual adequacy assessment [140]. This assessment is 

less advanced than many other European adequacy assessments and uses a deterministic approach 

with a sole focus on Germany, without taking a wider region into account.  

The joint-TSO assessment focusses on a ‘worst-case’ situation of a cold ‘Dunkelflaute’: a 

situation with high load, hardly any renewable energy generation and low availability of thermal 

power plants. In such cases, the potential for international balancing and demand reduction are both 

projected to be low. Only 1.0 GW of Demand Response is assumed to be available (at a load of over 80 
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GW). In order to research this situation in more detail, various sensitivity analyses are carried out with 

respect to the infeed by renewable energy sources. Although this approach is vulnerable to 

uncertainties, by executing it for multiple years an indication of trends in the in the adequacy of the 

power system can be given.  

The demand hour considered in the analysis is a winter evening on a work day, since this 

would represents a Dunkelflaute scenario. This is benchmarked against the 2017 annual peak load, 

although this peak load situation does not necessarily represent the tightest situation of a power system 

[187]. For the given time period under consideration, a deterministic analysis compares the generation 

infeed with the demand. This represents a momentaneous energy balance of the German power system. 

The difference between the peak load (without load reduction) and the available generation infeed 

(excluding system balancing reserves, non-available units and unforeseen outage margin) is the 

residual load. If this residual load is positive, there may be a buffer for power export available. If this 

residual load is negative, there is an import dependence.  

Any future developments in installed capacity, are based on a single prognosis and not on 

multiple scenarios. The analysis shows that for the 2017 annual peak load, the remaining capacity 

(including reserve power plants) was abundantly provided at 42.2 GW. This remaining capacity margin 

decreases to only 1.0 GW for January 2020 and -5.5 GW for January 2021, due to decommissioning of 

conventional power plants. This entails that under the given conditions, Germany would become 

dependent on 5.5 GW of electricity imports to satisfy demand.  

This analysis does not take network constraints into account, although the four TSOs jointly 

conclude that this is an important limitation of the analysis. Furthermore, the likelihood of an 

occurrence of a Dunkelflaute situation is not assessed using a probabilistic analysis, which makes it 

hard to judge the relevance of the findings of the German adequacy assessment. The TSOs are therefore 

planning on including more probabilistic elements in their future adequacy assessments, which is also 

projected to become legally required under European legislation [89]. Furthermore, the four TSOs call 

for a political discussion on the desired target for the level of the security of supply considering a 

reasonable economic risk.  

The study by Consenctec and r2b energy consulting follow an approach for the adequacy 

assessment that is more in line with that of other European countries, based on a regional analysis using 

a probabilistic approach. However, the study only includes one scenario based on the ‘best estimate’ 

scenario of ENTSO-E. The probabilistic analysis is based upon 999 different states under consideration, 

using 333 unforeseen outage scenarios and three climate years for variable renewable energy sources 

electricity generation. Three sight years: 2015, 2020 and 2025 are investigated. The regional analysis 

includes thirteen different countries. The study expresses the system adequacy in the so-called ‘load 

balancing probability’, which indicates the probability that a balance between supply and demand can 

be achieved in the power system. It basically entails the inverse of the loss of load expectation, 

expressed in a percentage (a four hour LOLE would entail a 99.954% load balancing probability).  

The study shows that the regional effect decreases the simultaneous residual peak load by 10-

20 GW. In other words: interconnection capacity substantially reduces the generation capacity needs 

required for an adequate power system. This effect is due to different weather conditions in different 

countries and a ‘peak shaving’ effect due to the countries’ peak loads not occurring at the same moment 

[187]. The analysis reveals that the Load Balancing Probability is 100% for all European countries in 

2025, except for Belgium and France (99.99999% and 99.99994% respectively). The actual probability of 

a shortage of power can be below 100% for a LBP of 100% due to the fact that not all possible situations 

are considered in the modelling, but rather 999 different states are modelled. However, important 
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limitations of this study are the focus on only one scenario, the small amount of climate years and the 

optimistic assumption on no constraints occurring on interconnection capacities.  

 

ADEQUACY ASSESSMENT IN (NORTHERN) IRELAND – EIRGRID / SONI 

The adequacy assessment carried out by EirGrid and SONI for both Ireland as well as Northern Ireland 

is a generation adequacy evaluation, studied up to ten years ahead. The evaluation was carried out 

separately for Ireland, Northern Ireland as well as for the joint area. From an adequacy assessment the 

case of Ireland is especially interesting. This country has a high VRES penetration percentage of 29%, 

of which almost all energy is produce by wind turbines. The VRES penetration is projected to grow to 

40% in 2020. The remaining energy is mostly produced by gas (51%) and coal/peat (19%). For 

assumptions on the timely integration of wind power into the electricity grid, no network constraints 

are assumed.  

The adequacy assessment was carried out on the basis of multiple demand scenarios. For 

generator availability, the study was performed on the basis of stakeholder input. Generation capacity 

which were planned to be decommissioned by their owners were excluded from the analysis from the 

planned decommissioning year onwards, new conventional generation was only included into the 

adequacy study if it had a signed contract with the system operator, planning permissions and planned 

commissioning data (no potential generators fulfilled these criteria). Only one alternate generation 

scenario was considered, excluding all base load power plants with CO2-emissions over 550 g / kWh, 

effectively decommissioning coal-fired power plants.  

A substantial amount of demand side response (acting as virtual generator dispatch) is 

available in Ireland and subsequently included in the adequacy assessment. The impact of wind is 

modelled deterministically, using a derating factor of 10,3% for wind capacity: effectively putting a 

capacity credit factor of 10,3% on installed wind generation capacity. Averaged historical data is used 

to model the mean forced outage rate and duration per technology category. The impact of 

interconnection is considered by including interconnectors, using a de-rating factor and availability 

statistics.  

The reliability standard used is a LOLE of 8 hours per year for Ireland and the joint area case 

study, this is set to 4.9 hours per year for Northern Ireland. The LOLE is understood to be the 

‘mathematical expectation of the number of hours in the year during which the available generation 

plant will be inadequate to meet the instantaneous demand’ [98]. The results of the adequacy 

assessment are expressed in either a surplus of deficit of firm capacity requirement to achieve the 

reliability standard, assuming a power plant with perfect availability. The results indicate a shortage of 

generation capacity (i.e. an adequacy risk) from 2026 onwards for the all-island case. The adequacy 

study performed by EirGrid/SONI can be considered to be a hybrid case of deterministic and 

probabilistic techniques: the adequacy is studied upon the basis of a probabilistic reliability standard, 

but the impact of wind production and interconnection is approached deterministically.  

 

ADEQUACY ASSESSMENT IN LATVIA / BALTIC STATES – AUGSTSPRIEGUMA TĪKLS AS 

The Latvian Transmission System Operator, Augstsprieguma Tīkls AS, integrates an adequacy 

assessment in its annual statement [188]. The power demand is forecasted on the basis of forecasted 

GDP growth, using three scenarios. The three scenarios also contain assumptions regarding installed 

capacities of power plants per power plant type. Excluding some required emergency and regulating 

reserve capacity, the power adequacy is assessed deterministically by calculating the ratio between 
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available capacity for peak load and maximum demand. This analysis is carried out an on annual basis, 

with some more in-depth case studies on an hourly basis for specific days.  

Interconnection is not taken into account in this analysis, resulting in a national self-sufficiency 

analysis which shows that the adequacy of the power system cannot be guaranteed. As the Baltic power 

systems are planned to become synchronized with Continental Europe from 2025 onwards, the Latvian 

TSO advices extra generation capacity to be constructed since some units will be decommissioned in 

the near future. Another analysis shows that for the Latvian power system to remain adequate under 

the current assumptions, it would require significant amounts of import. If additional capacity would 

be installed in the form of renewable energy sources, the TSO recommends constructing fast-regulated 

reserves such as gas-fired power stations or battery energy storage systems.  

As a preparation for the synchronization with Continental Europe from 2025 onwards, the 

three Baltic States and Finland have also carried out a regional analysis, both deterministically as 

probabilistically using a Monte Carlo simulation for the year 2025. The deterministic analysis assumes 

a normal operating mode and a mode in which two large generating units are not available. This 

analysis assumes no network limitations on interconnection capacity. In order to cover the load of the 

four countries combined, electricity import would be necessary. The analysis also shows that power 

adequacy problems could arise from 2025 onwards, because the import dependency also entails that 

inadequacy arises when critical network elements face an outage. The probabilistic analysis also shows 

some level of inadequacy although the level of inadequacy is below European standards. Power system 

adequacy using a probabilistic assessments is expressed in the Loss of Load Expectation (‘Loss of 

Reserve requirement Expectation’) in hours per year and the Energy Not Supplied (MWh/yr) [188]. Due 

to the unique position and situation of the Baltic states, further analysis shows that increasing 

interconnection capacities with neighboring countries as projected in the Ten Year Network 

Development Plan (TNYDP) will increase generation adequacy and security of supply of the Baltic 

countries.  

 

ADEQUACY ASSESSMENT OF THE UNITED KINGDOM – NATIONAL GRID  

The System Operator for the United Kingdom – National Grid – publishes an Winter and Summer 

Outlook twice a year to assess the short-term generation adequacy [114]. Following the introduction of 

a Capacity Market in the UK, there is no long-term separate adequacy assessment in place in the UK 

[189]. However, in order to assess the capacity need for the Capacity Market, National Grid does 

publish a report containing an analysis of generation adequacy [190]. This analysis is focused on the 

required capacity need in order to secure a reliability standard of three hours LOLE per year. 

Furthermore, the national regulator (Ofgem), publishes a capacity assessment with an analysis of the 

short- and mid-term security of supply [189]. 

Ofgem uses three separate indicators to assess the security of supply: the loss of load 

expectation, de-rated margins and the likelihood of controlled disconnections. The de-rated margins 

refer to the average surplus of capacity over peak demand, but does not capture any variability or 

uncertainty associated to it. The likelihood of controlled disconnections of customers refers to the 

probability of a capacity deficit that would require customer disconnection. This is a metric only used 

for the short-term and is expressed with an ‘one in N years’ probability metric. The LOLE reliability 

criterion for the United Kingdom is three hours per year.  

If demand exceeds market supply, the System Operator still has several mitigation measures 

available before it is required to disconnect customers. These mitigation measures include emergency 
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reserves excluded in the LOLE calculation, voltage reduction, maximize generation and emergency 

services from interconnectors [189]. These mitigation measures roughly impact the chance of customer 

disconnection by a fourfold decrease [189]. Only when these mitigation measures are not sufficient to 

meet demand, customers would be disconnected. Methodologically, the ‘one in N years’ metric is a 

different expression of the LOLE (LOLE95 probability value amounts to ‘one in 20 years’ chance) after 

an extra increase in capacity supply due to the inclusion of reserves. Interconnection capacity is 

determined deterministically and is expected to be amount to 1.1 GW net import. In order to assess the 

need for capacity mechanisms, the National Grid assumes a cost of unserved energy (‘Value of Lost 

Load’) of £17.000 / MWh; around 300 times the value of average day-ahead power exchange prices 

[190], [191].  

National Grid regards the Loss of Load Expectation as a measure of the risk of demand 

exceeding supply under normal operation conditions. It thus gives an ‘indication of the amount of time, 

across the whole winter, which the System Operator (SO) will need to call on balancing tools such as 

voltage reduction, maximum generation or emergency assistance from interconnectors. In most cases, 

loss of load would be managed without significant impact on end consumers’ [114]. It thus describes 

the supply-demand balance after using all balancing contracts, but before any mitigation and 

emergency responses of the system operator [190]. For the adequacy assessment used in the Winter 

Outlook, peak demand is estimated and supply is modelled on a weekly basis. The contribution of 

wind energy to the security of supply is estimated using the so-called ‘Equivalent Firm Capacity’ (EFC), 

which is a deterministic measure which represents an estimate of the amount of conventional 

generation wind energy can replace. This is currently modelled to be 22% of wind production capacity 

[114]. Several interconnection scenarios are considered, with the assumption of a constant 750 MW 

export to Ireland.  

The adequacy of the system is expressed in the Loss of Load Expectation as well as a generation 

margin. This expresses the total amount of (de-rated) generation supply (incl. interconnection) with 

total demand and a contingency reserve requirement subtracted. The generation margin is expressed 

at the time of peak demand. The remaining capacity is both expressed in absolute terms (GW) as well 

as a percentage of said peak demand. The National Grid Winter Outlook also contains a comparison of 

previously forecasted minimum and peak demand with actually observed data. This data provides 

some information on the reliability of the previous forecast.  

 

PAN-EUROPEAN ADEQUACY ASSESSMENT – MIDTERM ADEQUACY FORECAST (ENTSO-E) 

ENTSO-E publishes a yearly outlook on the adequacy of the European power system, in its Midterm 

Adequacy Forecast (MAF). The MAF aims to provide a pan-European perspective on generation 

adequacy and incorporate reciprocal influences on import/export between countries [53]. By 

performing such a pan-European adequacy assessments, adequacy risks that have not come to light in 

national assessments may arise. In that sense, the MAF is a complementary study to the national 

assessments. Furthermore, the MAF is instrumental in developing European policies: strong temporal 

and spatial interdependencies between countries are important to consider in the adequacy assessment 

of different regions. Grid infrastructure may help alleviate potential adequacy problems, thus potential 

investment decisions need to be based on transparent information and coordinated decision making. 

For example, interconnections need to be taken into account in national adequacy assessments. Around 

ten countries do not take the contribution of interconnectors into account in adequacy assessments, 

therefore interpreting the security of supply as a national ‘self-sufficiency’ [107]. Some of these 
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countries have implemented capacity mechanisms. This is currently not done by many European 

countries, although some of these have implemented capacity mechanisms. Properly taking into 

account interconnection contributions to adequacy by performing pan-European adequacy 

assessments may have annual benefits of up to € 3 billion [192].  

Moreover, the MAF helps in developing and harmonizing adequacy assessments modelling 

approaches and a common framework for interpreting its results. To that end, the MAF is also used to 

compare and calibrate five different modelling tools against each other. Although these are generally 

in line with each other, significant differences in the expected adequacy of the system do arise, 

confirming that assessing the power system adequacy is not an exact science. The market modelling 

tools used are ANTARES (developed by RTE), BID3 (developed by Pöyry Management Consulting), 

GRARE (developed by CESI), PLEXOS (developed by Energy Exemplar) and PowrSym (developed by 

Operation Simulations Associates; used by TenneT Netherlands).  

The MAF calls for a common standard for data, models and reliability metrics [53]. Previously, 

ACER already concluded that although there are no legal adequacy standards in many countries, a 

LOLE of 3 hrs/yr is the most frequently used reliability standards. According to ACER, this is the 

equivalent of a de-rated capacity margin of 3-4% [103]. By setting homogeneous definitions and a 

common usage of reliability metrics, adequacy assessments of different countries can be compared in a 

coherent way. The development of improved reliability metrics is also the objective of this thesis. 

Following requirements set out in the Clean Energy Package, ENTSO-E will publish a ‘methodology 

guidelines’ document for future adequacy assessments. The upcoming MAF will aim to improve the 

insight in particular interdependencies in the system, for example the interactions between demand, 

storage and interconnectors since affecting these three aspects could all reduce adequacy risks. 

Furthermore, more flow-based representations will be implemented in the upcoming MAF.  

The most recent MAF (2018) analyses the adequacy of the European power system for 2020 and 

2025 and includes a low-carbon sensitivity analysis. Furthermore, it incorporates a flow-based model 

for the applicable interconnections in the CWE-zone, an detailed analysis of simultaneous inadequacy 

risk situations and further improvements on the modelling of hydro power plants. Demand is modelled 

in a temperature-dependent way, using 34 climate years which are also used to accurately model VRES 

production. Using these 34 climate years, different hydro states (wet, normal, dry) and forced outage 

rates, up to 2000 Monte Carlo states were simulated per hour of the year. Demand Side Response (DSR) 

is included in the European assessment of the MAF for a total capacity of 19 GW, although some studies 

indicate this potential may be more than 60 GW [53]. The MAF reports on adequacy using the LOLE 

and its 95th percentile. A four hour criterion is used to assess the adequacy of the power system.  

The modelling used is a day-ahead market simulation, which optimizes the unit commitment 

and economic dispatch of power plants. This is a so-called mixed-integer linear-programming problem, 

in which the model optimizes the costs (minimum) while adhering to many operational constraints. 

The system is optimized for minimum costs per week, using a hourly resolution. Within that week, 

perfect foresight is assumed. This entails that for example the dispatch of hydro power plants (with 

storage reservoir) is optimized for that week, knowing all conditions faced for that week. A sensitivity 

analysis reveals that the model is sensitive to this approach, for example by imposing monthly rather 

than weekly constraints the resulting LOLE values could become over twice as small. Network 

constraints are only implemented at interconnections using the Net Transfer Capacities, except for the 

inclusion of an additional flow-based approach for the applicable countries for the sight year 2020. Five 

different software packages (modelling tools) are used, to highlight sensitivities in the exact way these 

software packages implement the mixed-integer linear-programming problem. 
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The MAF 2018 also shows that in a less CO2-intensive energy system, interconnectors will gain 

a crucial role, especially in periods with scarcity. As interconnectors are a part of grid infrastructure, 

this also highlights the importance of incorporating network constraints in generation adequacy 

assessments. A test case for a flow-based approach for interconnection capacity allocation reveals that 

system costs increase (due to redispatch) and it leads to higher inadequacy risks in particular for 

situations of high scarcity. Furthermore, the occurrence of simultaneous scarcity situation within a 

larger geographical area have also been studied as part of the MAF 2018 report. In such an event, 

electricity import would be required to sustain an adequate power system but within the larger region 

there is a power deficiency, resulting in electricity imports lower than necessary or technically possible. 

The MAF 2018 considers a case study of France, Great Britain and Belgium for 2020. For example this 

shows that the Belgium inadequacy risk is highly correlate with insufficient generation in France and 

Great Britain. This makes sense, due to the high level of import dependence of Belgium.  

The MAF also focuses on flexibility adequacy which reflects the ability of installed capacity to 

rapidly adjust to the increasingly dynamic nature of the power system. Flexibility requirements are 

expressed in maximum ramping needs, in GW/hour (both upward and downward). The study shows 

that these ramping needs can be satisfied by interconnection for about one third of the needs, which 

entails that the remaining needs need to be satisfied by a combination of installed generation capacity, 

demand response and storage.  

 

PAN-EUROPEAN ADEQUACY ASSESSMENT – WINTER OUTLOOK (ENTSO-E) 

Furthermore, ENTSO-E publishes seasonal adequacy outlooks, both a winter outlook as well as a 

summer outlook. These have a time horizon of a couple of months ahead. European legislation also 

calls for a unified methodology for such outlooks [99]. Some TSOs also publish such seasonal outlooks, 

as – for example – the Belgian TSO Elia published a winter outlook in November 2018 with an 

assessment of whether the Belgian power system would remain adequate throughout the winter 

despite unforeseen outages of nuclear power plants [193].  

The seasonal outlook by ENTSO-E follows a hybrid approach and combines a deterministic 

analysis with a probabilistic analysis. The deterministic analysis is similar to the way adequacy is 

assessed in Germany: available generation capacity is compared to net remaining demand at peak load 

circumstances (19.00 at a winter day). The ratio between these two values determines whether the 

system is adequate. Although this analysis shows that some countries become import-dependent, no 

adequacy risks are identified. The analysis focusses on both regular circumstances as well as a tight 

condition (cold spell in combination with limited renewables infeed and generation outages). This 

represents a ’1 in 20’ event. This analysis shows that under these circumstances, some countries could 

face limited adequacy issues. As interconnections become congested in such events, electricity imports 

are not possible to the extent that would be necessary to prevent adequacy issues. The use of strategic 

reserves would alleviate these issues, leading to no observed adequacy issues.  

A probabilistic sensitivity analysis reveals the probability of Europe facing an inadequacy risk: 

this analysis shows that there is a 3% probability that there will be at least one hour with insufficient 

generation capacity in one country for the peak load hour under consideration. Furthermore, the 

probabilistic analysis has different results for countries facing adequacy risks than the deterministic 

analysis, showing revealing that results are sensitive to modelling approaches. The Winter Outlook also 

contains a more detailed outlook per country, revealing no adequacy issues for the Netherlands for the 

2018-2019 winter.  
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Furthermore, the Winter Outlook contains an assessment of each nation’s downward 

regulation potential, which is especially relevant to countries with high amounts of inflexible 

generation units (e.g. nuclear power plants). If there is insufficient downward regulation potential, 

renewable electricity infeed may need to be curtailed. This analysis shows that in order to preserve the 

system stability, there is a high probability that some curtailment is necessary in some countries in some 

cases due to limited demand and no (further) export opportunities.  

The availability of hydro power plants is also considered in an extra analysis, complementing 

the deterministic analysis. This hydro reservoir levels analysis focusses on the amount of energy 

available rather than power. This is an example of a zero-order hierarchical level adequacy assessment. 

This analysis by ENTSO-E compares the reservoir levels to typical (average) reservoir levels for 

different countries. Furthermore, the continued supply of gas is also considered in the assessment since 

gas shortages could endanger power supply. The counterpart of ENTSO-E for gas infrastructure, 

ENTSO-G, indicated that there is no adequacy risk for electricity power as the result of possible gas 

supply shortages.  

 

PAN-EUROPEAN ADEQUACY ASSESSMENT – PENTALATERAL ENERGY FORUM 

In January 2018, the 2nd Pan-European Adequacy Assessment carried out under the auspices of the 

Pentalateral Energy Forum was presented. This is an advanced adequacy assessment performed by the 

relevant TSOs of Austria, Belgium, France, Germany, Luxembourg, the Netherlands and Switzerland. 

These countries cooperate on electricity policies within the Pentalateral Energy Forum. The adequacy 

of the countries involved is studied using a probabilistic, regional model with two sight years, subject 

to different sensitivity analyses. Furthermore, the study incorporates (and pioneered) a flow-based 

approach for interconnection capacity for the short-term sight year. The results of the adequacy 

assessment are computed using two software tools (ANTARES and PowrSym), which helps in 

calibrating results. Compared to a previous edition, improvements have mostly focused on the 

inclusion of a flow-based approach and Demand Side Flexibility.  

The adequacy assessment uses a base case for the two sight years under investigation. 

Furthermore, five different sensitivity analyses are carried out. Based on the dataset part of the PECD, 

34 climate years are used to probabilistically model weather influences on both generation as well as 

demand. Maintenance unviability is implemented by means of maintenance schedules and random 

forced outages for unexcepted maintenance needs. A forced outage rate is also applied to relevant 

HVDC transmission links. This results in 20 different outage and maintenance time series. In 

combination with 34 different climate years, this entails 680 Monte Carlo years are computed for every 

state. It has been confirmed that after 600 Monte Carlo years, the results can be evaluated with a 

confidence interval of ± 1 hour: the results show convergence.  

Installed capacity allocated for balancing reserves are excluded in the adequacy analysis, just 

as similar out-of-the market capacities such as strategic reserves. For system costs, the system is 

optimized on a weekly basis on an hourly resolution. The reservoir levels of hydro power plants are 

optimized on a monthly basis, which is subsequently optimized on a weekly basis. Within the week, 

an economic optimization takes place. The PLEF also evaluates the influence of Demand Side 

Flexibility, consisting of storage and Demand Side Response. It is argued that such flexibility may 

significantly improve security of supply whereas traditionally, generation adequacy assessments have 

been focused mostly on the supply side of the power system. Additionally, the constrains set by must-

run units may be relaxed at certain moments. The main goal here is to satisfy residual demand (total 
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demand minus VRES production) with a combination of generation and Demand Side Flexibility at the 

lowest possible price. This model differentiates between physical and virtual flexibility. Such units are 

modelled as virtual power plants, containing additional parameters such as maximum power and 

limits on daily continuous activation duration. An analysis of the economic feasibility of Demand Side 

Flexibility reveals that there is substantial potential for further developments in this area. For example, 

650 MW of flexibility would be profitable in the Netherlands. The economic feasibility of flexibility 

developments are evaluated using a cost of €9999/MWh for load curtailment (Value of Lost Load).  

Interconnection capacity values are modelled on the basis of NTC-values, which includes the 

option of simultaneous import/export constraints. Furthermore, for the sight year 2018-2019 a flow-

based modelling approach is used. This approach is used for electricity exchanges between France, 

Belgium, Germany and The Netherlands. The benefit of a flow-based methodology is that 

interdependent grid constraints are incorporated within the model. This entails that time- and context-

dependent interconnection capacities will be set for international electricity exchanges. This approach 

is currently already used in system operation: incorporating it in adequacy assessment thus best 

simulates reality. To that end, so-called flow-based domains are constructed for twelve typical days, 

representing week and weekend days in winter, summer and between seasons.  

As these domains are constructed on the basis of historically observed domains, it is only 

regarded to be valid for the near future as the current grid and installed generation profile have a large 

impact on these domains. These domains represent all possible combinations of grid exchanges 

between two or more borders and delineates valid outcomes (i.e. able to be accommodated by the grid) 

to invalid outcomes (cannot be accommodated). The constructed domains are associated to different 

climate variables, e.g. in case of high wind output and low temperatures, a specific domain is used. 

This specific example would result in high wind infeed in Germany and high electricity demand in 

France, leading to a large demand for electricity flows between Germany and France. The domains are 

incorporated in the unit commitment economic dispatch model as a set of constraints on simultaneous 

interconnection capacities.  

The adequacy of the system is expressed using LOLE and ENS. Furthermore, to evaluate the 

extent of system adequacy, a remaining capacity margin is computed. This margin is computed for 

every country in an isolated and interconnected case. Following the computation of this margin, five 

different system states exist expressing the margin of the country under different circumstances 

(with/without interconnection and different supply/load ratios). These are color-coded to evaluate 

power system adequacy and discriminate between secure and unsecure situations. The remaining 

capacities under different circumstances are given by the median, 10th and 1st percentile per country.  

The assessment highlights that adequacy risks are hardly present for the 2018-2019 sight year 

and only slightly worsen for the 2023-2024 sight year. A more detailed investigation of the analyses 

reveals that potential inadequacy risk mainly take place in winter. Furthermore, there are single climate 

years that have a disproportionate contribution to the average LOLE over all climate years. For 

example: the climate data of 1985 for France contributes to almost half of the computed LOLE for France 

(cold spell in winter).  

Therefore, the PLEF Generation Adequacy Assessment calls for further development of the 

inclusion of climate years in generation adequacy assessments. The current database used (containing 

34 climate years) is still too limited to account for all meteorological evolutions. This has for example 

been done by RTE’s adequacy assessment for France, where 200 climate years were artificially 

constructed. Alternatively, different probability weights could be applied to the climate years to reduce 

the dominance of extreme climate years. One sensitivity analyses focusses on possible grid 
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developments, as an increase in interconnection capacity may have a beneficial effect on the observed 

power system adequacy. This is indeed observed: interconnection projects positively impact power 

system adequacy. Another sensitivity analysis reveals that the addition of Demand Side Flexibility 

reduces the observed LOLE in all considered countries. This also holds for a decrease in the Energy Not 

Served.  
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APPENDIX B: COMPARATIVE ANALYSIS OF INFRASTRUCTURE RELIABILITY 

EVALUATIONS 

 

GAS SECTOR (NETHERLANDS) – GASUNIE 

The Dutch Transmission System Operator for gas – Gasunie – is responsible for the development and 

management of the transmission network for gas and the balancing of the network. Gasunie publishes 

multiple documents by which the reliability of continuous gas delivery is monitored. In a similar vein 

to electricity, the reliability of gas delivery is determined by the reliability of its infrastructure 

(‘transmission adequacy’) and gas supply (‘generation adequacy’). Although Gasunie is not responsible 

for the primary gas supply, it has been legally tasked with safeguarding the security of supply by means 

of peak delivery and emergency delivery [111]. The reliability of the network is monitored by means of 

the biennial Quality- and Capacity assessment, which describes the policies, risk management, current 

state and planned maintenance and expansion of the transmission network.  

The adequacy is studied by monitoring the balance between supply and demand of gas [111], 

[112]. Contrary to the electricity sector, the balance is only studied and monitored on an annual basis. 

Future demand is estimated and a demand prognosis is formed. Market parties (‘shippers’) are asked 

by means of a survey to what extent gas delivery is already covered by long-term supply contracts. 

Because these are sufficient to meet demand up to some years ahead, the adequacy of the gas sector is 

considered to be provided [112]. Furthermore, Gasunie has the legal task to have sufficient reserves to 

meet peak demand in case of a cold spell. The worst-case scenario is only expected to be the case once 

every 50 years. To meet this legal obligation, supply of gas is contracted by Gasunie in the form of both 

supply capacity (GWh/h) as well as volume (TWh) of these reserves [112]. Since these reserves have 

been contracted successfully, the gas sector is also considered to be adequate in the case of a cold spell.  

The adequacy of the gas delivery is currently a concern of policy makers, due to the planned 

production reduction of the ‘Groningen field’ [113]. The consequences of this reduction on the 

adequacy of gas supply have also been studied. Considering a certain demand, the supply of gas needs 

to be secured from a number of sources of which the ‘Groningen field’ gas production is one. Gasunie 

has evaluated to what extent the production from the Groningen field could be reduced by enhancing 

delivery/production from other sources (including artificial production of low calorific gas by mixing 

high calorific gas with nitrogen in special facilities) [113], [194]. The demand is modelled in a 

temperature-sensitive way in these studies, while the adequacy is only evaluated upon an annual basis. 

Thus, although the adequacy of the gas sector is a concern of policy makers, the indicators used to 

assess this adequacy do not provide to be particularly useful for use in the electricity sector.  

 

GAS SECTOR (UNITED KINGDOM) – NATIONAL GRID 

In the United Kingdom, the electricity TSO National Grid is also the responsible Transmission System 

Operator for the gas sector. The analysis outlined in the Winter Outlook shows that the gas sector is 

considered to be adequate [114]. The transmission infrastructure is considered to be adequate if it can 

transport the required amount of gas to meet demand on the coldest day of a ‘1-in-20’ cold winter. 

Thus, the transmission infrastructure is expected to have the risk to be inadequate once every 20 years 

(below 5% probability of occurrence). The transmission infrastructure needs to do so even in case of an 

infrastructural failure, as exemplified by the N-1 requirement. To assess the adequacy of the gas sector, 

the 1-in-20 peak demand is forecasted. This demand exceeds the maximum non-storage supply forecast 

(including import) and gas storage facilities thus need to be enabled. Together, this available supply 
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exceeds the maximum demand. Even in case of a large loss of transmission infrastructure, this peak 

demand could be satisfied [114]. Simultaneous cross-border peak demand risks are not considered.  

The sequentiality of peak demand is considered. Apart from a peak day, average peak demand 

for a very cold week, month and overall winter is also evaluated (all 1-in-20 events) [114]. This analysis 

shows that also for these events the gas sector is considered to be adequate. The contribution of gas 

storage does diminish with growing time interval, as the storage supply of gas is depleted. As these 

analyses show, gas supply is sufficient to meet demand under peak conditions and therefore the gas 

system is considered to be adequate.  

 

RAILWAY SYSTEM (NETHERLANDS) – PRORAIL & NS 

The Dutch railway system is operated by ProRail (infrastructure owner and operator) and 

transportation companies such as the Nationale Spoorwegen (NS). Due to a public and political 

perception of (winter) unreliability of the Dutch railway system, the reliability performance by ProRail 

and NS are closely monitored using a wide variety of reports, performance indicators and 

(international) benchmarks [195]. The quality of the railway assets are monitored in the Staat van de 

Infra, which contains a similar analysis on the reliability and associated risks of infrastructural assets 

as is performed in the Quality- and Capacity assessment of TenneT [196]. However, the reliability of 

the services provided by the railway system are not only the result of the reliability of the infrastructural 

assets.  

In its yearly ‘management plan’, ProRail outlines how it aims to improve the quality, capacity 

and reliability of its services [115], [197]. This management plan contains improvement plans on a 

number of performance indicators. Customer satisfaction is an important parameter used to assess the 

delivered quality of the services provided by ProRail. Furthermore, the punctuality of train services is 

assessed on different timescales (<3 min delay; <5 min delay). Furthermore, the amount of ‘delivered 

train trajectories’ is an indicator measuring to what extent ProRail has delivered the required capacity 

reservations on its network for train movements. This could be seen as the extent to which its users (or: 

the market) has been adequately served. Within the electricity system, this could be interpreted by the 

amount of time the power plant dispatch schedules delivered by electricity producers do not have to 

be changed due to limitations of the TSO, resulting in redispatch.  

Another important indicator is the customer nuisance due disturbances of the network [115]. 

These may be caused by a number of factors, including infrastructure faults, weather conditions, 

suicides, animals or objects on the tracks. The disturbances are counted in ‘train delay minutes’, 

measuring the delay of the sum of all trains impacted by the network disturbance. Based on this 

measure, four classes of customer nuisance are defined. Only the two most severe classes are counted 

within the key performance indicator ‘customer nuisance’, expressed in ‘additional customer minutes’ 

[116]. The NS uses customer satisfaction as its main performance indicator. Furthermore, the 

punctuality of the train services and the chance of a seating place during rush hour are used as 

performance indicators [117]. The NS performs pilot experiments with Demand Response 

(‘vraagsturing’) to reduce constraints during rush hour, since reducing the demand is helpful in 

restoring the balance between available capacity and demand [117].  
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ROAD NETWORK (NETHERLANDS) – RIJKSWATERSTAAT / MINISTRY OF INFRASTRUCTURE & 

ENVIRONMENT 

Rijkswaterstaat is the government body responsible for civil infrastructure assets such as highways, 

roads, bridges and water management. Rijkswaterstaat regularly issues a report on the usage of the 

road network [118]. Key performance indicators are the amount of traveled vehicle kilometers, the 

severity of traffic jams, the top 10 traffic jam routes and the travel time losses due to traffic jams [118]. 

The adequacy of the road network could be interpreted as the occurrence of traffic jams, since 

insufficient road capacity to meet demand results in traffic jams. Furthermore, the daily profile of road 

usage is similar to the daily profile of electricity demand, where in both cases peak demand could be 

reduced by ‘demand response’ by changing the time period of demand. This can be inferred from 

Figure 60 and Figure 61.  

 

  

Figure 60. Road usage over the day. Source: [118]. Figure 61. Typical daily electricity load profile. Source 

[119] 

The severity of traffic jams is expressed in millions ‘kilometer minutes’, which is calculated by 

multiplying the average length of traffic jams by its duration. The indicator is expressed as an annual 

average. The traffic jam length at different times is calculated by taking the sum of all individual traffic 

jam length present at that moment [118]. The amount of additional travel time that all road users 

collectively had to face, is expressed in millions hours of ‘vehicle loss hour’. This indicator is calculated 

by comparing actual travel time of road users with the reference travel time of an average speed of 100 

km/h [118]. This indicator is quite interesting since it does not contain an absolute standard, but defines 

a baseline reference in order to express inadequacy in relative terms.  

Every few years, Rijkswaterstaat performs a National Market and Capacity Analysis which 

calculates the infrastructure demand and required additional capacity [120]. This forms the basis upon 

which the Ministry takes investment decisions, and can be seen as the equivalent of the Quality- and 

Capacity assessment. In a similar fashion to TenneT’s work flow, the additional capacity demand for 

infrastructure is modelled upon the basis of a prior analysis of travel demand based upon (amongst 

others) demographic factors, technological trends and economic growth expectations [120]. TenneT 

does so by executing a electricity market modelling (Unit Commitment Economic Dispatch) which 

forms the input for additional analyses on possible transmission network capacity constraints used in 

the biennial Quality- and Capacity assessment. 

The ’Kennisinstituut voor Mobiliteitsbeleid’ of the Dutch Ministry of Infrastructure & 

Environment, has assessed the societal value of short and reliable transit times [121]. The value of short 

transit times are monetized for different user groups and different sectors (highway, railway etc.) in 

order to be able to perform cost-benefit analyses on potential investments in infrastructure projects. 
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These values are based on a survey in which a representative group of respondents indicated the so-

called ‘stated preference’ monetary value of transport. Next to the value (cost) of travel time, the 

variability of it is also studied. This is meant as an indicator of reliability of the expected transit times, 

since longer transportation times are less annoying if they are constant: this means people and 

companies can adjust their expectations and planning accordingly [121]. The report expresses the Value 

of Time and the Value of Reliability for different use cases and sectors. For example, transportation of 

freight is separated from personal transportation, which is subdivided in professional use, commuting 

use and ‘other’ (including recreational transportation). The Value of Time for commuting traffic is for 

example assessed to be €9.25 per person per hour (2010 price level), while its related Value of Reliability 

is set at €3.75 [121]. An interesting parallel with the electricity sector can be discerned, since the Value 

of Lost Load seems to be an equivalent of the Value of (lost) Time in the infrastructure sector. 

Furthermore, from this publication, it can be discerned that apparently the reliability (or: congruence 

between real and expected travel times) has a separate value as well. This forms interesting input for 

the valuation of reliability and adequacy of the power sector.  

 

TELECOMMUNICATIONS SECTOR (NETHERLANDS) – TELECOM AUTHORITY & T-MOBILE 

As for the telecom infrastructure, in the Netherlands and most European countries, there is no single 

Transmission System Operator but each mobile carrier develops its own network infrastructure. The 

adequacy of telecom infrastructure could be interpreted as the timely and reliable delivery of 

telecommunication services such as data transfer, text messages or voice calls. In the past, the telecom 

infrastructure has not always been adequate at peak times such as New Year’s Eve [122]. This resulted 

in, amongst others, the untimely delivery of text messages.  

The Telecom Authority is the regulatory body of the Dutch government tasked with ensuring 

the reliability of telecom infrastructure [198]. In its annual assessment report, the regulatory body 

signals a risk of diminished connectivity at large events, where a large group of users in combination 

with heavy data usage may exceed the available network capacity, leading to diminished connectivity 

[123]. This may endanger the availability for emergency phone calls and emergency broadcasts [123]. 

This ‘imbalance between supply and demand of telecom’ could be seen as the adequacy of telecom 

services.  

Furthermore, the authority warns for other causes of disturbances of continuity of telecom 

services, including power losses and cyber-attacks [123]. A dedicated program ‘Telekwetsbaarheid’ has 

been launched to enhance the resilience of society to such events. Furthermore, similar to the electricity 

sector, disturbances by excavation damage (‘graafschade’) are separately monitored. Telecom 

providers are also legally obliged to notify the authority in case of a network disturbance [123]. This is 

a key performance indicator of the availability of telecom infrastructure services. Furthermore, network 

operators are legally obliged to take measures to safeguard the reliability of the network services, and 

report on these measures and risk management in a similar fashion the Quality- and Capacity 

assessment in the electricity sector [199]. These measures are similar to the availability of the network 

infrastructure as seen in the electricity sector.  

Next to such government-issued evaluations, network carries may carry out their own 

performance evaluations. For example, T-Mobile evaluates the adequacy of its network in multiple 

ways. The average speed, measured at different locations, is an important performance indicator [200]. 

A more sophisticated measure of network adequacy is used by P3 Connect, in its annual Mobile 

Benchmark study [201]. This study evaluates the performance for voice calls and data transfer under 
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different conditions (within urban and rural locations; within the train), as well as a ‘crowdsourced 

quality’ performance indicator. For each aspect, multiple indicators such as the call setup time, call 

success ratio and call quality, define its score. The crowdsourced quality performance indicator is based 

on 26.000 users with 174 million data samples. Within this evaluation, the quality of coverage, user 

download speeds and data service availability (amount of hours of degraded performance) are 

measured [201]. 
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APPENDIX C: LIST OF POTENTIAL POWER SYSTEM ADEQUACY INDICATORS 

 
Table 70. Overview of potential adequacy indicators 

Indicator 

group 

Used in 

thesis? 
Indicator Explanation 

Adequacy 

probability 
No Probability of inadequacy Probability that the power system is inadequate (expressed as a percentage of time, based on LOLE) 

Adequacy 

probability 
No Increase in Effective Load Carrying Capability 

Quantification of the expected LOLE and/or satisfiable load of two systems under comparison, describing the 

potential improvement of a aystem 

Adequacy 

probability 
Yes Probability of adequacy See Section 5.5 

Adequacy 

probability 
Yes Probability of Power Interruption See Section 5.5 

Adequacy 

probability 
Yes SAIFI, including generation inadequacy See Section 5.5 

Adequacy 

probability 
Yes SAIDI, including generation inadequacy See Section 5.5 

Adequacy 

probability 
Yes Reliability / cost curve See Section 5.5 

Energy / Power 

deficit 
No Probability of Insufficient Reserve Capacity 

Expression of the probability (using a Forced Outage Rate) of the unavailability of sufficient reserve capacity 

when needed 

Energy / Power 

deficit 
No Power margin Quantification of the margin of available power reserves compared to the expected power deficiency 

Energy / Power 

deficit 
Yes Expected Energy Not Served (EENS) See Section 5.5 

Energy / Power 

deficit 
Yes Expected Power Not Supplied (EPNS) See Section 5.5 

Energy / Power 

deficit 
Yes Health Index (based on power margin) See Section 5.5 

Energy / Power 

deficit 
Yes 

Severity of deficit (how long, how much?) 

(duration * EENS per hour) 
See Section 5.5 

Environmental 

indicators 
No Curtailed Energy (non-VRES) 

Expressing the curtailment of non-VRES power production in amount of hours and/or percentage of supply in 

order to contrast these with the curtailment of VRES power production 

Environmental 

indicators 
No Curtailed Energy (VRES) Expressing the curtailment of VRES power production in amount of hours and/or percentage of supply  

Environmental 

indicators 
No 

Non-renewably supplied demand (eneryg-based; 

annual average) 
Expressing the percentage of demand which is not renewably supplied on an annual basis 



TOWARDS A RENEWED UNDERSTANDING OF ADEQUACY FOR FUTURE POWER SYSTEMS 

 

198 

 

Indicator 

group 

Used in 

thesis? 
Indicator Explanation 

Environmental 

indicators 
No 

Non-renewably supplied demand (time-based; 

0% renewably supplied) 
Expressing the percentage of time for which demand is 0% renewably supplied  

Environmental 

indicators 
No 

Non-renewably supplied demand (time-based; 

below 100% renewably supplied) 
Expressing the percentage of time for which demand is not 100% renewably supplied  

Environmental 

indicators 
Yes CO2-emissions See Section 5.5 

Environmental 

indicators 
Yes Renewably supplied (% of demand) See Section 5.5 

Flexibility No Must-Serve Load Expression of (average) Must Serve Load as percentage of total load  

Flexibility No Direction of required flexibility Expression of number of times (%) for which flexibility is needed in a certain direction (upward/downward) 

Flexibility No Activation of flexibility Expression of the frequency, duration and average time-period of activation of flexibility resources 

Flexibility No Price Sensitive Flexible Power  
Expression of total available power and energy resources which are sensitive to price signals (both 

downwards/upwards regulation)  

Flexibility No 
Flexibility Index (relative to installed VRES 

capacity) 

Ratio between quickly responding power plants (or: flexibility providers) and installed VRES capacity, in which 

a higher index entails more flexible system 

Flexibility No Flexibility Index (relative to peak demand) 
Ratio between quickly responding power plants (or: flexibility providers) andpeak demand, in which a higher 

index entails more flexible system 

Flexibility Yes Residual load duration curve See Section 5.5 

Flexibility Yes Required flexible power (MW) See Section 5.5 

Flexibility Yes 
Required flexibility (power/energy requirements 

for percentile of RLDC) 
See Section 5.5 

Flexibility Yes Required ramping rates flexibility (MW/h) See Section 5.5 

Flexibility Yes Periods of flexibility deficit See Section 5.5 

Flexibility Yes 
Required VRES for annually balanced residual 

demand 
See Section 5.5 

Flexibility Yes 
Expected Energy Supplied by Energy Storage 

(EESES) 
See Section 5.5 

Flexibility Yes 
Forecastability (deviations from submitted 

electricity programs) 
See Section 5.5 

Loss of Load 

Expectation 
Yes LOLE (Total) See Section 5.5 

Loss of Load 

Expectation 
Yes 

Insufficient Ramp Resource Expectation (LOLE – 

IRRE) 
See Section 5.5 

Loss of Load 

Expectation 
Yes 

Insufficient Transmission Capacity Expectation 

(LOLE – ITCE) 
See Section 5.5 



TOWARDS A RENEWED UNDERSTANDING OF ADEQUACY FOR FUTURE POWER SYSTEMS 

 

199 

 

Indicator 

group 

Used in 

thesis? 
Indicator Explanation 

Loss of Load 

Expectation 
Yes 

Insufficient Power Resources Expectation (LOLE 

– IPRE) 
See Section 5.5 

Monetary 

indicators 
No Investment remuneration time multiplication 

Expression of additionally required time duration for investment remuneration due to changes in the load factor 

of power plants in future systems compared to reference system 

Monetary 

indicators 
No 

Changes in the Market Clearing Price or Volume 

due to DSR 
Expression of price elasticity and dynamic behaviour of market players due to Demand Side Response 

Monetary 

indicators 
No 

Changes in the Market Clearing Price or Volume 

due to scarcity 
Expression of price elasticity and dynamic behaviour of market players due to power scaricty 

Monetary 

indicators 
No 

Risk of load shedding due to value of demand 

approaching the VoLL 

Expression of value of demand as percentage of Value of Lost Load, indicating a certain 'closeness' to power 

scarcity and load shedding 

Monetary 

indicators 
Yes Expected Customer Interruption Costs See Section 5.5 

Monetary 

indicators 
Yes Peak prices: % of time > 300% of average prices See Section 5.5 

Monetary 

indicators 
Yes 

Price Duration Curve for P01, P05, P10 / P90, P95, 

P99 / amount of zero prices 
See Section 5.5 

Monetary 

indicators 
Yes 

Amount of activation hours (& frequency) of 

reserves / storage 
See Section 5.5 

Monetary 

indicators 
Yes Storage revenues (per MWh per year) See Section 5.5 

Monetary 

indicators 
Yes Changes in load factor of power plants See Section 5.5 

Power quality Yes 
Insufficient power quality (amount of time not in 

line with standards) 
See Section 5.5 

Scarcity event No 
Remaining capacity in neighboring countries 

during scarcity event 

Expressing the curtailed (VRES) energy and/or non-dispatched available thermal capacity within neighboring 

countries during scarcity event in a country 

Scarcity event Yes LOLE per area, with/without interconnection See Section 5.5 

Scarcity event Yes 
Interconnection capacity saturation in case of 

scarcity 
See Section 5.5 

Scarcity event Yes Simultaneous scarcity See Section 5.5 

Scarcity event Yes VRES contribution during scarcity event See Section 5.5 

Scarcity event Yes LOLE reduction in case of use of curtailed energy See Section 5.5 

Timing of 

inadequacy 
Yes 

Timing of occurrence of inadequacy (per month, 

per week, per day, per hour) 
See Section 5.5 

Timing of 

inadequacy 
Yes 

Relative frequency of inadequacy (per month, per 

week, per day, per hour) 
See Section 5.5 
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Indicator 

group 

Used in 

thesis? 
Indicator Explanation 

Timing of 

inadequacy 
Yes Time-period between inadequacy occurrences See Section 5.5 

Timing of 

inadequacy 
Yes Expected Duration of Load Curtailment  See Section 5.5 

Transmission 

capacity 
No Distribution of load over substations 

Average deviation from proportional capacity of substation, signalling structural under/overusage of substations 

compared to initial design 

Transmission 

capacity 
No Distribution of supply over substations 

Average deviation from proportional capacity of substation, signalling structural under/overusage of substations 

compared to initial design 

Transmission 

capacity 
Yes 

Distance between weighted load and supply 

centers 
See Section 5.5 

Transmission 

capacity 
Yes 

Amount of transmission network capacity 

violations (without redispatch) 
See Section 5.5 

Transmission 

capacity 
Yes 

Loss of Supply Possibility Expectation due to 

transmission network outages 
See Section 5.5 
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APPENDIX D: FURTHER INFORMATION ON ADEQUACY ASSESSMENT TEST SYSTEM  

 

The adequacy studies in this thesis are performed using ANTARES, a free open-source power system 

simulator tool which has been developed by the French Transmission System Operator, RTE [162]. The 

software tool is well-documented [202], [203], the subject of scientific papers accepted by CIGRE and 

IEEE [204], [205] and used for (adequacy) studies by European TSOs and ENTSO-E [53], [54], [104], 

[108]. In this thesis, version 7.0.0 of ANTARES was used in combination with the complementary R 

packages antaresEditObject, antaresProcessing, antaresRead and antaresViz under R version 3.6.0 

(using RStudio version 1.2.1335). 

 

DESCRIPTION OF ANTARES 

As most adequacy evaluation software tools, ANTARES is a mixed-integer linear programming tool 

used to perform weekly cost optimizations with a Unit Commitment Economic Dispatch model. At 

initialization, the type of optimization, the system (amount of areas, interconnections etc.) and other 

relevant parameters, such as general simulation parameters are set. Further key inputs are data on the 

annual load (hourly resolution) of the system and the amount and characteristics of thermal generators 

and VRES capacity present within the system. Using a time-series generators, these inputs are used to 

create various time-series of thermal generation and load, although ready-made time-series can also be 

imported. Furthermore, for wind and solar electricity generation, further inputs (inter-area correlation, 

daily and seasonal profiles, nominal capacities etc.) are used to generate time-series for variable 

renewable energy production. In a similar vein, time-series for the use of hydro resources are created. 

These are then combined using a Monte Carlo scenario builder, which builds different scenarios 

(‘Monte Carlo years’) using random combinations of the individual time-series generated. This results 

in a set of Monte Carlo years. Each Monte Carlo year is then subjected to a hydro energy management 

module (weekly optimization) and a Unit Commitment Economic Dispatch model, optimizing overall 

system costs over a week.  

After computation of all Monte Carlo years, the results of the modelling can be analyzed. For 

each area and each Monte Carlo year, 35 outputs are stored. These include output parameters such as 

costs, the loss of load expectation, expected energy not supplied, breakdown of energy supplied by 

different sources, marginal prices and CO2-emissions. When aggregated (over the respective Monte 

Carlo years) statistics are analyzed, the output parameters are subjected to a basic statistical analysis 

The results can be analyzed further within ANTARES, exported to other data analysis tools (e.g. Excel, 

R) and visualized using the dedicated R ‘antaresViz’ package or other (visualization) tools in R.  

 

IEEE RELIABILITY TEST SYSTEM 

In order to verify the proper working of ANTARES and its set-up, the IEEE Reliability Test System was 

used to verify the approach used. The IEEE Reliability Test System is a benchmark study case used to 

verify power system reliability evaluation studies [206]. Standardized data on the topology of the test 

case power system, its load, and characteristics of its generators are given. The 1996 test system is an 

extension of the Reliability Test System that was defined earlier on in 1979 [207]. The system is 

composed by a single area, 24-bus power system with 32 generators. The system was later extended to 

three (identical) areas with limited interconnection capacity between the three areas in order to model 

the effects of interconnection.  
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The IEEE Reliability Test System was constructed within ANTARES. The load data was taken from the 

literature [206], while the time-series for thermal and hydro generation were computed by ANTARES 

based on generator characteristics taken from [206]. For both thermal and hydro generation, 100 

different time-series were computed and these were combined to form 100 different Monte Carlo years, 

which formed the basis for the calculations. Using this system in ANTARES, an annual LOLE of 9.59 

hours/year was determined for the one-area reliability test system, which deviates by 2.08% from the 

results mentioned in the literature [23], [83]. This deviation is in line with the expected deviations due 

to rounding and small differences in modelling approaches.11 It can thus be confirmed that the IEEE 

Reliability Test System was implemented in ANTARES correctly and that the software works correctly. 

The weekly demand curve, annual Load Duration Curve and weekly dispatch of this test system are 

depicted in Figure 62. All data used for defining the characteristics of the system was in principle taken 

from the IEEE Reliability Test System, unless it was not explicitly provided. In that case, the standard 

settings from ANTARES (or: settings from provided templates within ANTARES) were used.  

 

  

 

Figure 62. Output of preliminary adequacy assessment of the IEEE Reliability Test System  

 

                                                           

11 For example, the forced outage duration per generator is given in hours by the IEEE Reliability Test System, but ANTARES 

only uses a daily resolution for the duration of forced outages, leading to differences in the duration of forced outages due to the 

rounding of this duration. 


