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Abstract

This paper proposes a classification of reliability criteria for power systems based on four character-

istics: (i) the set of considered system states, (ii) the objective function, (iii) the allowed real-time

actions and (iv) optional non-technical constraints. Because selecting a reliability criterion involves a

trade-off between multiple opposing objectives, this paper suggests the use of five performance indi-

cators to evaluate the performance of reliability criteria: (i) expected total cost, (ii) service reliability

level, (iii) inequality between consumers in terms of service reliability, (iv) availability, integrity and

confidentiality of input information and (v) ease-of-use. Case studies for a five-node and 24-node test

system illustrate the multi-dimensional analysis of six reliability criteria. These criteria range from

the deterministic N-1 criterion to an unconstrained probabilistic criterion that aims to minimize ex-

pected total cost. The analysis finds that moving from deterministic to probabilistic reliability criteria

decreases expected total cost. The largest savings of expected total cost are due to a trade-off be-

tween preventive and corrective actions. A smaller portion of savings is due to the inclusion of load

curtailment actions in the trade-off on top of preventive and corrective control. Limits on individual

or aggregate service unreliability levels decrease service unreliability, but increase expected total costs

when compared to an unconstrained probabilistic approach.
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1. Introduction

Reliability management based on the N-1 criterion has been frequently questioned during the last

decade. Studies argue that a radically different approach may be required to integrate renewable energy

sources and smart grid technologies in a cost-effective way [1, 2, 3, 4, 5]. They argue that probabilistic

reliability criteria are better suited to meet the current challenges of the electricity transmission sys-5

tem: uncertain and variable demand and supply, decentralized decision makers, highly interconnected

networks, difficulties in building new lines and a general trend towards a more efficient use of the

transmission system [6].

A large number of papers has been studying probabilistic reliability criteria as alternatives to

the currently-used deterministic N-1 reliability criterion. Some of these papers focus on probabilistic10

reliability assessment, whereas others focus on probabilistic security constrained optimal power flow

(SCOPF) formulations that integrate assessment and control. Probabilistic reliability assessment is

typically based on risk-based reliability indicators that can directly quantify the physical risk [7, 8]

or socio-economic risk [9, 10] for end-consumers, evaluate the total cost of operation [11] or indirectly

quantify the risk in terms of physical system parameters, such as overload or undervoltage, impacting15

system security [2, 3, 8, 12, 13, 14, 15, 16]. SCOPF formulations on the contrary simulate the decision-

making behavior of system operators. The optimization aims at finding control actions that balance

security and costs [17, 18, 19, 20]. Stochastic SCOPF formulations can take into account forecast

uncertainty of renewable energy sources (RES) and load and contingency risk [21, 22, 23]. Capitanescu

et al. give a concise overview of the state-of-the-art, the challenges and future trends in security20

constrained optimal power flow [24]. They mainly focus on the theoretical part of the problem, i.e.,

how to obtain a more detailed simulation of decision-making behavior.

Although significant scientific work has already been done on probabilistic reliability management,

directly moving from a deterministic N-1 criterion to a probabilistic approach in short-term reliability

management proves to be challenging in practice. Surveys have shown that European Transmission25

System Operators (TSOs)1 seldom use probabilities in their short-term reliability management, except

for some TSOs that exclude very rare events from the contingency list or treat extreme weather events

differently due to higher associated failure probabilities [9, 25]. NERC focuses on the development of

1We use the term ‘TSO’ throughout this paper, but the core of our analysis does not change with the level of owner-
ship unbundling of the network (full ownership unbundling, independent system operator or independent transmission
operator) or with the geographical area of focus (e.g. in North America: independent system operator or regional
transmission organization)
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probabilistic adequacy indicators, but their security indicators are still deterministic in nature [26].

New Zealand, Australia and the province of British Columbia in Canada use probabilistic approaches30

in reliability calculations for power system planning and development, e.g., to determine the generation

reserve in the system development phase or to evaluate network reinforcements [27, 28]. TSOs are not

eager to change their reliability management and criterion, amongst others due to the satisfactory

results obtained in the past and the ease-of-use of the N-1 reliability criterion. Probabilistic reliability

criteria, in contrast, are perceived to be more complex.35

To facilitate the paradigm shift in reliability management, this paper assesses characteristics of

reliability criteria to bridge the gap between the deterministic N-1 approach and an unconstrained

probabilistic approach that aims at minimizing total system cost without imposing additional con-

straints on service reliability.23 This paper makes two contributions to the literature. First, this

paper distinguishes reliability criteria between the N-1 approach and an unconstrained probabilistic40

approach by proposing a classification of reliability criteria based on four characteristics: (i) the set

of considered system states, (ii) the objective function, (iii) the allowed real-time actions and (iv)

optional non-technical constraints. This opens up a range of reliability criteria that can be studied by

TSOs, academics and regulators and that can serve as intermediate steps towards using probabilistic

criteria in practice. Second, to convince decision makers to consider alternatives for the deterministic45

N-1 criterion, this paper proposes an assessment of different reliability criteria along five dimensions:

(i) expected total cost, (ii) service unreliability, (iii) inequality between consumers in terms of service

reliability, (iv) availability, integrity and confidentiality of input information and (v) ease-of-use. Case

studies in a five-node and 24-node test system illustrate the multi-dimensional performance assess-

ment of six proposed reliability criteria. The design of the simulation model used in the case study50

is based on the conceptual framework proposed in [31]. The case study does not intend to identify

the fundamentally optimal reliability criterion for actual large-scale systems, but intends to illustrate

the classification framework and multi-dimensional analysis and indicate general characteristics and

performance of different reliability criteria. The proposed analysis enables a better understanding of

the different reliability criteria proposed in the literature and the difficulties for these criteria to be55

2From an economic perspective, the optimal reliability criterion minimizes total system cost. Minimization of total
system cost can be considered as an approximation for social surplus maximization under certain assumptions [29].

3Service reliability is defined as the ability to adequately satisfy the demand under given operating conditions for
a given time interval. Power system reliability on the contrary is the ability of an electric power system to perform a
required function under given conditions for a given time interval [30]. The required function and the given conditions
are specified by the applied reliability criterion.
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adequately adopted by TSOs that continue to use the N-1 criterion. TSOs and regulators can use the

methods proposed in this paper to carry out a multi-dimensional analysis for their own systems.

Section 2 presents the classification of reliability criteria and describes six reliability criteria that

range from the deterministic N-1 reliability criterion to an unconstrained probabilistic reliability cri-

terion for short-term reliability management. Section 3 discusses the five indicators to evaluate the60

performance of reliability criteria. The six reliability criteria are evaluated along the five indicators in

a case study in Section 4. Section 5 discusses the results, while Section 6 concludes.

2. Reliability criteria

Reliability criteria guide reliability management of TSOs, from long-term system development to

short-term operational planning and real-time operation [6]. In each of these planning horizons, the

TSO continuously takes actions to minimize the cost of satisfying the reliability criterion. This paper

focuses on the minimization problem of the TSO in operational planning and real-time operation.
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In operational planning and real-time operation, the TSO’s objective is to minimize total cost

C(apapap, a
s
ca
s
ca
s
c,P

s
cP
s
cP
s
c ), while satisfying the power flow equations (equality constraints Gs) and operational65

limits (inequality constraints Hs) [32]. During operational planning, the TSO takes the most cost-

effective preventive actions apapap to ensure that these constraints are met in all considered system states

s ∈ S.4 The set of considered system states depends on the reliability criterion.

If contingencies happen in real time and preventive actions turn out to be insufficient, the TSO

can take corrective actions asca
s
ca
s
c or resort to load curtailment P s

cP
s
cP
s
c .5 They choose the cheapest actions70

that are within the constraints of the applied reliability criterion to make sure operational limits are

still met. Unconsidered system states could lead to uncontrolled brownouts or blackouts, if corrective

actions are not able to deal with the realized real-time system state.

The remainder of this section formulates and discusses six reliability criteria.6 Each reliability crite-

4Examples of available actions in the operational planning stage are generation redispatch, branch switching, phase
shifting transformer tap changing, and ensuring the availability of upward and downward reserves [33].

5Possible corrective actions are branch switching, secondary voltage control, capacitor and reactor bank switching,
the use of upward and downward reserves, phase shifting transformer tap changing and load curtailment [32].

6To simplify the notation, Gs() represents both the equality and inequality constraints in system state s.
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rion consists of a cost minimization subject to constraints that represent the power flow equations and75

operational limits. The reliability criteria are defined by four characteristics: (i) the set of considered

system states S, (ii) the allowed TSO actions in considered system states, (iii) the objective function

to minimize and (iv) optional non-technical constraints. Table 1 summarizes the analyzed reliability

criteria along these four characteristics.7 The reliability criteria are formulated mathematically as opti-

mization programs for reasons of clarity and comparability. Nevertheless, the classification framework80

is not restricted to reliability criteria that are cast mathematically as optimization problems, due to

the link between reliability assessment and optimal power flow formulations [2].

2.1. N-1 reliability criterion

The N-1 criterion states that after an unexpected outage of a single system component, the trans-

mission system should still be able to operate within limits without load curtailment. A direct link

between the preventive and corrective stage is not made if not required and the system is secured ahead

of real time, if possible. The TSO’s objective function is deterministic and limited to minimizing the

cost of preventive actions. The expected costs of corrective and curtailment actions in real time are

not explicitly considered. The set of considered system states consists of all N-1 contingencies and is

usually called the N-1 contingency set. In case of N-1 network contingencies SN−1,network, the network

should be able to accommodate all resulting flows. The mathematical formulation of the N-1 reliability

criterion is:

min
apapap

[Cprev(apapap)] (3)

s.t. Gsn(apapap) = 0 ∀sn ∈ SN−1,network (4)

In case of N-1 generation contingencies SN−1,generation, real-time corrective actions asca
s
ca
s
c, like upward

and downward use of reserves, are needed to restore the balance between demand and supply.

Gs(apapap, a
s
ca
s
ca
s
c) = 0 ∀s ∈ SN−1,generation (5)

In any case, load curtailment is not allowed in N-1 system states (i.e. in both network and generation

N-1 contingencies). The N-1 reliability criterion does not explicitly prepare for multiple contingencies.85

7The discussed reliability criteria mainly focus on risk-neutral reliability management. Alternatively, risk-averse
objective functions can be considered that are typically implemented using robust optimization techniques [34].
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In these cases, load curtailment could turn out to be required to prevent a blackout in real time

operation. Nowadays, the N-1 criterion is the most widely used security criterion in operational

planning [35].

2.2. Deterministic reliability criterion with a different set of considered system states

The mathematical formulation of this reliability criterion is similar to that of the N-1 reliability

criterion, the primary difference being that the set of considered system states S is allowed to differ

from the N-1 contingency set.

min
apapap

[Cprev(apapap)] (6)

s.t. Gs(apapap) = 0 ∀s ∈ Sp (7)

s.t. Gs(apapap, a
s
ca
s
ca
s
c) = 0 ∀s ∈ S \ Sp (8)

This reliability criterion requires a TSO to minimize its cost of preventive actions Cprev while90

meeting the constraints for a subset of considered system states Sp with preventive actions only and

for the remaining considered system states S \ Sp with both preventive and corrective actions to

restore the balance between demand and supply, e.g., if generator outages occur. The set of considered

system states S could be anything. For example, include N-1 network contingencies, but exclude

generator and busbar failures from the N-1 contingency set [25, p.25]; increase the contingency set to95

include multiple dependent failures with a high probability of occurrence; change the contingency set

over time (e.g. including double-circuit failures only during adverse weather) or between regions (e.g.

including more contingencies for urban areas or business districts); etc. In addition to contingencies,

the set of considered system states could also include deviations from the expected operating condition,

like forecast errors of demand and intermittent supply. In its most general form, the set of considered100

system states S is the Cartesian product of credible contingencies and considered operating conditions.

S is always a subset of the infinite set of all possible future real-time states and contingencies (RT).

Fig. 1 illustrates different sets of considered system states in the Cartesian plane of contingencies and

operating conditions: the set of N-1 network contingencies SN−1,network, the set of N-1 contingencies

SN−1, a set of contingencies Sc, and a general set S of contingencies and operating conditions.105

It is also possible that (well-informed) state selection leads to a set of considered system states in

which not all of the N-1 contingencies are included. This might be, for instance, because the probability

of occurrence or the impact of the excluded states is too low. The impact on the performance indicators
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Figure 1: Different sets of considered system states in the Cartesian plane of contingencies and operating conditions. S
refers to the grey area, whereas RT refers to the space of states.

of such sets is hard to predict, as this is an interaction between the impact of the additional and removed

operating states.110

These alternative deterministic reliability criteria are already in use nowadays. The N-2 criterion is

used in parts of the United Kingdom where a higher security is required. It prescribes that the system

should be secured against the simultaneous loss of two independent system components during normal

operation [36]. In parts of Norway, for instance in very remote regions, the N-0 criterion is applied.

This might result in a partial interruption of the power supply to consumers due to the loss of a single115

element causing violation of operational limits. Some TSOs do not have the strict interpretation that

no loss of load is accepted, but have a certain limit to the loss of load that is accepted in the case of

a failure [25]. Some TSOs apply the N-1-1 criterion or consecutive N-2 criterion, which considers a

sequence of events consisting of the initial loss of a single generator or transmission component, followed

by system adjustments, followed by another loss of a single generator or transmission component [37].120

The TPL-001-1 standard of NERC specifies a deterministic criterion based on four categories of events

with different post-fault requirements [38, 39].

2.3. Probabilistic reliability criterion without load curtailment in considered states S

If the TSO takes the expected cost of corrective actions in considered system states s ∈ S into

account in operational planning, its objective function becomes probabilistic. The TSO simulates which

actions it will take in each of the considered system states and the expected cost is calculated as the

product of the cost of actions in each state and its associated probability of occurrence. First, suppose

that load curtailment is not allowed in considered system states. The mathematical formulation
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becomes:

min
apapap,a
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Where πs is the probability of system state s and Ccor(asca
s
ca
s
c) is the cost of corrective actions in state s.

The difference between this criterion and the previous criterion is that a TSO now incorporates125

the effect of its preventive actions on the cost of its corrective actions, instead of just checking if the

constraints are met. This allows an explicit trade-off between preventive and corrective actions, as

first introduced by Monticelli et al. [40].

2.4. Unconstrained probabilistic reliability criterion

If, in addition, load curtailment is allowed in considered system states and the TSO also takes the

expected cost of load curtailment into account in its operational planning minimization, this results in

an unconstrained probabilistic reliability criterion. The mathematical formulation is:

min
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Where P s
cP
s
cP
s
c represents the load curtailment [MW] of consumers in state s. The difference between this130

criterion and the previous criterion is that the effect of preventive actions on the cost of corrective

actions and load curtailment is incorporated. This allows an explicit trade-off between preventive,

corrective and curtailment actions. Strbac et al. introduced the trade-off between preventive, corrective

and curtailment actions in [4]. Condren et al. [41] and He et al. [18] elaborated on the complete

description of the reliability criterion in a security constrained optimal power flow formululation.135

2.5. Probabilistic reliability criterion with a constraint on the aggregate service reliability level

While the unconstrained probabilistic reliability criterion aims at minimizing the expected total

cost (ETC), it can also reduce the service reliability level considerably [42]. Therefore, social and

political concerns could lead to the addition of a constraint on the value of the aggregate service

reliability level P̄ . Such a constraint limits the decrease of the service reliability level. If the constraint
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is binding, ETC will be higher. The mathematical formulation becomes:

min
apapap,a
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s.t.
∑
j∈J

∑
s∈S

πsP
s
c (j) ≤ P̄ (15)

Where J represents the set of all consumers.

Although the non-technical constraints in this paper are expressed in terms of a particular reliability

indicator, i.e., expected power not supplied, other reliability indicators, such as Loss of Load Probability

(LOLP), can similarly be applied in these non-technical constraints. The EU FP7 project GARPUR140

has proposed and analyzed an advanced, probabilistic, short-term reliability management approach and

criterion with a constraint on the aggregate reliability level in terms of a restriction on the probability

of reaching unacceptable system states. [17, 29]. The probability of reaching unacceptable system

states should be lower than a fixed tolerance. The set of considered system states is determined using

a discarding principle, which neglects a subset of contingencies for which the expected interruption145

cost is lower than a specified maximal, residual risk level. This set differs for different time instants.

Load curtailment is allowed in considered system states. The objective function is probabilistic and

aims at minimizing total socio-economic system cost.

2.6. Probabilistic reliability criterion with constraints on individual service reliability levels

The reliability constraint can also be imposed at the level of the individual instead of the aggregate.

In that case, the constraint provides a minimal service reliability level P̄c(j) for each consumer j.

min
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s∈S

πsP
s
c (j) ≤ P̄c(j) ∀j ∈ J (18)

Capitanescu introduced the use of constraints on individual reliability levels in [43]. 8
150

8On top of these constrained individual reliability levels, a constraint on the aggregate reliability level is included in
the reliability management approach introduced in [43].
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Table 1: Summary of reliability criteria.

Criteria
(a) (b) (c) (d) (e) (f)

1. Set of considered states SN−1 Sc S S S S
2. Curtailment allowed in S no no no yes yes yes
3. Objective function Det.1 Det. Prob.2 Prob. Prob. Prob.
4. Non-technical constraints / / / / P̄ P̄c(j)

1 Deterministic 2 Probabilistic
(a) Deterministic with N-1 contingency set (d) Unconstrained probabilistic
(b) Deterministic with different set of considered states (e) Probabilistic with aggregated constraint
(c) Probabilistic without curtailment (f) Probabilistic with individual constraint

3. Performance evaluation of reliability criteria

The performance of power system reliability criteria is multi-faceted and several opposing objectives

need to be considered. Some of them can be quantified, while others are qualitative in nature. The

multi-dimensional performance assessment proposed in this paper is based on five indicators with

different units. Decision makers need to make a trade-off between the different dimensions when155

moving towards probabilistic approaches.

3.1. Quantitative indicators

There are three important quantitative indicators that determine the performance of different

reliability criteria: expected total cost (ETC), relative load curtailment (RLC) and inequality between

consumers in terms of service unreliability (UENS).160

Socio-economic performance is evaluated in terms of expected total cost. It is the sum of the cost

of preventive actions, the cost of corrective actions and interruption costs. Interruption costs equal

the amount of load curtailed times the value of lost load (VOLL) and represent the consequences of

an interruption for the consumers.9 The total cost (TC) at a certain time t and real-time state rt is

equal to:

TC(t, rt) = Cprev(apapap(t, rt)) + Ccor(acacac(t, rt)) +
∑
j∈J

V OLL(j, t) · Pc(j, t, rt) (19)

where J is the set of consumers in the system. The expected total cost (ETC) over all times t and

9VOLL depends on many factors, such as interruption and consumer characteristics [42]. In this paper, VOLL only
depends on consumer type and interruption time.
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real-time states rt is equal to:

ETC =
∑
t∈T

π(t)
∑

rt∈RT

π(rt|t) · TC(t, rt) (20)

Where π(t) is the probability of being at time t and π(rt|t) the probability of being in real-time state

rt at time t. The set T contains for example all 8760 hours of a typical year or a representative subset

of time instants. Since the set RT is the infinite set of all possible contingencies and all possible

operating conditions, (20) is in practice evaluated for a finite subset RT ′ ⊆ RT , where the set of

considered system states S ⊆ RT ′.165

The service reliability in the system is here expressed in terms of relative load curtailment. Relative

load curtailment RLC is rescaled to the equivalent number of minutes curtailed in a year:

RLC =

(
Pcurt

PD

)
· 8760 · 60 [min/year] (21)

Where PD is the total demand and Pcurt the curtailed load.

Reliability criteria that result in large differences of load curtailment between consumers or between

nodes might not be socially acceptable. Therefore, equality is another important aspect to consider

in the selection of a practical reliability criterion. Inequality can be quantified in a single number by

using a Gini-based performance index UENS . The inequality index UENS is defined as [44]:

UENS = |1−
∑
k

(Dk −Dk−1) · (Ek + Ek−1)| (22)

WhereD is the cumulative share of demand, E the cumulative share of energy not supplied (for example

over a year) and k an index counting over consumers or consumer groups. The groups are ordered

based on decreasing reliability values. If UENS equals 0, unreliability is distributed equally among the

entities under study, i.e. nodes, consumer groups or individual consumers.10 If the inequality index170

UENS is closer to 1, all interruptions are concentrated in one or a few consumer groups or nodes [44].

10Note that the inequality index can not be calculated if reliability is 100% for all consumer groups in all nodes. In
that case inequality UENS equals 0.
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3.2. Qualitative indicators

Besides three quantitative performance indicators, two qualitative indicators should be considered:

(i) the availability, integrity and confidentiality of the required input information and (ii) ease-of-use.

As these are hard to quantify, a scoring system from +++ to - is used, resp. the best and worst case.175

Appropriate input information is important for decent reliability management. The amount, avail-

ability, integrity and confidentiality of the required input information are qualitative aspects that

should be considered when evaluating alternative reliability management approaches. Handling a

large amount of possibly more complex information makes the methodology more complex and the

results can be sensitive to the correctness of the provided information. Moreover, models, such as prob-180

abilistic models for failures, are needed to obtain additional input information, which often requires

the collection of additional data. Data collection is time consuming and can be costly. An additional

qualitative indicator that represents the effect of these aspects should be considered in the criterion

selection.

The ease-of-use of the currently used N-1 criterion is one of the reasons why TSOs are not eager185

to change their reliability management. Probabilistic approaches are typically risk based, taking into

account exact probabilities and severities of the considered operating states. Deterministic approaches,

on the contrary, simplify the situation by not explicitly considering the probability and severity of

the credible contingencies. Moreover, ease-of-use is influenced by the number of operating states

to consider. Given the increased uncertainty in power systems due to the increased penetration of190

renewable energy sources, it might be beneficial to consider additional operating states in the decision

making. However, this makes the decision-making process more complex.11

The practicability of the reliability criteria relies on supporting computations. The computational

complexity of these computations should be taken into account in the assessment of the ease-of-use

of reliability criteria. The computational complexity depends on the nature of the reliability criterion195

and the number of considered system states. Reliability criteria that involve complex decision-making

processes require advanced computations to ensure the practicability of the criteria.

11We have reduced the subjectivity in the assessment of the ease-of-use to the minimum by considering three objective
parameters, i.e., whether the formulation is deterministic or probabilistic in nature, the number of considered system
states and the amount of information to take into account in the decision making. To establish the credibility of these
results in a practical context, a transparent, objective and verifiable process is required.
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4. Case study

This section applies the proposed performance evaluation to the six reliability criteria introduced

in Section 2 in a five-node and 24-node test system. The results are summarized in Tables 5, 6 and 7.200

4.1. Data

The illustrative five-node test system is based on the Roy Billinton reliability test system [45].

Transmission line and generation data are summarized in Tables 2 and 3 respectively. All lines have

a power flow limit of 71 MW, except for the lines between node 1 and 3 that have a limit of 85 MW.

Failure probabilities of lines and generators are considered to be constant over time.205

Table 2: Line data

From To x Capacity Outage PST
node node [pu] [MVA] probab.1

1 3 0.18 85 0.0017 No
2 4 0.6 71 0.0057 No
1 4 0.48 71 0.0046 No
3 4 0.12 71 0.0011 Yes
3 5 0.12 71 0.0011 No
1 3 0.18 85 0.0017 No
4 5 0.12 71 0.0011 No

PST = Phase-shifting transformer
1 Contingencies are assumed to be

independent. Outage probabilities are
calculated based on failure rates and repair
times estimated based on the data in [45].

Table 3: Generation data

Node Capacity Type Outage
[MW] probab.1

1 40 conventional 6.2E-7
1 40 conventional 6.2E-7
1 10 conventional 6.2E-3
1 20 wind 6.2E-3
2 40 conventional 6.2E-7
2 20 conventional 6.2E-3
2 20 wind 6.2E-3
2 20 wind 6.2E-3
2 20 wind 6.2E-3
2 5 conventional 6.2E-3
2 5 conventional 6.2E-3

1 Contingencies are assumed to be indepen-
dent. Outage probabilities are calculated
based on failure rates and repair times
estimated based on the data in [45].

Total system demand is based on the hourly load profile defined in [46]. For simplification a year

is represented by a set of 72 time instants T , each with their probability of occurrence.12 Total system

demand at each of the 72 time instants is calculated as the mean over all valid hours. By weighing

the outcomes of the different time instants by their yearly frequency of occurrence, the quantitative

indicators are evaluated for a year. The simulation is repeated for a more stressed and a less stressed210

case, as defined in Table 4.

12The 72 time instants represent 6 periods in the year (winter, early spring, late spring, summer, early autumn and
late autumn), 3 types of days (weekday, Saturday and Sunday) and 4 times during the day (night, morning, noon and
evening). Independent one hour time steps are considered in the simulation. The impact of the interruption duration
on the value of lost load is thus not explicitly considered. Further details regarding the test system can be found in [47].
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Table 4: Summary of the three cases for the sensitivity analysis

More stressed Base case Less stressed

Load 105% 100% 95%
Failure rates 150% 100% 75%
Repair times 150% 100% 75%
Line rating 91% 100% 136%

This numerical illustration uses VOLL data from Norway [48]. Two consumer types are considered:

residential and non-residential consumers. The share of residential and non-residential demand in total

system demand changes throughout the year, as presented in [42].

In this paper, an analytical non-sequential state enumeration technique is applied [47]. Analytical215

state enumeration enables the assessment of the relative performance of reliability criteria for a char-

acteristic set of system states. The computation time is reasonable due to the parallelization options of

the non-sequential evaluation technique, which does not consider correlations between time instants.

The quantitative performance indicators are evaluated for a set of time instants T for which forecast

values of load and renewable power generation are given. Corrective reliability management is simu-220

lated for a set RT ′ of real time realizations for each time instant in the set T . This set is the Cartesian

product of possible contingencies and real time operating states.13 The latter are conditional upon the

forecast values of net demand.

Preventive and corrective reliability management are modeled using a DC security constrained

optimal power flow in AMPL [49], taking into account the specifics per criterion as discussed in225

Section 4.2. Available actions are generation redispatch, branch switching, phase shifting transformer

tap changing and load curtailment depending on the applied criterion [50]. The simulations are done

in Matlab using an interface with AMPL and CPLEX as solver.

4.2. Implementation of the reliability criteria

Criterion (a) in Table 1 considers all N-1 branch and generator outages in the preventive decision230

stage. All these operating states are considered to be equally probable. Load curtailment is avoided

for this contingency set and all consumers are treated equally. The objective is to secure the system

13Most probable contingencies up to cumulative probability of 99.73% and 11 realizations of net total demand based on
a normal distribution of which the mean equals the forecast value and the coefficient of variation is 4%. This set of system
states is larger than the set S considered in decision making to evaluate reliability management also in system states
that are not considered in advance. The number of realizations is not optimized. The realizations are symmetrically and
equidistantly chosen around the forecast value, with a maximal deviation of +/-3 σ [47].
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preventively as much as possible and corrective actions are considered as a last resort. The above also

holds for criterion (b), but the set of considered contingencies is different.

Criteria (b) - (f) consider the most probable contingencies up to a cumulative probability of 99.7%.235

This contingency set does not contain the entire N-1 contingency set in the case study, as the failure

of some large conventional generator units is not considered due to their low probability of failure.

In addition to the contingency set, reliability criteria (c) - (f) also consider forecast errors of load.14

Their set of considered system states S is the Cartesian product of the elements of the contingency set

and 7 possible real time realizations of net total demand. These realizations are determined based on a240

normal distribution with the forecast value of net total demand as mean and a coefficient of variation

of 4%. Probabilistic criteria (c) - (f) take into account exact probabilities.

While probabilistic criterion (c) tries to avoid load curtailment, criteria (d) - (f) allow load cur-

tailment if this tends to be more cost effective. However, criteria (e) - (f) have upper limits on the

amount of load curtailment, i.e. on aggregated load curtailment for criterion (e) and individual limits245

for criterion (f). In the latter case, the limit on aggregated load curtailment is distributed over the

consumer groups according to their demand share.15

The set of operating states used in criterion (b), Sc, and criteria (c) - (f), S, is graphically illustrated

in Fig. 2. Some system states included in the N-1 contingency set SN−1 are not included in the

alternative sets Sc and S, due to their low probability of occurrence

S

RT

Contingencies

Operating conditions

SN−1,network SN−1,gen

SN−1

Sc Sc Sc

Figure 2: Graphical representation of the set of operating states used in criterion (a) SN−1, criterion (b) Sc and criteria
(c) - (f) S. S refers to the grey area, whereas RT refers to the space of states.

250

14In the case study, the set Sc of criterion (b) only considers contingencies and does not take preventive actions to
prepare for forecast errors.

15The limit on aggregated load curtailment equals 0.4MW in this case study.
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4.3. Results

Table 5 summarizes the performance of the six reliability criteria in the base case of the 5-node

system, as indicated in Table 4.

The first row of Table 5 shows that expected total cost decreases when moving from criterion

(a) to criterion (d) and increases again when imposing restrictions on the aggregate (crit. (e)) and

individual (crit. (f)) service reliability level. Criterion (b) results in a lower ETC than criterion (a),

because in our case study the set of considered system states S excludes low-probability contingencies

that require costly preventive actions. Generally, the change of ETC from (a) to (b) depends on the

current performance of the N-1 criterion. If the N-1 criterion is too stringent, enlarging the set of

considered system states leads to even higher total costs. If the N-1 criterion is too loose, enlarging the

set of considered system states could lead to lower total costs. Next, ETC decreases by moving from

deterministic criteria (a) and (b) to probabilistic criterion (c), because more information is included

in the operational planning decision. Criterion (c) makes an explicit trade-off between preventive

and expected corrective actions. By additionally allowing load curtailment, if this is less costly than

alternative corrective actions, criterion (d) leads to even lower ETC. In this case study, most of the

decreased ETC is due to a better trade-off between preventive and expected corrective actions (crit.

(c)). A smaller part is due to additionally allowing load curtailment in considered system states on

top of preventive and corrective control (crit (d)). The higher VOLL is compared to the costs of other

corrective actions, the larger this effect [42]. The ETC of criteria (e) and (f) can be anywhere between

the ETC of criteria (c) and (d). The more stringent the imposed reliability constraint, the higher the

ETC. Individual constraints on the service reliability level (crit. (f)) always lead to a higher ETC than

an aggregate constraint (crit. (e)), as load curtailment of low-VOLL consumers is now substituted for

corrective or preventive actions, or load curtailment of consumers with a higher VOLL. To summarize:

ETCd ≤ ETCe ≤ ETCf ≤ ETCc ≤ ETCb and ETCa (23)

The second row of Table 5 shows the unreliability of the electricity service for each of the six criteria.

The effect of a particular reliability criterion on the reliability level is closely related to its effect on

ETC. Criterion (b) has a slightly higher unreliability than criterion (a), because in our case study

not all elements in the N-1 contingency set SN−1 are part of the set S, as shown in Fig. 3. Moving

from deterministic to probabilistic criteria has a mixed effect on service reliability, depending on the

exact formulation of the criterion. Criterion (c) leads to an equal or lower unreliability than criterion
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(b), as in the latter the considered contingencies are a subset of the set of considered system states in

the former. Even though for criteria (a) - (c) curtailment is not allowed in considered system states,

unreliability is not zero because load curtailment could still be necessary in non-considered states. If

load curtailment is allowed in considered states (crit. (d)), ETC decreases, but at the expense of a

highly increased unreliability. Constraints on the reliability level (crit. (e) and (f)) decrease the service

unreliability, but at the expense of a higher ETC. To summarize:

RLCc ≤ RLCd ≥ RLCe ≥ RLCf (24)

UENS in Tables 5, 6 and 7 shows the inequality between consumers in terms of service reliability.

Inequality between consumers depends on the relative amount of load curtailment, but also on the255

system design and system strength. The results of the more stressed case in Table 6 indicate that

deterministic criteria lead to higher ETC and lower inequality, while probabilistic criteria that allow

load curtailment lead to lower ETC and higher inequality. The reason is that deterministic criteria

treat all consumers equally, while these probabilistic criteria differentiate between consumers or nodes

in terms of VOLL. Inequality is lower if individual constraints on load curtailment are applied (crit. f)260

than for criteria (d) and (e), but at the expense of higher ETC. This is the case, because the inequality

resulting from the differentiation in VOLL is reduced by these individual limits, which are based

on consumers’ demand share. If systems are less stressed, such as in Table 5 and the less stressed

case in Table 6, RLC is lower for criteria (a) - (c) and possibly concentrated in a reduced number

of consumers. This increases the inequality between consumers resulting from criteria (a) - (c) and265

reduces the difference with criteria (d) - (f).

The fourth row of Table 5 shows that issues related to the availability, integrity and confidentiality

of input information increase from left to right. Probabilistic approaches (c) - (f) require more input

information than deterministic approaches. Firstly, exact probabilities of failures and cost information

should be known. Moreover, forecast errors can be considered and for criteria (e) and (f) appropriate270

limits on load curtailment should be determined. Part of this input information is currently not

available for TSOs and might be hard to obtain in practice. Failure probabilities might be imprecise,

as well as forecast errors, which might lead to inappropriate reliability management.

The last rows of Table 5 show that the ease of using the considered criteria decreases from left

to right, because more operating states need to be considered, more information needs to be taken275

into account and the probabilistic nature of criteria (c) - (f) adds a layer of complexity to reliability
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management.

Table 5: Performance evaluation of the six considered reliability criteria in the base case of the five-node test system:
The first three indicators give a numerical value and the last two indicators are expressed as a value (-/+/++/+++)
from worst to best (relative).

Base case
Criteria of Table 1

(a) (b) (c) (d) (e) (f)

1. ETC [%] 100 87.34 34.62 26.63 33.83 34.50
2. RLC [min] 0.0046 0.0077 0.0046 18.87 1.83 0.19
3. UENS [/] 0.741 0.6128 0.569 0.811 0.794 0.604
4. Input information
needs and availability

+++ ++ + + - -

5. Ease-of-use +++ ++ + + - -
5a. Type Det. Det. Prob. Prob. Prob. Prob.
5b. # of states1 19 28 196 196 196 196
5c. # info +++ ++ + + - -

1 Dependent on the state selection algorithm and corresponding to the sets
SN−1, Sc and S for resp. criteria (a), (b) and (c) - (f) containing a
combination of pre-fault states and considered contingencies.

Note: The numerical values cannot be generalized to real systems, but the
trends between reliability criteria can.

Table 6 summarizes the results of the sensitivity analysis for the more stressed and less stressed

cases defined in Table 4. In the more stressed case, the relative difference in total system cost between

the deterministic and probabilistic approaches is slightly decreased, while it is slightly increased in the280

less stressed case. This can be explained, because the less stressed case has lower failure probabilities,

which enables a more effective trade-off between preventive and corrective actions. However, in both

cases the trends in differences between the criteria in terms of ETC and RLC are the same as in the

base case.

The multi-dimensional analysis is repeated for the 24-node IEEE reliability test system (RTS)285

[46] to verify the sensitivity of the results to the test system. Table 7 summarizes the results of this

analysis. Conclusions are similar to the conclusions for the five-node system. Differences in costs

are less explicit compared to the five-node system, because the 24-node system has more operational

flexibility. Inequality levels are higher for all criteria compared to the five-node case. Criterion (d)

results in the lowest inequality level in this case, because the higher level of RLC compared to the290

other criteria is distributed over a larger set of consumers.

Strbac et al. [1] questioned the fairness of deterministic criteria. Our analysis adds to this point

that unconstrained probabilistic criteria can reduce inequality in less stressed cases at the cost of higher

RLC, as illustrated in the 24-node RTS. In stressed conditions, however, probabilistic criteria lead to
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higher inequality than deterministic approaches, as illustrated in the five-node test system. In those295

cases, the level of inequality can be reduced using well-chosen individual service reliability limits.

Table 6: Sensitivity of the six considered reliability criteria in a more stressed case and a less stressed case of the five-node
test system

More stressed Criteria of Table 1
case (a) (b) (c) (d) (e) (f)

ETC [%] 100 84.34 37.93 27.89 37.04 37.42
RLC [min] 0.0796 0.0862 0.0632 20.3 1.92 1
UENS [/] 0.353 0.473 0.3569 0.815 0.693 0.581

Less stressed Criteria of Table 1
case (a) (b) (c) (d) (e) (f)

ETC [%] 100 88.36 32.42 25.00 31.66 32.33
RLC [min] 0.0002 0.0016 0.0001 17.7 1.82 0.189
UENS [/] 0.718 0.476 0.694 0.814 0.829 0.629

Table 7: Performance evaluation of the six considered reliability criteria in IEEE 24 node RTS system.

Criteria of Table 1
(a) (b) (c) (d) (e) (f)

ETC [%] 100 93.00 88.72 81.41 84.38 88.38
RLC [min] 0.291 0.291 0.291 14.12 9.35 0.313
UENS [/] 0.967 0.966 0.967 0.883 0.922 0.963

5. Discussion

Despite the advantage of probabilistic criteria to decrease the cost of reliability management, the

N-1 criterion, or a variation of this, is still widely used by network operators in short-term system op-

eration. Barriers against implementing probabilistic approaches are mainly due to the lack of available300

and accurate input information, transparency issues and complexity of the decision making. Advanced

computations can support the complex decision making in probabilistic approaches involving optimal

trade-offs, but concessions in modeling accuracy required to obtain a practical computational com-

plexity hamper the application in real-life systems. Nevertheless, the intermediate steps proposed

in this paper can help to gradually move towards probabilistic approaches. The Icelandic transmis-305

sion system operator has illustrated how the transition towards probabilistic reliability criteria can be

initiated by applying probabilistic reliability management based on probabilistic security assessment

combined with operator experience in the control room. To further improve the reliability criteria, the
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quantitative and qualitative aspects in the proposed multi-dimensional performance assessment should

be weight against each other.310

5.1. Barriers against implementing probabilistic reliability management approaches and criteria

The main barriers for probabilistic criteria are the lack of available and accurate input information,

as well as the difficulty to understand and use the approach. These are the factors summarized by

the two qualitative indicators. To advance towards probabilistic reliability criteria, both the input

information and the ease-of-use should be improved.315

Data to obtain adequate input information can be gathered at a decreasing cost due to advances

in communication and information technologies. Devices to measure climatic data, real-time voltage

and current data, and regional demand and generation data are being installed in many countries.

In an initial stage, aggregate information can be used, such as location-independent forecast errors of

load and renewable generation, a time-independent VOLL, and constant failure probabilities of lines320

and generation. More detailed information can be included in the decision-making process once it is

available, such as spatially-dependent forecast errors, time-dependent VOLL , and failure probabilities

that depend on component lifetime and external conditions. However, the accuracy of this information

influences the decision-making behavior. Therefore, it is important to check the sensitivity of the per-

formance of reliability criteria with respect to the exactness of the provided information. If for instance325

both the sensitivity of the results to the accuracy of the failure probabilities and the uncertainty on

the accuracy of the failure probabilities is high, accounting for imprecise probability in the decision

making might be favorable [51].

Another barrier for probabilistic criteria is their alleged lack of transparency. Comparing trans-

parency of probabilistic and deterministic approaches is not straightforward, because they are both330

transparent about different aspects. Deterministic criteria are transparent about when and why reli-

ability actions are undertaken and about which contingencies do not lead to interruptions. However,

they are less transparent about the risk level and the incentive used in contingency selection. Trans-

parency of probabilistic criteria depends on their practical implementation. Probabilistic criteria can

be transparent about objectives, constraints, trade-offs or the risk level while making a trade-off be-335

tween different aspects such as service reliability, equality and efficiency. However, unconstrained

probabilistic criteria are in general less transparent about the set of contingencies that is preventively

secured and the selected reliability actions are much more dependent on the system state.

Probabilistic criteria are also inherently more complex than their deterministic counterparts, as
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probabilistic approaches make decisions based on trade-offs instead of on a binary criterion. They340

have a steep learning curve and the ease-of-use is low nowadays due to the lack of practical expe-

rience. However, the transition from deterministic to probabilistic approaches can be facilitated by

taking intermediate steps between the currently used N-1 criterion and an unconstrained probabilistic

criterion. The amount of input information and complexity can be gradually increased, in line with

experience gained. A first step is to define an adequate set of system states to consider. This set345

can be probability based or can be a time-dependent set of considered contingencies or system states

based on a trade-off between the cost of preventive and corrective actions.16 This requires appropriate

state selection techniques [52]. This approach retains the simplicity of deterministic criteria, while

employing the cost-reducing trade-offs of probabilistic criteria. A well selected set of considered sys-

tem states can for instance reduce conservatism regarding low probability N-1 states, which may be350

costly to secure. In a next step, expected interruption costs can be added to this trade-off. In later

steps, explicit probabilistic trade-offs can be introduced in practical short-term reliability management.

The optimal trade-offs in probabilistic approaches, however, increase the complexity, which asks for

advanced computations to support the decision making of the system operator in practice.

5.2. Computational complexity of reliability management approaches355

Although the formulation in terms of optimization formulations helps to achieve a concise manuscript,

solving an optimization problem is not necessary to apply all reliability criteria discussed in this paper

in practice. The deterministic N-1 criterion (crit. (a)) is currently applied in practice based on con-

tingency analysis and operator experience. The contingency analysis has parallelization opportunities,

which reduces the computation time. An optimization is not strictly required due to the binary nature360

of the criterion, i.e., the system is either reliable if all prescribed conditions are satisfied or not reliable

otherwise. Criterion (b), which only differs with criterion (a) regarding the considered set of system

states, neither needs a SCOPF to be applied in practice.

Probabilistic criteria, on the contrary, involve optimal trade-offs between preventive, corrective

and curtailment actions that increase the complexity of decision making. To optimize the trade-offs365

while satisfying operational limits and reliability constraints in the considered system states, system

operators benefit from the support of a SCOPF. The computational challenges of the SCOPF in a real-

life context are however significant. First, the problem is large-scale due to the nature of the stochastic

16For example, a different set for high and low demand, or normal and adverse weather.
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optimization model. Second, an AC implementation is required, involving nonconvex constraints due

to the power flow physics. Third, the SCOPF formulation involves a large number of binary variables370

to model amongst others topological actions, PST tap settings, start-up and shut-down of generation

and binary risk and reliability constraints. This results in a large-scale, non-convex mixed integer

problem.

The original (non-convex) AC power flow formulation can be solved quickly to local optimality

or slowly to global optimality, whereas convex approximations can be solved in polynomial time to375

global optimality with guaranteed convergence [53]. Literature has focussed on finding strong con-

vex semidefinite and second-order cone approximations for non-convex problems [54]. These convex

approximations are tractable, but in general not exact. An alternative approach is to linearize the

equations in an AC feasible point. However, due to the discontinuities introduced in the problem in case

of topological switching actions and contingencies, the computational burden increases considerably380

[55].

Another important aspect impacting the computational complexity is related to the number of bi-

nary variables in the optimization formulation.17 The binary variables introduce an exponential com-

putational complexity in the worst case [56]. Assume that K equals the number of binary variables to

consider in N-0 system operation, where K typically increases with the system size. The total number385

of binary variables in the SCOPF formulation of a reliability criterion depends on the number of system

states considered in the criterion, i.e., K×the number of system states considered in the reliability criterion.

Depending on the implemented risk and reliability constraints, the number of binary variables can fur-

ther increase in probabilistic reliability management approaches compared to the N-1 criterion [54].

Whereas the worst-case increase of the computation time scales exponentially with the total number390

of binary variables, the real computation time depends on a number of factors, such as the applied

solver, the optimization formulation and the problem itself. Calculation times in the range of 1.5h and

9h per snapshot have been reported for a DC SCOPF implementation of resp. the N-1 criterion and

a probabilistic reliability criterion applied to a real-life 450-node system [54].

The development of methods to efficiently solve large-scale, non-convex, mixed integer SCOPF395

formulations is subject to further research [54].18 An alternative approach to reduce the computation

17Integer variables can be approximated by their convex hull, but this results in an exponentially increasing number
of additional constraints [56].

18In this discussion, we have mainly focussed on the computational challenges resulting from probabilistic reliability
criteria. For a more in depth discussion of the challenges of using optimization in security analysis, we refer to [57].
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time uses approximations for the decision-making behaviour in time horizons closer to real-time. These

approximations can be learned using supervised learning techniques and can be applied as constraints

in the SCOPF formulation [58].

5.3. Assumptions in steady-state SCOPF formulations400

To limit the computational complexity, the modeling approach of the case study incorporates a

number of assumptions TSOs might be concerned about in a practical analysis. These assumptions

might impact reliability management decisions, but do so for both deterministic and probabilistic

methods. Moreover, the objective of this study is not to formulate the optimal reliability criterion to

be used in a practical TSO context or to develop a SCOPF formulation that can be used in on-line405

system operation. By proposing a classification of reliability criteria based on uniform mathematical

formulations, the study intends to clarify the characteristics of different reliability criteria.

First, in addition to the two decision stages considered in this paper (i.e. day-ahead operational

planning and real-time operation), TSO’s reliability management consists of several additional stages,

e.g. the D-2 decision stage, the intraday market and the short-term preventive stage. All these decision410

stages could be considered in stochastic programming [17, 59, 60]. Each of these decision stages is

also influenced by external factors that are out of the control of the TSO, such as markets, balance

responsible parties, generators and loads.19

Second, modeling all aspects of power system reliability and stability in the decision-making process

is a challenging task SCOPF formulations typically use simplified steady-state formulations. First, the415

applied convex DC SCOPF is an approximation of the exact AC implementation. Second, the steady-

state formulations do not consider transient stability issues. Stability issues due to topological actions

are an important concern of system operators and should be integrated in SCOPF formulations to

support TSO’s decision making [61]. Topological actions can conceptually be integrated in steady-

state SCOPF formulations , but the (numerical) stability of the different cases is not verified. System420

operators take these aspects indirectly into account, by harvesting the operators knowledge in SCOPF

algorithms. They only focus on a predefined list of topological actions for which the stability is

verified. Alternatively, the stability and security of a reduced set of topological actions can be verified

by ex-ante dynamic simulations. The results of these dynamic simulations combined with machine

19In turn, market actors can also be affected by changing reliability management practices. For example, if the amount
of preventive actions decreases, generators receive less revenue from preventive redispatch after day-ahead clearing (in
single-price zones) or from security-constrained day-ahead clearing (in multi-price zones or nodal pricing).
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learning techniques can result in security rules that constrain system variables. These constraints can425

additionally be considered in the SCOPF formulation [62]. Dynamic simulations are also required to

determine the timing and sequence of multiple remedial actions [63].

Third, the effect of short-term probabilistic reliability management on the mid and long term

also needs to be studied [6]. For example, more stressed systems could need higher maintenance

expenditures and have higher losses. A more efficient use of current transmission capacity also leads430

to fewer additional investments.

5.4. From steady-state SCOPF formulations to decision making in the control room

Probabilistic reliability criteria based on SCOPF formulations cannot be applied in the control room

yet due to the high computational complexity, the lack of detailed models and the lack of available and

accurate input information [64]. Nevertheless, the Icelandic TSO Landsnet has applied a probabilistic435

reliability management approach and criterion in short-term system operation, which is based on a

probabilistic security assessment [65]. Probabilistic information was provided to the system operator,

such as the risk of interruption cost, the residual risk due to omitted contingency states, probability of

one or more faults in the next hour, the probability of being in an acceptable state after one hour and

the number of contingencies considered [66]. The main advantage of the probabilistic approach is that440

information regarding threats, the system state and the contingency assessment can be aggregated in

risk-based indicators, which can be assessed at a glance.

The operators criticized, however, the lack of transparency in the approach. For example, the

specific reason for an increase in risk was unclear to them. This criticism can be explained due to the

lack of practical experience with and the steep learning curve of probabilistic approaches. Transparency445

can be provided by optionally offering detailed, qualitative information to the system operator about

how the indicator value is obtained [66].

This criticism highlighted the importance of the ease of use and the transparency of a reliability

management approach, which can be considered as important as its socio-economic and technical

relevance to ensure its practical applicability. Further improving the reliability criteria requires an450

appropriate trade-off between the different performance aspects.

5.5. Handling the trade-off between performance aspects

The previous section’s analysis made clear that moving away from the deterministic N-1 reliability

criterion has a mixed impact on the different performance aspects. By considering an adequate set of
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system states and making a trade-off between preventive and corrective actions (i.e. moving from (a)455

to (c)), efficiency improves with little to no adverse effect on equality and service reliability. Further

efficiency improvements, however, like considering load curtailment, come at the cost of reduced relia-

bility and may have a negative impact on equality, depending on the level of system stress. Because of

this trade-off between efficiency, service reliability and equality, no reliability criterion is the optimal

one for every single power system stakeholder. In addition, TSOs are concerned about their reputa-460

tion in terms of service reliability and end-consumers are not used to low reliability levels and large

differences between consumer in terms of reliability.

To obtain an adequate reliability management approach, a transparent dialogue between power

system stakeholders is important to clearly state TSOs’ and society’s preferences in terms of the per-

formance trilemma between efficiency, service reliability and equality. This defines social acceptability465

in each of the three performance dimensions and determines how far one can go in realizing efficiency

improvements at the cost of inequality and unreliability. The flexibility in making this trade-off will

increase because of evolutions, such as smart technologies and flexibility devices, as well as new types

of contracts enabling consumers to make reliability-based choices of electricity consumption.

Besides the quantitative performance aspects, the qualitative performance aspects should be con-470

sidered in the design and selection of alternative reliability management approaches and criteria. TSOs

should carry out the proposed multi-dimensional analysis for their systems to ensure practicality and

applicability of the reliability management approach besides its quantitative performance.20 Multi-

attribute utility theory can assist in the design and selection of reliability criteria. It is a statistical

decision theoretic framework that facilitates the trade-off between performance aspects, both quanti-475

tative aspects with different units and qualitative aspects [68].

6. Conclusion

A transition towards probabilistic power system reliability criteria should be initiated to deal with

the evolutions in power systems and to efficiently integrate modern technologies. However, probabilistic

criteria have a steep learning curve and require additional input information, which are barriers for480

their practical application. The classification of criteria proposed in this paper distinguishes four

characteristics that bridge the gap between the currently used deterministic N-1 criterion and an

20To ensure the applicability of probabilistic reliability management approaches in the future, the Norwegian transmis-
sion system operator Statnett has founded a data science department that focuses amongst others on the determination
of detailed failure probabilities [67].
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unconstrained probabilistic approach that minimizes expected total system cost without considering

additional constraints on service reliability. The characteristics impact the applicability, practicality

and acceptability of reliability criteria, which asks for a multi-dimensional performance analysis. The485

proposed analysis enables a better understanding of the different reliability criteria in the literature

and the difficulties for these criteria to be adequately adopted by TSOs that continue to use the

N-1 criterion. The case study in this paper shows that the largest savings of expected total cost

are due to a trade-off between preventive and corrective actions. A smaller portion is due to the

additional inclusion of load curtailment actions in the trade-off. Limits on individual or aggregate490

service unreliability levels decrease service unreliability, but increase expected total costs compared to

an unconstrained probabilistic approach. Inequality between consumers in terms of service reliability

depends on the service reliability level and system characteristics.

It is up to TSOs to carry out the proposed multi-dimensional analysis for their systems to identify

missing input information and to verify the impact of alternative reliability criteria on their own495

systems. This should be supported by more theoretical and applied research on the intermediate steps

between the deterministic N-1 criterion and probabilistic criteria. Multi-attribute utility theory can

assist in making the trade-off between the multiple quantitative and qualitative performance aspects

in the design and selection of intermediate reliability criteria. Regulators should provide adequate

regulation to enable the practical use of reliability criteria considering TSO’s capabilities and society’s500

preferences.
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