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Abstract

Demand flexibility, involving the potential to reduce or temporally defer electricity demand, is regarded

as a key enabler for transitioning to a secure, cost-efficient and low-carbon energy future. However,

previous work has not comprehensively modelled the inconvenience experienced by end-consumers due

to demand modifications, since it has focused on static modeling approaches. This paper presents

a novel model of inconvenience cost that simultaneously accounts for differentiated preferences of

consumer groups, time and duration of interruptions, differentiated valuation of different units of power

and temporal redistribution of shiftable loads. This model is dynamic and future-agnostic, implying

that it captures the time-coupling characteristics of consumers’ flexibility and the temporal evolution of

interruptions, without resorting to the unrealistic assumption that time and duration of interruptions

are foreknown. The model is quantitatively informed by publicly available surveys combined with

realistic assumptions and suitable sensitivity analyses regarding aspects excluded from existing surveys.

In the examined case studies, the developed model is applied to manage an aggregator’s portfolio in

a scenario involving emergence of an adequacy issue in the Belgian system. The results illustrate how

considering each of the above factors affects demand management decisions and the inconvenience cost,

revealing the value of the developed model.

Keywords: Inconvenience cost, interruption cost, value of lost load, power system service reliability,

demand-side flexibility
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t Index of time periods

T shiftl Set of time periods when shiftable load l can be activated

Lcurt Set of curtailable loads

Lshift Set of shiftable loads

Control variables

P curtl,t Curtailed power of curtailable load l in time period t [kW]

zl,t Binary variable indicating whether the shiftable load l is activated in time period t (1 if it is,

0 if it is not)

State variables

Dl,t Auxiliary variable representing the interruption duration (if Dl,t > 0) or the time since the last

interruption (if Dl,t < 0) for load l at time t [h]

Dint
l,t Interruption duration for load l at time t [h]

Dint,shift
l,t Interruption duration of shiftable load l at time t [h]

Dnorm
l,t Time since last interruption for load l at time t [h]

Qshiftl,t Binary variable of late activation of shiftable load l in time period t (1 if t is beyond the

acceptable activation time frame and the load is activated, 0 if t is within the acceptable

activation time frame or t is beyond the acceptable activation time frame and the load is not

activated.)

Yl,t Binary variable indicating the connection status of load l in time period t (1 if the baseline

demand of curtailable load l is supplied or shiftable load l is activated, 0 if (part of) curtailable

load l is not supplied or shiftable load l is not activated)

Zl,t Auxiliary binary variable indicating whether shiftable load l has been activated by time t (1 if

it has been activated, 0 if it has not been activated)

δshiftl,t Activation delay of shiftable load l at time t [h]

Output variables

Ccurtl,t Interruption cost of load l in time period t [e]

Cict Total inconvenience cost of all loads in the portfolio in time period t [e]
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Cshiftl,t Shifting cost of shiftable load l in time period t [e]

Functions

Cshift,totl Total shifting cost of shiftable load l [e]

V basel,t Base marginal interruption cost of curtailable load l in time period t [e/kW]

V refl Marginal interruption cost of load l for a reference time of interruption [e/kW]

Vl,t Marginal interruption cost of curtailable load l in time period t [e/kW]

Parameters

Eshiftl Total energy consumption of shiftable load l [kWh]

fdl,t Multiplication factor to take into account the type of day of interruption in time period t for

curtailable load l

fsl,t Multiplication factor to take into account the season of interruption in time period t for cur-

tailable load l

f tl,t Multiplication factor to take into account the time of interruption in time period t for curtailable

load l

P reqt Load reduction required by the aggregator in time period t [kW]

PB,curtl,t Baseline demand of curtailable load l in time period t [kW]

tactl Earliest activation time period of shiftable load l

αcurtl,t Quadratic parameter of marginal interruption cost function for curtailable load l in time period

t

αshiftl Quadratic parameter of shifting cost function for shiftable load l

βcurtl,t Linear parameter of marginal interruption cost function for curtailable load l in time period t

βshiftl Linear parameter of shifting cost function for shiftable load l

γcurtl,t Constant parameter of marginal interruption cost function for curtailable load l in time period

t

γshiftl Constant parameter of shifting cost function for shiftable load l

δshift,maxl Maximum delay of shiftable load l [h]

∆t Length of time period [h]
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1. Introduction

1.1. Background

Flexibility in end-consumers’ electricity demand, including their ability to reduce their electricity

consumption or defer the activation of some loads, can contribute to the secure and cost efficient

operation of the power system. Studies of blackouts in 1996 and 2003 in the North-West American5

power system have for instance shown that shedding a relatively small amount of load could have

avoided large-scale, uncontrolled electricity supply interruptions [1, 2]. In present, power systems’

adequacy and security are increasingly challenged due to the massive integration of inverter-connected

renewable energy sources [3]. Therefore, it is important to investigate how power system operation

can benefit from the available flexibility at the demand side.10

Large consumers already have the possibility to make the flexibility in their demand available to the

system operator [4], but incentives for smaller consumers to actively use the flexibility in their demand

are currently not widespread. Nevertheless, surveys have shown that smaller consumers are willing to

actively participate in demand-side management and have part of their load being shed or deferred if

they are appropriately compensated [5]. Consumers’ willingness to accept a compensation (WTAC)15

is determined by the inconvenience caused by the control of its load. Depending on the type of the

affected load, the impact on the experienced inconvenience differs. Curtailable loads are flexible in

terms of their instantaneous power usage, but their operation cannot be redistributed in time. Lighting

for instance is a curtailable load as its power can be partially reduced, but its demand is instantaneous.

Shiftable loads have a fixed power profile, but their activation can be delayed. Washing machines and20

clothing dryers are examples of shiftable loads. Their operating cycle lasts over a predefined period

and consumers can be flexible by delaying the activation of the cycle.

Although the involvement of readily-available, end-consumers’ flexibility can contribute to the

secure and cost-efficient operation of the power system, ensuring socially acceptable utilization of this

flexibility requires that system operators and aggregators appropriately consider the inconvenience25

experienced by the end-consumers. The inconvenience experienced by end-consumers due to load

curtailment or delayed activation of appliances is dynamic and can be monitored using the notion

of the inconvenience cost. The part of inconvenience caused by load curtailment has already been

monitored using the interruption cost. Surveys have shown that the interruption cost depends on two

aspects, which should be captured in a suitable model of end-consumers’ experienced inconvenience30

[6]:

� Consumer characteristics representing the differentiated preferences of different consumers;

� Interruption characteristics, such as the time and the duration of interruptions.
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Besides the interruption cost, the inconvenience cost should contain the cost experienced due to the

delayed activation of shiftable loads. A detailed model of the inconvenience cost enables system stake-35

holders to accurately assess the value of using distributed demand-side flexibility in system planning

and operation.

1.2. Motivation and contributions

Although the inconvenience cost is an important factor impacting the efficiency and fairness of

power system operation and demand response schemes, it has not yet been modelled in full detail by40

the existing literature. Table 1 gives an overview of the level of modelling detail of the inconvenience

cost in existing studies. An important limitation of the existing models lies in their static nature. Static

models prevent the integration of dynamic aspects, such as how the inconvenience cost is influenced

by delayed activation of shiftable loads or the interruption duration. This means, for example, that

existing models do not capture the difference in inconvenience costs associated with one interruption45

of two hours or two interruptions of one hour, for which it is intuitively clear that they result in a

different inconvenience cost. Modelling the impact of the duration of interruption and the activation

delay on the inconvenience cost requires that the dependence on the previous system state is captured.

Static models do not contain internal history of states. This dependence can be incorporated in a

dynamic model formulation.50

In this context, this paper develops a dynamic model of the inconvenience cost experienced by end-

consumers due to load curtailment and shifting. The proposed model makes the following contributions:

� The proposed model simultaneously takes into account five factors impacting the inconvenience

cost: differentiated preferences of different consumer groups, the time of the interruption, the

duration of the interruption, the differentiated valuation of different units of power and the55

temporal redistribution of shiftable loads. To the best of the authors’ knowledge, none of the

existing papers considers all these factors simultaneously.

� The proposed model is dynamic and future-agnostic, implying that it captures the time-coupling

characteristics of consumers’ flexibility and the temporal evolution of interruptions, without

resorting to the unrealistic assumption that the time and the duration of interruptions are known60

in advance by the consumers. This is a significant improvement with respect to the static models

used in the existing literature.

� The proposed model is quantitatively informed by data from publicly available consumers’ sur-

veys. These surveys specify the dependence of the inconvenience cost on the considered consumer

group, the time of interruption and the duration of the interruption. Regarding aspects that have65

not yet been explored by surveys, including differentiated valuation of different units of power
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and the flexibility of shiftable loads, relevant assumptions are made and sensitivity analyses are

carried out. The outcomes of simulations with the proposed model can specify the aspects that

should be studied in more detail in future surveys to validate the assumptions and further exploit

the potential of demand-side flexibility.70

Case studies involve the application of the developed model by an aggregator who manages the flexible

loads in its portfolio in a scenario where an adequacy issue arises in the system.

1.3. Paper structure

The rest of this paper is organized as follows. Section 2 introduces the generic formulation of the

dynamic model of inconvenience experienced by end-consumers with different load types. Section 375

elaborates on the dynamic model of end-consumers’ service reliability, whereas Section 4 focusses on

the detailed modelling of the inconvenience cost. Section 5 demonstrates the use of the dynamic model

in case studies involving portfolio management of an aggregator. Section 6 concludes the paper and

gives directions for future work.

2. Generic formulation of the dynamic model of inconvenience experienced by end-80

consumers due to load curtailment and shifting

Load curtailment and delayed activation of shiftable appliances cause inconvenience to end-consumers.

End-consumers’ experienced inconvenience is influenced by dynamic aspects, such as the interruption

duration and the time-coupling characteristics of shiftable loads, rendering it a continuous, dynamic

system.85

The dynamic system of end-consumers’ experienced inconvenience can be modelled using a time-

variant state-space input/output model, which can be generally expressed as:

dx(t)

dt
= g(x(t),u(t)) (1)

y(t) = ht(x(t),u(t)) (2)

The vector of control variables u(t) of the dynamic system consists of the load curtailment and shifting

actions at each time instant t, whereas the output y(t) represents the inconvenience caused to the end-

consumers at a certain time instant. The vector of physical state variables x(t) represents the reliability

state of the consumer, which is determined by the interruption duration of curtailable loads and the

activation delay of shiftable loads. Eq. (1) represents the dynamic model of the service reliability of90

an end-consumer and models how the service reliability level evolves over time. Eq. (2) models the

inconvenience experienced by the end-consumers based on their service reliability level and the control
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actions taken. The function parameters of the output equation (Eq. (2)) are time dependent in order

to capture the impact of the time of the interruption on the end-consumers’ experienced inconvenience.

Although in theory inconvenience is a continuous function of time, the continuous nature of the

system is approximated in the developed model by only looking at discrete time instants with fixed

time intervals in between. Therefore, we assume that exogenous information is revealed and control

actions u(t) are taken at discrete time instants. The discrete time instant control actions and exogenous

information are linked to a specific time period according to the so-called information format to model

time introduced in [19]. This format specifies that the discrete time index t refers to the continuous

time period from time instant t− 1 up to and including time instant t. The experienced inconvenience

at t thus represents the inconvenience experienced during the respective time period. This results in

a discrete time-variant state-space input/output model. The complete model is generically expressed

as:

xt = g(xt−1,ut) (3)

yt = ht(xt,ut) (4)

3. Dynamic model of the service reliability of an end-consumer with different load types95

Consumers’ experienced service reliability level is quantified in this paper by the interruption

duration and activation delay of the consumer’s loads. The interruption duration differs per load

type: Curtailable loads are considered interrupted as soon as part of their required instantaneous

power is not supplied, while shiftable loads are considered interrupted if their operating cycle cannot

be completed by the latest allowable termination time. Furthermore, the activation delay is only100

relevant to shiftable loads. Therefore, different models are required for each load type, as detailed in

following subsections.

3.1. Curtailable loads

The service reliability of a curtailable load is modelled using the interruption duration Dint
l,t and

an auxiliary variable to indicate whether the load is interrupted or not, i.e., the connection status Yl,t.

These variables can be considered as the state variables of curtailable loads. The connection status for

curtailable loads is determined by the amount of power curtailed for that load P curtl,t in a certain time

period t. If (part of) the load is curtailed, i.e., P curtl,t > 0, the load is assumed to be interrupted, i.e.,

8



Yl,t equals zero, as expressed by:1 Yl,t = 1

P curtl,t = 0

 Y

 Yl,t = 0

P curtl,t > 0

 ∀l ∈ Lcurt, t (5)

Based on the connection status, an auxiliary duration variable Dl,t can be quantified, which rep-

resents the interruption duration Dint
l,t if it is positive and the time since the last interruption Dnorm

l,t

if it is negative. The variable changes sign if the connection status changes between two time periods,

which is the case in the first two statements of the disjunction in Eq. (6) (The variable Dl,t−1 has

the opposite sign than the variable Dl,t.). If the connection status does not change between two time

periods, the variable Dl,t is incremented. This is expressed in the last two statements of the disjunction

in Eq. (6).

Dl,t = ∆t

Dl,t−1 < 0

Yl,t = 0

Dint
l,t = ∆t

Dnorm
l,t = 0


Y



Dl,t = −∆t

Dl,t−1 > 0

Yl,t = 1

Dint
l,t = 0

Dnorm
l,t = ∆t


Y



Dl,t = Dl,t−1 + ∆t

Dl,t−1 > 0

Yl,t = 0

Dint
l,t = Dl,t−1 + ∆t

Dnorm
l,t = 0


Y



Dl,t = Dl,t−1 −∆t

Dl,t−1 < 0

Yl,t = 1

Dint
l,t = 0

Dnorm
l,t = −Dl,t−1 + ∆t


∀l, t

(6)

In the first time period of the simulation, variables of the previous time period are not available and

the dynamic model should be initialized. The initialization is based on the connection status in the

first time period, expressed by Eq. (7).

Dl,t = ∆t

Yl,t = 0

Dint
l,t = ∆t

Dnorm
l,t = 0


Y



Dl,t = −∆t

Yl,t = 1

Dint
l,t = 0

Dnorm
l,t = ∆t


∀l, t = 1 (7)

3.2. Shiftable loads

The service reliability of shiftable loads is modelled using an activation variable and the delay

of activation. The activation of a shiftable load is indicated by the binary activation variable zl,t,

which equals one at the time instant that the load is activated. Based on the activation variable, the

activation status Zl,t is determined, equalling one once the load is activated (Eq. (12) and Eq. (13)).

The activation status of the shiftable load can be linked to the connection status Yl,t. The link between

1The logical disjunction A YB is true, if A is true or B is true.
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the activation status and connection status depends on the time period. The activation of the shiftable

load can be delayed within the time frame T shiftl ={tactl , tactl + δshift,maxl }. Before this time interval,

the load is assumed to be connected (Eq. (9)), but not yet activated (Eq. (10)). As long as the load

is not activated after the first possible activation time tactl the auxiliary variable Zl,t equals zero and

the load is assumed to be disconnected (Eq. (11)). If the load is activated, the activation variable

zl,t equals one at the moment of activation. The activation and connection statuses equal one in the

remaining time periods. If the cycle is shifted to be completed beyond the acceptable time frame, i.e.,

the activation time is after tactl +δshift,maxl , the load is assumed to be curtailed. The indicator variable

for curtailment Qshiftl,t equals one in this case (Eq. (15)), while it equals zero until the latest allowable

activation time (Eq. (14)).

Zl,t = {0, 1} ∀l ∈ Lshift, t (8)

Yl,t = 1 ∀l ∈ Lshift, t < tactl (9)

Zl,t = 0 ∀l ∈ Lshift, t < tactl (10)

Yl,t = Zl,t ∀l ∈ Lshift, t ≥ tactl (11)

Zl,1 = zl,t ∀l ∈ Lshift, t = 1 (12)

Zl,t = zl,t + Zl,t−1 ∀l ∈ Lshift, t > 1 (13)

Qshiftl,t = 0 ∀l ∈ Lshift, t ≤ tactl + δshift,maxl (14)

Qshiftl,t = 1− Zl,t ∀l ∈ Lshift, t > tactl + δshift,maxl (15)

The constraints for the interruption duration specified in Eq. (6) and Eq. (7) are used to define

the activation delay and the interruption duration of shiftable loads. Within the acceptable time

frame T shiftl , load activation can be delayed. The activation delay δshiftl,t is calculated based on the

interruption duration Dint
l,t specified in Eq. (6) using the connection status of the shiftable load and

the interruption duration Dint,shift
l,t equals zero:

δshiftl,t = Dint
l,t ∀l ∈ Lshift, t ≤ tactl + δshift,maxl (16)

Dint,shift
l,t = 0 ∀l ∈ Lshift, t ≤ tactl + δshift,maxl (17)

If the load is activated beyond the acceptable time frame, the variable Dint
l,t keeps on incrementing

until the load is activated. The interruption duration of the shiftable load Dint,shift
l,t equals the delay

of activation beyond the acceptable time interval. This value is obtained if the length of the time

interval of acceptable activation, i.e., δshift,maxl + ∆t, is subtracted from the total delay counted in

Dint
l,t , as specified in Eq. (18).

Dint,shift
l,t = max

[
0, Dint

l,t − (δshift,maxl + ∆t)
]

∀l ∈ Lshift, t > tactl + δshift,maxl (18)

10



4. Modelling end-consumers’ experienced inconvenience cost105

The key output variable of the model introduced in Eq. (3) and (4) is the inconvenience cost

experienced in a portfolio of loads in time period t. The inconvenience cost consists of the cost

attributed to the inconvenience experienced due to delayed activation of shiftable loads and the cost

attributed to the interruption of curtailable loads or overtime activation of shiftable loads. To a certain

extent, the parameters required to model the interruption cost as a function of the end-consumers’110

reliability state and the executed control actions in ht(xt,ut) can be determined using the results of

publicly available surveys. The proposed model goes a few steps further to determine potential benefits

of collecting improved information about end-consumers’ perceptions regarding load curtailment and

load shifting.

4.1. Interruption cost modelling based on publicly available surveys115

The interruption cost represents the cost of degraded service reliability due to load curtailment.

The Organisation for Economic Co-operation and Development (OECD) prescribes that willingness

to accept a compensation (WTAC) is the right welfare measure if consumers experience a degradation

of a particular service [20]. The WTAC for power interruptions that result in degraded service relia-

bility converges to marginal interruption cost with respect to energy not supplied [21]. The marginal120

interruption cost with respect to energy not supplied is the cost of an additional kWh of unserved

energy and is usually defined as the value of lost load (VOLL) [21]. Surveys have revealed the relation

between VOLL and the interruption characteristics, such as the time of the interruption, the affected

consumer group and the duration of the interruption [6].2 Based on surveys, such as the ones executed

in Norway [22], an average marginal interruption cost as a function of the interruption duration can125

be derived per consumer group and per time period.3

Based on the Norwegian survey results, a piece-wise linear function seems to appropriately model

the relation between the interruption duration and the total interruption cost per unit of interrupted

power per consumer group [22, 23, 24]. This model is developed for a reference time instant. The total

interruption cost is normalized on the total power curtailed, implying the assumption that each unit of

power in the consumer’s portfolio is equally valued. The derivative of the total normalized interruption

cost with respect to the interruption duration expresses the marginal interruption cost Vl(D
int) as a

continuous function of the interruption duration. This represents the average cost of an additional

hour of interruption of a unit of power at the reference time instant. The average interruption cost

2Ovaere et al. give an overview of the level of detail of VOLL data collected in different countries [6].
3The average marginal interruption cost is an approximation of the real marginal interruption cost of each unit of

power, as it assumes each individual unit of power to be equally valued.

11



of a 1kW interruption attributable to an additional time period in our discretized model equals the

integral of the marginal interruption cost over the given time period, as given in Eq. (19).

V refl (Dint
l,t ) =

∫ Dint
l,t

Dint
l,t −∆t

Vl(D
int) · dDint =

Vl(D
int
l,t ) + Vl(D

int
l,t −∆t)

2
·∆t ∀l, t (19)

As the aforementioned function determines the average marginal interruption cost for a reference

time instant, the determined reference marginal interruption cost should be modified to account for

the effective time of the interruption. The Norwegian surveys have derived multiplication factors to

capture the impact of the time of interruption [22]. The multiplication factors make a distinction

between four consumers groups, the season (fsl,t), type of day (fdl,t) and time of day (f tl,t), as presented

in Table 2. Combining the reference marginal interruption cost calculated using Eq. (19) with the

Table 2: Multiplication factors to consider the impact of the time of interruption for different consumer groups in the

interruption cost [22, Table A and Table B]. The multiplication factors for agriculture are estimated based on [24].

Residential Industry Commercial Public Agriculture

Season fsl,t

Winter 1 1 1 1 1

Spring 0.57 0.87 1 0.67 0.67

Summer 0.44 0.86 1.02 0.51 0.51

Autumn 0.75 0.88 1.06 0.58 0.58

Day fdl,t

Weekday 1 1 1 1 1

Saturday 1.07 0.13 0.45 0.3 0.3

Sunday 1.07 0.14 0.11 0.29 0.29

Time f tl,t

Night 0.4 0.12 0.11 0.43 0.43

Morning 0.69 1 1 1 1

Evening 1 0.14 0.29 0.31 1

multiplication factors in Table 2, we determine for a particular time and duration of interruption the

average marginal cost of interrupting a unit of power V basel,t (Dint
l,t ) in our discretized model, as expressed

by:

V basel,t (Dint
l,t ) = V refl (Dint

l,t ) · fsl,t · fdl,t · f tl,t ∀l ∈ Lcurt, t (20)

4.2. Valuation of different units of power

Applying the average marginal interruption cost function derived in Eq. (20) implies the assumption

that each unit of power is equally valued, irrespectively of the specific appliance it is consumed by and

the specific service it provides to the consumers. Nevertheless, consumers have more and less critical130
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appliances in their portfolio: a medical appliance is for instance more critical than a television. In

order to capture this differentiated valuation of different appliances, the interruption cost of different

units of power should be varied. Therefore, the marginal interruption cost is modelled as a function

of the amount of power curtailment.

Karimi has proposed to model the marginal benefit of supplying load as a second-order polynomial135

function [25]. We have applied a similar reasoning to use a second-order polynomial function to model

the marginal interruption cost Vl,t(P
curt) (Eq. (21)). This polynomial function should satisfy some

boundary conditions to comply with rationality constraints. First of all, Vl,t(P
curt) should be non-

negative, implying that an increasing interruption cost is experienced if more load is curtailed (Eq.

(22)). Secondly, the derivative of
dVl,t(P

curt)
dP curt should also be non-negative to capture the fact that140

additional curtailment affects load that is equally or higher valued (Eq. (23)). Thirdly, the mean of

the marginal interruption cost function equals the average marginal interruption cost V basel,t (Dint
l,t ), as

determined in the previous subsection (Eq. (24)).

Given these constraints, this function can capture different consumers’ perceptions and character-

istics. Three different sets of consumers are explored in this paper as an example: consumers with

high flexibility (perceiving most of their appliances as non-critical appliances), consumers with low

flexibility (perceiving most of their appliances as critical) and consumers with medium flexibility (in-

termediate case). High, medium and low flexibility are modelled through a convex, linear and concave

function, respectively Eq. (25), (26) and (27).

Vl,t(P
curt) = αcurtl,t · (P curt)2 + βcurtl,t · P curt + γcurtl,t ∀l ∈ Lcurt, t (21)

With: Vl,t(P
curt) ≥ 0 (22)

dVl,t(P
curt)

dP curt
≥ 0 (23)

1

PB,curtl,t

∫ PB,curt
l,t

0

Vl,t(P
curt)dP curt = V basel,t (Dint

l,t ) (24)

High flexibility:
d2 Vl,t(P

curt)

d(P curt)2
≥ 0 (25)

Medium flexibility:
d2 Vl,t(P

curt)

d(P curt)2
= 0 (26)

Low flexibility:
d2 Vl,t(P

curt)

d(P curt)2
≤ 0 (27)

Based on the above discussion, the interruption cost function parameters αcurtl,t , βcurtl,t and γcurtl,t for

consumers with different levels of flexibility are summarized in Table 3. V basel,t (Dint
l,t ) in Table 3 is145

modelled as in Eq. (20).

Vl,t(P
curt) expresses the interruption cost attributed to an additional unit of curtailed power for a

particular time period t and duration of interruption Dint
l,t . The total interruption cost associated with

13



Table 3: Interruption cost function parameters for consumers with different levels of flexibility

High Medium Low

αcurtl,t 3 · V
base
l,t (Dint

l,t )

(PB,curt
l,t )2

0 -
3·V base

l,t (Dint
l,t )

2·(PB,curt
l,t )2

βcurtl,t 0 2 · V
base
l,t (Dint

l,t )

(PB,curt
l,t )

3 · V
base
l,t (Dint

l,t )

(PB,curt
l,t )

γcurtl,t 0 0 0

a time period t due to the curtailment of P curtl,t for a particular interruption duration Dint
l,t equals the

integral:

Ccurtl,t =

∫ P curt
l,t

0

Vl,t(P
curt) · dP curt

= αcurtl,t ·
(P curtl,t )3

3
+ βcurtl,t ·

(P curtl,t )2

2
+ γcurtl,t · P curtl,t ∀l, t (28)

4.3. Shifting cost

The shifting cost monetizes the inconvenience experienced by end-consumers due to the delayed

activation of shiftable loads within the predefined, acceptable time interval {tactl , tactl + δshift,maxl }.

Delayed activation deteriorates the level of service provided to the consumers (e.g., clean clothes being150

available later), which comes at a cost. Karimi has modelled the relation between the activation delay

and the shifting cost as a second-order polynomial function (Eq. (29)) [25]. This function should

satisfy some boundary conditions to comply with rationality constraints. First of all, the shifting cost

equals zero if the load is activated at tactl , which corresponds to a case of no delay in activation (Eq.

(30)). Secondly, if the maximal delay is reached and the load is not activated within the acceptable155

time interval, the total shifting cost is equal to the interruption cost associated with the total energy

requirement of the cycle of the load (Eq. (31)). The interruption cost is determined based on the

average marginal interruption cost of Eq. (19), because each additional unit of power shifted is equally

valued. This is the case because shiftable loads have a fixed power profile that should be considered

as a single appliance of which the activation is delayed. Thirdly, as the shifting cost increases with the160

delay, the first derivative of the shifting cost should be non-negative (Eq. (32)).

Given these constraints, this function can capture different consumers’ perceptions and character-

istics. Three different sets of consumers are explored in this paper as an example: consumers with

early activation preferences (who do not want for instance to be bothered with emptying the washing

machine late in the evening), consumers with late activation preferences (who come for instance home

late and they do not want their clothes to be wet in the washing machine for too long) and consumers

with indifferent activation preference (intermediate case). Early, late and indifferent activation prefer-

ences are modelled through a concave, convex and linear function of the shifting cost, respectively Eq.
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(33), Eq. (34) and Eq. (35).

Cshift,totl (δshift) = αshiftl · (δshift)2 + βshiftl · δshift + γshiftl ∀l ∈ Lshift, t (29)

with: Cshift,totl (0) = 0 (30)

Cshift,totl (δshift,maxl ) = V refl (∆t) · Eshiftl (31)

∂Cshift,totl (δshift)

∂δshift
≥ 0 (32)

Early activation:
∂2Cshift,totl (δshift)

∂(δshift)2
≤ 0 (33)

Late activation:
∂2Cshift,totl (δshift)

∂(δshift)2
≥ 0 (34)

Indifferent:
∂2Cshift,totl (δshift)

∂(δshift)2
= 0 (35)

Based on the above discussion, the shifting cost function parameters αshiftl , βshiftl and γshiftl for

consumers with different activation preferences are summarized in Table 4.

Table 4: Shifting cost function parameters for consumers with different activation preferences

Activation preferences Early Indifferent Late

αshiftl
V ref
l (∆t)·Eshift

l

(δshift,max
l )2

0 −V
ref
l (∆t)·Eshift

l

(δshift,max
l )2

βshiftl 0
V ref
l (∆t)·Eshift

l

δshift,max
l

2 · V
ref
l,t (∆t)·Eshift

l

δshift,max
l

γshiftl 0 0 0

Whereas the steady-state model with full knowledge of the future in [25] counts the total shifting

cost at the activation time, a future-agnostic, dynamic model of inconvenience should attribute to each

time period t the shifting cost experienced due to the additional delay in time period t. The cost of

an additional unit of delay for a given delay equals the derivative of the total shifting cost:

Cshift,tot
′

l (δshift) =
∂Cshift,totl (δshift)

∂δshift
= 2 · αshiftl · δshift + βshiftl ∀l ∈ Lshift, t (36)

Given the employed discretization of time, the shifting cost incurred at period t equals the integral of

Cshift,tot
′

l (δshift) over the delay experienced in this period:

Cshiftl,t =

∫ δshift
l,t

δshift
l,t −∆t

Cshift,tot
′

l (δshift) · dδshift =
Cshift,tot

′

l (δshiftl,t ) + Cshift,tot
′

l (δshiftl,t −∆t)

2
·∆t ∀l ∈ Lshift, t

(37)

4.4. Total inconvenience cost

The total inconvenience cost experienced by a portfolio of loads in a certain time period consists of

different cost components representing the inconvenience associated with different types of loads in this
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portfolio. First of all, the curtailment of curtailable loads in a certain time period results in an interrup-

tion cost in this time period. The experienced interruption cost for this period Ccurtl,t (P curtl,t , Dint
l,t ) can

be calculated as in Eq. (28). Secondly, the inconvenience cost associated with the delayed activation

of shiftable loads equals the shifting cost Cshiftl,t (δshiftl,t ) within the acceptable time interval T shiftl and

the interruption cost Ccurtl,t (Eshiftl , Dint,shift
l,t ) beyond the acceptable time interval. Cshiftl,t (δshiftl,t ) is

calculated according to Eq. (37), whereas Ccurtl,t (Eshiftl , Dint,shift
l,t ) is calculated according to Eq. (28)

and the marginal interruption cost V refl . The resulting total inconvenience cost Cict for time period t

equals:

Cict =
∑

l∈Lcurt

Ccurtl,t (P curtl,t , Dint
l,t ) +

∑
l∈Lshift

[
(1− Zl,t) · Cshiftl,t (δshiftl,t ) · 1T shift

l
(t) +Qshiftl,t · Ccurtl,t (Eshiftl , Dint,shift

l,t )
]
∀t (38)

Where 1T shift
l

(t) is the indicator function that equals one if t is part of the acceptable time interval165

T shiftl and zero otherwise.

4.5. Model implementation

In order to formulate the proposed model as an optimization problem, the logical disjunctions have

been transformed to closed-form expressions, using disjunctive programming. Specifically, the logical

disjunctions represent an exclusive OR condition, i.e., A Y B is true, if and only if A is true or B

is true with A and B generic sets of conditions. This OR condition is transformed to a closed-form

expression through the employment of binary variables dA and dB , indicating whether the sets A

and B, respectively, are true, i.e., the corresponding binary variable equals 1, or not, i.e., the binary

variable equals 0 (Eq. (39) and (40)). Eq. (41) ensures that both sets of conditions cannot be true

simultaneously.

A BA1

A2

 Y

B1

B2

 (39)

dA, dB ∈ {0, 1} (40)

dA + dB = 1 (41)

The conditions of each generic set A and B are related through a logical AND condition, e.g., A

is true if A1 is true and A2 is true. This AND condition is transformed to a closed-form expression

through the employment of binary variables dA1 and dA2 indicating whether the conditions A1 and A2,

respectively, are true. This implies that the AND condition can be expressed through a min operator

16



(Eq. (46) - (47)).4

A1 true→ dA1 = 1 (42)

A2 true→ dA2 = 1 (43)

B1 true→ dB1 = 1 (44)

B2 true→ dB2 = 1 (45)

dA = min{dA1, dA2} (46)

dB = min{dB1, dB2} (47)

dA1, dA2, dB1, dB2 ∈ {0, 1} (48)

This min operator can be expressed in closed-form as (for the example of Eq. (46)):

0 ≤ dA (49)

dA1 + dA2 − 1 ≤ dA (50)

dA ≤ dA1 (51)

dA ≤ dA2 (52)

5. Case study: Portfolio management of an aggregator

5.1. Description

Although the proposed model of consumers’ inconvenience can be potentially used in numerous170

different applications, this paper applies it in the context of optimizing the management of a portfolio

of flexible loads by an aggregator. Specifically, assuming that an adequacy issue emerges in the system,

the aggregator is instructed by the system operator to reduce the total demand of its portfolio by a

specific amount P reqt over a set of periods t. The aggregator applies the proposed model to distribute

the requested load reduction among different consumers and loads in its portfolio, with the objective175

of minimizing the total inconvenience cost of its consumers.

The focus of the examined studies lies in analyzing the resulting distribution of the requested

load reduction and the resulting total inconvenience cost, when varying levels of modelling detail are

incorporated in the representation of the consumers’ inconvenience. These varying levels of detail

correspond to the different factors discussed in previous parts of the paper, including differentiated180

preferences of different consumer groups, the time of the interruption, the duration of the interruption,

the differentiated valuation of different curtailable loads and the temporal redistribution of shiftable

4References [26, 27, 28] explain how to translate the disjunctions and other logical constraints to closed-form formu-

lations. A1 true → dA1 = 1 has the meaning if A1 is true, then dA1 = 1.
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loads. The distribution of load reductions resulting from the inconvenience cost minimization is applied

to the end-consumers and determines their experienced inconvenience cost. End-consumers’ experi-

enced inconvenience for given control actions P curtl,t and zl,t is determined using the detailed dynamic185

model of the inconvenience cost, incorporating all factors. By analyzing the results, the impacts of

considering these complex factors in the aggregator’s decision making through the proposed model are

quantified.

5.2. Data

The examined studies are carried out on a test system resembling the Belgian system and its load-190

shedding plan for the winter of 2014-2015. The reference total electricity demand of the Belgian system

is 13,120MW and is distributed over five geographical zones and seven slices, as illustrated in Fig. 1.

The assumed adequacy issue lasts for five hours between 16:00 and 21:00 on a winter weekday and the

total demand in this interval is assumed equal to the above reference value. A resolution of one hour

is selected for the executed simulations.

Geographical zones

Slices NW NE CE SW SE TOTAL

1 130 130 130 65 65 520 MW

2 130 130 130 65 65 520 MW

3 130 130 130 65 65 520 MW

4 130 130 130 65 65 520 MW

5 130 130 130 65 65 520 MW

6 130 130 130 65 65 520 MW

7 2500 2500 2500 1250 1250 10 000 MW

TOTAL 13 120 MW

NW
NE

SW

SE

CE

Figure 1: The division of Belgium into geographical zones and slices according to the load-shedding plan in the winter

of 2014-2015 (Data: Elia). The division in slices is illustrative. Slice 7 corresponds to the white areas.

195

The portfolio of the examined aggregator includes 0.01% of the total demand in zone SE, and is

distributed over the 7 slices according to the distribution of Fig. 1. The total load reduction requested

from the aggregator is equal to 8.27, 7.29, 7.29, 7.81 and 7.81 kW over the five hours of the adequacy

issue. The aggregator’s portfolio consists of a discrete number of end-consumers that are categorized in

five consumer groups, i.e., industry, residential, commercial, public and agriculture. The distribution of200

the end-consumers over the slices of the load-shedding plan and their respective load are summarized

in Table 5. Residential consumers have curtailable and shiftable load, whereas the other consumer

groups only have curtailable loads. Curtailable load is modelled through a continuous variable per

consumer, whereas shiftable load is modelled as a single appliance per consumer, the cycle of which

18



entails a fixed power profile and its activation can be delayed. The cycle of this shiftable appliance205

lasts one hour. In scenarios that omit the possibility of load shifting, the shiftable load is considered

as part of the curtailable load and is operated in the first time period.

The calculation of the inconvenience cost is based on VOLL data collected by surveys in Norway. To

the best of the authors’ knowledge, this is the most detailed VOLL data available and its transparent

data format can serve as an example for similar surveys in other countries. The marginal interruption210

cost for a reference time of interruption V refl (Dint
l,t ) employed in the case studies is summarized in

Table 6.

Six scenarios are considered in the case study. Scenarios 1-4 are defined based on available data:

(i) a rule-based approach based on the Belgian load-shedding plan of 2014-2015, (ii) differentiation

between consumer groups, (iii) impact of the time of interruption and (iv) impact of duration of215

interruption. Scenarios 5 and 6 assess the impact of the valuation of different units of power and the

temporal redistribution of shiftable load in the aggregator’s portfolio.

Residential Industry Public

Commercial Agriculture
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(a) Distribution of load reduction
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(b) Relative total inconvenience cost (with

respect to rule-based approach)

Figure 2: Distribution of load reduction (a) and total inconvenience cost (b) over the aggregator’s portfolio in scenarios

1 - 4.

5.3. Scenario 1: Rule-based approach based on Belgian load-shedding plan

The current paradigm for dealing with adequacy issues in the Belgian system involves a rule-

based approach of rolling blackouts that does not explicitly consider (and thus does not minimize) the220

19



T
a
b

le
5
:

C
h

a
ra

ct
er

is
ti

cs
o
f

th
e

co
n

su
m

er
s

in
th

e
p

o
rt

fo
li
o

o
f

th
e

a
g
g
re

g
a
to

r
a
n

d
th

ei
r

d
is

tr
ib

u
ti

o
n

o
v
er

th
e

sl
ic

es
o
f

th
e

lo
a
d

-s
h

ed
d

in
g

p
la

n
.

S
li
ce

s

1
2

3
4

5
6

7

A
B

C
A

B
C

A
B

C
A

B
C

A
B

C
A

B
C

A
B

C

[/
]

[k
W

]
[k

W
]

[/
]

[k
W

]
[k

W
]

[/
]

[k
W

]
[k

W
]

[/
]

[k
W

]
[k

W
]

[/
]

[k
W

]
[k

W
]

[/
]

[k
W

]
[k

W
]

[/
]

[k
W

]
[k

W
]

In
d

u
st

ry
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

1
8
.5

0
2

3
4
.0

6
0

R
es

id
en

ti
a
l

1
1
.9

5
0
.9

8
4

1
.9

5
0
.9

8
0

0
0

0
0

0
1

1
.9

5
0
.9

8
0

0
0

1
4

1
.9

5
0
.9

8

P
u

b
li
c

0
0

0
0

0
0

0
0

0
1

8
.0

1
0

0
0

0
0

0
0

1
8
.0

1
0

C
o
m

m
er

ci
a
l

0
0

0
0

0
0

1
8
.0

3
0

0
0

0
0

0
0

0
0

0
1

8
.0

3
0

A
g
ri

cu
lt

u
re

1
5
.3

4
0

0
0

0
0

0
0

0
0

0
1

5
.3

4
0

0
0

0
1

5
.3

4
0

A
:

N
u

m
b

er
o
f

co
n

su
m

er
s,

B
:

C
u

rt
a
il
a
b

le
lo

a
d

p
er

co
n

su
m

er
,

C
:

S
h

if
ta

b
le

lo
a
d

p
er

co
n

su
m

er

20



Table 6: Reference marginal interruption cost V ref
l (Dint

l,t ) [e/kW] as a function of the interruption duration applied in

the case study and based on the Norwegian VOLL data in [22]

Residential Industry Commercial Public Agriculture

0 < Dint
l,t < 4 hours 1.09 8.52 9.43 2.88 1.62

4 ≤ Dint
l,t < 8 hours 1.32 5.76 14.63 5.37 1.48

consumers’ inconvenience cost. Specifically, slices 1-6 of Fig. 1 are interrupted with an alternating

sequence, while slice 7 is never interrupted (assuming that it represents highly critical load). Each

interruption lasts for a maximum duration of three hours.

Since the examined adequacy issue lasts for 5 hours, this rule-based approach implies that slice 1

is interrupted in the first three hours and slice 2 is interrupted in the last two hours. Based on Table225

5, this means that part of the demand of residential and agricultural consumers is reduced, as also

illustrated in Fig. 2a. Since this approach does not consider the inconvenience cost and any factors

affecting it, it yields the highest inconvenience cost, as illustrated in Fig. 2b where the inconvenience

cost of this rule-based approach is used as the reference.

The following scenarios move away from the rule-based approach of scenario 1, and employ the230

proposed model to minimize the inconvenience cost of the aggregator’s portfolio.

5.4. Scenario 2: Differentiation between consumer groups

Scenario 2 accounts for the differentiated preferences of different consumer groups. All the load of

a particular consumer is equally valued according to a constant marginal interruption cost, but this

marginal interruption cost differs per consumer group, according to the values presented in the first235

row of Table 7 that summarizes the average marginal cost of interrupting a unit of power per consumer

group and per scenario for scenarios 2 - 4 of the case study. As the impact of the time and duration

of the interruption is not considered in scenario 2, these values correspond to the reference marginal

interruption cost for an interruption of one hour presented in Table 6.

Given that the marginal interruption cost of the residential consumers is the lowest one in Scenario240

2 (Table 7), the aggregator uses only these consumers to satisfy the requested load reduction, as

illustrated in Fig. 2a. Since the marginal interruption cost of residential consumers is smaller than

the one of agricultural consumers that also contribute to the requested load reduction in Scenario 1,

Scenario 2 yields a lower inconvenience cost, as illustrated in Fig. 2b.

5.5. Scenario 3: Consideration of the time of interruption245

On top of the differentiated preferences of different consumer groups, scenario 3 accounts for the

impact of the time of interruption. Therefore, the marginal interruption cost of the different consumer

21



Table 7: Average marginal cost of interrupting a unit of power [e/kW] per consumer group and per scenario for scenarios

2-4 in the case study

Residential Industry Commercial Public Agriculture

Scenario 2 1.09 8.52 9.43 2.88 1.62

Scenario 3 1.09 1.19 2.74 0.89 1.62

Scenario 4

0 ≤ Dint < 4 hours 1.09 1.19 2.74 0.89 1.62

4 ≤ Dint < 8 hours 1.32 0.81 4.24 1.66 1.48

groups considered in scenario 2 is multiplied by the multiplication factors applying to the time of

the assumed interruption (winter, weekday, evening), based on Table 2 and Eq. (20). The resulting

marginal interruption cost for the different consumer groups is presented in the second row of Table 7.250

The consideration of the time of interruption changes the situation with respect to scenario 2 and

the public consumers exhibit the lowest marginal interruption cost (Table 7). This may be attributed

to the fact that public buildings are closed during the evening when the assumed interruption takes

place. Therefore, the aggregator uses only public consumers to satisfy the requested load reduction,

as illustrated in Fig. 2a. However, public consumers experience a higher marginal interruption cost in255

the later hours of interruption, as indicated in the last row of Table 7. Due to this lack of information

regarding the duration of interruption, the total inconvenience cost in scenario 3 is slightly higher than

scenario 2, despite the fact that scenario 3 considers more information. Nevertheless, this inconvenience

cost is still lower than the one of the rule-based approach in scenario 1.

5.6. Scenario 4: Consideration of the duration of interruption260

While scenarios 1 to 3 use steady-state approximations of the inconvenience cost model, scenario 4

exploits the dynamic nature of the proposed model by also considering the impact of the interruption

duration. This means that the marginal interruption cost depends on the duration of the interruption

up to the current time period. The resulting marginal interruption cost for the different consumer

groups is calculated based on the values in Table 6 and Eq. (20) and presented in the third and fourth265

row of Table 7.

The consideration of the duration of interruption changes the situation with respect to scenarios 2

and 3 where the whole burden of load reduction is laid on a single consumer group, as illustrated in Fig.

2a. Specifically, the aggregator uses the public consumers during the first hours of the interruption, but

then uses the residential consumers due to the higher marginal interruption cost of public consumers270

for extended interruptions of four hours or more (Table 7). This change of affected consumer groups
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over time results from the combined modelling of the differentiation between consumer groups, time

of interruption and duration of interruption, and yields the lowest inconvenience cost among the four

scenarios considered so far, as illustrated in Fig. 2b. These outcomes are driven by the dynamic nature

of the proposed model and cannot be captured by state-of-the-art, static models.275

5.7. Scenario 5: Valuation of different units of power

While scenarios 1 - 4 assume that all units of power are equally valued by each consumer, scenario 5

accounts for the differentiated valuation of different units of power, according to Section 4.2. The three

levels of flexibility introduced in that section are also considered here through a sensitivity analysis.

The requested load reduction is distributed among all the consumer groups (with only slight dif-280

ferences between the different degrees of flexibility), as illustrated in Fig. 3a. This is because the

aggregator uses the least critical part of the demand of each consumer group to achieve the requested

load reduction. Therefore, the total inconvenience cost is significantly reduced (more than 90%) with

respect to scenario 1, as illustrated in Fig. 3b. This reduction is enhanced as we move from a case

with low flexibility to a case with high flexibility as the proportion of load that the consumers perceive285

as non-critical is increased.
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(b) Relative total inconvenience cost (with

respect to rule-based approach)

Figure 3: Distribution of load reduction (a) and total inconvenience cost (b) over the aggregator’s portfolio in scenario

5.
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5.8. Scenario 6: Temporal redistribution of shiftable loads

While scenarios 1-5 assume that consumers’ power can be either supplied or curtailed, scenario 6

accounts for the possibility of temporally redistributing a part of the load that corresponds to shiftable

appliances by delaying the activation of their cycles. As discussed in Section 5.2, only residential290

consumers are assumed to have shiftable loads in the examined case study. Furthermore, in this

study we assume that the residential consumers have indifferent activation preferences regarding the

operation of their shiftable appliances (Section 4.3, Eq. (35)). Different cases regarding the maximum

activation delay of these appliances are considered.5

As the maximum delay is increased, a higher share of the requested load reduction is satisfied295

through the temporal redistribution of shiftable loads, as illustrated in Fig. 4a. Furthermore, the

total inconvenience cost is reduced since the inconvenience associated with shifting load is generally

lower than the inconvenience associated with curtailing load (Section 4.1 and 4.3), as illustrated in

Fig. 4b. These effects of load shifting cannot be captured by state-of-the-art, static models, which do

not encapsulate the time-coupling characteristics of shiftable loads.300
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Figure 4: Distribution of load reduction (a) and total inconvenience cost (b) over the aggregator’s portfolio in scenario

6.

5Scenario 6 assumes that each consumer values all its units of power of curtailable load equally.
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5.9. Implementation and computational requirements

The developed model has been coded in the Julia programming language [29] using the Jump

Package [30] and solved using the Mosek Mixed Integer Linear Program branch and bound solver [31]

on a computer with an Intel(R) Core(TM) i7-6600U CPU @2.60GHz 2.80GHz processor and 16 GB of

RAM. The optimization problem corresponding to the above case study with 30 consumers consists of305

750 and 1210 continuous variables and 570 and 830 integer variables for scenarios 5 and 6, respectively,

which constitute the most complex ones in terms of modelling detail. This problem required less than

0.01 second to be solved in all the examined scenarios.

In order to further investigate the computational requirements and scalability of the proposed

model, we have carried out additional case studies with an increasing number of consumers in the310

aggregator’s portfolio, reaching in the extreme case 30,000 consumers. In each of these cases, the total

load reduction requested from the aggregator at each hour of the adequacy issue is proportionally

increased, while the relative distribution of the consumers over different types and slices follows the

one outlined in Table 5.

Figure 5 and Table 8 present the computational time requirements and the number of integer315

variables of the optimization problem corresponding to each of the examined cases, for scenarios 5

and 6. The most significant finding is that the proposed model scales very satisfactorily with the

number of consumers, and the highest recorded computational time (corresponding to scenario 6 in

the case with 30,000 consumers) is lower than 10 seconds, demonstrating the practical applicability

of the model. Scenario 6 involves a significantly higher number of integer variables and consequently320

higher computational time requirements for the same number of consumers, with respect to scenario

5 (and the rest of the examined scenarios), due to the consideration of shiftable loads (Section 3.2).
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Figure 5: Computational time requirements of the proposed model for different numbers of consumers in the aggregator’s

portfolio.
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Table 8: Number of integer variables of the proposed model for different numbers of consumers in the aggregator’s

portfolio.

Number of consumers

30 300 3000 6000 15000 30000

Scenario 5 570 5700 57000 114000 285000 570000

Scenario 6 830 8300 83000 166000 415000 830000

5.10. Fairness of load management decisions

The objective of the proposed model in the examined case studies lies in minimizing the total325

inconvenience cost of the aggregator’s consumers (as discussed in Section 5.1), i.e. it strives to maximize

the overall economic efficiency of the load management decisions. The same objective is pursued in

most relevant existing papers [7]-[18]. However, the fairness of these load management decisions also

constitutes an important aspect that needs to be considered by aggregators in this context, to ensure

the social acceptability of their actions.330

Unfortunately, to the authors’ best knowledge, a unique and globally consented definition of fairness

does not exist, and its interpretation is highly subjective and depends on numerous societal factors.

As a result, available criteria for its qualitative characterization are often ambiguous, while the devel-

opment of suitable quantitative metrics is even more challenging. Nevertheless, based on the authors’

experience, two interpretations of fairness that have enjoyed some recognition in the academic litera-335

ture are the ones of equality and equity [32, 33]. In the application examined in this paper, equality lies

in treating every consumer in the same way, regardless of their differences in preferences and require-

ments. On the other hand, equity lies in treating the different consumers according to their individual

preferences and requirements.

As discussed in the previous sections of the presented case studies, the very essence of the pro-340

posed model lies in driving the aggregator’s load management decisions according to a more detailed

representation of the consumers’ preferences and the operating characteristics of their flexibility, and

based on economic efficiency principles. As a result, consumers with lower inconvenience costs are

targeted to satisfy the requested load reduction. Therefore, and based on the above definitions, we

can conclude that as we increase the level of modelling detail in the representation of the consumers’345

inconvenience (i.e. as we move from scenario 1 to scenario 4, and then from scenario 4 to scenarios 5

and 6) the proposed model enhances the equity of the load management decisions. At the same time,

these decisions are not aligned with the principle of equality, since different consumers are treated in a

different way. Overall, and although we recognize that the above analysis of fairness principles is not
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complete as it does not constitute the main focus of this work, we believe that the proposed model350

offers clear benefits in terms of economic efficiency (Sections 5.3-5.8), practical applicability (Section

5.9) and equity.

6. Conclusion and future work

Despite the significant potential of demand flexibility in supporting the secure and cost-efficient

operation of the power system, the consumers’ inconvenience associated with the modification of355

their electricity demand patterns has not been comprehensively modelled. This paper has proposed

a novel dynamic model of the inconvenience cost which realistically captures a number of relevant

factors, including differentiated preferences of different consumer groups, the time and duration of

interruptions, the differentiated valuation of different units of power and the temporal redistribution

of shiftable loads.360

The proposed model has been applied in the examined case studies to the load portfolio management

of an aggregator in a scenario involving emergence of an adequacy issue in the Belgian system. The

results demonstrate how the consideration of each of the above factors affects the distribution of the

requested load reduction among different consumer groups and the total inconvenience cost, revealing

the value of the proposed model.365

Considering these results, a clear direction for future work lies in collecting additional and more

detailed information regarding the consumers’ inconvenience perceptions, through suitably designed

surveys as well as automated data collection approaches enabled by emerging advanced metering and

communication technologies. First of all, surveys quantifying the impact of differentiated preferences

of different consumers groups and the time and duration of interruptions have been carried out only in370

a limited number of countries, such as the case of Norway of which the outcomes have been employed in

this paper.6 Going further, to the best of the authors’ knowledge, no surveys quantitatively character-

ising the differentiated valuation of different units of power and the temporal redistribution of shiftable

loads have been carried out so far; the presented results indicate that the consideration of these factors

in the representation of consumers’ inconvenience can potentially yield significant reductions of the375

total inconvenience cost, since the least critical part of each consumer’s demand can be curtailed when

required and the inconvenience cost of load shifting is generally lower than the inconvenience cost of

load curtailment.

Finally, it should be noted that beyond the application of the proposed model in the presented

case studies (aggregator’s portfolio management during adequacy issues), the authors envisage that380

future work will apply this model to a number of more complex applications involving the deployment

6The Fourth Energy Package of the European Commission prescribes that all member states have to establish at

least a single estimate of VOLL for their territory and can establish a VOLL per bidding zone, if they have several ones.
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of demand flexibility. These may include the formation of efficient bidding strategies by aggregators

in energy and balancing markets, the design of efficient pricing tariffs and incentive schemes by elec-

tricity suppliers, and the incorporation of the impact of demand flexibility in generation and network

investment decisions.385
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