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Abstract—Demand flexibility will be an inevitable part of the
future power system operation to compensate stochastic varia-
tions of ever-increasing renewable generation. One way to achieve
demand flexibility is to provide time-varying prices to customers
at the edge of the grid. However, appropriate models are needed
to estimate the potential flexibility of different types of consumers
for day-ahead and real-time ancillary services (AS) provision.
The proposed method should account for rebound effect and
variability of the customers’ reaction to the price signals. In
this study, an efficient algorithm is developed for consumers’
flexibility estimation by the transmission system operator (TSO)
based on offline data. No aggregator or real-time communication
is involved in the process of flexibility estimation, although real-
time communication channels are needed to broadcast price
signals to the end-users. Also, the consumers’ elasticity and
technical differences between various types of loads are taken
into account in the formulation. The problem is formulated as
a mixed-integer linear programming (MILP) problem, which is
then converted to a chance-constrained programming to account
for the stochastic behaviour of the consumers. Simulation results
show the applicability of the proposed method for the provision
of AS from consumers at the TSO level.

Index Terms—Rational end-users, transmission system oper-
ator, flexibility resources, ancillary services, chance-constrained
programming

NOMENCLATURE
A. Sets:
T Set of time, indexed by ¢, t€[1,...,7].
J Set of end-users’ categories, indexed by j.
o} Type of regulation, i.e., up- or down-regulation.

B. Parameters:

Baseline electricity price [DKK cent/kWh].
Time-varying electricity price (called delta price) for
regulation type « at time ¢ [DKK cent/kWh].
Q?,Ai)\j Minimum and maximum delta prices for regula-
tion type « of end-users’ category j [DKK cent].
Baseline end-users’ demand of category j at time ¢
[kW].
L;‘j;“, Ly Minimum and maximum electricity consumption
of end-users’ category j at time ¢ [KW].

Abase
AXY

base
L3

[0

a; Actual willingness of end-users’ category j to provide
flexibility type « at time ¢ [p.u.].
aj Maximum willingness of end-users’ category j to

provide flexibility type « [p.u.].
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r} Ramp-rate of end-users’ category j for regulation type
a [kW/h].

ng Maximum number of activation times for end-users’
category j to provide flexibility type a.

gj‘,aj Minimum and maximum continuous flexibility dura-
tion of end-users’ category j when activated to provide
flexibility type « [h].

Bin Theoretical confidence level imposed in the chance-
constrained programming.

Bac Actual confidence level achieved in the chance-
constrained programming.

R; Maximum rebound delay for end-users’category j [h].

C. Variables:

Ly, Flexibility of end-users’ category j at time t for
regulation type o [kW].
uy; Binary variables, indicating flexibility status of end-

users’ category j at time t for regulation type a.
Yi j.2¢; Starting and stopping binary variables of end-users’
category j at time ¢ indicating flexibility type a.

I. INTRODUCTION

In recent decades, a significant amount of renewable en-
ergy sources (RES) has been integrated into power systems,
supported by the increasing global awareness towards climate
change and the tremendous cost reduction in the new technolo-
gies [1]. While offering unquestionable environmental benefits
and sustainability in energy production, large penetration of
RES introduces new concerns and challenges in power systems
planning and operation because of an unprecedented level of
stochasticity, non-linearity, and dynamics [2]. Consequently, it
causes higher risk of frequency deviation, voltage excursion,
and network congestion in real-time operation. Furthermore,
it requires larger amount of ancillary services (AS) to com-
pensate demand and generation imbalances in real-time. AS
consist of a variety of operations, beyond the electricity gen-
eration and transmission. These operations guarantee service
quality, continuity and security from distribution (e.g., voltage
regulation) to transmission level (e.g., frequency regulation
and congestion management). Since RES are located at differ-
ent levels of the grid, challenges are extended to all aspects
of AS provision. This further demands a holistic change in
AS provision in the future power system with high RES
penetration.

An attempt of that nature is the so-called demand response
(DR) programs. Different types of DR programs have been
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developed and tested in the last decade or so [3]. These include
the application of time-of-use (ToU) rates, incentives, real-
time prices (RTP) and direct load control (DLC). ToU schemes
define different rates at different time of the day (i.e., usually
two-tiered peak and off peak [4]) but that do not change based
on the condition of power system. Incentives are designed to
be added on top of a flat electricity retail price. The consumer
is always rewarded to alter its consumption to support the
DR scheme voluntarily. However, they are used in relation
to two-way communication schemes [5]-[7]. Finally, RTP are
generated to reflect the real-time condition of the grid [8].
RTP is different from incentives, as in RTP consumers only
receive a time-varying price. On the other hand, in incentive-
based schemes, consumers still receive a flat retail price and,
on top of that, they can agree on an incentive to alter their
consumption. This solution preserves consumers’ autonomy
as it is based on one-way communication structure. Prices are
broadcast to consumers which autonomously decide how to
respond to them through decentralised controllers. Also, no
control signal is submitted to the consumers, and the same
price signal can be broadcast to a various pool of consumers
(i.e., at their HEMSs), as its formulation is not device-based.

Such price schemes have been used in the Olympic Penin-
sula Demonstration project, where the procurement of demand
flexibility in response to 5-minute price signals was success-
fully tested [9]. Although RTP might potentially increase price
volatility, it is possible to address such a concern by properly
designing the price, e.g., imposing a fixed price cap [10]. The
RTP can also be agreed in a market-based approach, such as
in transactive energy (TE) [11]. TE allows the consumers to
be actively involved in the formation of the price, which in
turn reduces uncertainty in consumers’ response. However, this
type of methods requires regular feedback from the consumers
for flexibility estimation, requiring costly and cyber security-
prone two-way communication infrastructure.

Another type of DR programs is centralised and decen-
tralised DLC schemes [12]. In centralised DLC mechanisms,
an external entity directly controls consumers’ load through
a two-way communication link [13]. Although such solutions
substantially reduce uncertainty in the consumers’ response
[14], they compromise consumers’ privacy and autonomy
[11]. In fact, consumers have to allow an external entity
to decide about the way they consume electricity. In [15]
and [16], it is shown that consumers might be reluctant in
losing control of their consumption, and that automation of the
consumption is accepted only if consumers can autonomously
manage it. To gain higher acceptance from consumers towards
DLC mechanisms, long-term contracts [17] have also been
formulated. The main challenge of such approaches is that
consumers need to plan their future consumption ahead of
time, which most of the consumers are not accustomed to do
so [6]. Therefore, only part of the available flexibility might
be exploited in such programs. An alternative to centralised
DLC schemes is decentralised DLC, which uses one-way
communication [18]. It is implemented by simply broadcasting
a control signal from a centre, where the ultimate decision
is made by the local controller at the consumer’s side. This
arrangement addresses privacy and comfort issues in the DLC

schemes (i.e., each distributed controller individually satisfies
the consumer’ constraints [19]). However, the control signal
generated by the central controller is based on models for
specific types of loads. Therefore, different specialised control
signals should be issued for every type of loads in order to
exploit the existing potential flexibility [20], [21]. In addition,
the control signals are generated by assuming a linear model
for the device, which might not represent the true dynamics
of the underlying appliance, thus it might be error-prone.
Nevertheless, it is true that the error might decrease as the
number of aggregated devices grows.

While the authors acknowledge the benefits and disadvan-
tages of various RTP and DLC methods, the RTP scheme is
assumed in this study and the proposed flexibility estimation
algorithm is developed based on the RTP concept. From the
perspective of the transmission system operator (TSO), RTP
must be properly formulated to address the desired aggregated
change in consumption that solves the operational problems.
Therefore, understanding how end-users respond to different
price signals in an aggregated manner can help the TSO
to estimate the potential of demand flexibility and design
price signals accordingly [22]. In other words, by utilising
appropriate models, the system operator can evaluate the
impact of different prices on consumers’ flexibility to deter-
mine the right price to obtain a certain amount of flexibility
[23]. Unfortunately, literature scarcely reported load flexibility
estimation from the system operator’s point of view. In [24], a
daily load response model for different end-users’ categories is
proposed based on the day-ahead spot market prices. However,
the stochastic responsiveness of different end-users’ categories
and consumers’ preferences have not been studied. Moreover,
only few papers investigated the flexibility potential of various
industrial loads [25], despite the fact that 80% of electricity
usage is consumed in this sector in some countries [26].
Therefore, there is a gap in knowledge to properly estimate
aggregated flexibility of the consumers while accounting for
stochasticity in their elasticity and preferences without real-
time communication links.

In this paper, an optimisation problem is formulated to
estimate the aggregate flexibility of rational end-users (REUs)
with different elasticity and preferences at the TSO level in
response to time-varying prices. The proposed tool can be used
to quantify the amount of demand flexibility that is available
for balancing. Estimating the amount of load flexibility in
response to different prices can be useful for an aggregator
to build blocks of load capacity bids for different time in-
tervals (e.g., hourly, in CAISO). Although how to generate
the time-varying prices is out of the scope of this study, the
proposed method can also be used to evaluate the impact of
different prices on demand flexibility. Moreover, balancing
requirements might change due to the prediction errors in
the load demand and renewable generation and unexpected
outages. Therefore, having an estimate of the available load
flexibility can be very useful during the real-time operation
of the power system. Within this context, our method can
be used to provide such an estimate both in advance or in
real-time. Furthermore, having more flexible resources (from
generation and demand) enhances competition in the balancing
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market, resulting in price reduction that ultimately reduces
electricity prices for the end-users. In order to reduce the
negative impact of the consumers’ stochastic behaviour on the
estimated flexibility, the original formulation is converted to
a chance-constrained (CC) programming, where the risk level
of the solutions can be guaranteed. The main contributions of
the paper can be summarised as follows:

« Quantifying the aggregated up- and down- flexibility from
various types of consumers’ categories at the TSO level
to address AS requirements;

« Formulating a chance-constrained optimisation to account
for the stochasticity in the consumers’ willingness in such
an application;

« Developing a statistical model of aggregated consumers’
willingness (i.e., elasticity and preferences) for different
categories of consumers and incorporating it in the opti-
misation problem.

The rest of the paper is organised as follows: Section
IT presents the theoretical foundation for the formulation in
terms of time-varying prices and REUs. It is followed by a
deterministic optimisation formulation of the aggregated load
flexibility in Section III. Then, the formulation is converted
to a CC programming problem to address stochasticity of the
end-users’ behaviour in Section IV. In Section V, a case study
is proposed and a series of simulations are carried out to show
the effectiveness of the proposed model. Simulation results are
discussed and the paper is finally concluded in Section VI.

II. MODELLING CONCEPTS

Quantifying demand flexibility at the TSO level with lim-
ited aggregated historical data inevitably involves complex
parameters and conditions, which must be simplified for
appropriate modelling. To keep the proposed method practical
and computationally tractable, two important assumptions are
made based on the current trend in smart grid technologies,
as explained below.

A. Time-varying prices

Time-varying prices are assumed to exist to activate con-
sumers’ flexibility in this study. In the smart grid era, the
application of advanced metering infrastructure will further
support the time-varying pricing mechanism in practice. With-
out loss of generality and similar to the Olympic Peninsula
Demonstration, it is assumed that time-varying prices are
superimposed on the existing retail electricity price. We refer
to the existing flat retail price as the “baseline price”, AP35,
while the time-varying price component is called “delta price”
in the rest of the paper. The latter is denoted by Ay, rep-
resenting the time-varying price for flexibility type « at time
t. Depending on the grid condition, upward regulation (i.e.,
« = u) or downward regulation (i.e., a = d) may be required.
In the existing terminology, regulation is defined from the
generators’ perspective, e.g., in California ISO [27], where
a load increase is equivalent to a decrease in generation (i.e.,
down-regulation) and vice versa. Therefore, down-regulation
is achieved from negative delta prices, A)\f or equivalently
AN} : (AXY < 0). On the other hand, load reduction is

equivalent to an increase in generation (i.e., up-regulation),
which is achieved by positive delta prices, A)}' or equivalently
AN : (AN > 0). Since the source of real-time operation
issues can be linked to many entities (e.g., load, generation
plants, transmission and distribution networks, interconnected
areas, and so on), it would be unfair to the consumers to
pay more because of the issues that were probably initiated
by other stakeholders [23]. To alleviate such a problem, zero
accumulated delta prices should be enforced at the end of each
day:

-

SAX + AN =0 (1)

t=1
Summing the delta prices to zero over a day of operation
is preferred in this paper instead of the alternative approach,
which is the sum of the demand-weighted prices. The main
reason is that it is difficult to predict the aggregated response
of each consumers’ category in the hours ahead, which leads
to higher uncertainty in the demand-weighted prices. By
providing delta-prices whose sum is zero, some periods of
low prices are ensured to exist from which the consumers
can benefit (i.e., by responding to the time-varying price).
In the simulation study, it is assumed that the delta prices
are known in advance by the TSO. In the electricity markets
where energy and AS are procured simultaneously in the day-
ahead market, e.g., California ISO [28], such AS prices are
available. Furthermore, the proposed tool could be readily
used for real-time operation in a rolling horizon fashion to
incorporate potential updates of the prices and load flexibility
provided in previous hours.

B. Rational end-users (REUs)

Since manual consumers’ reaction to the price signal is not
practical nor effective, energy management systems (EMS) are
required to successfully implement price-based DR programs
in practice. Once the time-varying price is received by the
EMS, they run an individual optimisation and/or control prob-
lem locally to minimise the incurred electricity cost accounting
for the customers’ preferences [8], [29]-[31]. As an important
smart grid technology, the EMS market value reached US$4
billion in 2017 [32]. With the current market trend, it is likely
that most of the future electricity consumers will have EMS
at their premises. This, in turn, will enhance the elasticity
of demand to time-varying prices, which is a key feature
in successful DR implementation. In addition, application of
EMSs improves the predictability of consumers’ response to
price signals while avoiding communication of any sensitive
information over communication channels in real-time.

In this paper, we deal with EMS-equipped end-users, which
are called REUs, to receive the time-varying electricity prices
through one-way communication channels. The diversity of the
REUs’ behaviour towards the delta prices is modelled below.

1) REUs’ responsiveness to the price signal: In order to
appropriately model the diversity of consumers’ flexibility,
the willingness of each REU to deviate from its baseline
demand, i.e., L?f}se, is modelled as a stochastic phenomenon.
Generally, the price-responsiveness of a consumer depends
on various factors, e.g., weather conditions, electricity price,
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time and type of day, and season, etc. [33]. As an example,
in [34], it is shown that the response of the load demand
has been faster in the cold weather. In this paper, however,
only electricity price, type of consumers and time of the day
are considered in the REUs’ responsiveness modelling, i.e.,
aﬁj, to keep the problem tractable. Other factors, such as
the weather condition and type of day, could be included in
the current model by adjusting the willingness parameter ay’;,
e.g., as a function of the ambient temperature and type of day.
Weather conditions are neglected because various types of end-
users react differently to the weather conditions. Therefore,
proper data is needed to estimate the relationship, which
is not available to the public at the moment. The value of
agfj varies within the range of [— 1, 1], where 0 indicates
no intention to change consumption and 1 (-1) represents a
100%-increase (decrease) in consumption in response to the
delta price. From literature, [24] approached the consumers’
price-responsiveness in a similar manner to investigate the
behaviour of a pool of end-users. Consumers’ willingness,
however, was considered constant over time and price in that
study. Halvgaard et al. in [35] adopted a linear model of price
and consumption to formulate the price response behaviour.
In [36], Aalami et al. focused on nonlinear functions, which
better describe the price response behaviour compared to the
linear models. Following the work of Aalami, we adopted a
power function to model the consumers’ willingness, as shown
in Fig. 1. Similar to [24] and [37], where the authors assumed
a price threshold for achieving DR, a dead-band is considered
to address the fact that consumers become responsive beyond
a certain price. Therefore, for a delta price smaller than the
dead-band price, i.e., Q? in the specific regulation direction,
no response is expected from the pool and the flexibility is
ZEero:

U

a
A)\t

Fig. 1. Willingness parameter atci ; for time-varying electricity price AX§'.
Positive prices lead to up-regulation (i.e., o = ), while negative prices induce
down-regulation (i.e., & = d). The parameters AAS and A)\? determine the
dead-band and the saturation prices for each end-users’ category j.

(e} —
a;; =0

AXZ| < AXY @)

When the delta price increases beyond the dead-band,
the pool of consumers starts reacting, which is modelled as

follows:

J

ao _go[ -
t,j AX; —AXY

;
| axcanisay o

Furthermore, we assume that, beyond a certain price, i.e.,
TA?, the pool cannot provide additional flexibility because of
the rebound effect and the un-curtailable load, as discussed in
[8]. Therefore, a?’ j becomes constant:

a; = &) [AXG|> AX] @)

To account for the stochasticity and the diversity among
consumers even from the same category of end-users, the six
parameters defining the dead-band and saturation, shown in
Fig. 1, are treated as normally-distributed random variables.
In Subsection V-A, the statistical properties and a simulation
framework will be introduced to generate a pool of consumers
for each end-users’ category.

III. UP- AND DOWN-FLEXIBILITY: DETERMINISTIC CASE

The ultimate goal of this study is to estimate the amount of
demand flexibility that can be provided by different categories
of end-users, under a time-varying pricing scheme in the
presence of stochasticity in consumers’ willingness. By having
the stochastic model of the consumers’ reaction to the price
signal and the assumptions made in the previous section, it is
possible to formulate an optimisation problem for the REUs to
estimate their flexibility. The formulation is developed based
on the conservative assumption that a perfect rebound exists
due to practical reasons and end-users’ comfort. In fact, more
than 90% of the flexibility resources at the residential premises
is provided by appliances with shiftable load (e.g., heating,
ventilation, and air conditioning systems, clothes dryers, and
so on) [38]. Therefore, the rebound effect will be an inevitable
aspect of demand flexibility modelling, although it adversely
affects the overall flexibility. As consumers might not be
willing to increase their overall daily consumption, which
might result in higher electricity bills, a perfect load shifting is
preferred in the model that must be completed within a certain
time period. While this condition might further decrease the
overall flexibility of the load demand, it provides a more
realistic model of consumers’ behaviour, which consequently
improves the accuracy of the estimated flexibility. Since the
TSO does not have direct access to the individual loads, and
consumers only react to the delta prices submitted by the TSO,
flexibility should be estimated from consumers’ perspective.
Therefore, the model is formulated as a minimisation of
the daily cost of electricity consumption for each end-users’
category, as shown below:

.

J
min Z(Abm AN AXY) Y (LD + L - 1Y)

Lt,j t=1 J=1

(52)

s.t. vy <Ly - Ly <rf Vi, j, a (5b)

0<Lf; <uf (L -LgT°)ay; vt j (5¢)

0< Ly <up ;(Ly%e —Li™™)ay, Vt,j (5d)

0885-8950 (c) 2018 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See

http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2018.2885933, IEEE

Transactions on Power Systems

(t*l)Rj+Rj

(Li;—Li;)=0
t'=(t-1)R;+1

Vi:[teT,(tR; <1)],j

(5¢)

ul +up <1 vt, j (5f)
ytvj - Zt g utaj - uta—l,j Vtuja (6% (Sg)
ytj+ztj<1 Vt, j, o (5h)
>y < Vj,a (5i)
t=1

t+d"‘

Z ug g2 d] yt,j (5))
vt :[156T,(t+g;?t <7)], 4,

t+a';

(5k)

> 22V
t'=t
Vt:[teT,(t+d; <7)],j,

The objective function in Eq. (5a) calculates the cost of each
end-users’ category for purchasing electricity within the time
period 7 (i.e, 7 = 24 hours). The constraints are formulated as
follows: Eq. (5b) is related to the up- and down-ramp limits of
the flexible loads, which are represented for each end-users’
category j by the ramp-rate parameter rj’; Eq. (5¢) and (5d)
impose lower and upper bounds on the amount of flexibility
that can be provided by each end-users’ category. Note that
the minimum and maximum load for each category j at time ¢,

Lmm and Lj""*, represent the lowest and highest possible
consumptlon that each end-users’ category can sustain at time
t. In other words, they define the demand flexibility that can
be achieved from each end-users’ category in a specific time.
Eq. (5¢) implements the energy conservation rule for each end-
users’ category, as explained at the beginning of this section.
In this constraint, the parameter I2; consists of the maximum
rebound delay by which the load shlftlng must be completed
for each end-users’ category j. Eq. (5f) ensures that only one
type of flexibility (i.e., up- or down-regulation) is provided by
a specific end-users’category j at time ¢; Eq. (5g) and (5h)
represent the flexibility activation and deactivation for each
end-users’category j at time ¢; Eq. (5i) enforces a limit on
the number of times that a certain end-users’category can be
activated in a day. In Eq. (51), it is assumed that only a certain
number of processes can be shifted within the day; Eq. (5j)
and Eq. (5k) refer to the minimum and maximum duration
for which the load response can be sustained. Obviously,
many of the parameters depend on the end-users’category,
and hence the above optimisation will be solved for a certain
number of consumers in each end-users’category, representing
the characterisations and the statistical variability in that end-
users’category.

IV. UP- AND DOWN-FLEXIBILITY: CHANCE-CONSTRAINED
PROGRAMMING

Due to the importance of AS in the power system operation
and the stochastic nature of the REUs, it is valuable for the
TSO to quantify the risk in demand flexibility and include

it in the decision-making process. To do so, the determin-
istic optimisation formulation from the previous section is
converted to a chance-constrained (CC) programming. This
way, it is plausible to deal with the level of risk associated
with the provision of a certain amount of demand flexibility.
The CC formulation ensures that the probability of meeting a
certain constraint is above a preferred confidence level [39] by
restricting the feasible solution space. The CC programming
has been used in the past to solve different power system
problems. For instance, it has been applied to optimal storage
sizing in [40], and to generate optimal price signals for DR
programs from the householders in [41]. Also, in [42], such
a method has been used in an optimal power flow model of
a 30-bus system to schedule generation and reserve, where
controllable loads have been considered as thermal energy
storage units.

From our model formulation, it can be seen that each end-
users’ category acts independently to minimise its operation
cost. In Eq. (3), aj; is defined as a function of the electricity
price, consumers’ preferences, end-users’ category, and time of
the day. Even though this parameter does not explicitly depend
on its previous values in time, the load price-response is
made time-dependent by way of constraints (5e)-(5k), which
directly limit the provision of flexibility from consumers over
time. For instance, Eq. (5k) prevents the loads from providillg
flexibility beyond a certain period of time, in particular, d;
hours. This way, the provision of flexibility by loads at one
hour depends of its previous values. Time dependency is also
enforced by limiting the maximum number of load flexibility
activations or by modelling the rebound effect, as explained
in Section III. On the other hand, as a;{j does not depend
on its previous values in time, it is possible to evaluate each
constraint independently by using a disjoint CC method. From
the formulation of the deterministic model, the flexibility was
limited by:

L, <uf (L —Lpa©)af vt j
L, < uf (L - LiP)ag, vt

(6)

In order to apply CC programming, a;'; is treated as a
random variable and denoted by a3 ;. It is a function of input
parameters Q?,E?, and aj, as given in Eq. (3). As argued
in [43], [44], the input parameters are assumed to be normally
distributed because of their dependence on a large number of
individual human behaviour:

Ly <uf (Lo —Lbwe)ad vt j

b min .
L#J —“w(L Zse L )atj Vi,

(7

The right-hand side of Eq. (7) can be re-written in a compact
form, as follows:

At = ut y (Lmax Lbase)at g (88.)
ﬁj — ut ’ (Lbase me) t,g (8b)
t g = At N Vth] (8C)

0885-8950 (c) 2018 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See

http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2018.2885933, IEEE

Transactions on Power Systems

In CC programming, each constraint needs to be satisfied for
a probability higher than a predefined theoretical confidence
level B, where th means that it is the theoretical value
imposed in the formulation.

Adding mean p(.) and standard deviation o(.) of A7, to
the formulation, we will have:

LY —pas AP —pae
;%(t” by Ta DA (10)

K ) > Bin

O—A?.j CT_A?j

If ag j follows a normal distribution, then it is possible to
define the standard score as z,:

Lt —pag,
Pr(““ < za) > Bun (11a)
oAz
L - pag,
1- Pr(m” > za) > Bun (11b)
oAz

where the cumulative distribution function (CDF), called &,
can be estimated as follows:

Ly —pas.
1—@(1”‘”)zﬂm (12)
TAZ,
Eq. (12) can be further rearranged:
LY <pag, +oas @7 (1-Bin) (13)

By defining <I>’1(1 - ﬂth) as @B:h, the constraints can be
written as:

d d, d max base d, d max base -1
L < pgui (L7 - LY5) + ogug ; (L™ - L)5°) &g,
(14a)

u u, u base min u, u base min -1
£ < gy (L9 = L) + ogug (L5 - L") g,
(14b)
According to the value of the binary variable uy;, two
scenarios can be identified:

o Scenario I uf 5= 0, where:

Le, =0 (15)
In this scenario, the flexibility is zero.

o Scenario II: u?] =1, where:

Ly < g (L = Le5e) + o (L™ - L75) @, (16w)
L, < w (L - L) + ol (LI - LEP)@5), (16

According to Eq. (16a) and (16b), the amount of flexibility
is bounded by a certain value that takes into account the mean
and standard deviation of a'; and the quantile of a standard
normal variable. The latter will depend on the predefined theo-
retical confidence level, i.e., By, and the estimated flexibility
by this method will be guaranteed at that confidence level.
Therefore, it will help TSO to make an informed decision
considering its risk.

V. SIMULATION STUDY AND DISCUSSION

To show the effectiveness of the proposed model, a simula-
tion study is carried out using actual data, which are provided
by Elforbrugspanel in 2008. Data is collected by Energinet (the
Danish transmission system operator) and Dansk Energi (the
Danish advocacy group for energy companies) by monitoring
hourly electricity demand for a selected pool of consumers in
every Danish municipality [45]. The selected pool has been
defined to represent the national demand. 2106 meters have
been installed to study the residential, agricultural, industrial
and commercial electricity demand in this project. The ag-
gregated data of each end-users’ category has been reported
monthly to Elforbrugspanel. The main output of the project
has been the calculation of the average of the hourly individual
electricity demand for 29 end-users’ category.

The proposed formulation can possibly work with different
AS markets and time-frames in the order of minutes to hours,
as long as the required data with the right time resolution
is available. In our simulation studies, we consider balancing
services that are procured one day in advance and use data for
the hourly average consumption for 29 end-users’ categories,
a list of which is given in Table I. This way, the estimated
delta prices are submitted to the REUs’ EMS in a single
shot 24 hours ahead, and the problem is solved once for
all types of loads. In order to compound the aggregated
behaviour of the consumers, the actual consumption of each
category is weighted by the total number of consumers in
that category, which is obtained from [46]. The data used
in the simulations is also available in [47]. The simulation
starts by generating a pool of consumers of diverse flexibility
in subsection V-A. Then, the normality assumption of the
consumers’ willingness, at"fj, is checked for the CC optimi-
sation problem. In subsection V-D, the deterministic and CC
optimisations are solved for different load categories with two
different confidence levels. In subsection V-D, the impact of
the confidence level on the results is analysed and the results
of CC optimisation are validated in subsection V-E. Finally,
in subsection V-F, the impact of different rebound effects on
the results is investigated.

A. Generating a pool of consumers’ willingness

In the first part of the simulation, a pool of consumers
is created with different preferences, i.e., aﬁj, followed by
checking the normality of their behaviour, as shown in the
flowchart of Fig. 2. Then, the CC optimisation problem is
solved with the given theoretical confidence level, B, to
quantify the aggregated load flexibility.

Generate A Investigate the Generate

level to satisf

input _ JA')J"]+ distribution of the [ «-A)A- time-varying
parameters lag] Response willingness delta prices
a% .
v
Define Aol Estimate
the confidence PPy

CC optimisation

the aggregated

load flexibili

Fig. 2. Conceptual flowchart of the simulation study.
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Prior to that, however, delta prices should be generated.
As mentioned in Section II, a certain delta price set will
be communicated from the system operator to the REUs to
create a change in their consumption. In Eq. (5a), the baseline
electricity price, AP2se s set to 225 DKK cent/kWh [48],
the hourly delta price set is randomly generated by following
a uniform distribution. The magnitude of delta prices (i.e.,
absolute value) is within the range of [20, 75] cent DKK/kWh,
following the rule defined in Eq. (1) and Eq. (3). As one
can see, the delta price range is set to be well beyond the
dead-band and below the flexibility saturation in consumers’
willingness to avoid violating the upper and lower limits [8].
In fact, it is counterproductive for the TSO to submit an
insignificant price (i.e., lower than the dead-band price) to the
pool of consumers, as no reaction will be achieved. On the
other hand, it is economically inconvenient for the TSO and
consumers to submit an excessive price (i.e., higher than the
saturation price), as the same price response can be achieved
with a smaller price. Considering the limited accuracy of
the estimated prices due to the unpredictable nature of AS
requirements, the delta prices is unknown to a large extent.
Therefore, it is reasonable to treat it like a normally-distributed
random parameter. In this study, we simulate the aggregated
flexibility response for 5000 different daily profiles of delta
prices. This is to estimate the range of potential flexibility
in each hour of the day, accounting for the stochasticity in
delta prices and quantifying the risk for the system operator
in exploiting load demand flexibility. In the future, these delta
prices might be generated by another optimisation problem
[23].

In the simulations, we will refer to the absolute value of
the maximum willingness parameter |§§‘7j|. This is because
we consider that the magnitude (i.e., absolute value) of the
maximum willingness parameter will be the same to provide
up- or down-regulation for each end-users’ category j. For
this reason, we just provide the absolute value of 5t°jj to
calculate ag’;. However, a;’; is supposed to be negative and
afﬁj is positive, as shown in Fig.1. Therefore, we calculate
ay'; and af’ ; from Eq. (3), using the same magnitude of [a3’,|
but with opposite signs. The mean and standard deviation
of the llgut parameters used in the simulation study, i.e.,
AN}, A); ,[af], are reported in Table 1. The parameters are
used to generate random numbers using a normal distribution.
Due to data scarcity for different end-users’ categories, input
parameters are assumed to be the same for all time instances
and up- and down-regulation. In order to determine the values
of |5?,j| for each end-users’ category, reference [49] is used,
where the amount of maximum flexibility is quantified for
several consumers’ sectors in Denmark. Such estimates are
compared to the consumption that we previously calculated
for each end-users’ category from the data set. For instance,
according to [49], cement manufacturing and iron foundries
are able to provide 16 MW load reduction. From the con-
sumption we previously calculated from the data set, the total
electricity consumption of these consumers’ categories is 30
MW. Therefore, a maximum willingness parameter of 0.5
(i.e., 50% of the total consumption) is estimated for these

categories (i.e., basic metal and construction). In different
studies, e.g., [58], [59], various sectors and countries have been
investigated in price elasticity, whose concept is discussed in
[60]. To include diversity in the willingness parameters for
those sectors whose estimate in [49] is provided only for
aggregated loads, this concept of price elasticity is used .
Because of the lack of information, the willingness parameters
of the remaining sectors are randomly chosen. Moreover, oao
is defined in a way that the values of [a}| are maintained
between 0 and 1. When the value generated by the distribution
function exceeds the higher or lower limits (1 for higher and
0 for lower limits), another random number is re-drawn from
the normal distribution. The choice of Q;’ is approximately
selected based on the nature of different end-users’categories
[24]. For instance, we assumed that industries might behave
such that they prevail the continuity of their service, unless
very high delta prices are offered. Similarly, B;l values are
intuitively determined. For the case of QJO-‘, the value of o
is chosen by considering a normal distribution of prices and
that each price has to be bigger than zero. 5000 samples
of [aj| are generated for each category of end-users and
time. The results of a sample end-users’ category are shown
in Fig. 3. The number of samples is chosen in a way to
statistically represent the variability of consumers’ willingness
in every end-users’ category. These values are later used in the
optimisation studies, both deterministic and CC problems, to
estimate the aggregated load flexibility.

t.j

a

AX

Fig. 3. Range of aj’; achieved for a sample end-users’ category for
different AXY.

In the next step, we investigate the normality of a;’; in
order to justify the application of CC programming. Eq. (3) is
defined as the ratio of two normal components, namely (AAY—
Q;‘) and (Aiz\;Y - Q;‘), which might lead to a non-normal
distribution. In Fig. 4, a statistical analysis using QQ plot and
histograms of af is carried out for a sample load category
7 and up- and down-flexibility at a specific time. In the QQ
plots, the two vertical lines represent +2 standard deviations
of the data, meaning that the values within those lines are 95%
of the data. Fig. 4 shows that the behaviour of up- and down-
willingness is approximately normal due to the dominating
variance of &} in Eq. (3).
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TABLE 1
AVERAGE VALUES 1i(.) AND STANDARD DEVIATIONS o(.) OF A)\j,A,\j [DKK CENT/KWH] AND |§;?‘\ [P.U.]; RAMP [KW], FLEXIBILITY ACTIVATIONS
[P.U.], FLEXIBILITY DURATION [H] AND REBOUND DELAY [H] PARAMETERS FOR DIFFERENT END-USERS’ CATEGORIES.

e

End-users’category [a5 |AAT ; |A>\z 5 £ nf dF d; Ry
o o Reference o o o o Reference
Apartment without heating 0.4  0.10  [45], [49], [50] 5 1.1 105 11 3 7 1 6 8 [51]
House without heating 0.5 0.11 [45], [49], [50] 6 1.2 100 12 3 8 1 6 8 [51]
House with heating 0.6 0.10 [45], [49], [50] 6 1.0 105 15 5 20 1 2 3 [51]
Cottage 0.5 0.13 - 6 1.1 100 13 4 13 1 4 6 -
Gardening 0.6 0.10 - 10 1.0 110 10 3 17 1 3 6 -
Agriculture without heating 0.5  0.12 - 14 13 110 10 4 6 1 4 8 [52]
Agriculture with heating 0.7 0.08 - 14 13 110 11 5 20 1 2 3 [52]
Food 04 0.10 [45],[49],[53] 12 1.8 130 14 2 12 1 2 3 [51]
Basic metal 0.5 0.12 [45], [49], [53] 11 1.5 120 14 3 4 1 5 12 [51]
Wood 03 0.05 [45],[49],[53] 14 1.7 120 12 3 4 1 4 12 [51]
Textile 03 0.06 [45],[49],[53] 13 1.2 120 10 3 5 1 6 12 -
Paper 04 0.10 [45], [49], [53] 15 1.0 120 15 3 3 1 4 12 [51], [54]
Non-metallic 03 0.06 [45], [49] 12 1.1 120 10 3 5 1 8 12 -
Chemical 05 0.13 [45],[49],[53] 16 1.0 130 11 2 2 1 3 8 [51], [55]
Other industries 0.3  0.05 [45], [49], [53] 11 1.0 120 10 3 5 1 8 12 -
Construction 0.5 0.10 - 8 1.2 120 14 4 2 1 3 8 [51]
Retail 04 0.10 [45], [49] 8 12 120 14 6 4 1 3 4 [56]
Wholesale 04 0.10 [45], [49] 8 12 120 14 5 9 1 3 4 [56]
Bank 03 0.05 [45], [49] 17 20 150 10 6 8 1 2 3 -
Utility 0.3 0.06 - 14 14 110 10 3 3 1 2 3 [51]
Sewerage 03 005 - 17 20 150 12 3 3 1 2 3 [51]
Cultural 05 0.13 [45], [49] 10 12 140 10 6 11 1 3 4 -
Restaurant 0.6 0.10 [45], [49] 7 1.0 110 10 5 8 1 3 4 [51]
Health 03 0.06 - 17 20 150 11 3 4 1 4 6 -
Education 05 0.12 [45], [49] 10 12 140 16 5 20 1 2 3 -
Social 0.5 0.13 [45], [49] 10 12 140 15 4 12 1 3 4 -
Postal 0.6 0.10 [45], [49] 10 1.2 140 12 5 15 1 3 4 -
Public 06 0.11 [45], [49] 10 12 140 13 6 13 1 2 3 -
Public light 0.3  0.02 - 17 2.0 150 12 5 3 1 2 3 [57]

u,
a QQ plot

Input quantiles
Input quantiles

-4 2 0 2 4 -4 -2 0 2 4
Normal quantiles Normal quantiles
ay;: Histogram a:‘j: Histogram

300 300
200 200
100 100
0 0
-05 -04 -03 -02 -01 0 01 02 03 04

Fig. 4. QQ plots and histograms for a; ; and af,j of a sample end-
users’ category j at a specific time .

B. Selection of v

In [35], the price responsiveness of consumers is modelled
as a linear function, which is equivalent to a value of ~ equal
to 1 in Eq. (3). In spite of that, it is reasonable to assume that
consumers might be more inclined to alter their consumption
profile when they receive big delta prices, as also suggested in
[36]. The value of « will be limited by the fact that consumers
have different sensitivities to prices and some of them might
always be responsive to achieve cost minimisation. In Fig. 5,
the distribution of ay’; is analysed for different values of

(i.e., 1, 1.5 and 2). It is clear from the figure that a reasonable
choice of v does not compromise the normality assumption.
In this paper, v is equal to 1.5.

7] =1
2 o5 v 400
= —
2 O [ 200 -
2 -05 0
£ -4 -2 0 2 4 0 0.1 0.2 0.3
Normal quantiles
=1.5
0.5 v 400

H 200 .
-0.5 0

Input quantiles
o

-4 -2 0 2 4 0.05 0.1 0.15 0.2
Normal quantiles
7} =2
= 02 7 400
c y
S M
2 0 200 ‘
302 0
£ -4 -2 0 2 4 -0.05 0 0.05 0.1

Normal quantiles

Fig. 5. QQ plot and histogram for generic ag. of a sample end-users’
category j at a specific time ¢ for values of v equal to 1, 1.5 and 2.

C. Explanation of the consumers’ constraints parameters
In the simulations, ?‘J‘n and Lglfx are calculated from
the available data set [45], by identifying the minimum and
maximum values of the historical electricity consumption for
each time ¢ and end-users’ category j. This method is preferred
in this study as it is the only information that was available

at the time. Following a similar approach, LE;SC is calculated

0885-8950 (c) 2018 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See

http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2018.2885933, IEEE

Transactions on Power Systems

from the data set by averaging the consumption of each end-
users’ category at time t. Parameters related to the consumers’
constraints (e.g., ramp, flexibility provision duration and flex-
ibility activation times) are estimated due to the current lack
of more detailed information and provided in Table I. The
ramp parameter rj is determined from the consumption data

set, as r¢¥ = 1% maX(Lf‘f"), where T§ is a parameter that

J T 1st<r
depends on the type and characteristics of the loads of each

end-users’ category j. Considering hourly resolution of data
and proposed formulation, it is reasonable to assume that I
will not be very restrictive since loads can change relatively
fast. In fact, the majority of the loads have faster dynamics
than an hour, i.e., they can go from 0 to 100% consumption
in less than an hour. For the consumers’ categories with mainly
thermal loads (e.g., public [49]) and whose processes can be
shifted in time (e.g., paper [54]), a larger r}' is assumed. For
the industrial consumers, however,it will be more restrictive.
In order to determine the amount of activation times for
each end-users’ category n7, it is assumed that the industrial
consumers have generally less shiftable processes compared to
the residential and commercial consumers. Therefore, n;'»‘ for
industrial consumers is considered smaller than for residential
consumers. By generally accounting on the flexibility from
ventilation, heating and air conditioning (HVAC), it is feasible
for the residential and commercial consumers to be activated
and deactivated several times during the day without technical
constraints. On the other hand, a waste water treatment facility
from the industrial sector might be the only shiftable process,
limiting the overall consumption flexibility. In determining Q?‘,
it is assumed that end-users’ category can provide flexibility
for a minimum duration of 1 hour, as HVAC is present in
almost every end-users’ category. Regarding the choice of the
maximum flexibility duration values in Table I, the commercial
consumers are assumed to be mainly affected by the thermal
dynamics of HVAC [49]. For the industrial and residential
consumers, longer dynamics are expected, as their loads are
not only thermal and they might have different characteristics
(e.g., electric vehicle charging, laundry machine and so on).
In the simulation studies, the case of perfect daily rebound is
solved for each end-users’ category (i.e., ; = 23 for each
7). Afterwards, a conservative case is considered by applying
strict rebound effects, given in Table I, in order to evaluate the
impact of the rebound on the overall flexibility. To determine
the parameter I?; for the case of strict rebound, it is assumed
that the end-users’ flexibility is mainly constrained by the
thermal dynamics of their loads. However, there are cases
like the paper industry where production processes can be
shifted to other times of the day [54]. For end-users’ categories
where processes can be shifted within the day, the rebound
constraint is relaxed. Also, for the agricultural consumers, R;
is estimated by accounting for the processes involving animal
waste treatment, irrigation and curing tobacco [52].

D. Up- and down-flexibility estimation

In this section, the CC optimisation problem is solved for
different theoretical confidence levels using the ag’; values
from Section V-A.

o Low-risk case

For a conservative simulation study, B¢, = 0.95 is selected
as theoretical confidence level. It implies that, globally, the
constraints in Eq. (5¢) and (5d) will be respected with a
probability that is equal or higher than 95%. In other words, it
guarantees that the estimated flexibility from the consumers,
given their stochastic behaviour, will be achieved 95% of the
time or higher.
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Fig. 6. Flexibility achieved for different delta prices by CC optimisation for
Birn =0.95 considering daily rebound: baseline consumption, flexibility for
the reference delta price AA{'*, and the delta price.

In Fig. 6, the achievable flexibility for different prices is
shown in relation to the baseline consumption for B4 = 0.95.
It emerges that the maximum flexibility is about 7% of the
hourly load demand. It is also noticeable that the flexibility
in the early morning is mainly for up-regulation, while the
down-regulation potential seems to be small, i.e., around 3%
of the hourly load demand. Although such a result may appear
counter-intuitive, it is due to the selected values of Lg‘]i-“
and Li"#* that are used in the simulation studies. They are
extracted from annual data by finding the minimum and max-
imum consumption values of each end-users’ category at each
hour of the day. Since the data set at hand does not include
the impact of consumers’ response to the prices, the maximum
load in early hours is very close to the average consumption,
which resulted in lower down-flexibility in the simulation
results. In the future, advanced methods can be developed
to calculate these parameters by collecting aggregated data
from REUs in response to the delta prices. The correlation
between delta prices and flexibility is —0.73, confirming a
strong negative correlation between the two parameters. The
correlation does not reach —1 because of the constraints
applied to the minimisation problem and the different amount
of flexibility available for up- and down-regulation. In order
to verify the correlation between flexibility and delta prices
visually, the flexibility obtained in response to a randomly-
selected daily delta prices, i.e., AA$™, is shown in Fig 6. It
can be noticed that the highest amount of down-regulation (i.e.,
increased consumption) is achieved at hour 23:00, with 3.6%
increase in demand, corresponding to the biggest negative delta
price. The highest amount of up-regulation is achieved at hour
19:00 with 5.8% decrease in total demand, coinciding with a
relatively large positive delta price.

« High-risk case
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The CC optimisation for 5000 delta prices is repeated for
Bin = 0.50. As expected, the up- and down-flexibility patterns
are identical to the “low-risk case.” However, their magnitude
increases substantially for all hours, as shown in Fig. 7. It can
be seen that the flexibility range raises by 76% compared to
the “low-risk case.” At hour 23:00, the demand is expected
to increase by about 7% in response to the given price, while
12.2% decrease in demand is observed at hour 19:00. The
simulation results show that the TSO might over-estimate the
flexibility potential if the associated risk is not considered in
the formulation. It will, in turn, result in unsuccessful demand
flexibility procurement in the real-time operation.
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Fig. 7. Flexibility achieved for different delta prices by CC optimisation for
Bin =0.50 considering daily rebound: baseline consumption, flexibility for
the reference delta price AA{'*, and the delta price.

E. Validation of CC formulation

In this sub-section, we investigate the quality of the CC
solutions for the case of daily rebound. As it was mentioned
earlier, the CC solutions are valid only if the actual confidence
level (i.e., B4 achieved in the Monte Carlo simulation study)
is bigger than or equal to the theoretical confidence level (i.e.,
B¢n imposed on the formulation and associated simulation
study) of the CC programming. To do so, we need to impose
a theoretical confidence level and solve the CC formulation
for a given price set. From the results, the flexibility L§'; is
obtained. Afterwards, this value is used in Eq. (5c) and (5d)
to investigate how many times the constraints are violated. In
Eq. (5¢) and (5d), ai'; is the generated pool of consumers’
willingness discussed in subsection V-A. Since we are dealing
with thousands of constraints in this simulation, while our
intent is to provide a readable plot of the results, we calculate
the mean value of the actual confidence level of the various
constraints. This process is repeated for different values of
theoretical confidence level, i.e., B¢, € [0.1,0.98], and the
mean values of B, are plotted in Fig. 8(a) in comparison to
the B, imposed. From the figure, it can be seen that the
actual confidence level is always higher than the theoretical
counterpart. Therefore, it can be concluded that the constraints
are always satisfied for the given confidence level, and that the
normality assumption of a;’; was correct. Moreover, Fig. 8(a)
shows that the CC programming behaves more conservatively
on the lower range of 8, where the actual confidence level is
always greater than the theoretical one (e.g., for B¢, = 0.50, the

10

actual confidence level is 0.54). This is because the constraints
are loosely confined for small B;;, values, which result in more
availability of load demand to provide flexibility.

Also, in order to understand the value of using CC, we
include a study where we compare the different performances
of the deterministic and stochastic cases. Therefore, we solve
the stochastic and deterministic formulations, where in the
latter it is imposed a By, of 0.95. Afterwards, we calculate
for each formulation what is the percentage of the constraints
that achieve a certain 8,.. In Fig. 8(b), the results are provided
through probability density functions. For the actual 8,. show
that, for the stochastic case (i.e., blue line), 92% of the
constraints have a B, that is slightly above 0.95. In a few
instances, B,. = 1 is obtained because of the condition im-
posed in Eq. (5e) and the rebound effect. For the deterministic
case (i.e., black line), however, the actual confidence level lies
below 92% for 95% of the constraints and is lower than the
one obtained by the CC formulation. These results prove that
quantifying the risk and trying to maintain a specific level of
certainty is of paramount importance for the TSO in real-time
operation, which is provided by the CC formulation in this
study.
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Fig. 8. CC validation for the case of daily rebound: (a) Imposed B, and

achieved B4 in CC method for price set AXY; (b) Probability of Bq. for
deterministic and stochastic case for price set AX}.

FE. Effect of the rebound constraint

In the simulation studies so far, we investigated the CC
validation for the case of daily rebound. However, in reality,
different consumers’ categories can defer their loads for a
shorter range of time, leading to a strict rebound. In order to
quantify the effect of the rebound on the flexibility estimation,
Table II reports the difference in flexibility obtained by the
daily and strict rebound constraints. The values are calculated
as the average amount of up-regulation flexibility (i.e., the
amount of down-regulation will be the same, as we imposed
perfect rebound in Eq.(5e)) provided during the day for
the different price scenarios. It emerges that having a strict
rebound reduced the flexibility provision by 35%.

In Fig. 9, the CC validation is repeated for the case of strict
rebound.
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TABLE 11
ANALYSIS OF THE FLEXIBILITY PROVIDED DURING THE DAY,
CONSIDERING DIFFERENT REBOUND EFFECTS AND B;5,=0.95.

Study case Up- (down-) regulation (GW)
Daily rebound 0.374
Strict rebound 0.243
Difference -35%
100% ) —
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Fig. 9. CC validation for the case of strict rebound: (a) Imposed B;; and
achieved B4 in CC method for price set AX}; (b) Probability of Bq. for
deterministic and stochastic case for price set AX}.

From Fig. 9(a), it can be seen that the actual confidence
level is more conservative when dealing with a strict rebound
by reaching . of 0.96 for an imposed theoretical confidence
level of 0.95. Also, Fig. 9(b) confirms the relevance of adopt-
ing CC, where the deterministic approach leads to a confidence
level that is lower than 0.92 for 73% of the constraints. Such
a result violates the requirement of the TSO, which imposed
a B, of 0.95.

VI. CONCLUSIONS

This paper offers a methodology to estimate the aggregated
load flexibility of consumers given a certain price response
function. It is formulated by considering the uncertainty in
the consumers’ willingness to react to the price signals.
The proposed approach only requires aggregated historical
consumption data to operate. In the proposed framework,
the load flexibility at the TSO level is quantified. Time-
varying prices are submitted by the system operator to the
end-users at the edge of the grid to alter their consumption
while minimising their operation cost locally. A nonlinear and
stochastic consumers’ price-response function is considered
in this study. In order to quantify the risk in the amount of
estimated demand flexibility, a CC formulation of the problem
is developed and its applicability is proven by the simulation
studies. This approach allows to estimate the flexibility that
can be achieved under a certain confidence level. Actual load
data from Elforbrugspanel in Denmark is used for simula-
tion studies. The simulation results show that the choice of
confidence level significantly affects the flexibility estimation.
For a conservative confidence level (i.e., 0.95), the method
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estimates a consumption change that is up to 7% of the total
consumption. The quality of the CC solutions is also verified
in two different ways. It is shown that the application of CC
can provide a meaningful management of risk for the TSO,
which is fundamental for AS provision. We finally evaluate
the case of daily and strict rebound constraints, showing that
a strict rebound effect limited the overall flexibility provision
by 35%. The proposed approach can be used at the TSO level
to quantify demand flexibility for day-ahead or real-time AS
procurement. In our future work, we will investigate how to
enhance our model to account for other uncertainties (such as
uncertain delta prices) that the REU’s EMS will most likely
consider. Also, we will model aﬁj as a function of weather
and type of day.

VII. ACKNOWLEDGEMENT

The work has been partly funded by CITIES project (DSF-
1305-0027B) and the European Union’s Horizon 2020 Smart-
Net project (grant agreement No 691405).

The work by Juan M. Morales was supported in part by
the European Research Council (ERC) under the EU Horizon
2020 research and innovation programme (grant agreement
No. 755705) and in part by the Spanish Ministry of Econ-
omy, Industry and Competitiveness through project ENE2017-
83775-P.

The authors are thankful to the Danish Council and EU
for the support. Also, the authors would like to acknowledge
Energinet and Dansk Energi for allowing the publication of
part of the Elforbrugspanel data.

REFERENCES

[1] P. Hearps and D. McConnell, “Renewable energy technology cost
review,” Melbourne Energy Institute Technical Paper Series, 2011.

[2] L. Bird, M. Milligan, and D. Lew, “Integrating variable renewable en-
ergy: Challenges and solutions,” National Renewable Energy Laboratory
(NREL), Golden, CO., Tech. Rep., 2013.

[3] M. H. Albadi and E. El-Saadany, “A summary of demand response in
electricity markets,” Electric power systems research, vol. 78, no. 11,
pp. 1989-1996, 2008.

[4] Q. Zhang and J. Li, “Demand response in electricity markets: A review,”
in European Energy Market (EEM), 2012 9th International Conference
on the. 1EEE, 2012, pp. 1-8.

[5] M. Alizadeh, Y. Xiao, A. Scaglione, and M. Van Der Schaar, “Dynamic
incentive design for participation in direct load scheduling programs,”
IEEE Journal of Selected Topics in Signal Processing, vol. 8, no. 6, pp.
1111-1126, 2014.

[6] H. Zhong, L. Xie, and Q. Xia, “Coupon incentive-based demand
response: Theory and case study,” IEEE Transactions on Power Systems,
vol. 28, no. 2, pp. 1266-1276, 2013.

[71 M. Kefayati and R. Baldick, “Energy delivery transaction pricing for
flexible electrical loads,” in Smart Grid Communications (SmartGrid-
Comm), 2011 IEEE International Conference on. IEEE, 2011, pp.
363-368.

[8] Gillan, James, “Dynamic Pricing, Attention, and Automation: Evidence
from a Field Experiment in Electricity Consumption,” Energy Institute
at Haas, Berkeley, Tech. Rep., 2017.

[9] Department of Energy US, “PNWL: Buildings-grid integration:

Olympic Peninsula Gridwise demonstration,” http://bgintegration.pnnl.

gov/olypendemo.asp, (Accessed on 10/26/2017).

A. S. Siddiqui, C. Marnay, and M. Khavkin, “Excessive price volatility in

the California ancillary services markets: Causes, effects, and solutions,”

The Electricity Journal, vol. 13, no. 6, pp. 58-68, 2000.

S. Behboodi, D. P. Chassin, N. Djilali, and C. Crawford, “Transactive

control of fast-acting demand response based on thermostatic loads in

real-time retail electricity markets,” Applied Energy, vol. 210, pp. 1310-

1320, 2018.

[10]

[11]

0885-8950 (c) 2018 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See

http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


http://bgintegration.pnnl.gov/olypendemo.asp
http://bgintegration.pnnl.gov/olypendemo.asp

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2018.2885933, IEEE

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]
[28]

[29]

[30]

[31]
(32]

[33]

[34]

[35]

Transactions on Power Systems

H. Madsen, J. Parvizi, R. Halvgaard, L. E. Sokoler, J. B. Jgrgensen,
L. H. Hansen, and K. B. Hilger, “Control of electricity loads in future
electric energy systems,” Handbook of Clean Energy Systems, 2014.

S. Kundu, N. Sinitsyn, S. Backhaus, and I. Hiskens, “Modeling
and control of thermostatically controlled loads,” arXiv preprint
arXiv:1101.2157, 2011.

D. S. Callaway and I. A. Hiskens, “Achieving controllability of electric
loads,” Proceedings of the IEEE, vol. 99, no. 1, pp. 184-199, 2011.
M. J. Fell, D. Shipworth, G. M. Huebner, and C. A. Elwell, “Exploring
perceived control in domestic electricity demand-side response,” Tech-
nology Analysis & Strategic Management, vol. 26, no. 10, pp. 1118-
1130, 2014.

W. Mert, M. Watts, and W. Tritthart, “Smart domestic appliances in
sustainable energy systems—consumer acceptance and restrictions,” in
Proceedings of the ECEEE, 2009, pp. 1751-1761.

E. Bitar and S. Low, “Deadline differentiated pricing of deferrable
electric power service,” in Decision and Control (CDC), 2012 IEEE
51st Annual Conference on. 1EEE, 2012, pp. 4991-4997.

S. H. Tindemans, V. Trovato, G. Strbac et al., “Decentralized control
of thermostatic loads for flexible demand response.” IEEE Trans. Contr.
Sys. Techn., vol. 23, no. 5, pp. 1685-1700, 2015.

N. Mahdavi, J. H. Braslavsky, M. M. Seron, and S. R. West, “Model
predictive control of distributed air-conditioning loads to compensate
fluctuations in solar power,” IEEE Transactions on Smart Grid, vol. 8,
no. 6, pp. 3055-3065, 2017.

Y. Ding, S. Pineda, P. Nyeng, J. @stergaard, E. M. Larsen, and Q. Wu,
“Real-time market concept architecture for ecogrid eu—a prototype for
european smart grids,” IEEE Transactions on Smart Grid, vol. 4, no. 4,
pp. 2006-2016, 2013.

K. Heussen, S. You, B. Biegel, L. H. Hansen, and K. B. Andersen, “In-
direct control for demand side management-a conceptual introduction.”
in ISGT Europe, 2012, pp. 1-8.

S. Widergren, K. Subbarao, D. Chassin, J. Fuller, and R. Pratt, “Residen-
tial real-time price response simulation,” in Power and Energy Society
General Meeting, 2011 IEEE. 1EEE, 2011, pp. 1-5.

G. De Zotti, S. A. Pourmousavi, H. Madsen, and N. K. Poulsen,
“Ancillary services 4.0: A top-to-bottom control-based approach for
solving ancillary services problems in smart grids,” IEEE Access, 2018.
L. Cai, Z. Chen, and B. Bak-Jensen, “Daily load response model
to electricity price for customers,” in Universities Power Engineering
Conference, 2008. UPEC. 43rd International. 1EEE, 2008, pp. 1-5.
H. Lund, P. A. @stergaard, D. Connolly, and B. V. Mathiesen, “Smart
energy and smart energy systems,” Energy, 2017.

J. Roos and I. Lane, “Industrial power demand response analysis for one-
part real-time pricing,” IEEE Transactions on Power Systems, vol. 13,
no. 1, pp. 159-164, 1998.

“California ISO - Market products,” https://www.caiso.com/participate/
Pages/MarketProducts/Default.aspx, (Accessed on 01/22/2018).
Department of Market Monitoring, “Q3 2017 Report on Market Issues
and Performance,” California ISO, Tech. Rep., 2017.

R. Yin, E. C. Kara, Y. Li, N. DeForest, K. Wang, T. Yong, and M. Stadler,
“Quantifying flexibility of commercial and residential loads for demand
response using setpoint changes,” Applied Energy, vol. 177, pp. 149-
164, 2016.

R. Tulabing, R. Yin, N. DeForest, Y. Li, K. Wang, T. Yong, and
M. Stadler, “Modeling study on flexible load’s demand response po-
tentials for providing ancillary services at the substation level,” Electric
Power Systems Research, vol. 140, pp. 240-252, 2016.

S. O’Connell and S. Riverso, “Flexibility analysis for smart grid demand
response,” arXiv preprint arXiv:1704.01308, 2017.

K. Bojanczyk, “Home energy management systems: Vendors, technolo-
gies and opportunities,” GreenTech Media Research, vol. 29, 2013.

J. Saez-Gallego and J. M. Morales, “Short-term forecasting of price-
responsive loads using inverse optimization,” [EEE Transactions on
Smart Grid, 2017.

B. Psiloglou, C. Giannakopoulos, S. Majithia, and M. Petrakis, “Factors
affecting electricity demand in Athens, Greece and London, UK: A
comparative assessment,” Energy, vol. 34, no. 11, pp. 1855-1863, 2009.
R. Halvgaard, N. K. Poulsen, H. Madsen, and J. B. Jgrgensen, “Thermal
storage power balancing with model predictive control,” in Control
Conference (ECC), 2013 European. IEEE, 2013, pp. 2567-2572.

H. Aalami, M. P. Moghaddam, and G. Yousefi, “Evaluation of nonlinear
models for time-based rates demand response programs,” International
Journal of Electrical Power & Energy Systems, vol. 65, pp. 282-290,
2015.

(371

[38]

[39]

[40]

[41]

[42]

[43]

[44]
[45]

[46]

[47]

[48]

[49]

[50]

[51]
[52]

(53]

[54]

[55]

[56]

(571

[58]

[59]

[60]

12

J. H. Yoon, R. Baldick, and A. Novoselac, “Dynamic demand response
controller based on real-time retail price for residential buildings,” IEEE
Transactions on Smart Grid, vol. 5, no. 1, pp. 121-129, 2014.

U.S. Energy Information Administration (EIA), “Annual Energy
Outlook 2017,” U.S. Energy Information Administration, Department
of Energy, Tech. Rep., January 2017, last access: 30/07/2018. [Online].
Available: https://www.eia.gov/outlooks/archive/acol7/

P. Li, H. Arellano-Garcia, and G. Wozny, “Chance constrained program-
ming approach to process optimization under uncertainty,” Computers
& chemical engineering, vol. 32, no. 1, pp. 25-45, 2008.

K. Baker, G. Hug, and X. Li, “Energy storage sizing taking into
account forecast uncertainties and receding horizon operation,” IEEE
Transactions on Sustainable Energy, vol. 8, no. 1, pp. 331-340, 2017.
G. Dorini, P. Pinson, and H. Madsen, “Chance-constrained optimization
of demand response to price signals,” IEEE Transactions on Smart Grid,
vol. 4, no. 4, pp. 2072-2080, 2013.

B. Li, M. Vrakopoulou, and J. L. Mathieu, “Chance constrained reserve
scheduling using uncertain controllable loads part ii: Analytical refor-
mulation,” IEEE Transactions on Smart Grid, 2017.

Z. Artstein and R. A. Vitale, “A strong law of large numbers for random
compact sets,” The Annals of Probability, pp. 879-882, 1975.

G. K. Zipf, “Human behavior and the principle of least effort,” 1950.
“Elforbrugspanel,” http://www.elforbrugspanel.dk/Pages/Forsiden.aspx,
(Accessed on 09/05/2017).

DE, “Danish Electricity Supply 2008- Statistical survey,” Danish Energy
Association, Tech. Rep., 2009.
“Hourly electricity consumption,”
views/publication_details.php?id=7121,
17-October-2018].

Eurostat, “Electricity price statistics - statistics explained,”
http://ec.europa.eu/eurostat/statistics-explained/index.php/Electricity _
price_statistics, November 2017, (Accessed on 03/07/2018).

L. Soder, P. D. Lund, H. Koduvere, T. F. Bolkesjg, G. H. Rossebg,
E. Rosenlund-Soysal, K. Skytte, J. Katz, and D. Blumberga, “A review
of demand side flexibility potential in Northern Europe,” Renewable and
Sustainable Energy Reviews, vol. 91, pp. 654-664, 2018.

S. Leth-Petersen and M. Togeby, “Demand for space heating in apart-
ment blocks: measuring effects of policy measures aiming at reducing
energy consumption,” Energy Economics, vol. 23, no. 4, pp. 387403,
2001.

H. C. Gils, “Assessment of the theoretical demand response potential in
Europe,” Energy, vol. 67, pp. 1-18, 2014.

R. D. Schnepf, “Energy use in agriculture: Background and issues.”
Congressional Information Service, Library of Congress, 2004.

T. B. Bjgrner, M. Togeby, and H. H. Jensen, “Industrial companies’
demand for electricity: evidence from a micropanel,” Energy Economics,
vol. 23, no. 5, pp. 595-617, 2001.

P. Siano, “Demand response and smart grids: A survey,” Renewable and
sustainable energy reviews, vol. 30, pp. 461-478, 2014.

D. I. Mendoza-Serrano and D. J. Chmielewski, “Demand response for
chemical manufacturing using economic MPC,” in American Control
Conference (ACC), 2013. IEEE, 2013, pp. 6655-6660.

Z. Zhou, F. Zhao, and J. Wang, “Agent-based electricity market simu-
lation with demand response from commercial buildings,” IEEE Trans-
actions on Smart Grid, vol. 2, no. 4, pp. 580-588, 2011.

C. Eid, P. Codani, Y. Perez, J. Reneses, and R. Hakvoort, “Managing
electric flexibility from distributed energy resources: A review of incen-
tives for market design,” Renewable and Sustainable Energy Reviews,
vol. 64, pp. 237-247, 2016.

R. K. Bose and M. Shukla, “Elasticities of electricity demand in India,”
Energy Policy, vol. 27, no. 3, pp. 137-146, 1999.

A. Kleijweg, R. Huigen, G. van Leeuwen, and K. Zeelenberg, “Firm
size and the demand for energy in Dutch manufacturing, 1978-1986,”
Small Business Economics, vol. 2, no. 3, pp. 171-181, 1990.

F. M. Andersen, S. G. Jensen, H. V. Larsen, P. Meibom, H. Ravn,
K. Skytte, and M. Togeby, “Analyses of demand response in Denmark,”
Risg National Laboratory, Risg, 2006.

http://www2.imm.dtu.dk/pubdb/
2018, [Online; accessed

0885-8950 (c) 2018 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See

http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://www.caiso.com/participate/Pages/MarketProducts/Default.aspx
https://www.caiso.com/participate/Pages/MarketProducts/Default.aspx
https://www.eia.gov/outlooks/archive/aeo17/
http://www.elforbrugspanel.dk/Pages/Forsiden.aspx
http://www2.imm.dtu.dk/pubdb/views/publication_details.php?id=7121
http://www2.imm.dtu.dk/pubdb/views/publication_details.php?id=7121
http://ec.europa.eu/eurostat/statistics-explained/index.php/Electricity_price_statistics
http://ec.europa.eu/eurostat/statistics-explained/index.php/Electricity_price_statistics

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2018.2885933, IEEE

Transactions on Power Systems

Giulia De Zotti received the B.S. degree in energy
engineering in 2012 and the M.S. degree in electrical
engineering in 2015 from the University of Padua,
Italy. From 2014 to 2015, she investigated the water-
energy nexus in the Chinese water supply sector
at Tsinghua University. Since 2016, she has been
with the Department of Applied Mathematics and
Computer Science at DTU, Denmark, where she is
working as Ph.D. student for the SmartNet project.
Her current research interests include control-based
approaches in smart grid, local electricity market
design and ancillary services provision through demand response.

S. Ali Pourmousavi (S°07, M’15) received the
B.Sc., M.Sc., and PhD degrees with honours in
2005, 2008, and 2014, respectively, in electrical
engineering. He worked for California ISO, NEC
Laboratories America Inc., and Denmark Technical
University (DTU) from 2014 to 2017. He is currently
a research fellow at the University of Queensland
(UQ), Australia. His current research interests in-
clude battery and its integration to the grid for dif-
ferent applications, control-based ancillary services,
and demand response.

Juan M. Morales (S’07-M’11-SM’16) received the
Ingeniero Industrial degree from the University of
Malaga, Malaga, Spain, in 2006, and a Ph.D. degree
in Electrical Engineering from the University of
Castilla-La Mancha, Ciudad Real, Spain, in 2010.
He is currently an associate professor in the Depart-
ment of Applied Mathematics at the University of
Malaga in Spain.

His research interests are in the fields of power
systems economics, operations and planning; energy
analytics and optimization; smart grids; decision-
making under uncertainty, and electricity markets.

Henrik Madsen got a Ph.D. in Statistics at the
Technical University of Denmark in 1986. He was
appointed Ass. Prof. in Statistics in 1986, Assoc.
Prof. in 1989, and Professor in Mathematical Statis-
tics in 1999. In 2017 he was appointed Professor 11
at NTNU in Trondheim. His main research interest
is related to analysis and modelling of stochastic
dynamics systems. This includes signal processing,
time series analysis, identification, estimation, grey-
box modelling, prediction, optimisation and control.
The applications are mostly related to energy sys-
tems, smart grids, wind and solar power, environmental systems, bioinfor-
matics, process modelling and finance. He has got several awards. Lately, in
June 2016, he has been appointed Knight of the Order of Dannebrog by Her
Majesty the Queen of Denmark, and he was appointed Doctor HC at Lund
University in June 2017.He has authored or co-authored approximately 500
papers and 12 books.

13

Niels Kjglstad Poulsen received his M.S. and Ph.D.
degrees in electrical engineering from The Institute
of Mathematical Statistics and Operations Research
(IMSOR), the Technical University of Denmark, in
1981 and 1984, respectively. He has been employed
at the Technical university of Denmark from 1984,
since 1990 as an associate professor at The De-
partment of Applied Mathematics and Computer
Science. His primary research interests is within
stochastic control theory, system identification and
fault diagnosis.

0885-8950 (c) 2018 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See

http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



