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Kb Length of averaging period

Kp Prediction horizon of central problem

Kr Coefficient of temperature change

k Time step index

l Index of averaging block

m Margin in consumer tariff

N Number of loads

n Load index

nP Number of regression model coefficients for aggre-

gated heating power

nu Number of regression model coefficients for control

signal

P Aggregated heating power

PA+, PA− Positive/negative heating load adjustment

PDA Day-ahead procurement

PL Fixed electricity consumption

P S+, P S− Positive/negative imbalance power

PR Real-time electricity consumption

P ref Target load profile

P z Aggregated heating power of a climatic zone

P
z Maximum aggregated heating power

P ↑, P ↓ Up/down regulating power

p Charged energy at time step

p, p Upper/lower boundaries of charging energy

pr Regulated control sequence

p∗ Normal control sequence

Q Sum of bid quantities

11
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q Bid quantity

R Large number

r Imbalance settled as imbalance power

rdown+, rdown− Evaluated requirement of down regulation (non-

negative variables)

rup, rdown Evaluated requirement of up/down regulation

rup+, rup− Evaluated requirement of up regulation (non-

negative variables)

s Storage level

s, s Upper/lower boundaries of storage level

T a, T a,A, T a,R Indoor air temperature

T a,F Forecast of indoor temperature evolution

T e External outdoor air temperatures

T g Ground temperature

Tm, Tm,A, Tm,R Building mass temperature

T set Indoor temperature set-point

T
set
, T set Upper/lower values of thermostat hysteresis band

T v Ventilation supply air temperature

t Time

u Control signal

u, u Upper/lower boundaries of control signal

v Binary variable indicating the last bid selected

w Weighting factor

x Binary variable indicating bid activation

y Auxiliary binary variable

Z Number of climatic zones

z Climatic zone index

β+, β− Weighting factors of imbalance power trade

ΔE+ Increase in heating power

ΔP Mismatch between charging load and target load

profile

ΔP ref Needed regulation for regulation period

Δp Difference between normal and regulated control se-

quences

ΔT Allowed temperature band for control
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ΔTH Width of thermostat hysteresis band

ΔTL Allowed temperature deviation from set-point

δ Quantity activated from a bid

λ Bid price

π Electricity price, spot-price

πS+, πS− Prices of positive/negative imbalance power

πg Gas price

πimp, πexp Import/export price

π↑, π↓ Up/down regulating prices

ρ Probability of a scenario

φ Total heating power (including solar radiation, inter-

nal heat gains, and electric power)

Ω Number of scenarios

ω Scenario index
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1. Introduction

1.1 Background

Flexibility is an important feature of a power system, and has become

increasingly topical due to the installation of variable renewable genera-

tion. A power system is defined to be flexible if it is able to rapidly respond

to both scheduled and unforeseen events and variations in demand and

supply [1]. The flexibility enables the system to achieve power balance

between supply and demand, which is required in current power systems.

Several approaches to increase power system flexibility have been pro-

posed in the literature. They can vary from new market structures [2] to

improved generation technologies and energy storages [3].

Demand response (DR) is one promising approach to improve power sys-

tem flexibility. According to [4], it can be defined as "Changes in electric

usage by end-use customers from their normal consumption patterns in

response to changes in the price of electricity over time, or to incentive

payments designed to induce lower electricity use at times of high whole-

sale market prices or when system reliability is jeopardized." The idea is

not new. A commonly referred study [5] of Schweppe et al. introduces

a concept which exposes electricity consumption to real-time price and

makes it frequency responsive. The ultimate purpose of the concept is

to achieve supply-demand balance at the moment of electricity delivery.

Nevertheless, the possibility to harness DR has recently improved owing

to enabling technologies, such as smart meters and communications sys-

tems [6].

The integration of variable power generation in power systems is not
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the only motivation for DR but certainly an important one. DR has shown

the potential to increase the utilization of variable power generation by

reducing their curtailment [7–9]. The same studies also indicate that DR

reduces the overall cost of system operation. In [8], the cost is reduced

when the demand becomes price responsive; the savings coming, for ex-

ample, from a decreased number of power plant start-ups and utilization

of peaking power plants. On the other hand, the demand provides fre-

quency controlled reserves in [9], reducing the partial loading of the power

plants, which further improves their economic operation.

By participating in the frequency control, DR improves the system re-

liability. The reliability is also improved with price responsive demand

in [8], where DR is shown to reduce load curtailment. A comprehensive

study on the reliability implications of DR is performed in [10] with par-

ticular focus on system adequacy. The study concludes that DR is able to

improve the adequacy of the studied system when the DR is optimized to

reduce peak demand. However, the beneficial influence decreases if the

payback effect of decreased demand, or rebound, is strong after the de-

mand reduction. Lastly, in addition to environmental, economical, and

reliability benefits, DR can also benefit the electrical grid, for example,

by relieving transmission network congestion [8] and by increasing the

utilization of transformers [11].

In order to obtain the benefits, DR needs to be integrated into the sys-

tem operation. The Nordic countries experienced the deregulation of their

electricity industry in the 1990s, which created an efficient wholesale

market for electricity trading [12]. The transmission system operators

(TSO) within the system were left with the responsibility of the main-

tenance of power balance. To acquire sufficient reserves for the mainte-

nance, the TSOs maintain ancillary service markets. In the wholesale

market, the electricity demand-side is typically represented by retailers

who procure electricity for their customers and compete with each other.

While they participate in the markets on the consumers’ behalf, the retail-

ers can also design and offer different products motivating DR. Therefore,

as discussed in [13], an important role in the implementation of DR is

held by retailers. Nevertheless, several challenges exists in establishing

DR.

The existing barriers can be roughly divided into infrastructure, mar-

16



Introduction

ket, unfamiliar concept, and control related challenges. The infrastruc-

ture includes the installation of the required communication, metering,

and control systems, which naturally come with a cost [14]. The existing

market structures may not support DR in the most efficient manner, for

example, due to the required planning of DR hours in advance [15]. Fur-

thermore, particularly in ancillary service markets, the aggregation and

control of demand need to fulfill minimum technical requirements, which

may initially have been designed for generation. The concept of DR is

also rather unknown and new in the sense that there is a lack of experi-

ence. This complicates the establishment of DR as consumers may have

difficulties in understanding the concept [13]. In addition, the benefits

of DR should be better understood so that the required investments can

be justified [14]. Lastly, many operational challenges remain. The rated

power of a single load can be low and the loads are dispersed throughout

the grid. This is to say, several loads need to be aggregated and coordi-

nated in a manner fulfilling the technical requirement set by the TSO [16].

The amount of aggregated power should also be sufficient for the desired

purposes, e.g., to achieve the minimum bid size required in a wholesale

market. Furthermore, the control should not cause inconvenience to the

consumers, so the loads need to be able to perform their primary tasks

without significant interference. Depending on the purpose of the con-

trol, different aspects, such as synchronization of the consumption cycles

of loads and the possible rebound effect, need to be considered [14,16].

1.2 Objectives and scope of the thesis

DR appears to be a promising approach to improve the flexibility of power

systems but there is no consensus on how to exploit it. Typically, DR-

related studies focus on a single DR application, even though the flexibil-

ity can be beneficial in several power system processes. A more holistic

approach helps in perceiving the requirements, challenges, and potential

solutions that are likely to emerge, and that are needed when DR is ex-

ploited. This is the motivation for the present thesis. Thus, the aim of

the dissertation is to propose a framework that enables the harnessing

of demand response for power system flexibility. To achieve this aim, the
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thesis has three main objectives:

• An aggregation framework for residential loads is proposed.

• Three different strategies to coordinate the loads are investigated.

• The participation of the loads in frequency control is considered.

Within the proposed framework, the electricity demand participates in

the power system operation via an aggregator. The aggregator further

provides the demand-side flexibility to the electricity or ancillary service

markets, or it utilizes the flexibility to correct its own imbalances. As the

demand-side flexibility is coordinated and participates in the power sys-

tem operation, it is also considered to improve the system flexibility. The

aggregator can coordinate the loads with different strategies, each having

their own applications and advantages. Furthermore, the consumers can

favor certain kinds of strategies and have only a certain kind of flexibility

to offer. Therefore, this thesis considers decentralized, centralized, and

hybrid strategies for the coordination. In the case of an emergency in a

power system, the loads are able to autonomously support the system by

reacting to frequency deviations.

To narrow the topic of the dissertation, the main focus is on residential

heating load, including direct electric space heating (DESH) and electric

storage space heating (ESSH). Refrigerators and micro combined heat and

power (micro-CHP) are also present in the thesis. In addition to consider-

ing only certain load types, the focus is on daily operation, comprising day-

ahead and real-time scheduling, load coordination and operation in real-

time, and operation in frequency control. Thus, the practical contribution

of the dissertation is the broad selection of strategies that connect the

demand-side flexibility to the different parts of the power balance main-

tenance process, covering the participation from second-level frequency

control to the day-ahead electricity market. The reader of the thesis be-

comes aware of the challenges and approaches related to the harnessing

of DR for power system flexibility. Scientifically, this thesis contributes by

proposing a framework for the harnessing, which is studied with several

publications.
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1.2.1 Contributions of the publications

The dissertation consists of six publications tackling the objectives of the

thesis. The main content and scientific contribution of these publications

are summarized in this section.

Publication I describes a virtual power plant (VPP) for the aggregation

of domestic heating loads. As the main contribution, three operational

states of VPP operation are introduced. The states, normal, emergency,

and restoration, allow loads to participate in the maintenance of power

balance in different time scales. Furthermore, the study introduces the

structure and daily operation of the VPP and proposes a frequency control

strategy for thermostatically controlled DESH. Publication I discusses the

three main objectives of this thesis and thus, provides an overview to the

studied topic.

Publication II proposes a coordination strategy enabling a retailer to buy

flexibility from price-responsive loads in real-time. The flexibility is uti-

lized to remove the retailer’s own procurement-consumption mismatches,

as they may cause extra costs. If flexibility is required, a regulation re-

quest is sent to the loads by the retailer, after which the loads solve their

regulation bids and communicate the bids back to the retailer. The study

focuses on ESSH loads that locally employ model predictive control (MPC)

for minimizing the heating cost and ensuring customer comfort. Publica-

tion II deals with the coordination of the loads, which is one of the objec-

tives in this thesis. The coordination strategy is called decentralized as

the loads can not be controlled unless they sell the flexibility via demand-

side bidding. The strategy is closely related to the scheduling of flexibility

in Publication I, where the flexibility is exploited for frequency restora-

tion.

Publication III examines the use of the demand-side as a power sink,

i.e., the electricity consumption is increased to absorb surplus generation

from the grid. The power sink is implemented by integrating a resistor for

storage heating in a residential micro-CHP system, which aims to mini-

mize its operation cost. Of particular interest in the study are the cost of

operating the system and its ability to react to low electricity prices. Pub-

lication III connects to the objectives of the thesis by emphasizing the role

of using electricity price to coordinate the demand-side flexibility. Since
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the micro-CHP system optimizes its actions locally, this approach is also

decentralized.

Publication IV proposes a coordination strategy for an aggregator par-

ticipating in a day-ahead market with DESH load flexibility. The aggre-

gator centrally schedules the flexibility and transmits a generic thermo-

stat set-point signal that controls the heating load. Consumers partici-

pating in the DR program are rewarded with flexibility or comfort based

bonuses. The paper performs a detailed case study with the Finnish elec-

trically heated detached houses aggregated to participate in Nord Pool’s

day-ahead market. Publication IV focuses on the first two objectives of

this dissertation: aggregation and coordination strategy. As the aggrega-

tor is able to directly modify the consumption, the proposed strategy is

referred to as centralized in this thesis.

Publication V proposes a coordination strategy that allows the central-

ized adjustments of cost-minimizing load. By employing the strategy, an

aggregator can adjust electricity consumption to reduce power imbalances

and to participate in the balancing power market (BPM). The considered

load type is the DESH of a detached house. Within the studied frame-

work, the consumers and aggregator agree about an indoor temperature

band, within which the aggregator is allowed to alter the temperature

and consequently, the electricity consumption. The study considers the

aggregator’s day-ahead and real-time scheduling problems as well as the

real-time control. Publication V deals with each of the dissertation’s objec-

tives as it comprehensively covers the daily operation. Frequency control

is included indirectly with the participation in the BPM.

Publication VI examines the potential of thermostatically controlled re-

frigerators and battery energy storage systems in frequency control. The

paper argues that with proper frequency coordination the contribution

of these resources to frequency containment reserves (FCR) can be im-

proved. The studied frequency coordination methods are either based on

automatic or manual frequency restoration processes. The study suggests

that with automatic restoration the contribution can be improved, as in

the case of manual restoration, the resources need to cope with long last-

ing frequency deviations locally. Publication VI focuses on the frequency

control of demand-side resources, which is the third objective of this the-

sis.
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1.2.2 Structure of the thesis

The rest of the thesis is organized as follows. Chapter 2 provides an

overview of the power balance maintenance process, including related

markets and reserves, and the basics of DR. Chapter 3 introduces the ag-

gregation framework, strategies for the coordination of demand-side flex-

ibility, and covers the participation of DR in frequency control. Chapter

4 summarizes the simulation studies and the core results of the publica-

tions. Finally, the conclusions are written in Chapter 5.
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2. Flexibility and the maintenance of
power balance

This chapter discusses power system flexibility in Section 2.1. The flex-

ibility is principally required to find an equilibrium between electricity

demand and supply. To achieve the equilibrium, a power system frame-

work comprises different markets and processes, which are presented in

Section 2.2 as a background for this thesis. The DR as a potential source

of flexibility is discussed in Section 2.3, which shortly introduces different

DR programs and controllable loads.

2.1 Power system flexibility

The requirement of power system flexibility can be divided into the fol-

lowing components: the system’s need to respond to both scheduled and

unforeseen events, and variations in electricity generation and demand

[1]. Variability occurs in different time scales, from typical daily net load

variations (load minus non-dispatchable generation) to very short-term

sub-hourly variations [17]. A part of the variability is predictable as long

as the forecast horizon is reasonable but, typically, some uncertainties

remain. The uncertainties are related to either forecast errors, distur-

bances, or they are natural and very short-term second level variations

in demand and generation that lie outside any attempt to be forecasted.

Thus, the flexibility is needed to cope with scheduled variability, forecast

errors, disturbance, and natural short-term variability.
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2.2 The process of balance maintenance

2.2.1 Overview and connection to flexibility

The process of balance maintenance consists of actions required to achieve

the balance between supply and demand at the moment of electricity de-

livery. These actions can be divided in market related, real-time, fre-

quency control, and post-delivery related actions.

Market related actions include trading in the markets that can be di-

vided into electricity and reserve markets. As long as a sufficient amount

of the trading of the system’s electricity is done in the electricity markets,

they allow the system to find an initial power balance between the supply

and demand. For example, in a day-ahead market, the participants are

able to plan their operation so that typical daily variations in load or net

load can be followed. An intra-day market enables updating of these plans

if the day-ahead plans deviate from the real-time requirements of the sys-

tem due to forecast errors and possible disturbances. In the Nordic power

system, there exist day-ahead and intra-day electricity markets [18].

The reserve markets provide a system operator with a tool to procure re-

sources which can be activated to balance any unforeseen events or vari-

ations. The resource owners, on the other hand, are able to gain extra

profit by providing the reserves. The reserves are principally required

to achieve a power balance in real-time after the electricity markets for

the ongoing hour (or other time step) have been closed and the operation

plans of the participants have become fixed. The reserves can be divided

into frequency containment reserves for normal operation (FCR-N) and

disturbances (FCR-D), and frequency restoration reserves (FRR) [19,20].

Summarizing, the markets are a platform where the system resources

are allocated effectively. After the closure of the markets, the supply and

demand side have a plan they should follow and possible reserves they

should provide. Therefore, the generating units and controllable con-

sumption need to adjust their outputs or inputs accordingly (real-time

actions). Any deviation from the planned operation is penalized after the

delivery (post-delivery actions) in the imbalance settlement [21]. The dif-

ferent stages of the power balance maintenance process and their connec-

tion to the power system flexibility are further presented in Fig. 2.1. The
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figure also illustrates the times when trading in different markets is done

relative to the moment of the electricity delivery.

Day-ahead 
electricity
and reserve 
markets

Intra-day 
market

BPM

FCR-D/N,
FRR

Imbalance
settlement

Scheduled
variations

Forecast errors,
disturbances

Forecast errors,
unscheduled
variations, 
disturbances

Unscheduled
variations, 
disturbances

Maitenance process Flexibility

t > 6-12 h

t > 1 h

t > 45 min

Delivery

Post-delivery

Tim
e

Figure 2.1. Timeline of the balance maintenance process and its connection to power
system flexibility. In the figure, t stands for time and BPM for balancing
power market.

2.2.2 Market environment

For this thesis, the market environment is adopted from the Nordic power

system. The following introduces the market environment, including elec-

tricity markets, BPM, and imbalance settlement. The rest of the markets

for frequency controlled reserves are introduced in Section 2.2.3.

Electricity markets

In the Nordic power system, a great share of the system’s daily genera-

tion and consumption is traded in the day-ahead market Elspot operated

by Nord Pool Spot AS [18]. For each hour of the following day, the market

participants submit their supply and demand orders (price and quantity)

at noon before the delivery day at the latest. The market operator solves

the hourly prices based on these orders immediately after the market clo-
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sure. The solved prices define the final trading price (spot-price) for buys

and sells. In principle, the market clearing prices are defined by the in-

tersection of supply and demand curves, i.e., the market price equals the

most expensive bid required to supply the hourly demand. The curves

are defined so that the supply curve consists of the supply-side orders

sorted into ascending order according to the bid price. The demand-side

orders form a descending demand curve. However, the market clearing

algorithm is more complex in practice, as it needs to consider the possible

bottlenecks of the transmission network and block orders.

The closure time of the day-ahead market results in lead times of 12–36

hours. Therefore, there is an intra-day market in the system, enabling

updates to the production or consumption plans [18]. Continuous trad-

ing in the market is allowed for each hour of a day until one hour prior

the hour of the delivery. Instead of a common market clearing price, the

pricing is based on the pay-as-bid principle.

Balancing power market

The BPM is a tool for the TSO for the balance management. It provides

resources for the restoration of power balance, that is, manual frequency

restoration reserves. The market is open until 45 minutes prior to the

hour of the delivery. It accept bids from resources (generation or de-

mand) able to adjust their output power. There are two kinds of bids,

up-regulating and down-regulating, which consists of power-price pairs.

Up-regulating requires increase in generation or decrease in demand,

and is bought by the TSO, i.e., the resource owners receive money. Con-

versely, down-regulating requires a decrease in generation or increase in

demand and the TSO sells it to the resource provider whose bid is acti-

vated. The market clearing price is common for all the participants. The

up-regulating price is always greater than or equal to the spot price being

equal to the most expensive bid activated, whereas the down-regulating

price is defined by the cheapest activated bid, and is always less than or

equal to the spot price. The pricing aims to reward those participants

providing flexibility.

Imbalance settlement

The system also has a mechanism to settle all the unplanned deliveries

and supplies between the market participants [21]. These imbalances be-
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tween the planned and actual electricity demand or generation are settled

after the electricity delivery in the imbalance settlement. The settlement

is based on the imbalance power, for which the pricing is connected to the

regulating prices.

For the generation side, the so called two-price system is applied. That

is, if the actual generation is less than planned (negative imbalance), the

supplier purchases imbalance power from the TSO, who sells it with the

up-regulating price for up-regulating hours and the spot price otherwise.

If the supplier generates more than it planned (positive imbalance), it

sells imbalance power, the excess production, for which the price is the

down-regulating price for the down-regulated hours and the spot-price

otherwise. The pricing aims to penalize those suppliers that cause imbal-

ance.

For the consumption side, a one-price system is applied. Unlike the two-

price system, it has the same selling and buying price for the imbalance

power. That is, if an hour is up-regulated, the consumer buys the possible

deficit procurement (negative imbalance) or sells the possible excess pro-

curement (positive imbalance) from the electricity market, always with

up-regulating price. In the case of a down-regulated hour, the buying and

selling of imbalance power is always done with the down-regulating price.

Note that this system rewards those consumers who deviate in the oppo-

site direction of system imbalance and penalizes those who deviate in the

direction of the system imbalance.

2.2.3 Frequency control and summary of reserve markets

The power system frequency control can be divided into frequency con-

tainment and restoration processes [20]. The former stabilizes the system

frequency after a disturbance as well as reacts to natural and minor fre-

quency variations. The activated reserves are FCR-N and FCR-D. Their

control is typically local droop control, which automatically adjusts the

output of the controlled unit in proportion to the system frequency. FCR-

D can also be relay-controlled. This kind of frequency control, which pro-

vides the first reaction to frequency variations is often called primary fre-

quency control [22]. The frequency restoration process is responsible for

activating FRR to restore the system frequency to its nominal value (50
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Hz in the Nordic system). In an interconnected system, it can also main-

tain tie-line power flows. The control of the reserves is centralized and it

is either automatic or manual. These controls are also called secondary

and tertiary controls, respectively [22]. The frequency control process is

depicted in Fig. 2.2, in a case where the system experiences a sudden loss

of generation.

Fr
eq

ue
nc

y

FCR FRR
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Figure 2.2. Activation of reserves in a case of disturbance.

The frequency containment reserves are traded either in yearly or daily

markets. The resource owners bid (power and price) their available capac-

ity to these markets. The TSO has certain requirements for the reserves

procured from the markets. The daily market is hourly based and it closes

at 6.30 pm before the delivery day. The automatic frequency restoration

reserves are also traded in a hourly market. The reserve market for DR

with their core technical requirements are summarized in Table 2.1 .

2.3 DR as a flexibility resource

2.3.1 Classification of DR programs

The DR programs are typically divided into two main options: price-

based or incentive-based DR programs [4]. In the former option, the con-

sumers receive a time-varying electricity tariff that, for example, reflects

the wholesale price of electricity. The wholesale price based programs are

also called real-time pricing (RTP). The purpose of the varying price is to

motivate the consumers to adjust their electricity consumption and thus
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Table 2.1. Summary of reserves, their control, technical requirements, and market
places. [19,23].

Reserve Market Minimum

offer

Activation

time

Control

method

Frequency range

Frequency con-

trolled normal

operation reserve

(FCR-N)

Yearly and

daily with

one hour

resolution

0.1 MW Fully within

3 min

Local

droop

49.9 – 50.1 Hz.

Deadband ± 0.05

Hz

Frequency con-

trolled disturbance

reserve (FCR-D)

Yearly and

daily with

one hour

resolution

1 MW 50 % within

5 s, 100 %

within 30 s

Local

droop

Activated if fre-

quency≤ 49.9 Hz,

fully at 49.5 Hz

Load-shedding Long-term

contract

10 MW 1 s if fre-

quency

≤ 49.5 Hz

Local re-

lay

Activated if fre-

quency ≤ 49.5 Hz

Automatic fre-

quency restoration

reserve (FRR-A,

aFRR)

Daily with

one hour

resolution

5 MW Reacts

within 30 s,

fully within 2

min

Central -

Manual frequency

restoration reserve

(FRR-M, mFRR)

Balancing

power mar-

ket

10 MW within 15

min

Central -

reduce their electricity bill. The latter option is based on a contractual

agreement between a central entity, e.g., a grid operator, and a consumer

which enables the manipulation of consumption in exchange for the in-

centive. Typical incentive-based programs are related to the procurement

of ancillary services or load reduction during a critical event in the grid.

The aforementioned programs can also be used to connect DR to a cer-

tain type of flexibility. Price-based programs elicit flexibility to balance

typical daily variations in net load (scheduled variability) and if the price

is updated intra-daily, it can help the power system to cope with forecast

errors. Incentive-based DR, on the other hand, provides flexibility which

can be activated to cope with unexpected variations and events.

Even though the classification of DR to price and incentive-based op-

tions provides a good basis, it is only one way to categorize DR. In [24],

the authors state that this division represents a classification based on the

motivation method. The same study also lists other classification criteria,

which are all presented in Table 2.2. In general, the table reduces the DR

programs to two types: programs that aim to improve system reliability
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and programs aiming to reduce system cost.

Table 2.2. Classification of DR programs according to [24].

Classification criteria Dualities

Purpose Reliability Economics

Trigger factor Emergency-based Price-based

Origin of signal System-led Market-led

Type of signal Load response Price response

Motivation method Incentive-based Time-based rates

Control Direct load control Passive load control

2.3.2 Classification of controllable loads

DR programs target the unleashing of demand-side flexibility for several

purposes. The flexibility is achieved by modifying electricity consumption,

which is principally the control of different devices with different charac-

teristics. Due to their distinguishing characteristics, residential devices

can be classified to response classes [25]. The classes are used to simplify

the modeling of devices as they help to generalize the typical character-

istics of the devices. Table 2.3 shortly summarizes the different response

classes based on the review done in [25]. The loads considered in this the-

sis are either interruptible loads (ESSH, micro-CHP) or regulating loads

(DESH, refrigerator).
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Table 2.3. Classification of controllable loads to response classes.

Response class Description Example device

Uncontrollable

loads

The consumption of these

loads cannot be altered, e.g.,

because they provide high

value to occupants.

Television, computer

Curtailable loads The consumption of these

loads can be reduced or the

devices can be disconnected.

Dimming of lighting

Uninterruptible

loads

The load is controllable but

once it is switched on, its op-

eration cannot be interrupted.

Washing machine,

dryer

Interruptible

loads

The load can be shifted in time

and its operation can be inter-

rupted and continued rather

freely.

Storage heaters, elec-

tric vehicle charging

Regulating loads The consumption of these load

can be momentarily altered

with little consequence.

Thermostatically

controlled loads
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3. Demand response in the
maintenance of power balance

This chapter is divided into three main sections, according to the objec-

tives of this thesis. Firstly, the chapter introduces the studied load ag-

gregation framework in Section 3.1. Secondly, different strategies for the

scheduling and control of DR are proposed in Section 3.2. Finally, the par-

ticipation of demand-side in the power system frequency control is studied

in Section 3.3.

3.1 Load aggregation

This work is based on an assumption that individual residential loads are

not able to actively participate in the power system markets because of

their small unit size and low electricity consumption. In deregulated elec-

tricity markets, residential consumers need to have an electricity supplier

who trades in the wholesale market on their behalf. In ancillary service

markets, several loads are required to operate in a coordinated manner so

that the minimum technical requirements are fulfilled. Therefore, an ag-

gregating entity acts as a intermediary between loads and markets. This

section describes the entity called an aggregator in Section 3.1.3. A cen-

tral part of the aggregator and its operation is a VPP, which is introduced

in Section 3.1.4. This section begins with an introduction and literature

review, after which a consumer, an aggregator’s customer, is described in

Section 3.1.2.
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3.1.1 Introduction and literature review

Because of the distributed nature of demand-side resources and their rel-

atively small rated power, there is a need for aggregation so that a suf-

ficient amount of DR is attained. Through aggregation and proper coor-

dination, a number of loads and distributed generation units can act as

a single greater unit that fits better to the existing market and power

system structure. The aggregating entity is often called an aggregator.

The term aggregator is not particularly strictly defined in the existing

literature. The most common denominator in the literature is the fact that

the aggregator is an intermediary, i.e., it interacts with loads and some

entity, such as a TSO or market operator. The aggregator can be a flex-

ibility aggregator as in [26], where it makes different DR contracts with

consumers and the obtained flexibility is traded in a day-ahead electricity

market. Commonly, the term is connected to the aggregation of electric

vehicles (EV) [27–30]. An EV aggregator procures the required charging

energy in a wholesale market, while it exploits the EV batteries in an

ancillary service market [27]. The daily operation is closely connected to

markets: The scheduling of flexibility is optimized before the closure of

the day-ahead market and updated every hour before the closure of the

real-time market. The control of the charging is a continuous process and

performed by the aggregator. In addition to the aforementioned studies

focusing on the aggregator’s market participation, an aggregator can also

be a more technical unit, providing services for distribution system op-

erators (DSO). The services can have objectives, such as minimization of

network losses [31] and management of network power [32].

In addition to the aggregator, DR is commonly exploited by retailers

in the literature [33–35]. As was already stated in Section 1.1, retailers

could also be potential candidates to establish DR in a deregulated elec-

tricity market. For example in Finland, the retailers have interest in DR

since it can provide hedging against spot-price spikes [36]. This is also

the studied case in [35], where consumers are assumed to react to incen-

tives negotiated with them if the retailer needs to adjust the consumption.

In [34], the retailer uses incentives to obtain DR in a day-ahead market

in order to reduce the risk related to uncertain prices and consumption.

Furthermore, according to the questionnaire reported in [36], retailers see
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some potential in participation in balancing and reserve markets. Such

a topic is investigated in [37]. The study employs distributed energy re-

sources (DER), e.g., storages and controllable loads, in a retailer’s short-

term profit optimization, considering daily electricity and reserve market

participation. It is concluded that reserve markets provide higher eco-

nomic potential compared to the day-ahead electricity spot-market.

One branch of aggregation studies focus on VPPs. Their purpose is to

make DER, including DR, visible and controllable for energy and ancil-

lary service production [38]. Some studies assume that VPP is more a

technical unit which provides ancillary services for DSOs [38] or the TSO

[38–40], whereas in some studies, the focus is more on electricity market

participation [41–43]. A VPP can also be employed to balance its internal

variations, e.g., to balance intermittent generation with batteries or other

resources [42,44]. As in the case of an aggregator, a VPP as an actor in a

power system is not strictly defined in the literature. It can be a separate

entity [42,44], an aggregator [41], or it is owned by some entity [43,45,46].

Typically, the VPPs are structured hierarchically. The flexible resources

are located at the bottom layer of the structure, whereas there exists a

central coordinator on the top, scheduling the flexibility and participating

in the markets. Intermediate layers are also possible as they can aggre-

gate certain types of loads [39] or represent a certain geographical area

[38].

The aggregated resources vary from research to research. The authors

in [25] performed a comprehensive review of devices considered in studies

focusing on residential DR. Based on the literature they covered, the most

typical resources are space and water heaters, air conditioners, refriger-

ators, batteries, and EVs. Distributed generation, such as photovoltaic,

wind, and micro-CHP, is also present in several studies.

This thesis uses the term "aggregator" to refer to a retailer aggregating

residential loads via a VPP. The aggregator participates in the markets

in order to procure daily electricity for its customers and to sell flexibility.

The VPP is a technical unit owned by the aggregator which automatically

controls and monitors the loads. The focus is on heating loads, DESH

and ESSH, as well as micro-CHP and refrigerators. The loads and their

modeling are further discussed in Section 3.2.
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3.1.2 Consumer

In this thesis, the consumer is a person or a household willing to partici-

pate in a DR program in order to achieve possible monetary savings in the

electricity bill. The consumer owns certain controllable electric devices

and consumption provided for the program. The control is implemented

with a device, a smart meter, which is assumed to be able to

• Share information with a central coordinator,

• Receive information (e.g. control signals, spot-prices) from the cen-

tral coordinator

• Send control signals and receive information from local devices,

• Measure consumption and system frequency,

• Forecast consumption and electricity prices,

• Perform computations for the control.

The shared information and required local intelligence depends on the

investigated coordination strategy and the controlled devices; they are

given more attention in Section 3.2. This thesis does not specify the re-

quired communication technologies, nor does it focus on forecasting. Com-

munication technologies suitable for local communication (within consumer

premises) and non-local information sharing are comprehensively discussed

in [6] and [47]. An example of a study focusing on price forecasting is [48],

whereas the authors in [49] review methods for the prediction of build-

ing energy consumption, including heating/cooling load, hot water energy

consumption, and electricity consumption.

3.1.3 Aggregator

The aggregator defined in this thesis is an energy supplying entity, a re-

tailer, who contracts with the residential consumers and participates in

the power system markets on their behalf. It trades in the market and

sells electricity to its customers at a price they are willing to pay. Thus,

the profitability of the aggregator’s business is principally based on the

difference between the cost of procurement and selling of electricity. Fur-

thermore, the aggregator establishes and maintains DR programs, en-

abling control of the electricity consumption. The purpose of the programs
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is to improve the aggregator’s profitability and reduce the electricity cost

of the consumers. The DR programs, the coordination strategies and fre-

quency control, are further explained in Sections 3.2 and 3.3.

This thesis focuses on daily operation but it should be noted that medium-

term decisions are also required. The medium-term planning is used to

manage the aggregator’s profit risk [50]. The risk originates from con-

tracting with the consumers when the selling price becomes fixed but the

market prices and the consumers’ demand remain uncertain. Therefore,

the aggregator needs to decide the optimal selling price and hedge against

the uncertainties. For hedging, different financial or physical products

can be exploited, for example, to fix the procurement price for a propor-

tion of the aggregator’s demand [37]. The selling price, on the other hand,

should be high enough to ensure sufficient revenue, while too high prices

cause the consumers to choose a rival retailer/aggregator. Even though

the consumers select a tariff following the hourly spot-price, there is a

margin added on the top of the spot price to ensure the supplier’s prof-

itable business.

In this thesis, it is further assumed that the aggregator settles its im-

balances with the two-price system. This is despite the fact that the ag-

gregator operates on the consumption-side. This assumption has been

made for the sake of generality and to motivate the aggregator to follow

its day-ahead plan.

3.1.4 Virtual power plant

In this thesis, the VPP is defined as a technical unit owned by the aggrega-

tor. Its main purpose is to provide a structure to communicate automat-

ically with the aggregated loads. Through communication, information

about the state of the loads can be achieved and control signals can be

sent. As discussed in Publication I, dealing with the VPP structure and

operation, it is possible to base the implementation of VPP on agents. This

is because each participant of the VPP shows reactivity, initiative, and in-

teraction with other participants. These characterize an intelligent agent

according to [51]. Agents and multi-agent systems (MAS) are a computing

paradigm providing a possible approach to manage a VPP [52], but their

profound consideration is out of the scope of this dissertation.
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VPP structure

The structure of the VPP is depicted in Fig. 3.1, which defines different

actors within the VPP as agents. In the figure, consumer agents represent

household level intelligence, e.g., the smart meter located at the consumer

premises. The VPP agent, lying on the top of the structure, represents the

central coordinator, which participates in the markets and controls the

loads. Naturally, there also exists an interface between the aggregator

and the VPP agent, allowing interaction with the VPP. The grid agents

are located at primary substations in the grid, where they serve as inter-

mediate layer aggregating agents. Their task is to manage and monitor

the distribution network as well as to collect and share information from

the network area they represent. The grid agents are also able to interact

with several VPPs. As the information between consumer and VPP agents

is delivered via the grid agents, it is possible to consider the operation of

the low and medium voltage networks and possible constraints the net-

work sets. A MAS model for an active distribution network is introduced

in [53], considering the role of grid agents in the system. The study also

introduces primary substation, feeder, and secondary substation agents

that, among other tasks they have, deliver information between the grid

and consumer agents. In addition to the inclusion of the grid agent to the

VPP structure, the network is not further focused on in this thesis. It is

assumed that the grid causes no limitations.

Figure 3.1. VPP architecture and communication channels presented in Publication I.
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VPP operation states

The operation of the VPP, and thus the aggregator’s, can be divided into

three states: normal, emergency, and restoration. Each state consists

of actions and information exchange between the VPP participants. The

current state of the VPP is defined by the power system frequency, which

provides a common signal to the participants. In the normal state, the

frequency is within allowed limits close to the nominal value, whereas

the frequency exceeds the limits in the emergency state. The restoration

state aims to restore the power balance and the frequency back to the

normal operation limits when the system again enters the normal state.

The operation is further described in the following.

In the normal state, the VPP participates in the day-ahead market in

order to procure electricity for the loads. It can also trade in the intra-day

market if procurement and consumption are not in balance. By partici-

pating in the markets, the VPP sets its base load and makes the power

system aware of its expected consumption. In addition to the setting of

the base load, the VPP needs to define the available flexibility the loads

can provide for reserves and balancing and offer it forward to the TSO.

For example, the regulating power is traded every hour before the closure

of the BPM at the latest, whereas FCR needs to be offered a day ahead.

The VPP is designed so that the VPP and consumer agents are able to

communicate when needed, e.g., every 15 minutes. This enables the VPP

to be aware of the current flexible resources. The normal state also in-

cludes own balancing in the case of imbalance occurring between the base

load and the actual consumption.

The VPP enters the emergency state if the system frequency exceeds the

normal operation limits. In such a case, the role of the VPP agent is to pre-

pare for the restoration. For example, this can mean that the VPP agent

initiates a regulating power inquiry in order to ensure that the earlier de-

fined power is still available. The preparation process is further discussed

in Publication I. While the VPP mainly prepares for the restoration, the

frequency responsive loads hold the main role in the emergency state by

providing instantaneous and automatic frequency response locally. The

frequency responsive loads are also represented by the consumer agents

in the VPP structure, which enables the VPP agents to be aware of the

responsive loads and to update control parameters. The DR in frequency
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control is discussed more profoundly in Section 3.3.

In contrast to the other operation states that are launched by changes in

the frequency, the restoration is initiated by the TSO. Regulating power

activated from the BPM by the TSO is employed to reduce the power im-

balance in the system and thus, restore the frequency back to acceptable

limits. Therefore, the VPP enters the restoration state only if the TSO

accepts the VPP’s regulating power bid.

3.2 Coordination strategies: Scheduling and control

The previous section defined the aggregator and introduced its structure,

which allows the aggregator to participate in the power system operation

with demand-side flexibility in different states. Furthermore, the section

provided an overview on the aggregator’s daily operation. This section

proposes the coordination strategies, enabling the scheduling of the flex-

ibility, the altering of consumption profile, and the restoration of system

power balance. Thus, the focus is on the normal and restoration states of

the VPP. Frequency control and the emergency state is covered in more

detail in the next section. The VPP and its operation described in the pre-

vious section are not discussed when the coordination strategies are in-

troduced. This section rather focuses on the coordination of load and the

interaction between the aggregator and the loads. The VPP is considered

as a sufficient but not necessary approach to implement the coordination

strategies.

3.2.1 Introduction and literature review

Even though there exist enabling technologies that connect the residen-

tial devices to the structures of a power system, proper load coordination

is required to achieve desired responses in the consumption. What the

"desired response" is, depends on the studied power system process and

market. In general, the magnitude and timing of DR should be correct,

while it benefits the coordinator and consumers, and does not cause ex-

cess inconvenience to the consumers. Therefore, the coordination needs

to satisfy several targets. Different controllable loads also have their dis-

tinctive characteristics and the consumers may have different preferences
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regarding the control and monetary compensation, resulting in numerous

coordination strategies.

In this thesis, the strategies are divided in decentralized, centralized

and hybrid approaches. The decentralized strategy emphasizes the local

decisions and the role of the consumer: they have freedom to schedule

their consumption and possibly price their flexibility during the control.

However, the actions are commonly automated so human decisions are not

necessary. A typical decentralized approach is based on price-based opti-

mization and control. It assumes that the consumers receive a wholesale

market price and they aim to minimize the electricity cost as in [54–61].

The local controller is able to optimally schedule the local consumption so

that cost is minimized and consumer convenience maintained. The local

scheduling is many times based on model predictive control (MPC) [54–

56, 61]. MPC utilizes a model of the controlled system to find an optimal

output. For example in [55], the control optimizes the heating sequence

over a prediction horizon by using the building thermal model and spot-

price. The optimization is performed every 10 minutes and only the first

step of the optimized sequence is implemented. This is also called a rolling

horizon approach.

In the case of price-based optimization, the aggregator has a limited

ability to affect the consumption if the loads optimize using the spot-price.

One approach to centrally manipulate the consumption is to offer the cost-

minimizing consumers with incentives in real-time [30]. The consumers

can then decide whether to accept them. In [35], the consumer pay a

flat electricity tariff but they are assumed to be willing to accept real-time

incentives (so called coupons) if the coupon price is high enough. Demand-

side bidding is investigated in [62], where the bidding is used to obtain

frequency controlled reserves. In the study, the loads define bids based

on their utility function and the aggregating entity solves the equilibrium

price sent back to the loads. A challenge with these strategies is the price-

elasticity of the consumers: the consumers should know how they value

their flexibility. Furthermore, an iterative price negotiation between the

aggregator and loads in [35] requires continuous communication.

In the case of a centralized strategy, a central coordinator, such as an ag-

gregator, can directly manipulate the consumption with its actions. The

participating consumers can receive monetary incentives when joining
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the DR program [6]. Typically, centralized approaches are used in an-

cillary service applications, such as regulation (somewhat similar to sec-

ondary control) [63–67]. In [68], the aggregator first optimizes the con-

sumption with an aggregated load model in a wholesale market, after

which the consumption is centrally controlled to follow the optimal pro-

file.

A hybrid strategy is a combination of the previous two, i.e., there exists

local intelligence capable of making decisions while the central entity has

also the ability to affect the consumption. Among these coordination ap-

proaches, consumers commonly pay for their electricity based on real-time

price [69–72]. However, in contrast to the decentralized approach, where

the loads receive market price, the real-time price is now centrally tai-

lored to cause a desired aggregated consumption. In [70], this approach

is called control-by-price. The authors in [73] proposed a coordination

strategy which is based on the iterative definition of optimal load profile.

The central coordinator updates the consumers’ price signal during each

iteration in order to "steer" the consumption in the desired direction. In

some studies, the aggregator and loads work together in order to achieve

optimal outcome. For example in [74], the loads estimate their available

flexibility and communicate it to the aggregator, who further participates

in the market. The authors in [75] developed a coordination framework

based on a distributed control algorithm. Within their framework, the

loads minimize their deviation from the target load profile, which is set

and iteratively updated by the aggregator. In [76], the consumers in-

form their preferred appliance scheduled to the aggregator, after which

the consumption is manipulated to avoid creating load peaks while the

consumers’ electricity cost is minimized.

The decision-making for load coordination requires a load model but the

considered flexible resources and their modeling varies from research to

research. If the consumers respond to the electricity prices, i.e., they are

price-elastic, the aggregator is required to consider this in the decision-

making. In the case of the aggregator’s profit optimization, the consumer

behavior can be model with price-elasticity [77] or by simulating the con-

sumer behavior with a dynamic model [78]. One approach is also to im-

plement a bilevel model which includes the retailer’s profit maximization

and consumer’s cost-minimization in a single optimization problem [69].
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The study in [69] focuses on heating load and models the flexibility by

utilizing the dynamic thermal model of a building where temperatures

are the state variables. The thermal dynamics are commonly modeled in

the decision-making if the controllable consumption consists of heating,

ventilation, and air conditioning (HVAC) loads or electric water heaters

[30, 42, 55, 58, 75, 79]. This is the case in both local and central decision-

making.

If the coordination strategy requires centralized decisions, different ag-

gregated load models are common instead of using price-elasticity or pre-

cise dynamic thermal models. In the case of rapid, e.g., minute-by-minute,

control of thermostatically controlled loads (TCL), it is possible to use pop-

ulation models that consider the state of a single appliance as a prob-

ability instead of modeling exactly the temperature of each appliance

[63, 66, 67]. The dynamics of the population can also be approximated

by the aggregated storage model presented in [68, 80]. In [71], the au-

thors investigate aggregated load models for the control-by-price concept.

They employed a finite impulse response model and an autoregressive

model with exogenous inputs (ARX) to represent the dynamics between

price and consumption. Lastly, DR can be modeled with the parametriza-

tion of flexibility which is particularly used in the aggregator’s scheduling

problem. This is to say that the DR is represented approximately as an

amount that can be shifted or curtailed [26,33,41,81].

The following introduces the decentralized, centralized, and hybrid strate-

gies considered and proposed in this thesis.

3.2.2 Price-based optimization

As seen in the literature review, the combination of real-time pricing

and local cost-minimization is a popular approach to achieve demand re-

sponse. Under this DR program, consumers receive a time varying elec-

tricity tariff which defines the price of electrical energy they pay. There-

fore, the consumers need to be willing to face possible high price spikes

while they, on the other hand, can benefit from low price periods. The

possibility to reduce electricity cost by exploiting the price differences mo-

tivates the consumers to alter their consumption. The received real-time

price tariff is assumed to be the hourly spot market price in this thesis.
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The price reflects the condition of the power system, as was discussed in

Section 2.2, as a result of which the consumers’ price responsiveness ben-

efits the system as well.

Price-based cost minimization with the spot price is a form of decen-

tralized coordination strategy as the consumers decide their consumption

profiles locally. Thus, it forms a basis for the decentralized and hybrid

strategies studied in this thesis. The aggregator’s role in these strategies

is further discussed in Sections 3.2.3 and 3.2.5. This subsection briefly

summarizes the local decision-making of DESH, ESSH, and micro-CHP

under RTP.

Cost minimization of DESH

DESH is a type of heating using thermostatically controlled heating ele-

ments, radiators, to heat indoor air. The thermostat switches the radia-

tors on at the moment the indoor air temperature falls below the lower

hysteresis limit of a thermostat. Conversely, the heating is switched off

once the temperature reaches the upper hysteresis limit. Actual thermal

storage is not required as the thermal inertia of the building prevents

rapid changes in the heated air. The periodic heating with a sufficiently

narrow hysteresis band ensures consumer comfort.

In this thesis, only the space heating of detached houses is considered.

To model the heat demand and heating dynamics of a detached house, the

studies exploit a two-capacity building thermal model that couples the

temperatures of the indoor air and building mass. Their dynamics are

given by

CadT
a

dt
= Hae · (T e − T a) +Ham · (Tm − T a) +Hag · (T g − T a)+

Hav · (T v − T a) + φ

(3.1)

CmdTm

dt
= Ham · (T a − Tm) +Hme · (T e − Tm) (3.2)

where t: time; Ca: thermal capacity of the indoor air; Cm: thermal inertia

of the building structures; Hae: sum of the infiltration heat capacity flow

and window heat conductance; Hag: floor heat conductance; Ham: sum of

the heat conductance in the solid wall and convection on the surface; Hav:

ventilation air heat capacity flow; Hme: sum of heat conductance in the

solid wall and convection on the surface; T a: indoor air temperature; T e:

external outdoor air temperatures; T g: ground temperature; Tm: build-
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ing mass temperature; T v: ventilation supply air temperature; φ: total

heating power (including solar radiation, internal heat gains, and electric

power converted to heating power).

The two-capacity building thermal model is also used in the local opti-

mization problems to assist in the heating cost minimization. It is sug-

gested that the local optimization is the so called rolling horizon proce-

dure, i.e., the optimization is repeated during each time step (e.g. hour)

based on updated input variables, and only the control action for the next

time step is implemented. The cost minimization problem of DESH is

formulated as follows:

min
E,T a,Tm

K∑
k=1

πk · Ek (3.3)

subject to

A1 · T a
k − T a

k−1 −A2 · Tm
k = A3 · Ek +A4k ∀k (3.4)

−B1 · T a
k +B2 · Tm

k − Tm
k−1 = B3k ∀k (3.5)

T set −ΔTL ≤ T a
k ≤ T set +ΔTL ∀k (3.6)

Ek ≤ E ∀k (3.7)

1

Kb

Kb·l∑
k=Kb·(l−1)+1

T a
k ≥ T set ∀l (3.8)

where k is the time step index, K is the length of the optimization period,

π is the electricity price, and E the heating power, which is assumed to

be equal to the electricity drawn from the grid in this thesis. The con-

straints (3.4) and (3.5) represent the dynamics of the indoor, T a, and the

building mass, Tm, temperatures, respectively. The upper and lower lim-

its of the indoor temperature are given by (3.6), where T set is the indoor

temperature set-point and ΔTL the allowed temperature deviation from

the set-point. The heating power is bounded by the maximum heating

power E expressed in (3.7). The constraint (3.8) ensures that the mean

indoor temperature over a defined time period is greater than or equal

to the set-point temperature. This is the approach selected to maintain

acceptable consumer comfort, that is, close to the set-point temperature.

In (3.8), Kb is the length of the averaging period and l the index of the

averaging period. In the formulation, parameters A1–A4 and B1–B3 are
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used to simplify the formulation notation. They are defined in Publication

IV.

It is important to note that the presented formulation only approximates

the operation of the thermostat. In the optimization program, the heating

power is modeled as a continuous variable, an average heating power over

the optimization time step. In practice, the on-off cycle of heating needs

to be derived from the optimized heating power.

Cost minimization of ESSH

ESSH typically utilizes a resistor to heat water in a central tank and a

distribution system to deliver the heat around a building. Because of the

storage, the system effectively decouples the electricity usage and heat-

ing. It can also provide significant load shifting potential depending on

the storage size. ESSH systems are typically designed to store the daily

heat demand during the off-peak period at night time [82]. In this thesis,

the storage is represented by an ideal energy storage. The optimization

problem to minimize the heating cost is again implemented as a rolling

horizon procedure. The presented formulation is a simplified version of

the formulation in Publication II that mainly focuses on the demand-side

bidding. The problem is given by

min
p,s

K∑
k=1

πk · pk (3.9)

subject to

sk+1 = sk − hk + pk ∀k (3.10)

p ≤ pk ≤ p ∀k (3.11)

s ≤ sk ≤ s ∀k (3.12)

where pk is the charged energy at step k, variable sk is the level of the

storage at the beginning of time step k, and h is the heat demand. p and p

are the lower and upper boundaries of the charging energy, whereas s and

s are the lower and upper boundaries of the storage level. In the formu-

lation, (3.10) represents the evolution of the storage level. The constraint

(3.11) gives the maximum and minimum charged energy of one time step

and (3.12) bounds the storage level.
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Cost minimization of micro-CHP

Micro-CHP is a form of distributed generation that is used for local pro-

duction of heat and electricity simultaneously. In this thesis, the system is

assumed to supply the electricity and heat demand of a detached house.

The focused residential micro-CHP system consists of a water tank act-

ing as thermal storage, a prime mover, a back-up heater, and a resistor.

The configuration of the system with different possible energy flows is

presented in Fig. 3.2. The prime mover and the back-up heater are as-

sumed to be fired by natural gas. The prime mover generates electricity

and heats the water in the tank, from which hot water and space heating

demand are drawn. As seen in the figure, the micro-CHP system is able

to generate electricity to the grid as well as import it if required.

The overall purpose of the optimization problem is to minimize the en-

ergy cost over a chosen time period. This is mainly to say that the oper-

ation of the prime mover, the back-up heater, and the resistor need to be

optimally controlled. The different operation modes the system is likely to

use as a result of the optimization are illustrated in Fig. 3.2. Regarding

the price-elasticity of the configuration, Fig 3.2(d) shows a mode where

the system increases its electricity consumption with the resistor during
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Figure 3.2. Illustrative energy flows for different operation modes (Publication III). (a)
The prime mover is on and the system imports electricity. (b) The prime
mover is on and produces excess electricity. (c) The back-up heater provides
additional heat. (d) All the electricity is drawn from the grid.
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a low electricity price period.

The details of the optimization problem and solution method can be

found in Publication III, where the optimal coordination of the micro-CHP

system is formulated and the operation of the system analyzed. Princi-

pally, the problem is to minimize the cost

J =

K∑
k=1

(
πg(gPMk + gBk ) + πimp

k eimp
k − πexp

k eexpk

)
(3.13)

where πg is the gas price, gPMk is the gas consumed by the prime mover

during the kth time step, and gBk is the gas consumed by the back-up boiler.

The imported electricity price and electricity are given by πimp and eimp,

whereas the price for the exported electricity is πexp and the exported

electricity is eexp. The objective is minimized subject to the prime-mover,

thermal storage, resistor, and back-up heater related constrains.

3.2.3 Demand-side bidding

The demand-side bidding enables the aggregator to procure flexibility

from cost-minimizing loads in real-time. This principally provides the

aggregator with a method to modify consumer consumption while the

consumers retain control over their own resources. The dissertation in-

troduces a bidding strategy called an intra-hour control which allows the

aggregator to react to imbalances by increasing or decreasing the con-

sumption. The aggregator buys flexibility from its loads within an ongoing

hour or slightly before it. Once the bids are accepted by the aggregator,

it is allowed to control the loads directly in order to achieve the desired

consumption profile. In Publication I, where the VPP is proposed, the

strategy is employed to obtain regulating power from loads, which can

then be further offered to the BPM. In Publication II, dealing with the

intra-hour control of ESSH, the aggregator uses the strategy to adjust the

consumption to follow a target load profile. Furthermore, the publication

extends the approach compared to Publication I by considering the future

changes in consumption due to the control. The bidding is described using

ESSH loads as the source of flexibility.
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Operation overview

The investigated bidding strategy focuses on real-time operation, the de-

cision-making minutes before the moment of delivery. The aggregator has

a target load profile, such as the day-ahead energy procurement, which

it aims to follow. The bidding enables the aggregator to adjust the con-

sumption to match with the target profile. The strategy consists of the

following four main stages:

1. When the consumption needs to be adjusted, the aggregator sends

a regulation 1 request to the loads. The regulation is asked for the

rest of the ongoing hour.

2. After receiving the request, the loads solve their cost-minimization

problem normally and by using maximum or minimum charging en-

ergy for the regulation period. This procedure gives the following in-

formation that is communicated back to the aggregator: the solved

control sequences (define bid quantity and future changes) and the

change in the charging cost (defines bid price).

3. Next, the aggregator solves the bid activation problem and informs

the selected loads.

4. At the end of the day, the aggregator needs to estimate the actual

realized activation from the automatic meter reading (AMR) data.

This is needed for the evaluation of the compensation paid to the

consumers, which is based on the given bid and the actual activated

regulation.

The strategy is illustrated in Fig. 3.3, where the aggregator adjusts the

load downwards. The ultimate challenge with real-time adjustments are

the possible changes in the future consumption. This is also illustrated

in the figure with the "rebound". Due to the rebound, the imbalances are

possibly shifted to the future even though the regulation may be beneficial

during the ongoing hour. The proposed bidding strategy considers these

future changes, enabling the aggregator to include them in the decision-

making.

1The term "regulation" should not be confused here with regulating power offered

to the BPM. The described strategy merely aims to adjust the consumption towards the

target load profile.
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3. Activated bids selected
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Figure 3.3. Illustration of the DR bidding with the rebound due to the regulation.

Local decision-making

Locally, the consumers aim to minimize their electricity cost as described

in Section 3.2.2. This minimization is called normal operation and the

solved charging schedule the normal control sequence. The loads are also

able to sell the regulation to the aggregator. Under regulation, the local

problem is to minimize the electricity cost while providing maximum or

minimum charged energy for the regulation period. The maximum energy

is provided for down regulation and minimum for up regulation. These

values define the corresponding bid quantity. The bid price is based on

the change in the charging cost. When the regulation period ends, normal

operation continues.

Central decision-making

Centrally, the aggregator will adjust the consumption if it is found to be

beneficial. In order to define the cost of regulation, the aggregator commu-

nicates a regulation request to the loads that return their bids and control

sequences. After receiving the information, the aggregator’s problem is to

find a combination of bids minimizing the cost of being in imbalance and

the cost of regulation. Basically, the aggregator desires to modify the con-

sumption towards the target load profile, P ref , which corresponds to the

aggregator’s procurement from the day-ahead market.

The regulation of the loads causes them to deviate from their normal

charging schedule, as a new optimal control sequence is found by the lo-

cal cost-minimization at every time step. The deviation may lead to a

unfavorable future charging profile (deviates from P ref ). Thus, activating

a certain combination of bids may serve the aggregator better than an-
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other. The difference between the normal and regulated control sequences

are defined by Δpn,k = prn,k − p∗n,k, where n is the index of a bidding load,

prn,k is the regulated control sequence at time step k, and p∗n,k the normal

control sequence at the kth time step. The load control sequences can also

be used to define whether a certain future hour is up or down regulated

before activating the regulation. This difference is given by

ΔPk =

N∑
n=1

p∗n,k − P ref
k ∀k = t+B, ..., t+B +Kp (3.14)

where N is the total number of bidding loads and Kp is the prediction

horizon chosen for the central problem. B is the number of intra-hour

time steps remaining in the ongoing hour and t is time (the current time

step). Fig. 3.4 illustrates a case where an hour is divided into 15 min

intra-hour time steps. The current time step, t, indicates that there are

three steps remaining in the ongoing hour.

t+B

hour hour

t+B+4t+B-1t t+K

24 hours

Figure 3.4. Timeline presenting the indexes (Publication II).

The aforementioned parameters need to be solved before the actual bid

activation problem, which is to minimize the total cost of the required

regulation. The total cost includes the cost of activating bids, procuring

imbalance power during the current hour, and the evaluated changes in

the future cost. Thus, the aggregator’s problem is to decide whether to buy

the regulation from the ESSH loads or to suffer the possible cost of being

in imbalance. The aggregator’s decision-making problem is formulated as

a mixed-integer linear programming problem represented by

min
r,x,rdn,rup

w · (creg · r +
N∑

n=1

λn · xn) +

(1− w) ·
t+B+Kp∑
k=t+B

(cdnk · rdnk + cupk · rupk ) (3.15)

subject to

r +

N∑
n=1

qn · xn = ΔP ref (3.16)

and (3.17)–(3.27), which are described in the following. Depending on the
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value of ΔP given by (3.14), the required regulation during a certain hour

gets three definitions. If ΔP < 0, the hour is down regulated or if ΔP > 0,

it is up regulated. ΔP = 0 designates that the load is at the target level.

Therefore, for hours with ΔP < 0, the following constraints are used:

N∑
n=1

Δpn,k · xn + rdn+k − rdn−k = 0, ∀k = t+B, ..., t+B +Kp (3.17)

N∑
n=1

Δpn,k · xn − rupk ≤ −ΔPk, ∀k = t+B, ..., t+B +Kp (3.18)

rdnk = rdn+k − rdn−k ∀k = t+B, ..., t+B +Kp (3.19)

rdn+k , rdn−k , rupk ≥ 0 ∀k = t+B, ..., t+B +Kp (3.20)

xn ∈ {0, 1}, ∀n (3.21)

For the hours with ΔP > 0:

N∑
n=1

Δpn,k · xn − rup+k + rup−k = 0, ∀k = t+B, ..., t+B +Kp (3.22)

N∑
n=1

Δpn,k · xn + rdnk ≥ −ΔPk, ∀k = t+B, ..., t+B +Kp (3.23)

rupk = rup+k − rup−k ∀k = t+B, ..., t+B +Kp (3.24)

rup+k , rup−k , rdnk ≥ 0 ∀k = t+B, ..., t+B +Kp (3.25)

For the hours with ΔP = 0, the change in the required regulation is

N∑
n=1

Δpn,k · xn + rdnk − rupk = 0, ∀k = t+B, ..., t+B +Kp (3.26)

rdnk , rupk ≥ 0, ∀k = t+B, ..., t+B +Kp (3.27)

where cdnk and cupk are the down and up regulation costs at time step k,

respectively, and creg is the regulation cost during the ongoing hour. r de-

fines the power imbalance settled as imbalance power, and w ∈ [0, 1] is

a weight factor given to the different objectives. In (3.16), ΔP ref is the

needed regulation for the regulation period. Furthermore, x gets a value

one if the bid is activated and zero if not, rdnk and rupk are the evaluated vol-

umes of needed up and down regulation during the time step k. rdn+ and

rdn− are auxiliary variables representing rdn as two non-negative vari-

ables. Correspondingly, rup+ and rup− are the non-negative components of

rup.
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In the problem formulation, the constraints (3.17) and (3.22) model the

change in the hourly imbalance resulting from the bid inclusion. (3.18)

and (3.23) guarantee that when a certain bid combination causes a tran-

sition from a down regulated hour to an up regulated, or vice versa, the

volumes for up or down regulation starts to increase. For example, if

the charging load exceeds the target load (ΔPk > 0) during an hour k,

a further increase in the load also increases the up regulation volume,

rup. Conversely, decreasing load reduces the up regulation. If the load

is decreased so that the change becomes smaller than −ΔP , rdn starts to

increase. The cost parameters cdn, cup, and creg are defined to penalize de-

viations from the target load profile, motivating the aggregator to activate

regulation from the loads.

3.2.4 Centralized strategy

The centralized strategy is proposed and studied in Publication IV. In the

strategy, the consumers are willing to allow the aggregator to control their

consumption directly in order to reduce their electricity bill. On the other

hand, the aggregator receives a permission to schedule the flexibility to

achieve its objectives. In this thesis, the overall purpose of the proposed

central coordination strategy is to enable the utilization of flexibility in

a day-ahead market. The approach focuses on the DESH of an aggre-

gated detached house building stock controlled by a centrally optimized

and transmitted generic thermostat set-point signal. Due to the flexibil-

ity potential of the DESH load, the aggregator is considered to act as a

price-maker in the market, where it minimizes its daily electricity pro-

curement cost. The consumers participating in the DR program receive

compensation via bonuses that are based either on caused inconvenience

or provided flexibility. Their electricity is priced with a flat tariff rate.

Fig. 3.5 depicts the process of the coordination strategy for a single day.

The following stages can be seen in the figure:

1. The aggregator optimizes the flexibility in the day-ahead market by

solving a self-scheduling problem. The optimization requires an ag-

gregated load model.

2. In real-time, the aggregator broadcasts a generic control signal to

the loads that execute the control.
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3. The bonuses are solved after the electricity delivery and the load

model is updated.

Aggr. solves
self-scheduling

Loads ramp to
 new set-point
  every hour

Loads solve
  set-point

u E Aggr. updates
   model and
solves bonuses

History data
  Forecasts Consumers' settings

Measurements
  History data

 set-
point

Day -1 Day 0 Day +1

Figure 3.5. Timeline of the centralized coordination strategy (Publication IV). In the
figure, u stands for the generic control signal and E for the heating power.

Local intelligence

The coordinated consumption is DESH, which is locally implemented by

employing thermostatically controlled devices, radiators. The thermostats

are assumed to be intelligent enough to adjust their set-point according

to a centrally communicated generic control signal , u ∈ [−1, 1]. That is,

they are required to map the received value to the thermostat set-point

value by calculating T set + u · ΔT , where T set is the set-point base value

and ΔT defines the maximum allowed temperature deviation. The maxi-

mum deviation is set by the consumer or it is defined in the contract with

the aggregator. Consequently, the aggregator needs to be able to monitor

the setting or the thermostat should be sealed once the contract has been

signed. In addition to the control of thermostats, the local heating power

needs to be known by the aggregator.

Aggregator’s self-scheduling

The aggregator’s decision-making problem is introduced in this section.

The decision-making aims to minimize electricity procurement cost in the

market with the help of the demand-side flexibility. The available flexibil-

ity is modeled with a dynamic regression model representing the heating

dynamics of the coordinated building stock. Despite the nonlinear na-

ture of the thermostatically controlled heating load, the utilized model

can capture the behavior of the aggregated and controlled hourly load

with a certain accuracy. In the model, the aggregated consumption is

explained by its lagged values, the communicated control signal values,

outdoor temperature, solar radiation, and internal heat gains. The aggre-
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gator is assumed to know these variables, which it further uses to identify

the model.

Since the aggregator acts as a price-maker in the market, the influ-

ence of its procurement on the spot-price should be known. This depen-

dency can be modeled by using a residual supply curve (price quota curve)

[83,84]. The curve expresses how the market price changes as a function

of the price-maker’s demand (quota). By combining the aggregated load

model and the residual supply curves, the self-scheduling problem to min-

imize the day-ahead electricity procurement cost can be given by

min
δ,v,P,P z,u,e,y

K∑
k=1

I∑
i=1

λk,i ·
(
δk,i +Qk,i · vk,i + PL

k · vk,i
)

(3.28)

subject to
δk,i ≤ qk,i · vk,i ∀k, i (3.29)

Pk =
I∑

i=1

(
δk,i +Qk,i · vk,i

) ∀k (3.30)

I∑
i=1

vk,i = 1 ∀k (3.31)

P z
k,z =

nP∑
j=1

bPj,z · P z
k−j,z +

nu∑
j=0

buj,z · uk−j + ck,z + ek,z ∀k, z (3.32)

Pk =
Z∑

z=1

Pk,z ∀k (3.33)

0 ≤ P z
k,z ≤ P

z
z · (1− yk,z) ∀k, z (3.34)

ek,z ≤ R · yk,z ∀k, z (3.35)

u ≤ uk ≤ u ∀k (3.36)

Kb·l∑
k=Kb·(l−1)+1

uk = 0 ∀l (3.37)

where i is the bid index and I is the number of bids in the residual supply

curve, which is a monotonically increasing step-wise function consisting

of the price-quantity pairs (λ, q). An illustrative example with the used

notation is depicted in Fig. 3.6. In the figure and the formulation, Qk,i is

a parameter calculated as a sum of bid quantities from 1 to i− 1, whereas

δk,i is a variable that denotes the portion of power activated from a bid

i. It can only become greater than zero if i is the last bid from the resid-

ual supply curve required to supply the heating power of the aggregator.
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Therefore, a binary variable, v, is required to get a value of one only if i

is the last bid. The residual supply curve is formulated in the objective as

well as with (3.29)–(3.31). Furthermore, in the objective function, param-

eter PL stands for the non-flexible demand that the aggregator is required

to buy from the market.

Q1

Q 2

Q3

q1

q2

q 3

= 0 Quantity [MWh]

Pr
ic

e
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W

h]
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 3

Figure 3.6. Example of a residual supply curve for a single hour (Publication IV). Bids
indexed from one to three are shown.

Eq. (3.32) gives the aggregated load model so that in the equation P z

is the aggregated heating power of a climatic zone, bP and bu are the esti-

mated regression model coefficients, and nP and nu their numbers, respec-

tively. Furthermore, j is the coefficient index, ck is the hourly constant,

including variables depending on the outdoor temperature and the heat

gains, z is the climatic zone index, and Z is the number of zones. For ex-

ample, in Publication IV, the building stock is divided into three climatic

zones but other clustering approaches are also possible. The summing

of zonal powers is performed with (3.33), which defines the aggregated

heating power, P .

In the formulation, e is a slack variable required to ensure problem fea-

sibility on warm days. It can become greater than zero if P = 0, as defined

by (3.34) and (3.35), where y is an auxiliary binary variable and R is a

large number, and P
z is the upper boundary of the aggregated power. The

control signal is bounded by (3.36), where u and u are the lower and upper

boundaries, respectively. Lastly, the constraint (3.37) forces the mean of

the control signal to zero over Kb hours, i.e., the aggregator is assumed to

exploit the flexibility in the market instead of simply curtailing the load.
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Bonus system

In order to define the bonuses, the aggregator needs to estimate the value

of the flexibility which is done during the participation in the day-ahead

market. The value is assumed to be the difference between coordinated

and uncoordinated procurement costs. This difference (savings) is shared

to the consumers as bonuses based on either convenience or flexibility.

The convenience based bonus considers the indoor temperature variations

due to the coordination. Instead, the received flexibility based bonus de-

pends on the estimated changes in the heating power of a building. In

both the cases, consumers are able to affect the received bonuses by ad-

justing the allowed temperature band, ΔT . A more profound definition of

the bonus systems is presented in Publication IV.

3.2.5 Shared flexibility

The last introduced coordination strategy combines features from the de-

centralized and centralized approaches, which is why it is called a hybrid

strategy. Publication V studies this topic. The strategy is motivated by

the fact that a purely local optimization may not serve the aggregator and

the power system in a desired manner. On the other hand, purely central-

ized decision-making may be challenging to implement because of all the

required information, such as load models and occupancy behavior, which

may be difficult to acquire. The hybrid strategy proposed in this thesis

is based on shared demand-side flexibility between local and centralized

decision-making. Locally, the consumers aim to minimize their electricity

cost while the aggregator is allowed to adjust the consumption centrally.

By employing the strategy, the aggregator is able to utilize the flexibil-

ity in the day-ahead electricity market, remove power imbalances, and to

participate in the BPM.

The strategy is demonstrated with DESH in detached houses. The con-

sumers pay for their electricity based on the hourly spot-price, motivating

them to minimize their heating cost. The cost minimization of DESH load

is presented in Section 3.2.2. Under the price-based optimization, the in-

door temperature is allowed to vary within a certain band. A part of this

band is further shared with the aggregator through a contract, enabling

the centralized adjustments within the defined limits.
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Figure 3.7. Flowchart of the control strategy (Publication V). The notation corresponds to
the notation of the day-ahead (DA) and real-time (RT) optimization problems.

Operation overview

The hybrid coordination strategy is summarized as a flowchart in Fig. 3.7.

Firstly, preparations are required before the actual continuous and daily

operation. The main part of the preparation is the contract where the

aggregator and the consumer agree about the shared flexibility, i.e., the

temperature band. Furthermore, the consumers can share information

on their controllable consumption in order to assist in the implementa-

tion of the strategy. In the day-ahead stage, the aggregator participates

in the spot market where it procures electricity so that the requirement of

flexibility during intra-day operation is considered. The hourly procure-

ments are defined by solving the self-scheduling problem of the aggrega-

tor. During the intra-day operation, the aggregator solves the real-time

optimization problem every hour. As a solution, the optimization provides

regulating power bids to the BPM and possible consumption adjustments.

The adjustments are first communicated to the loads at the beginning

of the hour, after which the regulation is performed if the aggregator’s

regulating bid is accepted by the TSO. The hourly operation is called a
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real-time stage.

Local intelligence and control

As mentioned, the strategy focuses on DESH loads minimizing their elec-

tricity cost by scheduling consumption based on the electricity spot price.

The cost-minimization is introduced in Section 3.2.2. Furthermore, the

loads are able to receive centrally broadcasted generic control signals and

interpret them in the real-time stage. For the real-time control of the

loads, the thesis proposes a signal that conveys information on the ratio

of the desired heating power to the maximum heating power. For exam-

ple, if an adjustment is communicated to the loads, the control signal is

u = EA/E, where EA is the adjusted heating power and E is the maxi-

mum heating power. After receiving the command, the loads first solve

the maximum and minimum power considering the allowed temperature

band, ΔT . Next, they adjust the consumption so that the new consump-

tion is either the requested power (E = u ·E) or it is limited by the solved

powers.

Day-ahead scheduling

In the day-ahead decision-making, the aggregator aims to maximize its

profit by solving the self-scheduling problem. As a result, the scheduling

provides optimal hourly procurements from the market. The problem is

formulated as a two-stage stochastic linear program, which enables a de-

cision maker to include incomplete information in the optimization [50].

The stages divide the decision-making in parts that define when decisions

are made and new information is released. In the aggregator’s case, the

hourly procurements from the spot-market are decided in the first stage

(also called here and now decisions). The second stage consists of so called

wait and see decisions that are the amount of up/down regulation traded

and possible adjustments made.

The uncertainty in the optimization is modeled with Ω scenarios that

are indexed with ω. In this thesis, it is assumed that the uncertainty

the aggregator faces in the day-ahead stage originates from the regulat-

ing prices and the amount of fixed electricity demand. For the sake of

simplicity, the spot-prices are assumed to be known. Thus, the aggrega-

tor decides the day-ahead procurements without knowing the precise con-

sumption or the regulating prices. Their actual values are realized after
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the procurements become fixed. However, it should be noted that in the

second stage of the optimization, information for the whole optimization

period is assumed to be available and decisions are made for the period.

In practice, this does not provide the optimal outcome since the regulating

prices and activated volumes as well as the actual consumption are only

gradually realized. This challenge is tackled by the real-time optimization

introduced in the next subsection.

The day-ahead scheduling problem is formulated by (3.38)–(3.55), where

the decision variables are PR, PDA, ΔE+, P ↑, P ↓, P S+, P S−, PA+, PA−,

ER, EA, T a,A, Tm,A, T a,R, and Tm,R.

max

Ω∑
ω=1

ρω

K∑
k=1

(
(m+ πk) · PR

k,ω − πk · PDA
k

− (m+ πk) ·ΔE+
k,ω +

(
π↑k,ω · P ↑k,ω − π↓k,ω · P ↓k,ω

)

+
(
β+ · πS+

k,ω · P S+
k,ω − β− · πS−

k,ω · P S−
k,ω

))
(3.38)

subject to

PDA
k − PR

k,ω = P S+
k,ω − P S−

k,ω + P ↑k,ω − P ↓k,ω ∀k, ω (3.39)

PR
k,ω = PL

k,ω + ER
k,ω ∀k, ω (3.40)

ΔE+
k,ω ≥ ER

k,ω − EF
k ∀k, ω (3.41)

P ↑k,ω ≤ E ·H↑
k,ω, P ↓k,ω ≤ E ·H↓

k,ω ∀k, ω (3.42)

PA+
k,ω ≤ E, PA−

k,ω ≤ E ∀k, ω (3.43)

EA
k,ω = EF

k + PA+
k,ω − PA−

k,ω ∀k, ω (3.44)

A1 · T a,A
k,ω − T a,A

k−1,ω −A2 · Tm,A
k,ω = A3 · EA

k,ω +A4k ∀k, ω (3.45)

−B1 · T a,A
k,ω +B2 · Tm,A

k,ω − Tm,A
k−1,ω = B3k ∀k, ω (3.46)

T set −ΔTL ≤ T a,A
k,ω ≤ T set +ΔTL ∀k, ω (3.47)

EA
k,ω ≤ E ∀k, ω (3.48)

−ΔT ≤ T a,A
k,ω − T a,F

k ≤ ΔT ∀k, ω (3.49)

ER
k,ω = EF

k + PA+
k,ω − PA−

k,ω + P ↓k,ω − P ↑k,ω ∀k, ω (3.50)

A1 · T a,R
k,ω − T a,R

k−1,ω −A2 · Tm,R
k,ω = A3 · ER

k,ω +A4k ∀k, ω (3.51)
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−B1 · T a,R
k,ω +B2 · Tm,R

k,ω − Tm,R
k−1,ω = B3k ∀k, ω (3.52)

T set −ΔTL ≤ T a,R
k,ω ≤ T set +ΔTL ∀k (3.53)

ER
k,ω ≤ E ∀k, ω (3.54)

−ΔT ≤ T a,R
k,ω − T a,F

k ≤ ΔT ∀k, ω (3.55)

where ρω is the probability of the ωth scenario, m is the tariff margin

paid by a consumer, PR is the real-time electricity consumption, and PDA

is the electricity procurement in the day-ahead market. In the objective

function (3.38), the first row consists of the income from selling electricity

to the consumers and the cost of procuring electricity from the DA mar-

ket. The second row includes the evaluated cost to the consumers due

to the control and trading in the BPM, whereas the selling and procure-

ment of imbalance power during the settlement process is considered in

the third row. In the formulation, the up and down regulating powers are

P ↑ and P ↓, respectively, whereas P S+ and P S− are the positive and nega-

tive imbalance powers. Correspondingly, π↑ and π↓ are the up and down

regulating prices and πS+ and πS− are the prices of positive and negative

imbalance powers. The parameters β+ and β− are weighting factors used

to ensure that the electricity is rather traded in the day-ahead market

than settled as imbalance power if their prices are equal.

The constraint (3.39) represents the power balance between the day-

ahead procurement and the real-time consumption, which is the sum of

the fixed electricity demand and the real-time heating power, ER, as given

by (3.40). Since the control may increase the consumption of the con-

sumers, and thus the consumers’ cost, the evaluated increase is modeled

by (3.41), where ΔE+ is the evaluated increase in the consumption and

EF is the forecasted heat demand. The constraints (3.42) and (3.43) bound

the maximum values of the regulating powers and the positive (PA+) and

negative (PA−) adjustment powers, respectively. H↑
k,s and H↓

k,s in (3.42)

are predefined binary parameters ensuring that only down or up regula-

tion can be activated for an hour but not both. Thus, the parameters are

set to one if the hour is up (down) regulated and zero otherwise.

The constraints (3.44)–(3.49) represent the heating load after an adjust-

ment made at the beginning of the delivery hour. The adjusted heating

power, EA, consists of the forecasted heat demand and the positive and

negative adjustments, as defined in (3.44). The dependency of the heating
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power on the building thermal model is represented with (3.45)–(3.48),

and the allowed temperature band is bounded by (3.49). The superscript

A is used to mark the variables connected to the heating load model with

adjustments. Similarly, the heating load after the regulating power is

activated is modeled with (3.50)–(3.55). As the consumption is adjusted

before the regulation, the adjustments influence in (3.50). The superscript

R refers to the consumption and heating load model after the adjustments

and regulation.

Real-time scheduling

The ultimate purpose of the real-time scheduling is to update the ag-

gregator’s decisions based on recent measurements and forecasts. Thus,

the flexibility can be reallocated between the BPM and imbalance power

with updated information. Updated regulating power bids and the ad-

justments of the heating load are obtained as a result of the optimiza-

tion. Furthermore, it should be noted that the local optimization with the

rolling horizon procedure changes the consumption patterns continuously.

Consequently, the real-time scheduling of the aggregator is also required

to tackle these uncertainties.

The formulation is closely related to the second stage of the day-ahead

optimization when the day-ahead procurement becomes fixed. The main

differences in the real-time formulation compared to the day-ahead for-

mulation are the updated information and the fixed day-ahead procure-

ment, PDA, which is an input parameter instead of a variable. The real-

time scheduling is given by

max

Ω∑
ω=1

ρω

K∑
k=1

(
(m+ πk) · PR

k,ω

− (m+ πk) ·ΔE+
k,ω +

(
π↑k,ω · P ↑k,ω − π↓k,ω · P ↓k,ω

)

+
(
β+ · πS+

k,ω · P S+
k,ω − β− · πS−

k,ω · P S−
k,ω

))
(3.56)

subject to (3.39)–(3.55).

3.3 Demand response in frequency control

The frequency control of electric demand can be divided into local ac-

tions and centrally transmitted information. The latter is closely related
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to frequency restoration, which is implemented as a central control in

power systems. The restoration-related scheduling was already shortly

discussed in Section 3.2 but this section focuses more on the control. Fur-

thermore, the role of restoration is discussed in terms of its influence

on the potential of DR to provide reserves. In addition to the frequency

restoration, the participation of loads in the frequency containment pro-

cess is introduced with a corresponding local frequency control strategy.

Thus, this section extends the behavior of the loads in the emergency state

discussed in Section 3.1.4.

3.3.1 Introduction and literature review

As discussed earlier, there exists a great motivation for frequency con-

trolled DR. Firstly, the DR replaces partially loaded generation in fre-

quency control, which improves the economic operation of the system.

Secondly, frequency responsive demand has a positive influence on the

system reliability as it is able to rapidly react to disturbances. Thirdly, the

demand can also increase system inertia by reacting to the rate of change

of frequency (RoCoF) [85] but this is not considered in this thesis. De-

spite the advantages of the frequency responsive demand, the challenges

lie in the strict technical requirements of frequency controlled reserves,

complicating the design of the control strategies.

The control strategies for frequency controlled demand follow the design

of the conventional power system frequency control structure: reactions

to contingencies occur locally and restoration is managed centrally. Based

on the literature, demand-side has shown potential for both of these func-

tions. The division of the DR frequency control strategies into decentral-

ized and centralized strategies can be done in terms of the location of

frequency measurement. The authors in [86] provide a short comparison

of these approaches and their advantages and disadvantages. They write

that the centralized strategies offer an increased level of controllability

but the required communication system and vast amount of data may

burden implementation and operation. On the other hand, decentralized

approaches reduce the dependency on information exchange but local fre-

quency measurements may be erroneous and the installation of devices

causes its cost. Moreover, some communication link may still be required.
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A typical frequency control strategy for TCLs is based on the altering

of thermostat set-points in relation to the system frequency [87–93]. This

strategy, which is called thermostat set-point control in this thesis, en-

ables the loads to contribute to the frequency containment process as it is

able to rapidly respond to frequency variations. The practical implemen-

tation of the strategy is investigated in [90,91], where it was successfully

tested with DESH and refrigerators. However, the thermostat set-point

control strategy is also criticized in the literature, as it may cause the syn-

chronization of the loads’ on-off cycles and even make a system unstable

at its worst [94]. The same study proposes a decentralized and stochastic

approach to tackle the problem of synchronization. The synchronization

is also investigated in [95], where different local control logics for TCLs

are proposed.

Another common approach for the frequency control of electricity de-

mand is to define a frequency threshold, ruling when a load is switched

on or off [46, 88, 90, 91, 93]. The strategy is typically employed for emer-

gencies, and allows loads other than TCLs to participate in the frequency

control as well. A related strategy is proposed in [96], where the loads

utilize time-frequency characteristics to define their reaction to frequency

variations. The strategy aims to mimic conventional droop response when

applied over a population of different loads, such as refrigerators, freezers,

HVAC loads, and water heaters.

In general, the decentralized strategies behave somewhat similarly to

conventional droop control: they stabilize the frequency after a contin-

gency but are unable to restore the frequency to its nominal value. In

order to restore the frequency, a power system typically has centrally con-

trolled reserves, i.e., FRR in the European model. Further, regulation and

load following reserves, which are common in the United State and visible

in the literature, can also be considered to be FRRs [97]. The centralized

control strategies enabling DR in the restoration process can be divided

into direct load control (DLC) and different strategies with generic control

signals. DLC is utilized, for example, in [98] for regulation and in [99] for

tertiary control. The DLC is based on the ability to switch the controllable

devices (e.g. water heaters and HVAC systems) directly on or off, which

typically requires that the state of each device can be monitored or esti-

mated. Regulation and load following are also investigated in [63,67] but
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instead of direct on-off commands, the central controller sends a generic

control signal, switching the on-off state of a certain part of the loads. For

example in [67], the signal represents the probability for on-off switching.

The loads need to be able to interpret the signal and switch their state ac-

cordingly. Centralized strategies typically use a population model to solve

the communicated control commands.

In the centralized strategies, the requirement for a communication chan-

nel is obvious but a strong argument for the requirement also exists in

the case of decentralized strategies. The authors in [93] simulate the par-

ticipation of refrigerators in the frequency containment process (primary

control) while considering the diurnal and seasonal variations in the com-

mitted generators and the consumption of refrigerators. That is to say,

the available frequency controlled DR as well as the frequency dynamics

of the power system vary from hour to hour and from day to day. The

study highlights that fixed parameters in the local controller result in dif-

ferent frequency response in different situations, which may endanger the

system security and stress the generators. This observation supports the

requirement of a communication channel, enabling parameter updates.

In addition, the channel can be exploited when an aggregator schedules

the frequency responsive resources [46,62].

As the demand-side may become a new and beneficial source of flexibil-

ity for frequency control, there is reason to revise the current technical re-

quirements so that the DR is able to provide its greatest potential. Many

studies focusing on frequency controlled DR consider only the operation

of the strategy during a great contingency, whereas continuous operation

is not comprehensively analyzed. Therefore, possible biased frequency

and the exhaustion of DR energy capacity is not of concern. Furthermore,

the simulations in [93] indicate that the longer the activation of DR the

greater the rebound. This motivates the revision of the performance of

frequency restoration process.

3.3.2 Local frequency control strategy for TCL

If a power system experiences a severe fault, such as a tripping of a power

plant, the frequency may drop rapidly. Therefore, the disturbance re-

serves should react within seconds. After the disturbance, the frequency
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is restored within minutes, which again releases the first activated re-

serves. In addition to great disturbances, the frequency varies due to ran-

dom power imbalances in the system. As was earlier discussed in Section

2.2, the thesis considers a power system with the frequency containment

process and FCRs to autonomously react to frequency variations. The

utilization of DR in FCR is an attractive option as this reserve requires

mainly capacity instead of energy. In this thesis, the TCLs, namely DESH

and refrigerators, are assumed to participate in frequency containment

process. One possible approach for TCLs to become frequency-responsive

is to alter their thermostat set-point in proportion to the system frequency

[87]. For a single load, that can be mathematically expressed by

T
set

= T set +
1

2
ΔTH −Kr(f − fn) (3.57)

T set = T set − 1

2
ΔTH −Kr(f − fn) (3.58)

where T
set and T set are the upper and lower values of the thermostat hys-

teresis band, T set is the fixed temperature set-point, ΔTH is the width of

the thermostat hysteresis band, and Kr is the coefficient of temperature

change (◦C/Hz). Further, f is the system frequency and fn is the nominal

frequency of the system.

The dependency of the set-point on the frequency is also illustrated in

Fig. 3.8. When the strategy is applied to a single load, the load switches

its on-off state every time the internal temperature exceeds the hysteresis

T set

f n Frequency

Se
t-p
oi
nt

TH

Figure 3.8. Thermostat set-point control strategy for heating load participating in the
frequency containment process.
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band limits. If the strategy is implemented over several devices, the con-

sumption becomes frequency-responsive and the response is more linear

compared to the response of a single load. The adopted approach provides

a rapid and autonomous response to deviations in the frequency. The first

loads to react are the ones with the coolest or the hottest internal tem-

peratures, which depends on the regulation direction and whether cooling

or heating load is controlled. It is also possible to introduce the approach

with a frequency deadband, defining whether the loads react to all fre-

quency deviations or only great oscillations. For example, in the Nordic

system, FCR-D needs to react only if the frequency deviation is greater

than 0.1 Hz. In Publication I, the loads provide only FCR-D, which occurs

as the VPP enters the emergency state. Instead, the potential of refriger-

ators to provide FCR-N is investigated in Publication VI.

The grid codes typically define time limits within which each reserve

type should react to a frequency deviation and be fully activated. For ex-

ample, this is to say that FCRs are released within 15 minutes after the

occurrence of a disturbance. However, some loads start to switch back to

their pre-disturbance state already during this restoration period and the

switching continues after the frequency is restored. As a result, loads are

more likely to be in the same on-off state compared to their natural state

distribution without the reaction to the frequency. This phenomenon is

called synchronization, causing rebounds after disturbances. The sever-

ity of this post-fault power peak or sag depends on the controlled load

population and the experienced frequency deviation but it can complicate

the frequency restoration.

This thesis proposes a rebound reduction strategy aiming to reduce the

load synchronization. If the loads are not exposed to frequency devia-

tions, they have somewhat randomly distributed on-off cycles, which are

violated by sudden rises or drops in the system frequency. The proposed

strategy principally aims to preserve the natural cycles after the restora-

tion. In order to do so, a thermostat stores the on and off times of the

heating device and employs these values to predict the next switching.

This on-off switching is forced during a randomized time period after the

frequency is restored. The control logic embedded into the thermostats is

described by an algorithm presented in Publication I.
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3.3.3 Frequency restoration

The thesis investigates frequency restoration from two perspectives. Firstly,

the influence of the restoration process on the potential of the demand-

side to provide FCR is studied in Publication VI. Secondly, the utilization

of DR in the restoration process is considered in the coordination strate-

gies and further summarized in this section.

The role of frequency restoration on DR potential

After TCLs have autonomously and instantly responded to a frequency

deviation, the restoration process is activated to restore the frequency and

release the first activated reserves. The role of this process is important

if the locally reacting reserves are limited in energy capacity, which is the

case with TCLs. A long-lasting frequency deviation may exhaust these

resources and possibly cause a severe rebound. Thus, there is a reason to

inspect the entire process of frequency coordination in a power system so

that TCLs are effectively utilized in the frequency containment process.

The frequency control strategy for TCL described in Section 3.3.2 affects

the electricity consumption in two ways. First, the loads switch their state

when a frequency deviation occurs. This provides a rapid change in elec-

tricity consumption but the duration of the response is rather short as the

loads start to switch back to their initial state. The duration is naturally

affected by the thermal inertia and the initial internal temperature of the

load. Secondly, a new thermostat set-point level either increases or de-

creases the consumption in the steady state assuming that the frequency

deviates from the nominal value long enough. However, the change in the

consumption is rather minor compared to the change due to the immedi-

ate switching, and the new steady state is achieved slowly. Thus, the ther-

mostat set-point strategy is unable to maintain the power response over

long-lasting frequency deviations. When the TCLs start to return back

to their pre-disturbance state, other reserves are activated to replace the

response of TCLs.

As Section 2.2 summarized, power systems have frequency control pro-

cesses for which the purpose is to restore the frequency back to the nom-

inal level. Publication VI compares the automatic and manual frequency

restoration processes and how they affect the potential of TCLs to pro-
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vide FCR-N. The manual case is based on the Nordic system, where long-

lasting frequency deviations occur and FRR is only occasionally and man-

ually activated. In such a case, the frequency responsive consumption

should have a logic to cope with the frequency biases locally. In the other

investigated case, the power system is provided with an automatic and

continuous frequency restoration controller to reduce the bias as, for ex-

ample, in Continental Europe [20]. It is shown in Publication VI that

with proper frequency coordination the potential of the DR to provide fre-

quency response is improved.

DR as FRR

In addition to the frequency containment process, DR is applicable for

the frequency restoration process and thus can provide FRR. Since the

process is centrally controlled and initiated by the TSO, the aggregator

acts as an intermediary, controlling the loads and selling the reserve to

the markets. This topic is discussed, in terms of flexibility scheduling and

control, in Publication I as a part of the VPP operation and in Publication

V as a part of the hybrid coordination strategy.

In Publication I, the demand-side bidding is proposed as a possible ap-

proach to procure DR for FRR. The operation between the aggregator and

loads is implemented as described in Section 3.2.3 (demand-side bidding),

which provides the aggregator with knowledge about the volume of the

available regulating power and its price. This is further offered to the

BPM. If the TSO accepts an offered bid, the aggregator is obligated to

activate the provided power. This is achieved by utilizing DLC with the

following steps. First, the aggregator defines reference power for the ac-

tivation with an acceptable ramp rate (e.g. MW/min). Next, on or off

commands are communicated to so many loads, starting from the cheap-

est DR bid, that the reference power is achieved. The loads switch their

state accordingly and keep the commanded state until they have provided

the promised response. When the response is provided, they send a mes-

sage to the aggregator who can activate the next load from the selected

ones.

Whereas the approach in Publication I is based on the combination

of DLC and demand-side bidding, Publication V uses the hybrid coordi-

nation strategy, that is, the aggregator exploits the shared flexibility to
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schedule regulating power which is then provided to the BPM. The control

of the regulating power is implemented with the generic control signal dis-

cussed in Section 3.2.5. One should note that in the publication, the signal

is transmitted only once per hour. The accuracy of the resulting output

power is likely to be insufficient to fulfill the technical requirements of

the regulating power. Therefore, the approach could be supplemented by

a sub-hourly control able to track the reference power (requested power

by the TSO).
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4. Simulation studies and discussion

This chapter summarizes the results and topics covered in the publica-

tions, and discusses the main observations. Rather than presenting de-

tailed simulation outputs, the chapter aims to provide an overview on the

results and findings. Detailed results and simulation setups are visible

in the publications. Section 4.1 summarizes the flexibility types studied

in each publication and the possible DR related challenges tackled. In

Section 4.2, the performed simulation studies are summarized in terms of

the simulation aims and core findings. Finally, 4.3 lists observations and

recommendations regarding the DR harnessing framework investigated

in this thesis.

4.1 Summary of considered topics

DR is able to contribute to the different stages of the balance maintenance

process. Several of these are covered in the dissertation but in different

publications. Table 4.1 summarizes the markets and parts of the main-

tenance process considered in each publication. The connection to power

system flexibility is also presented. Further, each publication covers a cer-

tain DR or flexibility related challenge, such as the rebound due to control

or influence on the market prices, which are summarized in the table.

4.2 Summary of simulation results

This section shortly describes the simulation studies performed to test the

objectives of this thesis and summarizes the respective core findings.
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Table 4.1. Summary of markets, reserves, flexibility, and special topics studied in the
publications.

Publi-

cation

Market, Re-

serves

Flexibility provided

for

Challenge covered

P I FCR-D, FRRa Disturbances,

unscheduled varia-

tions

Rebound due to fre-

quency control of

TCL

P II Imbalance

powerb
Unscheduled varia-

tions, forecast er-

rors

Influence of the con-

trol on future con-

sumption

P III Day-ahead

marketc
Scheduled varia-

tions

Excess power genera-

tion, negative market

prices

P IV Day-ahead

market

Scheduled varia-

tions

DR influence on the

market prices

P V Day-ahead

market, BPM,

imbalance

power

Scheduled varia-

tions, unscheduled

variations, forecast

errors

Sharing flexibility be-

tween markets

P VI FCR-N, FRR Disturbances,

unscheduled varia-

tions

Coordination of sys-

tem frequency, lim-

ited energy capacity

a The connection of the reserves on the market environment is also discussed.
b The strategy steers the consumption to follow a certain target profile.
c The micro-CHP system exploits the spot-price to schedule its electricity demand.

VPP simulations

The proposed VPP for load aggregation was tested with Matlab simula-

tions in Publication I. Of particular interest was to illustrate the opera-

tion of the VPP as a part of the power balance maintenance process when

a power system experiences a severe fault. Fig. 4.1 depicts the activation

of different reserves (FCR-N/D, regulating power) when the system expe-

riences a loss of generation at 5 am. It can be seen how frequency respon-

sive DESH supports the conventional frequency controlled reserves by re-
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ducing consumption immediately after the fault. Next, the VPP starts to

reduce the ESSH load, i.e, provides up-regulating power, which releases

the first activated reserves. In the case shown in the figure, the VPP

follows the logic presented in Section 3.1.4: The VPP agent requests the

regulating power before the fault (normal state), the DESH loads react

locally when the frequency drops (emergency state), and the VPP agent

directly controls the ESSH loads off in order to provide regulating power

(restoration state).

4 6 8 10
Time [h]

-1

-0.5

0

0.5

P
ow

er
 [G

W
]

DR ESSH
DR DESH
Conventional FCR
Imbalance

Figure 4.1. Activated reserves between 4 am and 10 am (Publication I). Negative values
indicate reduced consumption and generation.

Coordination strategies

The price-based optimization strategies were mainly employed as a part

of the coordination strategies in the simulations. Consequently, a detailed

analysis on their benefit is not covered. In Publication I, Publication II,

Publication III, and Publication V, it was, however, observed how the cost-

minimizing loads tend to avoid price spikes and would rather consume

during low price periods. This kind of behavior shifts the consumption

from high demand to low demand periods. In Publication III, the simula-

tions particularly focused on investigating the operation of the micro-CHP

system during low price periods. It was observed that the probability of

electricity import increases once the hourly spot price decreases, i.e., the

system turns off the prime mover as it is more economical to supply the

electricity and heat demand from the grid. This increases the price elas-

ticity of consumption during low price hours and can help a power system

to utilize possible excess electricity generation.
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The demand-side bidding was employed for two different purposes in the

simulations. Firstly, the bids (quantity-price pairs) provided information

on available regulating power in Publication I. It was shown in the simu-

lations that the separate bids can be sorted to form a rising bidding curve

which can be further used to activate demand-side flexibility. The curve

describes the most expensive bid needed to be activated so that a certain

amount of regulating power is achieved. Secondly, Publication II used the

bidding and central bid activation optimization to reduce imbalance be-

tween a target load profile and the actual consumption. The performed

simulations indicated reduced imbalance without causing extra cost, so

that the inclusion of future information in the decision-making improved

the results. Both the aforementioned studies highlighted a challenge re-

lated to the combination of local cost-minimization with the hourly spot-

price and the bidding: The local optimization may schedule the consump-

tion unfavorably for the real-time adjustments. That is, the consumption

can only be increased during high-price and decreased during low-price

periods. For example, load reduction is typically valuable when spot prices

are high and up-regulating prices even higher.

The simulation studies with the central coordination strategy in Publi-

cation IV aimed to assess the value and influence of heating load flexibility

in the Elspot market as well as it analyzed the operation of the proposed

coordination strategy. Fig. 4.2 summarizes two central benefits of the

heating load flexibility. In the figure, the savings per controlled house

are presented as a function of the ratio of controllable heating load to the

aggregator’s total electricity demand. Firstly, the figure reveals how the

savings increase as the number of controllable buildings increases. This is

due to the aggregator’s ability to reduce spot-price spikes with the flexibil-

ity. Secondly, the ability to affect market prices becomes more valuable if

the aggregator also procures electricity for uncontrollable demand. With

the heating load flexibility, the buying price of the total electricity demand

of the aggregator can be reduced.

The hybrid coordination strategy was tested in simulations, which show-

cased its operation on an illustrative day in Publication V. The simula-

tion procedure closely followed the flowchart presented in Fig. 3.7. The

resulting time series for the day-ahead forecast and procurement, and the

actual load are depicted in Fig. 4.3(b). The pattern of the forecast (black
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Figure 4.2. Yearly savings per controlled house as a function of the heating load propor-
tion of the total load, i.e., the heating load is divided by the sum of heating
load and the fixed electricity consumption. In the figure, the fixed consump-
tion increases from left to right. Different lines indicate the cases with dif-
ferent numbers of aggregated buildings. The results are based on the simu-
lations with the control strategy II in Publication IV.

line) originates from the local cost-minimization aiming to exploit the low

price periods seen in Fig. 4.3(a). Instead of buying exactly this amount,

the aggregator procures (green line) less than forecasted at night time

and an excess for the morning and evening peak hours, i.e., it arbitrages

between the day-ahead and the BPM. By doing so, the aggregator can

procure the deficit demand from the BPM at a low price and increase

the amount of up-regulating power it can sell, improving the aggregator’s

profit. The actual consumption (dashed red line) is again close to the fore-

casted demand due to the activated regulation. Owing to the proposed

strategy, the aggregator is able to reserve flexibility for real-time opera-

tion. The reported results only show the average values for the actual

load calculated over the set of simulated scenarios, which were generated

as described in Publication V. During a single day, the actual load pro-

file, and also the monetary benefit, strongly depends on the actual real-

ized prices and the realized values of other random processes. Therefore,

losses are possible and the scenario generation should be done carefully

75



Simulation studies and discussion

0 3 6 9 12 15 18 21 23
Time [h]

20

40

60

80

100
Spot price
Up regulating price
Down regulating price

(a)

0 3 6 9 12 15 18 21 23
Time [h]

6

8

10

12

14

Lo
ad

 [k
W

h]

DA forecast
DA procurement
Actual load

(b)

Figure 4.3. Simulated behavior of the hybrid strategy on an illustrative day. (a) Spot
price and expected values of up and down regulating prices. (b) Day-ahead
load forecast and procurement, and actual load.

with accurate models.

Frequency control

The performance of DR in frequency control was simulated in Publica-

tion I, with particular focus on the operation during a severe fault in the

power system. One of the simulation targets was to demonstrate the re-

bound reduction strategy for TCLs. Fig. 4.4 showcases how the strategy

(forced switching in the figure) attenuates the power oscillations after the

disturbance. Furthermore, it can be seen in 4.4(b) that the frequency is

restored close to the nominal value more rapidly if the rebound effect is

reduced.

The role of restoration on the DR potential as FCR-N is studied in Pub-

lication VI. The methodology is based on the simulation of the thermo-

stat set-point control strategy with the restoration processes and the fre-

quency measured in the Nordic power system. The simulation setup mod-

eled the frequency dynamics of the system with a frequency responsive

refrigerator population. Fig. 4.5 depicts a snapshot of the simulated fre-

quency with and without the automatic FRR. As can be seen, the system
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Figure 4.4. (a) The effect of the rebound reduction strategy after a severe fault in the
power system. (b) The effect of the rebound reduction strategy on the sys-
tem frequency. ’Normal’ indicates the thermostat set-point control strategy
without the rebound reduction and ’Forced switching’ with it (Publication I).
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Figure 4.5. Illustration of the system frequency with mFRR and aFRR for a single day
(Publication VI). The automatic frequency restoration (aFRR) maintains the
frequency close to its nominal value.
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experiences long periods with frequency deviation in the case of manual

restoration (mFRR), but once automatic restoration is added (aFRR), the

frequency remains close to its nominal value.

The following observations were made regarding the role of frequency

restoration when TCLs are employed as FCR-N:

• The activation of conventional FCR is reduced with TCLs. The re-

duction is greater with automatic restoration.

• On the other hand, the inclusion of TCLs increases the use of aFRR

but the total activation of reserves (FCR+FRR) decreases.

• The quality of service the consumers experience is improved in the

aFRR case, as the temperature inside the refrigerator varies less.

This is illustrated in Fig. 4.6, presenting the variation of the tem-

perature during the simulation.

• TCLs contribute more to the FCR with the automatic restoration

without any deterioration in frequency quality, i.e., the standard de-

viation of the frequency does not increase. However, the frequency

nadir remains somewhat the same with both of the coordination

strategies.
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Figure 4.6. Distribution of mean temperature in the refrigerator population (Publication
VI).

4.3 Discussion on the framework for DR harnessing

Based on the work done for this thesis, it is evident that the harness-

ing of DR is challenging, particularly if the same flexibility resources are
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required for different purposes. As seen, for example, when the demand-

side bidding is studied in Publication II, even combining hourly schedul-

ing with real-time balancing complicates the system. Regarding the DR

harnessing framework investigated in this thesis, the following observa-

tions and recommendations can be made:

• The proposed VPP is sufficient to deliver information within the ag-

gregation framework. Depending on the coordination strategy, the

delivered messages and their timing can vary.

• Even though the loads react to the frequency locally, it is recom-

mendable that the loads can be communicated with. This allows the

aggregator to update control parameters if needed.

• It is recommendable that the loads reacting to the frequency locally

are providing only this type of flexibility. As there is no evidence how

different control strategies interact with the frequency controlled

load population, they should be kept separate. For example, the

refrigerators can be reserved for frequency control.

• Local optimization is advisable for resource scheduling as local needs

and details can be easily included. The optimized consumption pro-

vides a base load profile for daily operation if the spot-price is em-

ployed in the optimization. The aggregator should consider the op-

timized load profile when participating in the day-ahead electricity

market.

• Local optimization should be extended with functionality enabling

centralized adjustments. For this purpose, this thesis proposed bid-

ding and shared flexibility with centralized control. With the cen-

tralized adjustments, global requirements, such as own imbalances

and system reserves, can be considered. Furthermore, as seen in

Publication IV and Publication V, central control enables the aggre-

gator to influence the base load, which further affects the market

prices and reserves the flexibility for real-time operation.

• A crucial part of the centralized adjustments is to consider its in-

fluence on the future base load. That is, the control changes the

consumption profile and may cause undesired imbalance in the fu-

ture.
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• Centralized control is also required for the frequency restoration.

The loads can participate in the restoration process via the balanc-

ing power market.

• Well coordinated frequency restoration in a power system increases

the potential of DR in the frequency containment process.
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DR shows the potential to improve power systems in several sectors, in-

cluding electricity markets and system reliability, owing to the flexibility

it provides for the system. Therefore, this thesis investigated how the

demand-side flexibility can be harnessed and aimed to propose a frame-

work for it. This problem was divided into three objectives: the aggrega-

tion of loads, the coordination of the demand-side flexibility, and the par-

ticipation of loads in frequency control. Within the framework, the loads

were able to participate in the maintenance of power balance in different

time scales, from frequency control to the day-ahead electricity market.

The harnessing of DR requires load aggregation, since a single device

or a household is unable to participate in power system markets directly.

Through aggregation, the dispersed resources form a greater unit that fits

the current power system structures better than a single device. As the

first main contribution, this thesis proposed an aggregator owned VPP

for the residential heating load aggregation in Publication I. The purpose

of the VPP was to deliver information between the loads and the aggre-

gator during the daily operation. The described states enabled the VPP

to automatically operate when power imbalances occurred in the power

system.

The process of balance maintenance consists of several sub-processes

and markets where DR can be advantageous. At the same time, the con-

sumers may favor different kinds of DR programs and they may have dif-

ferent controllable devices. Thus, several coordination strategies for DR

were proposed, which is the second main contribution of the thesis. The

purpose of the strategies was to schedule and control the consumption to

allow the aggregator to utilize the DR in different applications. Further-
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more, the rewarding of the consumers participating in the DR programs

was considered. Publications from Publication I to Publication III focused

on decentralized approaches, i.e., the loads have freedom to schedule their

resources locally. It was demonstrated that the consumption can be sched-

uled to avoid price spikes and to benefit from low price periods. The price

responsiveness of the consumption was increased. Furthermore, Publica-

tion I and Publication II extended the local optimization with an ability

for demand-side bidding, which enabled the aggregator to procure flexi-

bility from the loads in real-time. Through the bidding, the aggregator

became aware of the price and volume of the available power while the

possible influence on future consumption was tackled.

In contrast to the decentralized approach, the thesis investigated a generic

control signal and the centralized coordination of heating load in Publica-

tion IV. This approach allowed the aggregator to schedule the flexibility

for a day-ahead market and later adjust the consumption. The ability

to modify the consumption in the market was demonstrated to be benefi-

cial, particularly if there is a risk for price spikes. The decentralized and

centralized approaches were combined to a hybrid strategy in Publication

V. The advantage of the hybrid strategy was that the loads can schedule

their consumption locally, while the aggregator was allowed to slightly ad-

just the consumption. This enabled the scheduling of consumption for the

day-ahead market as well as real-time adjustments to remove imbalances

and to provide regulating power.

A possible application for demand-side flexibility is the frequency con-

trol of a power system. The DR provides an attractive source of frequency

controlled reserves as the reserves require power rather than energy. As

the third main contribution, the thesis considers frequency controlled DR

as a part of the proposed framework. Locally, TCLs, such as the radiators

in DESH and refrigerators, participated in the frequency control. They

were able to react automatically and instantaneously to power imbalances

in the system. Publication I proposed a frequency control strategy for

large disturbances, considering the rebound effect. The TCLs in the fre-

quency containment process in general were investigated in Publication

VI, which considered the influence of the frequency restoration process

on the potential of DR to provide FCR. It was concluded that DR is able

to contribute more to the containment process as long as the restoration
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process removes long-lasting frequency deviations. The participation of

electricity demand in frequency restoration was discussed in Publication

I and Publication V.

For future studies, the challenge of harnessing demand-side flexibility

offers several potential research problems. Firstly, DR is applicable in dif-

ferent balance maintenance processes and markets, where it needs to be

effectively allocated. One interesting challenge is the scheduling of the

TCL flexibility between the electricity market and frequency controlled

reserves. The problem is caused by the fact that hourly average consump-

tions are sufficient for the electricity market whereas for frequency con-

trol, the exact on-off cycles of the devices need to be considered. Secondly,

DR is not only beneficial in the maintenance of power balance; it may also

be needed in the grid to remove possible bottlenecks. Therefore, the co-

ordination strategies should be directed towards enabling the inclusion of

spatial information, which further enables the mitigation of network con-

gestion. Thirdly, even though several coordination strategies were pro-

posed in the thesis, distributed and collaborative strategies were not con-

sidered. That is, the aggregator and loads have a common target but the

problem is divided among the participants. Such strategies provide an

alternative way to approach the harnessing problem. Finally, the thesis

only focused on a few different residential load types but other loads, such

as EVs, heat pumps, and water heaters, should also be considered in the

future studies.
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[43] H. Pandžić, J. M. Morales, A. J. Conejo, and I. Kuzle, “Offering model for
a virtual power plant based on stochastic programming,” Appl. Energy, vol.
105, pp. 282–292, May 2013.

[44] M. Vasirani, R. Kota, R. L. G. Cavalcante, S. Ossowski, and N. R. Jennings,
“An agent-based approach to virtual power plants of wind power generators
and electric vehicles,” IEEE Trans. Smart Grid, vol. 4, no. 3, pp. 1314–1322,
Sept. 2013.

[45] E. G. Kardakos, C. K. Simoglou, and A. G. Bakirtzis, “Optimal offering strat-
egy of a virtual power plant: A stochastic bi-level approach,” IEEE Trans.
Smart Grid, vol. 7, no. 2, pp. 794–806, Mar. 2016.

[46] B. Biegel, L. H. Hansen, P. Andersen, and J. Stoustrup, “Primary control by
ON/OFF demand-side devices,” IEEE Trans. Smart Grid, vol. 4, no. 4, pp.
2061–2071, Dec. 2013.

[47] V. C. Gungor, D. Sahin, T. Kocak, S. Ergut, C. Buccella, C. Cecati, and G. P.
Hancke, “Smart grid technologies: Communication technologies and stan-
dards,” IEEE Trans. Ind. Informat., vol. 7, no. 4, pp. 529–539, Nov. 2011.

[48] S. K. Aggarwal, L. M. Saini, and A. Kumar, “Electricity price forecasting
in deregulated markets: A review and evaluation,” Int. J. Electr. Power &
Enery Syst., vol. 31, no. 1, pp. 13–22, Jan. 2009.

[49] H. Zhao and F. Magoulès, “A review on the prediction of building energy
consumption,” Renew. Sustainable Energy Rev., vol. 16, no. 6, pp. 3586–
3592, Aug. 2012.

[50] A. J. Conejo, M. Carrión, and J. M. Morales, Decision making under uncer-
tainty in electricity markets. New York, USA: Springer, 2010.

88



References

[51] S. McArthur, E. Davidson, V. Catterson, A. Dimeas, N. Hatziargyriou,
F. Ponci, and T. Funabashi, “Multi-agent systems for power engineering ap-
plications – part I: Concepts, approaches, and technical challenges,” IEEE
Trans. Power Syst., vol. 22, no. 4, pp. 1743–1752, Nov. 2007.

[52] L. Hernandez, C. Baladron, J. Aguiar, B. Carro, A. Sanchez-Esguevillas,
J. Lloret, D. Chinarro, J. Gomez-Sanz, and D. Cook, “A multi-agent system
architecture for smart grid management and forecasting of energy demand
in virtual power plants,” IEEE Commun. Mag., vol. 51, no. 1, pp. 106–113,
Jan. 2013.

[53] M. Z. Degefa, A. Alahäivälä, O. Kilkki, M. Humayun, I. Seilonen, V. Vy-
atkin, and M. Lehtonen, “MAS-based modeling of active distribution net-
work: The simulation of emerging behaviors,” IEEE Trans. Smart Grid,
vol. PP, no. 99, pp. 1–9, 2016.

[54] M. Avci, M. Erkoc, A. Rahmani, and S. Asfour, “Model predictive HVAC
load control in buildings using real-time electricity pricing ,” Energy Build.,
vol. 60, pp. 199–209, May 2013.

[55] Y. Zong, D. Kullmann, A. Thavlov, O. Gehrke, and H. Bindner, “Applica-
tion of model predictive control for active load management in a distributed
power system with high wind penetration,” IEEE Trans. Smart Grid, vol. 3,
no. 2, pp. 1055–1062, June 2012.

[56] C. Chen, J. Wang, Y. Heo, and S. Kishore, “MPC-based appliance scheduling
for residential building energy management controller,” IEEE Trans. Smart
Grid, vol. 4, no. 3, pp. 1401–1410, Sept. 2013.

[57] Z. Zhao, W. C. Lee, Y. Shin, and K.-B. Song, “An optimal power scheduling
method for demand response in home energy management system,” IEEE
Trans. Smart Grid, vol. 4, no. 3, pp. 1391–1400, Sept. 2013.

[58] M. Ali, J. Jokisalo, K. Siren, and M. Lehtonen, “Combining the demand
response of direct electric space heating and partial thermal storage using
LP optimization,” Elect. Power Syst. Res., vol. 106, no. 0, pp. 160–167, Jan.
2014.

[59] A.-H. Mohsenian-Rad and A. Leon-Garcia, “Optimal residential load control
with price prediction in real-time electricity pricing environments,” IEEE
Trans. Smart Grid, vol. 1, no. 2, pp. 120–133, Sept. 2010.

[60] O. Shaneb, P. Taylor, and G. Coates, “Optimal online operation of residential
μCHP systems using linear programming,” Energy Build., vol. 44, no. 0, pp.
17–25, 2012.

[61] M. Houwing, R. Negenborn, and B. De Schutter, “Demand response with
micro-CHP systems,” Proc. IEEE, vol. 99, no. 1, pp. 200–213, Jan. 2011.

[62] S. Weckx, R. D’Hulst, and J. Driesen, “Primary and secondary frequency
support by a multi-agent demand control system,” IEEE Trans. Power Syst.,
vol. 30, no. 3, pp. 1394–1404, May 2015.

89



References

[63] D. S. Callaway, “Tapping the energy storage potential in electric loads to de-
liver load following and regulation, with application to wind energy,” Energ.
Convers. Manage., vol. 50, no. 5, pp. 1389–1400, May 2009.

[64] N. Lu and Y. Zhang, “Design considerations of a centralized load controller
using thermostatically controlled appliances for continuous regulation re-
serves,” IEEE Trans. Smart Grid, vol. 4, no. 2, pp. 914–921, June 2013.

[65] J. Kondoh, N. Lu, and D. Hammerstrom, “An evaluation of the water heater
load potential for providing regulation service,” IEEE Trans. Power Syst.,
vol. 26, no. 3, pp. 1309–1316, Dec. 2011.

[66] J. L. Mathieu, S. Koch, and D. S. Callaway, “State estimation and control of
electric loads to manage real-time energy imbalance,” IEEE Trans. Power
Syst., vol. 28, no. 1, pp. 430–440, Feb. 2013.

[67] W. Zhang, J. Lian, C.-Y. Chang, and K. Kalsi, “Aggregated modeling and
control of air conditioning loads for demand response,” IEEE Trans. Power
Syst., vol. 28, no. 4, pp. 4655–4664, Nov. 2013.

[68] J. Mathieu, M. Kamgarpour, J. Lygeros, G. Andersson, and D. Callaway,
“Arbitraging intraday wholesale energy market prices with aggregations of
thermostatic loads,” IEEE Trans. Power Syst., vol. 30, no. 2, pp. 763–772,
Mar. 2015.

[69] M. Zugno, J. M. Morales, P. Pinson, and H. Madsen, “A bilevel model for elec-
tricity retailers’ participation in a demand response market environment,”
Energ. Econ., vol. 36, pp. 182–197, Mar. 2013.

[70] P. Nyeng and J. Ostergaard, “Information and communications systems for
control-by-price of distributed energy resources and flexible demand,” IEEE
Trans. Smart Grid, vol. 2, no. 2, pp. 334–341, June 2011.

[71] O. Corradi, H. Ochsenfeld, H. Madsen, and P. Pinson, “Controlling electric-
ity consumption by forecasting its response to varying prices,” IEEE Trans.
Power Syst., vol. 28, no. 1, pp. 421–429, Feb. 2013.

[72] G. Dorini, P. Pinson, and H. Madsen, “Chance-constrained optimization of
demand response to price signals,” IEEE Trans. Smart Grid, vol. 4, no. 4,
pp. 2072–2080, Dec. 2013.

[73] A. Molderink, V. Bakker, M. G. C. Bosman, J. Hurink, and G. J. M. Smit,
“Management and control of domestic smart grid technology,” IEEE Trans.
Smart Grid, vol. 1, no. 2, pp. 109–119, Sept. 2010.

[74] M. Heleno, M. A. Matos, and J. P. Lopes, “A bottom-up approach to leverage
the participation of residential aggregators in reserve services markets,”
Elect. Power Syst. Res., July 2016.

[75] A. Safdarian, M. Ali, M. Fotuhi-Firuzabad, and M. Lehtonen, “Domestic
EWH and HVAC management in smart grids: Potential benefits and real-
ization ,” Elect. Power Syst. Res., vol. 134, pp. 38–46, May 2016.

90



References

[76] C. O. Adika and L. Wang, “Smart charging and appliance scheduling ap-
proaches to demand side management,” Int. J. Electr. Power & Enery Syst.,
vol. 57, no. 0, pp. 232–240, May 2014.

[77] M. Hajati, H. Seifi, and M. K. Sheikh-El-Eslami, “Optimal retailer bidding
in a DA market – a new method considering risk and demand elasticity ,”
Energy, vol. 36, no. 2, pp. 1332–1339, 2011.

[78] O. Kilkki, A. Alahäivälä, and I. Seilonen, “Optimized control of price-based
demand response with electric storage space heating,” IEEE Trans. Ind.
Informat., vol. 11, no. 1, pp. 281–288, Feb. 2015.

[79] D. T. Nguyen and L. B. Le, “Optimal bidding strategy for microgrids con-
sidering renewable energy and building thermal dynamics,” IEEE Trans.
Smart Grid, vol. 5, no. 4, pp. 1608–1620, July 2014.

[80] H. Hao, B. M. Sanandaji, K. Poolla, and T. L. Vincent, “Aggregate flexibility
of thermostatically controlled loads,” IEEE Trans. Power Syst., vol. 30, no. 1,
pp. 189–198, Jan. 2015.

[81] D. T. Nguyen and L. B. Le, “Risk-constrained profit maximization for micro-
grid aggregators with demand response,” IEEE Trans. Smart Grid, vol. 6,
no. 1, pp. 135–146, Jan. 2015.

[82] R. Kara, The Handbook of Electrical Heating. Espoo, Finland: The Elec-
trical Contractors’ Association of Finland, 1994.

[83] S. de la Torre, J. Arroyo, A. Conejo, and J. Contreras, “Price maker self-
scheduling in a pool-based electricity market: A mixed-integer LP ap-
proach,” IEEE Trans. Power Syst., vol. 17, no. 4, pp. 1037–1042, Nov. 2002.

[84] R. Herranz, A. Munoz San Roque, J. Villar, and F. Campos, “Optimal
demand-side bidding strategies in electricity spot markets,” IEEE Trans.
Power Syst., vol. 27, no. 3, pp. 1204–1213, Aug. 2012.

[85] V. Trovato, S. H. Tindemans, and G. Strbac, “Demand response contribution
to effective inertia for system security in the GB 2020 gone green scenario,”
in IEEE PES ISGT Europe 2013, Copenhagen, Denmark, 2013, pp. 1–5.

[86] K. Dehghanpour and S. Afsharnia, “Electrical demand side contribution to
frequency control in power systems: A review on technical aspects,” Renew.
Sustainable Energy Rev., vol. 41, pp. 1267–1276, Jan. 2015.

[87] J. Short, D. Infield, and L. Freris, “Stabilization of grid frequency through
dynamic demand control,” IEEE Trans. Power Syst., vol. 22, no. 3, pp. 1284–
1293, Aug. 2007.

[88] Z. Xu, J. Ostergaard, and M. Togeby, “Demand as frequency controlled re-
serve,” IEEE Trans. Power Syst., vol. 26, no. 3, pp. 1062–1071, Oct. 2011.

[89] A. Rautiainen, S. Repo, and P. Järventausta, “Using frequency dependent
electric space heating loads to manage frequency disturbances in power sys-
tems,” in PowerTech, 2009 IEEE, Bucharest, Romania, June/July 2009, pp.
1–6.

91



References

[90] P. Douglass, R. Garcia-Valle, P. Nyeng, J. Østergaard, and M. Togeby,
“Demand as frequency controlled reserve: Implementation and practical
demonstration,” in IEEE PES ISGT Europe 2011, Manchester, United King-
dom, 2011, pp. 1–7.

[91] ——, “Smart demand for frequency regulation: Experimental results,”
IEEE Trans. Smart Grid, vol. 4, no. 3, pp. 1713–1720, Sept. 2013.

[92] P. Nyeng, J. Østergaard, M. Togeby, and J. Hethey, “Design and implemen-
tation of frequency-responsive thermostat control,” in Universities Power
Engineering Conference (UPEC) 2010, Cardiff, United Kingdom, 2010, pp.
1–6.

[93] H. W. Qazi and D. Flynn, “Analysing the impact of large-scale decentralised
demand side response on frequency stability,” Int. J. Electr. Power & Enery
Syst., vol. 80, pp. 1–9, Sept. 2016.

[94] D. Angeli and P.-A. Kountouriotis, “A stochastic approach to "dynamic-
demand" refrigerator control,” IEEE Trans. Control Syst. Technol, vol. 20,
no. 3, pp. 581–592, May 2012.

[95] N. A. Sinitsyn, S. Kundu, and S. Backhaus, “Safe protocols for generating
power pulses with heterogeneous populations of thermostatically controlled
loads,” Energy Convers. Manage., vol. 67, no. 0, pp. 297–308, Mar. 2013.

[96] A. Molina-García, F. Bouffard, and D. Kirschen, “Decentralized demand-
side contribution to primary frequency control,” IEEE Trans. Power Syst.,
vol. 26, no. 1, pp. 411–419, Feb. 2011.

[97] E. Ela, M. Milligan and B. Kirby, "Operating Reserves and Variable Gener-
ation", Tech. Rep., Aug. 2011.

[98] N. Lu, “An evaluation of the HVAC load potential for providing load bal-
ancing service,” IEEE Trans. Smart Grid, vol. 3, no. 3, pp. 1263–1270, Mar.
2012.

[99] O. Sundstrom, C. Binding, D. Gantenbein, D. Berner, and W.-C. Rumsch,
“Aggregating the flexibility provided by domestic hot-water boilers to offer
tertiary regulation power in Switzerland,” in IEEE PES ISGT Europe 2012,
Berlin, Germany, Oct. 2012, pp. 1–7.

92



Errata

Publication II

In Fig. 2, the index t+B + 1 should be t+B + 4.

93



ecnalab a eveihca tsum smetsys rewoP  
ni noitpmusnoc dna noitareneg neewteb  

sah ksat sihT .noitcnuf ot redro  
yb ylniam demrofrep neeb yllanoitnevnoc  

.dnamed yticirtcele gniwollof srotareneg  
htiw gnignahc si mgidarap a hcus ,revewoH  

,noitareneg rewop elbairav fo ecnegreme eht  
oT .metsys rewop elbixefl a seriuqer hcihw  

wen ,ytilibixefl metsys rewop esaercni  
A .dedeen era secruoser dna sehcaorppa  

yticirtcele si ytilibixefl fo ecruos gnisimorp  
ot deretla eb nac ti nehw ,noitpmusnoc  

.metsys rewop eht fo noitarepo eht tfieneb  
dnamed ro ,ytilibixefl edis-dnamed sihT  
ehT .siseht siht ni sucof eht si ,esnopser  
taht krowemarf a sesoporp noitatressid  

etapicitrap ot noitpmusnoc yticirtcele selbane  
fo ecnanetniam eht fo segats tnereffid eht ni  

 .ecnalab rewop

-o
tl

a
A

D
D

 
6

2
/

 7
10

2

 +f
hjch

a*GM
FTSH

9  NBSI 5-7927-06-259-879  )detnirp( 
 NBSI 8-6927-06-259-879  )fdp( 

 L-NSSI  4394-9971
 NSSI 4394-9971  )detnirp( 
 NSSI 2494-9971  )fdp( 

 
ytisrevinU otlaA  

gnireenignE lacirtcelE fo loohcS  
noitamotuA dna gnireenignE lacirtcelE fo tnemtrapeD  

 if.otlaa.www

 + SSENISUB
 YMONOCE

 
 + TRA

 + NGISED
 ERUTCETIHCRA

 
 + ECNEICS

 YGOLONHCET
 

 REVOSSORC
 

 LAROTCOD
 SNOITATRESSID

 ä
lä

vi
äh

al
A i

tt
n

A
 y

til
ib

ix
el

F 
me

ts
yS

 r
e

wo
P 

ro
f 

es
no

ps
e

R 
dn

a
me

D 
gn

is
se

nr
a

H
 y

ti
sr

ev
i

n
U 

otl
a

A

 7102

 noitamotuA dna gnireenignE lacirtcelE fo tnemtrapeD

dnameD gnissenraH  
metsyS rewoP rof esnopseR  

 ytilibixelF
 sdaoL dellortnoC yllacitatsomrehT dna gnitaeH laitnediseR

 äläviähalA ittnA

 LAROTCOD
 SNOITATRESSID


	Aalto_DD_2017_026_Alahaivala_verkkoversio

