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Abstract

The rising penetration of intermittent and inertia-free generation such as wind power
and photovoltaics has increased the need for flexibility in power systems. The variable
renewable energy-based generation has introduced new technical challenges to balance
management as well as economical challenges to the functioning of the power markets,
jeopardizing the security of the whole power system. Demand response (DR) has the
possibility to respond to the short-term reliability issues as one of the cheapest tools
available. The aim of this thesis is to study aggregated DR in a virtual power plant
context and to examine whether a relay-activated HVAC loads can be connected to
the linear FCR-N reserve market by combining different demand-side loads together.
This thesis reviewed the basic concepts of DR and virtual power plants, identified
the most important DR assets and their characteristics, and described the flexibility
attributes of demand-side resources for the critical evaluation of their DR potential.
In addition, it assessed the potential of DR in Finland. Finally, it developed a
novel aggregation framework based on coordinated control of the resource pool, and
modelled two different types of resources in a case study. The case study results
showed that a) the most common HVAC loads, i.e., chillers and air handling units can
participate together in fast DR program such as the Finnish FCR-N successfully with
the minimum impact to end-users or wear-down of the resources, and b) aggregating
various demand-side loads together can provide a level of frequency regulation that
none of the resources could provide individually. Furthermore, the results indicated
that the share of relay-connected loads in the resource pool should be less than 50
percent of the total upregulation-capacity to comply with the FCR-N market rules.
There is a need to define a proper framework for building automation systems,
including suitable standards and protocols to enable the easy participation of demandside loads in balance management. The lack of standards increases the initial costs
of flexibility, reducing the full potential of DR. Moreover, most of demand-side loads
utilized in DR services are not originally designed for flexible operation. Therefore,
considering the costs of flexibility and the end-user acceptance for load interventions,
the achievable potential of DR might be substantially lower than expected in the
literature. The main new sources for flexibility in the near future consist of commercial
HVAC loads and electric vehicles. In addition, energy storage systems display a high
potential.
Keywords Demand Response, Aggregated Demand Response, Virtual Power Plant
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Tiivistelmä

Uusiutuvien energiamuotojen kuten tuuli- ja aurinkoenergian lisääntyminen sähköjärjestelmässä on lisännyt verkon joustokyvyn tarvetta epäsäännöllisen sähköntuotannon
ja inertian puutteen vuoksi. Uusiutuvan tuotannon luomat häiriöt verkon tasapainotuksessa ja sähkömarkkinoiden toiminnassa voivat pahimmillaan johtaa koko
voimajärjestelmän käyttövarmuuden vaarantumiseen. Kysyntäjoustolla on mahdollisuus vastata lyhytaikaisiin tasapainotusongelmiin yhtenä halvimpana vaihtoehtona.
Tämän diplomityön tavoitteena on tutkia aggregoitua kysyntäjoustoa virtuaalivoimalaitoksessa ja selvittää, voidaanko relekytkettyjä LVI kuormia yhdistää nopeaan
FCR-N kysyntäjoustomarkkinaan aggregoimalla eri kuormia yhteen.
Diplomityö tarkasteli kysyntäjouston ja virtuaalivoimalaitoksien peruskäsitteitä,
identifioi tärkeimmät kysyntäjoustoresurssit ja niiden ominaisuudet, sekä määritteli
kysyntäjouston tärkeimmät suureet, mahdollistaen eri joustoresurssien kriittisen
vertailun keskenään. Näiden lisäksi Suomessa olevaa kysyntäjoustonpotentiaalia
arvioitiin. Lopulta diplomityössä kehitettiin viitekehys joustoresurssien aggregointiin
ja aggregoidun reservin koordinointiin, sekä mallinnettiin kahta eri joustoresurssia
tapaustutkimuksessa. Tapaustutkimuksen tulokset osoittivat, että a) yleisimmät
LVI kuormat, eli ilmanvaihto- ja vedenjäähdytyskoneet voidaan liittää nopeaan
kysyntäjoustomarkkinaan ilman negatiivisia vaikutuksia sisäilmaolosuhteisiin tai
laitteiden elinikään, sekä b) aggregoimalla joustoresursseja yhteen voidaan tuottaa
suurempaa joustokykyä kuin mihin laitteet pystyisivät yksinään.
Suomessa on tarve määritellä tarpeelliset viitekehykset ja standardit taloautomaatiojärjestelmiin kysyntäjoustoa varten. Viitekehyksien puute pakottaa joustooperaattorit kehittämään omia ratkaisuja kuormien integroimiseksi markkinoille, ja
täten nostaa jouston investointikustannuksia sekä vähentää saatavilla olevaa joustopotentiaalia. On tärkeää myös huomata, että suurin osa kysyntäjoustoon integroiduista
kulutuspuolen kuormista ei ole alun perin suunniteltu joustavaan operointiin. Ottaen
huomioon loppukäyttäjien hyväksynnän kulutuksen keskeytyksiin ja nykyisen jouston
markkina-arvon, kysyntäjouston todellinen potentiaali saattaa olla huomattavasti
pienempi kuin kirjallisuudessa on oletettu. Tärkeimmät uudet lähitulevaisuuden
jouston lähteet ovat kaupallisten kiinteistöjen LVI järjestelmät sekä sähköautot.
Energiavarastot osoittavat myös suurta kysyntäjoustopotentiaalia.
Avainsanat Kysyntäjousto, Aggregoitu kysyntäjousto, Virtuaalivoimalaitos
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aFRR
AHU
BESS
BRP
CAES
CHP
DER
DG
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DSM
DSO
EMS
ENTSO-E
EV
FCR
FCR-N
FCR-D
FES
FFR
FRR
HVAC
HVDC
ICT
mFRR
OTC
SCADA
TSO
VPP
VRE
V2G

Automatic Frequency Restoration Reserve
Air Handling Unit
Battery Energy Storage System
Balance Responsible Party
Compressed Air Energy Storage
Combined Heat and Power
Distributed Energy Resources
Distributed Generation
Demand Response
Demand Side Management
Distribution System Operator
Energy Management System
European Network of Transmission System Operators
Electric Vehicle
Frequency Containment Reserves
Frequency Containment Reserve for Normal Operation
Frequency Containment Reserve for Disturbances
Flywheel Energy Storage
Fast Frequency Reserve
Frequency Restoration Reserves
Heating Ventilation and Air Conditioning
High Voltage Direct Current
Information Communication Technology
Manual Frequency Restoration Reserve
Over-the-Counter market
Supervisory Control and Data Acquisition
Transmission System Operator
Virtual Power Plant
Variable Renewable Energy
Vehicle-to-Grid

1

Introduction

The global energy system is at transition. The climate-driven pressure to shift into
renewable and decarbonized electricity generation is introducing new economical and
technical challenges to power system infrastructure. Continuously increasing penetration of variable renewable energies (VREs) such as wind and photovoltaic generation
is affecting power system stability at transmission level due to the stochastic nature
of the generation and loss of inertia. In the more traditional frame, production has
followed consumption, but since these weather-dependent production methods cause
uncertainty to available power, new strategies are needed.
Because electricity cannot be stored easily, it must be consumed at the same
instant as it is produced. Therefore, the consumption of electricity must be matched
by the generation of electricity at each point in time. The balance between these two
is described by the power system frequency, and the nominal frequency in Nordic
synchronous region is 50.00 Hz. If the demand for electricity is higher than the
generation, the frequency starts to fall below the nominal value. Similarly, if the
generation of electricity is higher than the demand, frequency starts to rise above
the nominal level. Too high or too low system frequency can trigger disconnection of
system components and ultimately lead to power system blackout. Therefore, it is
critical to maintain safe power balance level at all times. [1]
Balance management, also called frequency regulation, is done for the most part
by each party operating in the electricity market. These market operators are referred
to as balance responsible parties and they are obligated to plan and balance their
production and consumption in advance. In practice, however, these plans deviate
and the market cannot do the balancing entirely by itself. Thus, transmission system
operators (TSOs) are needed to maintain real-time balance of demand and supply. In
addition of maintaining their own power reserves, the TSOs operate ancillary service
markets, or more commonly referred as reserve markets in the Nordics, from which
the TSOs buy balance management capacities on pure market-terms. These reserve
markets are used to ensure the balance between production and consumption is met
in real-time. Reserve markets can be seen as the last step of electricity markets, after
year-ahead, month ahead, day-ahead and intra-day markets. [1, 2]
The requirement for the highest frequency deviation during the normal state is
between 49.90 and 50.10 Hz in the Nordic region. The TSOs do not necessarily strive
to maintain exactly 50.00 Hz at all times, but rather to optimize grid operation
within the normal range. According to the System Operator Agreement between
the Nordic TSOs, the goal for time deviation outside the normal frequency band
is 10,000 minutes per year. [3] Figure 1 illustrates frequency quality in the Nordic
region between 2001 and 2016. Looking at the data, the floating average has hardly
achieved its goal since 2010. Maintaining the frequency deviation at 50±0.1 Hz has
indeed proved increasingly difficult for the Nordic TSOs. According to European
Network of Transmission System Operators for Electricity (ENTSO-E), developments
in the power system up to 2025 will lead to an additional deterioration of frequency
quality if no new appropriate measures are taken. [4]
Another frequency control problem is the loss of power system inertia. In tra-
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Figure 1: Development of frequency quality in the Nordic synchronous region from
2001 to 2016 [3].
ditional power generation mix, transient stabilization has been provided from the
kinetic energy of rotating masses connected to the grid, i.e., from synchronous generators. However, when old power plants are decommissioned and the share of inverter
connected VREs increases in the total mix, this stabilization factor disappears. This
results in a situation where frequency dynamics are much larger compared to power
system with high inertia. [5] The frequency dynamics of a power system losing a
large power plant is demonstrated in Figure 2. The amount of inertia in the system
determines the steepness of the frequency dip, demonstrated by the figure. As power
plant equipment are optimized to operate in a very narrow margin, avoiding large
frequency deviations is critical. For instance, in a case of severe frequency drop,
grid-coupled steam turbine blades are heavily stressed due to oscillations, possibly
damaging the valuable machine. Moreover, the speed and voltage of the generator
decreases proportionally to the grid frequency, driving excitation to reach its limits
and thermally overloading the stator and rotor of the machine. These abnormal
conditions may lead the generation unit to trip due to protective relay activation,
which in the worst case can lead into an avalanche of generator trips and ultimately
to complete power system black-out. [6]
This type of event took place in Great Britain on August 9th 2019. During the
event, a cumulative loss of 1.13 GW of generation by lightning strike caused local
power system frequency to rapidly fall, which in turn caused system component
disconnections from the grid by under-frequency relay protection. In this unfortunate
event, 1.1 million electricity consumers were without power between 15 and 45
minutes. In addition, major disruptions were caused to a part of rail network and
other critical facilities such as hospitals and airports. Prior to the initial fault, the
British power system had 32 GW of connected generation from which over 30% was
wind generation, unable to damp the frequency collapse. [7] Although chance played
a part in the accident, it is a prime example that integrating renewable generation
without corresponding power system flexibility is a serious risk to the security of the
whole society.
Similar circumstances are already reality in the Nordic synchronous region as the
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Figure 2: Simulated frequency response when losing a large generating unit, as a
function of different system inertia levels [8].
TSOs are restricting the output power of nuclear power plants during low inertia
periods to prevent dangerously large frequency deviations in case of a possible fault.
Restricting power plant production volume by authorities is a poor method as it
harms the functionality of the power markets and is not economically effective in the
long term. [9, 10] As a result, providing flexibility to power systems is one of the key
concerns in officials and industry to cope with the increasing VRE penetration.
Power system flexibility is defined as the ability of an energy system to cope
with risks and adverse events that can jeopardize the needs of end-users. Thus, it is
involved in ensuring that demand is satisfied at all times. Before the introduction of
VRE generation, the main sources of uncertainty in a power system were failures
in generation or interruption in transmission and distribution lines. Historically,
flexibility has been provided from hydropower which has been limited to certain
geographical locations with a high water footprint. [11] While hydropower remains
an important asset where it is available, more alternatives are needed.
Some of the most prominent new flexibility strategies to ensure generationconsumption balance include geographical decentralization of VREs [12], oversizing
VRE generation [13] implementation of energy storage systems [14], Power-to-X
systems [15, 16], Vehicle-to-Grid systems [17] and demand side management [14].
Despite the efforts in storage technology research, the absence of economically
viable energy storage at large scale is still a reality [11]. Meanwhile, demand side
management (DSM) with potentially high impact at a relatively low cost is becoming
an interesting option to provide the necessary flexibility and to accommodate VRE
generation in the coming years [18].

1.1

Review of demand response concepts

The growth of advanced metering infrastructure, improved information communication technology and the possibility for end-users to participate actively in electricity
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markets due to market liberalization advances the vision of a renewable-based energy
system. By definition, DSM includes everything that can be done on the end-user
side to improve power system characteristics [19]. Thus, it consists of two broad
sub-categories: energy efficiency and Demand Response (DR). The current literature
often mistakenly uses DSM and DR interchangeably. However, it is important to
note that DR refers to short-term alterations in consumption whereas DSM includes
everything that encourages end-users to increase long-term energy efficiency, ranging
from lighting retrofits and heat recovery to DR actions. This thesis specifically
explores the question of DR and its aspects in balance management.
DR programs are developed in order to deploy the active participation of demandside in balance management to increase flexibility, and hence, increase power system
reliability [20]. The concept of DR has been extensively researched and its value
mitigating reliability issues has been well recognized [21]. In addition, since power
system infrastructure is highly capital intensive, DR is also one of the cheaper tools
available for system operators to adapt to the ongoing energy transition [18]. Given
the above, the prime description by US Federal Energy Regulatory Commission can
be used to define DR.
"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 wholesale
market prices or when system reliability is jeopardized" [22]
DR programs can be classified into two main categories: incentive-based programs
and price-based programs. In incentive-based programs, participants voluntarily alter
their electric loads during peak-hours or frequency control events for some pre-defined
payment. Additionally, those participants who do not respond as agreed might be
penalized. In time-based (also called price-based) programs, participants are charged
with different electricity prices at different times of consumption. This way system
operators give incentives for customers to shift their load profiles by increasing tariffs
during peak hours and other events. [20, 19]
The classification of different DR programs are illustrated in Figure 3. As shown
in the figure, various DR frameworks have been developed in an effort to increase
demand-side participation in balance management. This thesis will only discuss
incentive-based capacity market programs since the Finnish reserve markets are
based on this principle. However, it is important to be aware of different DR program
schemes that might be employed elsewhere in the world.
In capacity-programs, participants commit to provide a pre-specified amount
of load reduction or increment (e.g., frequency regulation) if the grid frequency
deviates from the nominal level. For this commitment, compensation is paid for the
participant, or alternatively, they are subjected to penalties if they do not regulate
when directed. Most importantly, participants are paid to provide the regulation
capacity, not for the actual regulation. For instance, if no frequency disturbances
appear, participants are still paid for having been on readiness. Moreover, capacityprograms could be described as a form of insurance. Just like with insurance, some
times regulations are not called, even though participants are paid to be on call. [23]
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Figure 3: Classification of demand response programs [20].

1.2

Virtual power plants

Historically, the generation of electricity has been characterized by a top-down
approach in which large, centralized power plants have produced the majority of
electricity. Currently, power systems are shifting into distributed generation (DG)
which is characterized by small and intermittent electricity production. DG units
are in most cases connected to a grid in ’install and forget’ principle. Therefore, the
production of DGs is not monitored and TSOs are facing increasing complexity at
transmission level to maintain generation-consumption balance. [24] At the same
time, distribution level faces network congestion, power quality and voltage rise
problems due to the DG integration [25]. For instance, residential photovoltaic
generation installed in a low-voltage network can cause voltage rises and unbalances
between phases, and in worst case, congest the distribution network [26].
In order to solve these challenges, the DG units must be coupled with other
distributed energy resources (DERs) such as energy storages and flexible loads for
holistic system management. One approach to control the various DERs is to
aggregate, i.e., combine, a number of DERs into a so-called Virtual Power Plant
(VPP). In this architecture, the group of DERs are seen as a single power plant entity,
enabling the same controllability and market functionality as traditional, centralized
power plants. In other words, VPP acts as a single market party on the electricity
markets. [24, 27, 28]
The concept of VPP appeared in the late 1990’s after which literature and the
industry has interpreted it in various ways ever since [24]. In an attempt to define a
VPP, the current literature presents incoherent definitions and different perspectives
are presented by different authors. This is however common in developing disciplines.
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[28] Authors in [24, 27, 29, 30] present VPP with three varying main components. This
thesis represents VPP as a combined model that consists of four main components:
distributed generation, energy storages, controllable flexible loads and information
communication technology. The first three are later referred in this thesis as flexibility
resources.
1. Distributed generation: DG consists of renewable-based energy sources as well
traditional energy sources. Examples of renewable methods include wind power,
photovoltaic power, small hydropower and combined heat and power (CHP).
Traditional energy sources include diesel generators, micro-gas turbines and
biodiesel or biogas. [29, 30]
2. Energy storage technologies: Energy storage allows VPP to transfer electricity
usage from one time period to another or to support grid frequency balancing.
Examples of storage technologies include compressed air energy storage (CAES),
Flywheel energy storage (FES), supercapacitors and battery energy storage
systems (BESS). Electric vehicles can be considered as energy storage mediums
as well. Therefore, taking advantage of rapidly increasing amount electric
vehicles with Vehicle-to-Grid (V2G) utilization decreases the need for investment
in storage systems. [27, 29, 30]
3. Controllable flexible loads: Flexible loads refer to any demand-side load which
can adjust its typical consumption pattern in a response to electricity price
signal or incentive payments in a DR program. Typical flexible loads in buildings
include HVAC and illumination. In industry, flexible load can be, for example,
an industrial process that can decrease electricity consumption temporarily
without damaging the process itself. [27, 29, 30]
4. Information Communication Technology (ICT): A crucial requirement for a
VPP is its control system. The coordination mechanism between the components is indispensable in order to operate as one single entity on the markets.
These communications can be considered in Energy Management Systems
(EMS) and Supervisory Control and Data Acquisition (SCADA) systems.
[24, 27]
Additionally, authors in [31] underline the importance of software systems as an
essential part of a VPP:
“Virtual Power Plants rely upon software systems to remotely and automatically
dispatch and optimize generation- or demand side or storage resources in a single,
secure web-connected system”
It is important to note that VPP is not always necessarily consist of all the
different components. For example, VPP can be a service aggregating flexible loads
from multiple different customers and then trading the aggregated DR pool in a
reserve market for frequency regulation services. Correspondingly, VPP can be a
service aggregating wind generation which is then offer as a single power plant entity
to the power markets. Applications of VPP are mainly restricted to the liberalization
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level of local markets. As an observation from examples above, the useful description
by [28] can be used to define VPP.
"A VPP is a virtual entity involving multiple stakeholders and comprising decentralized multi-site heterogeneous technologies, formed by aggregating dispatchable
and non dispatchable distributed energy sources and energy storage systems, including electric vehicles and controllable loads. It is supported by information
and communication technology to form the equivalent of a single virtual power
plant with capacity to manage and coordinate its operations, ensuring power and
information flow among its stakeholders in order to minimize generation costs,
maximize profits, and enhance participation in demand response programs as
well as trade within the electricity market."
A related concept used in the literature is the so-called aggregator. Aggregator
is an entity that combines different generation, consumption and energy storage
resources and offers them to the electricity marketplaces. In Nordic context, independent aggregator refers to operator that aggregates above-mentioned resources outside
the conventional electricity delivery chain, i.e., an operator which is not electricity
supplier nor balance responsible party. [32] Aggregator and VPP definitions are not
to be mixed, aggregator is an legal entity that may offer VPP services to resource
owners, offering them a way to participate in reserve markets in which they could
not participate on their own.

1.3

Thesis objectives and scope

The goal of this thesis is to examine whether a relay-connected HVAC loads, i.e.,
chillers can be aggregated with inverter-connected HVAC loads to the fast and linear
FCR-N reserve market on which the relay-connected loads could not participate
individually. Commercial HVAC loads display one of the highest potential in the near
future to increase demand-side based flexibility in power systems on pure marketterms. The inverter-connected loads, such as air handling units have been successfully
participating in fast DR programs such as the Finnish Frequency Containment Reserve
for Normal Operation (FCR-N) for the past years. The liberalization of power markets
and the evolution of ancillary services have enabled various demand-side resources
to participate in these DR programs. Relay-connected loads have been participating
in various DR programs and balance management services for decades as well, but a
very limited number of studies has been done to study their suitability for fast DR
services. A strong financial motivation exists to couple these relay-connected devices
into fast DR services as their nominal power is usually large, offering a large reserve
capacity opportunity. Furthermore, the study of aggregation principles and strategies
to combine different demand-side loads have been limited in the literature. Few
publications have examined the control principles of large resource pools that consist
of different loads. Therefore, this thesis examines the flexibility attributes of DR
resources and their aggregation principles, and finally, models relay-connected chillers
in tandem with inverter-connected air handling units to examine the suitability of
the aggregated pool for the FCR-N market. This thesis will only focus on commercial
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HVAC loads in its simulation section and the study of aggregation frameworks and
related coordination strategies will be based on the capacity principle of the Finnish
DR programs.

1.4

Literature review

The research of DR concepts has been extensively performed within the last years,
addressing different aspects of the field. Literature reviews can be found in [18,
19, 20, 21]. These studies usually focus on the basic principles of the various DR
programs. However, a very limited number of studies have examined the frameworks
and metrics of DR aggregation. Publications that have studied aggregation strategies
of DR resources as well as coordination principles of the DR assets can be found in
[33, 34, 35, 36, 37].
In [33], the authors present a framework to describe the flexibility of building
loads and energy storages, and develop a coordination algorithm for the their aggregation in frequency regulation services. The model is based on the "virtual battery"
approach which is proposed to aggregate the various flexibility assets together. In
[34], air handling units and battery energy storage system are modelled together in
a combination with building thermal model. The work then proposes a coordinated
control for the two resources in which the battery system complements the HVAC
loads in frequency regulation services. In [35], the authors describe the flexibility
attributes of space heating with three metrics: stamina, repetition and capacity.
Based on these, aggregated load planning is presented for the space heating loads.
Authors in [36] offer a overview of demand-side flexibility and describes flexibility
with four attributes: direction, capacity, availability and duration. In [37], the
authors highlight the uncertainty related to the available flexibility from demand-side
resources, and models the uncertainty of aggregated resource pool consist of electric
vehicles. The authors also quantify flexibility with four attributes: power-capacity,
energy-capacity and ramp-capacity. Based on these metrics, the authors describe
load aggregations as "time varying batteries", similar to the virtual battery model in
[33].

1.5

Structure of the thesis

The structure of this thesis is as follows. Chapter 2 examines the Finnish electricity
markets as a background information, introducing the basic principles of power
markets and the functioning of the Finnish reserve markets. Chapter 3 describes
the flexibility attributes of demand-side resources and identifies the most important
DR assets currently available for balance management. Chapter 4 establishes the
framework for the coordination of the flexibility resources in the VPP context,
introducing two main strategies for the control of the resource pool. Chapter 5
models an aggregation simulation to examine the suitability of aggregated HVAC
loads in fast DR service. Finally, Chapter 6 presents the results of the simulation
and Chapter 7 concludes the thesis as a summary.
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2

Finnish electricity markets

The electricity markets in Finland are regulated by the national laws and European
Union directives. The Finnish power system consists of power plants, nation-wide
transmission grid, distribution networks and electricity consumers [38]. The national
electricity transmission grid is managed by the Finnish TSO Fingrid. Distribution
networks are managed by distribution system operators (DSOs) that act as natural
monopoly in their local area. In Finland, generation and trade of electricity are
separated and both have been part of free trade since 1998. The trade of electricity
is harmonized in the Nordic region and the electricity trade is divided into two parts:
physical trade and power derivatives. [39] Additionally, Fingrid maintains reserve
markets where it procures a range of functions to guarantee power system security.
The function of different marketplaces is illustrated on a timeline in Figure 4.

Figure 4: Timeline of the Finnish electricity markets.
Electricity wholesale leading to physical delivery is done at the Nord Pool power
exchange and Over-the-Counter (OTC) markets. The spot-market trades for next
day and intraday delivery, and it consists of two marketplaces: Elspot and Elbas.
In Elspot, parties leave their bids once a day in an enclosed procedure which then
forms the so-called system price, illustrated in Figure 9. System price presents the
most expensive production method that is needed to balance the electricity demand.
Alternatively, system price can be regarded as the highest price that buyers are willing
to pay. System price does not take into consideration transmission capacities between
regions, thus, the price of electricity differs slightly between the Nordic regions. Elbas
is a secondary market for Elspot, working as a service for intraday balancing. The
trading takes place continuously every day until one hour before delivery, and the
price is based on first-come, first-served principle. [39, 40] Elbas market is needed
for correcting trades and surprise events. For instance, wind forecasts does not hold
or malfunction appears in a generation unit, in which cases vendors must acquire
substitutive electricity to cover the promised sales. [41]. OTC-market consists of
all the other wholesale trading that is not done in the power exchange. These are
traditional bilateral contracts in which producers and buyers can agree for long term
electricity contracts for years ahead. OTC-market provides a marketplace where
basic need for electricity can be fulfilled in a predictable way. [39]
Financial trade is done in the Nordic at Nasdaq Commodities financial market.
Trading is done through different power derivatives which are realized by remargin and
the remargin does not lead into physical delivery of electricity. Nordic power products
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includes Futures, Deferred Settlements (DS) Futures, Options and Electricity Price
Area Differentials (EPAD) contracts. The financial power products are used for risk
management and price guarantee when trading a large amount of power. [39, 42]
The retail market mainly consists of local DSOs and some DSO independent
players. Retail vendors sell electricity to the end-use consumers that they have either
produced independently or have bought from the wholesale market. [39]
In overall, the Nordic electricity markets are characterized by strong fluctuations
in the electricity demand due to the changing seasons and the available hydropower
from the Norwegian water supply. These fluctuations are seen as high volatility
in the electricity price and they have created the need for flexible power market
that can manage the high variations in both supply and demand. [39] The special
characteristics of the Nordic power markets alongside with the Finnish pioneering in
the development of ancillary services has manifested itself probably as one of the
most advanced electricity markets in the world.

2.1

Balancing and reserve markets

In addition for managing the transmission grid, TSOs are responsible for the security
of the whole power system. Therefore, they are also called the system operator
responsibles. This means that a TSO is responsible for system supervision, operation
planning, balance management, grid maintenance, construction and development of
the electricity markets. [38] In the context of balance management, the TSOs play a
critical role.
The generation of electricity is always based on demand forecasts. In practice,
the forecasts do not hold and there is always surplus or deficit of electricity. [39] This
surplus or deficit power is handled in Finland as imbalance power. Because market
parties cannot do the balancing themselves in real-time, they must have an open
supplier who balances the power balance of the party. A party whose open supplier
is the Finnish TSO Fingrid, is referred as a balance responsible party (BRP). [43]
If the BRP has surplus power, Fingrid buys the imbalance power from them, or in
the case of deficit, the BRP buys the imbalance power from Fingrid. The imbalance
management is handled after the delivery hour as illustrated in Figure 4.
The BRPs are however expected to balance their portfolio before the operational
hour within a reasonable boundaries with respect to the BRP’s scope of operations.
The balancing is done via the day-ahead and intra-day market as described in previous
section. After the day-ahead trade, the BRPs provide Fingrid with the information
required for next day balancing, such as preliminary production plans. During the
day of delivery, the gate closure for providing final settlement information is 45
minutes before the actual operational hour. After the intra-day gate closure, Fingrid
takes the responsibility for power system balancing. [3] In other words, market
parties are responsible to balance the power system as accurately as possible on their
own, but Fingrid is responsible for the balancing in real-time. Moreover, Fingrid
invoices all mismatches in generation-consumption plans as imbalance power, giving
a strong incentive to the market parties to stay in balance.
In order for Fingrid to balance the power system in real-time, different power
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reserves must be available for it. Due to this need, Fingrid and the other Nordic
TSOs have created reserve markets for the common synchronous area. In these
reserve markets, the TSOs buy the required balancing and frequency regulation
capabilities on fair market-terms. The reserve markets are divided into so-called
reserve products based on their purpose. [43] The two most important are
1. Frequency Containment Reserves (FCR) for constant control of frequency
during the normal operation.
2. Frequency Restoration Reserves (FRR) to restore the frequency back to its
nominal value after a fault and to release activated FCR-products back into
use.
Reserve products can be further separated into automatically and manually
activated reserves. The FCR-products are automatic and they are activated locally
for constant stabilization of the grid. If the frequency cannot be stabilized back to
nominal with the FCR-products, a manual up- or down regulation is done through
the Manual Frequency Restoration Reserves (mFRR) to bring frequency back to its
target and to release used FCR-products back in to use. The mFRR is also used as
the main tool to handle BRP imbalances. [43]. Replacement Reserves (RR) also exist,
but these are not used in the Nordic power system. The different reserve products
are illustrated in Figure 5. The reserve products seen in the figure form a rather
extensive portfolio of power balancing instruments that all have their own purpose
and technical specification. All of the products are still fundamentally an up- or
downward regulation services with different response time and capacity capabilities
that are needed for different events. For example, different capabilities are needed to
stabilize the grid after the malfunctioning of a HVDC-link versus balancing the grid
during its normal operation. As a result, different reserves for different occasions.

Figure 5: Finnish reserve market products [44].
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It is important to note that most of the reserve products are essentially incentivebased capacity market DR programs discussed in section 1.1. The reserves are
created to acquire the required power system flexibility on fair market-terms to the
alternative that the TSOs would maintain all of the needed reserve power capabilities
on their own. However, Fingrid does own 10 private power plants which are not
used for commercial purposes. These power plants are only used after the available
balancing power from the reserve markets has been fully exploited.
2.1.1

Frequency containment reserve for normal operation (FCR-N)

Frequency Containment Reserve for Normal Operation (FCR-N) is an symmetrical
reserve product used to balance power system during its normal operation. FCR-N
works symmetrically between the 50±0.1 frequency band, meaning that the offered
reserve capacity must be equally large to upward and downward directions and the
power of the reserve unit must be adjusted in proportion to frequency changes in the
49.90..50.10 Hz region. The technical requirements of FCR-N are presented in Table
1. For resources that can be controlled continuously, e.g., inverter connected loads,
control is linear. For resources that can regulate their power gradually, e.g., relay
connected loads, control is stepwise-linear. The reserve units must reach their full
capacity in 3 minutes, and the dead band for frequency control is 50±0.01 Hz, i.e.,
no measures are needed to take within this frequency deviation. [45]
Activation frequency

Dead band

Max. response time

Min. bid

50.10 - 49.90 Hz

±0.01 Hz

3 min

0.1 MW

50.10 - 49.90 Hz

±0.01 Hz

3 min

0.1 MW

FCR-N (linear)
FCR-N (stepwise linear)

Table 1: FCR-N technical requirements [45].
The provided regulation, i.e., reserve power of linearly activated reserve unit
during a market hour can be expressed as

Preserve =

fgrid − 50.00 Hz
capacitysold,h
0.10 Hz

49.90 < fgrid < 50.10

(1)

Where fgrid is the grid frequency and Capacitysold,h is the sold reserve capacity in
megawatts. The Equation 1 usefully illustrates the basic principle of capacity-based
DR program. According to the equation, the amount of frequency regulation that
the reserve provider must provide is a function of the grid frequency. Therefore, as
expressed in Section 1.1, sometimes regulations are called and sometimes not. The
control curve for the linear and stepwise linear activation methods is illustrated in
Figure 6 as an example of a control curve that fulfills the FCR-N requirements. As
an example of the market functionality, if the reserve provider has bid 1 MW of
capacity to the market, and at a certain instant the grid frequency drops to 49.95
Hz, the service provider must decrease the power of the participating reserve unit
by 0.5 MW within 3 minutes. The reserve unit provider can measure the frequency
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used in the control from any point of its choice from the Finnish power system. For
a reserve unit which activation time is limited, e.g., BESS, the dimensioning of the
unit shall be so that the unit is capable for continuous activation for at least of 30
minutes. [45]

Figure 6: FCR-N control curves for linear (generation-units) and stepwise-linear
(disconnectable) resources [45].
The FCR-N market is divided into two parts: yearly and hourly market. In the
yearly market, Fingrid organizes an offering round at the end of the year for the
next year participation. During the offering round, participants leave their bids with
reserve capacity and price information. Fingrid then puts these offers into ascending
price order and collects the needed volume of reserve capacity. The last offer chosen
determines the price for the whole year, i.e., all of the participants chosen will get
the same price as the highest offer accepted. Fingrid then promises to buy all of
the accepted bids in the yearly market for the settled price during the whole year.
In the hourly market, participants leave corresponding offers for next day market
participation with reserve capacity and price information for each individual hour.
The price formation is then similar to the yearly market, Fingrid puts hourly offers
into ascending order and collects the required volume they need that could not
have been acquired from the yearly market. Price per megawatt for all accepted
participants is the same as the highest offer accepted. The minimum amount of
capacity that can be offered in both yearly and hourly market is 0.1 MW. [46] The
price in the yearly market in 2018 was 14,0 e/MW per hour and the acquisition
volume was 72,6 MW per hour [47]. The average price of the hourly market during
the same year was 22,79 e/MW per hour and the average hourly acquisition volume
was 35 MW [47].
According to the FCR market rules, the balancing service provider can aggregate
flexibility resources from different production and consumption balances that belong
to different BRPs. Furthermore, the volume of the aggregated reserve shall be
symmetrical per balance. [46] To elaborate, an aggregator can bid flexibility resources
that are either demand-side loads or production units, and the resources can be
aggregated together regardless of the electricity vendor for the resource.
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2.1.2

Frequency containment reserve for disturbances (FCR-D)

Frequency Containment Reserve for Disturbances (FCR-D) is an upregulation reserve
product used to correspond to the greatest individual fault in the system in order
to maintain maximum frequency deviation under 0.50 Hz. At the moment, total of
1450 MW of FCR-D capacity is maintained in the Nordic level. [44]
The FCR-D has three activation options to join the market: linear, stepwise-linear
and single-step. The technical requirements of FCR-D are presented in Table 2. For
the linear and stepwise-linear activation methods, the regulation works between the
49.90 - 49.50 frequency band. If the grid frequency would collapse to 49.50 Hz, the
reserve units must be able activate 50% of their capacity in 5 seconds and 100% of
their capacity in 30 seconds. The service provider has also the possibility to join with
single-step activation method with three response time options: 5 second activation
at 49.70 Hz, 3 second activation at 49.60 Hz, and 1 second activation at 49.50 Hz.
The single-step activation method is however being decommissioned in the coming
years and similar fast response product is being formed as the Fast Frequency Reserve
(FFR). The control curve for the linear and stepwise-linear activation is illustrated
in Figure 7 as an example of control curve that fulfills the FCR-D requirements.
[45, 46, 44]

FCR-D
FCR-D
FCR-D
FCR-D
FCR-D

(linear)
(stepwise-linear)
(single-step)
(single-step)
(single-step)

Activation frequency

Max. response time

49.90 - 49.50 Hz
49.90 - 49.50 Hz
≤ 49.70 Hz
≤ 49.60 Hz
≤ 49.50 Hz

50% in 5 s, 100% in 30 s
50% in 5 s, 100% in 30 s
5.0 s
3.0 s
1.0 s

Min. bid
1.0
1.0
1.0
1.0
1.0

MW
MW
MW
MW
MW

Table 2: FCR-D technical requirements [45].

Figure 7: FCR-D control curve for the linear and stepwise-linear resources [45].
Other technical requirements are similar for FCR-D reserve units as for the FCRN. The reserve provider measures the grid frequency at any point of its choice and
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for reserve units which activation time is limited, dimensioning must be so that the
unit is capable for continuous activation at least for 30 minutes. Additionally, a
participating reserve unit must be able to fully activate itself again after 15 minutes
from the previous activation. Aggregation of resources is possible and the aggregation
volume must be symmetrical per balance. Additionally, relay-connected reserve units
that are participating through the single-step method cannot be aggregated with
reserves activated linearly or stepwise-linearly. [45, 46]
Market acquisition of FCR-D is similar to FCR-N as Fingrid procures reserves
from yearly and hourly markets respectively. Yearly market price for FCR-D in 2018
was 2,8 e/MW per hour, and yearly market acquisition volume was 435,0 MW per
hour. The hourly market average price during the same year was 5.31 e/MW and
average hourly acquisition volume was 42 MW. [47] The minimum amount of reserve
capacity that can be offered to the FCR-D is 1 MW.
Comparing the FCR-D and FCR-N market prices, the prices clearly reflect the
entry barrier differences between the two markets. Providing pure upward-regulation
in the FCR-D market that can be achieved easily through relay-connected loads is
much easier than providing symmetrical reserves to the FCR-N market.
2.1.3

Fast frequency reserve (FFR)

Fast Frequency Reserve (FFR) is an upregulation reserve product procured during
low inertia periods to ensure that frequency collapses will not reach levels below of
49.90 Hz. These severe frequency collapses can be caused by, for instance, power
plant of HVDC-link failures. Typical low inertia periods in the Nordic region arise
during spring, summer and autumn weekends, centered around night-time with a
high impact from the current hydrological situation [48]. The amount of inertia
in the Nordic synchronous region can be seen in Figure 8, in which the spring to
autumn period clearly has lower inertia volumes than the rest of the year. [49, 50]

Figure 8: Nordic synchronous region inertia in 2018 [51].
FFR is a new reserve market product, which will be launched during May 2020
to tackle these low inertia periods. Until the introduction of FFR market, low inertia
periods have been controlled by restricting the biggest possible fault in the grid,
i.e., restricting the output power of large power plants. During the summer 2018,
three power restriction measures were taken in the Nordics. Instead of restricting
production of power plants and disturbing the functionality of electricity markets,
it has been seen as a more effective way to correspond to the low inertia events by
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creating a high-speed reserve product and acquiring the fast regulation capabilities
on pure market-terms. [51, 49].
The technical requirements for FFR are presented in Table 3. The FFR market
has three single-step activation methods join the market: 1.3 second activation at
49.70 Hz, 1.0 second activation at 49.60 Hz, and 0.7 second activation at 49.50 Hz.
The regulation is done either by curtailing consumption or increasing electricity
production towards the grid. The time period that the FFR unit has to be activated
depends on the deactivation time capability of the reserve unit: at least 30 second
activation with instant deactivation, or 5 second activation with 20% deactivation per
second. Furthermore, the reserve unit must be able to perform reactivation after 15
minutes from the previous activation instant. Aggregation of reserve units is possible
from both production and consumption balances and they can be aggregated from
units under different BRPs. [50]

FFR (single-step)
FFR (single-step)
FFR (single-step)

Activation frequency

Max. response time

Min. bid

≤ 49.70 Hz
≤ 49.60 Hz
≤ 49.50 Hz

1.3 s
1.0 s
0.7 s

1.0 MW
1.0 MW
1.0 MW

Table 3: FFR technical requirements [51].
FFR is similar in its functionality to the FCR-D single-step activation, but it has
faster response time requirements. According to Fingrid, creating a new high-speed
upregulation product has been seen as a preferable method to correspond to the low
inertia periods in comparison of increasing FCR-D response time requirements or
procurement volumes. If FCR-D response time requirements would be increased, it
would be difficult to find reserve units suitable for the market. Similarly, increasing
procurement of FCR-D is not feasible as it would require multiple times more of
FCR-D volume to compensate for its slower response time. Therefore, a new fast
reserve product has been created to complement FCR-D during the low inertia
periods. [51]
FFR will be procured from the hourly market and it is combined with the FCR-D
procurement. Depending on the technical capability, the reserve unit can get approval
to join both FFR and FCR-D markets, but can participate only on either one of the
markets at a certain market hour. [50]
2.1.4

Automatic frequency restoration reserve (aFRR)

Automatic Frequency Restoration Reserve (aFRR) is an upregulation reserve product
used only during certain morning and evening hours when power system balance
management is most challenging. Its purpose is to return frequency back to nominal
value of 50.00 Hz and to release activated FCR-reserves back in to use. Offers are
done in an hourly market by asymmetrical bids, i.e., separate up- and downregulation
bids are accepted. The minimum size of regulation bid is 5 MW and full activation
must be performed with a response time of 5 minutes. The activation of the reserve
units is automatic and their control is centralized in Finland by Fingrid who sends
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the power regulation signal to the participants. In addition to the capacity payment,
the reserve provider receives a separate energy payment based on the regulation
delivered. [52, 53] The difference between aFRR and FCR products is that FCR units
are locally activated whereas aFRR is remotely activated by a centralized controller.
The aFRR can be seen as an automatic complement to mFRR in the acquisition of
Frequency Restoration Reserves (FRR). [3]
2.1.5

Manual frequency restoration reserve (mFRR)

Fingrid alongside with the other Nordic TSOs maintain manual Frequency Restoration
Reserves (mFRR) which is the last marketplace for physical delivery of electricity,
used for intrahour imbalance management [54]. The mFRR is the main balancing
resource used to handle congestions and disturbances in order to bring frequency back
to its target of 50.00 Hz [3]. The mFRR marketplace consists of two components:
balancing energy market and balancing capacity market [55].
In mFRR balancing energy-market, production or load owners can leave separate
up- and downregulation bids with a minimum bid of 10 MW with 15 minute activation
time, or a 5 MW bid if an electrical order is used. In upregulation, the reserve provider
increases production or curtails consumption, in which case the participant sells his
excess electricity to Fingrid. Correspondingly, in downregulation, the reserve provider
curtails production or increases consumption, in which case the participant buys
additional electricity from Fingrid. The Nordic TSOs activate these bids centrally
whenever needed during the normal operation or possible disturbances, and the
activation in Finland is done manually by Fingrid by a phone call or electric message.
After the market hour gate closure, all of the received up- and downregulation bids
in the Nordic area are placed into price order. The use of upregulation bids starts
from the cheapest offer and the use of downregulation bids from the most expensive
one. The price of upregulation is the price of the most expensive upregulation bid
accepted, however, at least matching the price in Elspot market. The price for
downregulation is the price of the cheapest upregulation bid accepted, however, no
more than the electricity price in Elspot market. [55]
The mFRR balancing capacity-market is used to ensure that Fingrid has a
sufficient amount of mFRR to cover the largest single dimensioned fault during the
maintenance of Fingrid’s own or leased reserve power plants. On a contrary to the
mFRR balancing energy-market, the capacity provider gets availability compensation,
which is affected by the possible regulation payments. These capacity bids are used
after all of the bids in the mFRR balancing energy-market have been completely
used. [48]

2.2

Impact of renewables on the electricity market

When discussing renewable production and electricity markets, it is important to
acknowledge the effects of VRE generation to electricity markets. Given the efforts
around the world to increase development of renewable energies, it is crucial to
understand the interplay between renewable production and the functionality of
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power markets. The increased penetration of intermittent and margin free generation
is disrupting the functionality of energy-only markets by lowering prices and increasing
price volatility. [56, 57]
Most of the capital cost in VRE generation is in the construction, but the operation
has very low marginal costs. If operating costs are close to zero since no fuel is
needed, the electricity price in a market with a high share of VRE penetration is
decreasing to zero. This prevents conventional generators with high marginal costs
from participating in the market during all hours when renewable generation is
available. The phenomenon is called merit-order effect of renewables, illustrated in
Figure 9. [57, 58]

Figure 9: Merit-order effect of renewables.
A related renewable generation problem is the increased market price volatility.
During times of renewable generation scarcity, prices can rise steeply, and during over
supply, prices can decrease even to negative. The increased market price volatility
is particularly disadvantageous for inflexible baseload power plant owners as these
plants have high ramp-up and ramp-down costs, forcing generators even to accept
negative prices when the electricity demand is low. [56] This type of event took place
in Finland for the first time February 2020 as the electricity price went historically
to negative due to excess wind power generation during a warm winter [59].
The lowered market prices due to the merit-order effect, and even the possible
negative prices create a situation where power plant owners might not be able to
recover their investment, also known as the "missing money" problem. Additionally,
market price caps introduced due to political pressure can further aggravate the
problem. Market caps can be especially harmful for peak power plants who cover
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revenue from fewer peak-price hours. Moreover, government subsidies for VRE
generation decouple their investment incentives from market-based mechanisms as
they do not respond to price signals due to the fixed feed-in tariffs. [56, 60, 61, 62]
In context of balance management, the endangered profitability of the conventional
power plants that are needed to maintain electricity supply when intermittent VRE
generation is absent jeopardizes the security of the whole power system. According to
the authors in [58], the merit-order effect has decreased prices so low in Germany that
investments in even the most efficient combined-cycle gas turbines used as a backup
power have been cancelled. Furthermore, the very intermittency of renewables creates
the need for these conventional backup generation plants. Moreover, if the demand
for energy is fulfilled by fossil-fuel plants during the absence of renewables, CO2
emissions are naturally created, which in turn does not foster the goal of emission free
energy system. [56, 62] However, it can be argued that by implementing flexibility
strategies such as those discussed in Chapter 1 with additional storage capabilities
can solve the phase-out of the conventional power plants.
Authors in [60, 62] point out that the integration of intermittent VRE generation
at the same time while maintaining power system security may not be feasible. In
short- and mid-term, a completely renewable-based power system cannot provide
the necessary generation volume nor the required reliability to fulfill the generationconsumption balance at every moment throughout the year [60]. Solutions for the
market induced problems include capacity markets, capacity payment mechanics
or reducing the adverse effects of VRE subsidies in a energy-only market. [62,
56, 57]. In a capacity market scheme, power plants are rewarded not only for
the delivered electricity, but also for providing power generation capacity. Capacity
market scheme would then provide additional revenue stream for the owners, reducing
their investment risks. The idea has however been challenged by others as another
form of subsidy mechanism that prevents the efficient functioning of energy-only
markets and the transition to high share of renewable generation. [60]
While all of aforementioned challenges are not imminent in the Finnish context
due to the low proportion of VRE generation in the current generation mix, they are
still important to acknowledge. On the European level, the European Commission,
the energy industry, regulators and observers all agree for the necessity of a new
market design to adopt renewable integration in the coming years, however no
consensus currently exists on which new design to implement [61].
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3

Flexibility resources

Flexibility resources employed in a reserve market can be divided into three main
groups based on the customer: industrial, commercial and residential. In the near
future, industrial and commercial segments will present the largest available DR
potential to quickly acquire large volumes of demand-side based balancing power.
The large loads and productions units in these two segments offer an attractive DR
possibility as the costs of reserve capacity per installed reserve unit are moderate.
Despite the substantial potential of the residential sector in balance management,
the high cost per installed reserve capacity has resulted in a relatively insignificant
size of investments so far. [63]
Power system flexibility was defined in Chapter 1 as the ability to cope with
changes to ensure generation-consumption balance is met at any given moment of
time. This means that a power system must be able to increase or decrease its
instantaneous power consumption (or production) for a specific duration with a
certain response time. For a resource owner to be able to offer this flexibility service
in a capacity-based DR program in a quantifiable manner, four attributes are defined:
capacity up, capacity down, energy and response time.
Capacity up and down is the electrical power that the reserve unit can decrease
or increase on a specific instant from its baseline load. Depending on the reserve unit
type, the reserve capacity may not be constant as the consumption of some loads
may significantly vary over time. Energy refers to the duration that the reserve unit
is able to sustain its capacity. For example, an air condition unit cannot decrease its
power indefinitely from normal level before the indoor air quality deteriorates, or the
energy of a battery energy system drains off. Response time is the activation time
that the resource takes to reach its capacity value. Response time varies depending
on the type of the reserve unit. For example, inverter-connected battery system can
change its output power within few clock cycles, but a industrial application can
take couple of minutes to change its power due to constraints in the process. These
above-mentioned flexibility attributes are summarized in Table 4.
Attribute
Capacity up

Capacity down

Energy
Response time

Definition
The maximum decrease in power that the reserve unit is able
to deviate from its normal level, or the maximum increase in
generation.
The maximum increase in power that the reserve unit is able
to deviate from its normal level, or the maximum decrease in
generation.
How long the resource unit can maintain its capacity level.
Time taken to activate the capacity of the reserve unit.

Table 4: Flexibility resource attributes.
Demand-side flexibility can be provided from numerous resources, such as HVAC
machines, battery energy systems, electric vehicles, diesel generators, illumination
and industrial processes. Basically all demand-side loads or production units can
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be seen as a flexibility resource. All of the resources have their own characteristics:
some have unidirectional capacity, some are bidirectional and their ability to sustain
deviated power level differs. The control of a resource unit also varies: some can be
controlled linearly, while some can be controlled only in an on-and-off manner. An
important factor is to identify the capacity/energy ratio of a resource. If a resource
has high capacity attribute but cannot maintain its capacity for long period, the
resource might not be able to participate on a DR program due to market rules [36].
Distinction is also to be made from availability of the flexibility resources. Some
demand-side assets are only available during a certain period of time. For instance,
the HVAC and illumination in a typical office building are most likely to be on from
7AM to 7PM, while the cooling machines may only be used during the summer
months. Additionally, no capacity is available if the resource must fulfill its original
purpose at full measure. For example, CO2 level has exceeded a safe threshold in a
building, and therefore, HVAC machines cannot be deviated for frequency regulation
services.

Figure 10: Characterization of load unit flexibility in a capacity-based market.
Figure 10 illustrates the above-mentioned flexibility attributes using an air conditioner load profile as an example. On the normal operation area, the load profile is
based on the normal control engineering parameters, e.g., temperature, CO2 level,
airflow, or air pressure level. When a frequency regulation event occurs, the load in
this case lowers its consumption to the minimum possible power of Pmin , which also
determines the capacity up-value. Respectively, the capacity down-value is determined by the reserve unit capability to increase its consumption to the maximum
possible power of Pmax on that instant. Both capacity values vary over time according
to the instantaneous power consumption of the reserve unit, i.e., its baseline load.
For instance, if at a certain moment the reserve unit consumption is close to its Pmax
value, there is a high capacity up-value but a low capacity down-value. Response
time in this case illustrates the dynamics of the flexibility resource. The power of
an air conditioner, i.e., the speed of the blower fan, cannot be instantly dropped
as it would disturb the cooling circuit among other things. The duration of the
frequency control event is defined by the need of the grid (i.e., frequency level or
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market rules), or by the flexibility resource ability to maintain its deviated power
usage. The ramp-up in power seen after the frequency control event is the so-called
rebound effect. Compared to the baseline level, increased consumption can occur
after the activation of the reserve unit to compensate disturbances arisen during
the control period. [64, 65]. These rebound effects can be reduced by implementing
additional control strategies. However, it is important to remind that DR is not
aimed for reducing the total energy consumption, but to alter load profiles during
power system imbalances [65].
The varying nature of demand-side loads causes uncertainty to the reserve service
provider. The full information about the variables that affects the resource flexibility is
seldom known. These are, for example, resource dynamics, state, control parameters,
end-user behavior, and the weather conditions that affects the resource operation.
[37] Hence, a pool of flexibility resources can be described as a stochastic system.
The instantaneous reserve capacity available from a load unit can be defined as the
difference between its baseline load and Pmax and Pmin limits. The capacity offered to
FCR markets must be carefully planned as one must maintain the promised capacity
over the market hour or face penalties. As a result, one of the critical challenges
in capacity-based DR program is to reliably forecast the reserve unit baseline load
[66, 63]. The baseline load affects how much reserve capacity is available from the
resource, thus, determining the potential revenue. For generation units or energy
storage systems, the capacity up-value is determined by the output power that the
reserve unit is able to generate. For load units, the instantaneous values for capacity
up and down can be written as
Capacity up (t) = Pmin (t) − Pbaseline (t)

(2)

Capacity down (t) = Pmax (t) − Pbaseline (t)

(3)

As these values vary over time according to the baseline load, the reserve provider
must have a good understanding about the reserve unit load profile and the flexibility
that can be attained by deviating from it. The established method by Fingrid to
calculate the maintained reserve capacity over an market hour is to take capacity
measurements every minute over the hour and calculate its average. For the symmetrical FCR-N market, capacity maintained over a market hour can be written
as
∑60

Capacity maintained,h =

t=1

M IN [|Capacity up (t)|, Capacity down (t)]
60

(4)

As the offerable capacity to the FCR-N must be symmetrical, the smaller value
of the two determines the total maintained volume. For the unidirectional FCRD market, the capacity calculation is simplified as only the capacity up-value is
considered. It is important to note that the maintenance of the reserve capacity and
a possible DR action are separate subjects: one may never need to deviate power
from the baseline load during a market hour, but must maintain the offered capacity
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to do so. To summarize, the Finnish reserve markets based on the capacity principle
offer a rather complex functionality, where especially the varying loads complicate
the commitment made to the market. As for the production units, the capacity
calculation is simplified as the output power of a generation unit seldom varies.
Finally, the reserve unit flexibility is determined to a great extent by the willingness
of the customers to vary their load profiles. In addition to the technical ability to
respond, the success of any DR programs depends on the consumers’ desire to
participate actively in balance management [67]. Over the last years, subjects such
as behavioral psychology have raised increased attention in officials and industry to
induce larger DR participation [68, 69].

3.1

Heating, ventilation and air conditioning

Buildings contribute around 38% of energy consumption in Finland [70]. In commercial buildings, Heating, Ventilation, and Air Conditioning (HVAC) systems use alone
25 to 35% of the consumed electricity [71]. HVAC systems simplistically consist of air
handling units, cooling units, heating units, heat exchangers, air ducts and controllers.
The blower fan motors of the air handling units alongside with the compressors of
the cooling units consume the majority of the power in these HVAC systems. [72]
Their massive accumulated power consumption with the thermal inertia of buildings
offers a substantial frequency regulation potential [33].
However, there are technical challenges in implementing commercial HVAC system
for DR purposes. The purpose of these system is to provide uninterrupted ventilation
and thermal comfort to occupants, but reduced levels of operation are rarely included
in the original design of the systems. Hence, providing repeatable DR service with
HVAC will require attention on the characteristics of the devices and the applied
control strategies to ensure minimal impact on indoor environments. [73]
3.1.1

Air handling units

The typical ventilation system in a modern commercial building is based either on a
constant air volume system or a variable air volume system [74]. In these ventilation
systems, the air of the building is circulated through the supply and exhaust fans
of centrally located Air Handling Units (AHUs). The supply and exhaust fans of
the AHU consists of direct drive blower motors, or more contemporarily, inverter
operated blower motors. The inverter operated fans allow the building air flow to be
changed according to the user control desire, such as CO2 level, temperature or duct
air pressure, depending on the area that the AHU is serving. In a case of decline
in indoor air quality, the inverter driven fans are regulated until a wanted control
setpoint is reached. The usual response time varies according to the settings of the
governing PID-controller, normal response time being within a period of few minutes.
The indoor air quality and the operation of the ventilation is usually controlled from
a building automation system connected to the AHUs. The automation systems
can keep track of the real-time power consumption and deviate the speed and power
of the AHUs in a continuous manner for DR purposes. This is a crucial advantage
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compared to many other demand-side resources since the regulation can be provided
as a simple add-on without additional equipment at a low cost. [75, 74]
According to estimations in [76], the total power of grid-connected AHUs in
commercial and educational buildings in Finland is 410 MW. The figure presents the
rated power of the connected machines, i.e., their maximum power. In practice, the
power consumption of a ventilation machine during a normal operation compromises
70 to 80% of the nominal power [77]. This means that only a portion of the rated
power is available for frequency regulation. The usual size of a AHU in a commercial
building can vary from few kilowatts to tens of kilowatts. Maximum power available
is the rated power and the minimum power is defined by the requirements of the
indoor environment. Numerical experiments in [74] propose that it is feasible to
use up to 15% of the rated fan power for frequency regulation purposes without
noticeably affecting the building indoor air quality or occupants’ comfort.
In terms of the flexibility characteristics, AHUs provide a bidirectional and easily
controlled resource. The reserve capacity of a ventilation unit is to some degree
symmetrical, providing the possibility to join the FCR-N market. Operation is
done in most cases by building automation system actuated inverters, granting a
continuous control of the supply power. The response time of an AHU can vary within
a time of few minutes. However, the energy attribute of AHU is somewhat restricting.
The time that ventilation can be deviated for frequency regulation purposes depends
on the AHU service area. For example, the air flow of educational premises with high
occupant density cannot be manipulated as long as the air flow in high volumetric
shopping mall.
3.1.2

Chillers

Chilled water systems are the main component of centralized HVAC cooling systems,
serving cooling power from a single source to a whole building [78]. Buildings that
are cooled mechanically without a district cooling, chillers contribute significantly to
the electricity consumption during the summer months. Depending on the required
cooling capacity, the cooling machines are divided into two condenser-types, aircooled chillers and water-cooled chillers. The first are used in smaller buildings and
the latter in larger commercial sites, which are focused here on. [79]
Water-cooled chillers use vapor compression cycle to remove heat from liquid
via refrigerant that undergoes phase changes in a closed circuit [78]. The chilled
water is then circulated into heat exchanger of an AHU to cool and dehumidify the
ventilation air. Chillers consist of different compressor types, the most common being
scroll compressors, screw compressors, reciprocating compressors and centrifugal
compressors. The compressors of the chillers are usually driven by a electric motor,
which rated electric power can vary from tens of kilowatts to hundreds of kilowatts.
Control of these compressors (i.e., control of the motors) is traditionally done by
on-off motion. Some other mechanical power control schemes exist, for instance, the
control of screw compressors can be implemented trough a sliding valve. According
to real-life tests, the mechanical slide cannot be utilized in DR services as the
power control would be too slow. However, modern screw and rotary compressors
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are operated by inverter, allowing a continuous control of the machine for better
efficiency and power control. [79, 80] According to estimations in [76], the rated
power of grid-connected chillers in commercial buildings in Finland is approximately
340 MW.
Chillers provide a huge frequency regulation potential as their rated power per
unit is large, resulting in low cost per installed reserve capacity. However, purely
shutting down a chiller could lead to disorders in the whole air-conditioning system
of a building. Disorders like water pumps running too fast, imbalances between
distribution of chilled water to the AHUs, or imbalanced air distribution among
terminals could occur [81]. The control scheme of a chiller for DR purposes would
then need the control of the whole air-conditioning system in tandem to have a
harmonious response. Such control strategies have been studied [81], where uniform
and simultaneous control of chillers and HVAC system is presented to eliminate
aforementioned problems during DR events.
The suitability of an individual chiller for DR services depends on the type of the
machine and its control system. Traditional compressors with on-off control will need
to be implemented in tandem with the rest of the HVAC system to maintain uniform
DR response. Furthermore, the repeatability of the on-off controlled resource must
be taken into notice. Chillers cannot be regulated continuously on- and off due to
the construction of the machine. For example, after the machine has been shut down,
the compressor oils must be warmed, correct fluid pressure levels must be achieved,
as well other auxiliary circuit pumps must be actuated before the compressor can be
started again. The amount of regulation events is therefore limited and a minimum
time delay must be introduced between two sequential control events. Therefore,
an on-off controlled chillers are best suited for the FCR-D market for its seldom
activation frequency and unidirectional capacity if no complementary systems are
included in the regulation. Chillers operated with inverters are more suitable for the
FCR-N market due to their ability to continuously control the supply power.
3.1.3

Electric heating

Electric heating refers either to direct heating or accumulated heating, or the combination of both methods. In direct heating, electricity is transformed immediately
into heat according to the heating demand. In accumulated heating, electricity is
transformed to heat and stored in a medium (e.g., hot-water tank), from where the
heat is released according to the demand. In Finland, electric heating is primarily used in residential buildings, i.e., detached houses, terrace houses and holiday
cottages. During the 20th century, electric heating has become the most popular
heating solution in the aforementioned building types in Finland. [82]
In year 2015, there was total number of 605,000 electric heated houses in Finland
from which 480,000 were detached houses and the rest being mostly terrace houses.
The heating demand in these residential buildings takes place mostly during the
winter months. However, the heating of the residential buildings and their hotwater tanks is mostly done at night-time due to the night-rate electricity, but most
of the frequency regulation is needed during the daytime. According to authors
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in [75], the total power of grid-connected electric heating in domestic houses in
Finland is approximately 4,500 MW. According to the same authors, the potential
of controllable direct heating that can be utilized during the daytime is around 1,800
MW. [82] The total consumption of electricity in Finland during the year 2016 was
85.1 TWh, from which electric heating in domestic houses accounted for 10.5 TWh,
or 12.3% of the total electricity consumed. [83, 84].
Electric heating is also used in some industrial plants as a complementary heating
as well in some specific industrial processes. Another electric heating application
in large properties during the winter is frost protection to melt ice from driveway
ramps and other pedestrian areas.
In terms of the flexibility characteristics, electric heating presents easily predictable, high energy resource with fast response time. Depending on the structural
features and thermal capacity of the building, and the prevailing outside temperature,
the DR potential of electric heating in a well insulated building can be significant.
Moreover, the accumulated heating fits especially well for DR purposes due to its
elasticity and the ability to store energy. The reserve capacity of heating appliances
is pure upward regulation, and hence, unsuitable for the symmetrical FCR-N market.
Operation is usually implemented by relays in on-off principle making linear control
unfeasible. On this basis, market participation of electric heating apply best for the
FCR-D market if no aggregation with other resources is done.

3.2

Emergency power generators

Another interesting flexibility resource is diesel generators used for emergency power
in large commercial buildings. In Finland, there are hundreds of megawatts of gridconnected emergency power that are intended for emergency situations. However,
the generators are left unused for most of their lifetime as complete power blackouts
are rare in Finland. [85] The employment of these generators for DR services would
increase the utilization of the machines while bringing extra revenue for the owners.
In test performed by Fingrid and Digita, 37 emergency power diesel generators
with rated power of 100 to 300 kW were taken part in reserve market experiment [85].
According to the pilot, all of the generators fully activated in 15 to 30 seconds after
the frequency deviation signal. As a conclusion, the diesel generators were suitable
for DR services, but the response times were too long for FCR-D requirements as
the market codes (Table 2) require the reserve unit to active 50% of its capacity in 5
seconds and 100% of capacity in 30 seconds.
The response time problem could be tackled with additional energy storage such
as battery- or flywheel energy storage system. The energy storage systems set in
tandem with the generators would need high power, but low energy attribute. For
example, as the minimum bid in FCR-D market is 1 MW, if a resource owner has 1
MW generator that takes 30 seconds to activate, fulfilling the minimum response
time requirement would require complementary storage rated with 1 MW but only
with very low energy capacity to support the startup phase. Furthermore, the energy
storage would not have to be on the same geographical site as the generator. Hence,
one larger energy storage could support multiple emergency generators that are
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spread geographically to participate in the FCR-D market as one aggregated system.
An additional advantage of diesel generator or equivalent production unit is the
simplified reserve capacity calculation. Compared to the varying demand-side loads,
the reserve capacity (i.e., the rated output power) of the generator will stay constant,
making the maintainment of offered reserve capacity straightforward. At the same
time, fuel costs of the production-side resources must be taken into account. However,
the time under 49.90 Hz level, i.e., the activation time of FCR-D in 2018 was 1.14%
of the year (or around 100 hours), making fuel costs a fraction compared to the extra
revenue gained by providing the reserve capacity [86].

3.3

Energy storage systems

Energy storage systems can be divided into seasonal, weekly, daily, or hourly storages,
based on the demand to store energy. The main storage technologies include electrochemical (conventional batteries and flow batteries), electrical (supercapacitors),
mechanical (flywheels, compressed air storages and hydro storages), thermal (sensible heat storages and latent heat storages), and chemical (hydrogen and biofuels)
[87, 88, 89]. These technologies can be compared by their storage attributes, from
which the most important are energy density, power density, round-trip efficiency, and
discharge/recharge characteristics [90]. To illustrate, thermal energy storages have
high losses due heat conduction, pumped hydro has practically unlimited lifetime
while electrochemical batteries have a lifetime less than 10 years [91].
Energy storage systems will play a vital role in the coming years to accommodate
renewable generation and to balance generation-consumption imbalances. Mechanical
storages are seem to be preferable for their ability to store large amount of energy,
batteries are favorable in stand-alone systems, while both batteries and fuel-cells are
popular in portable systems. [87] However, the benefits of the different energy storage
technologies are not at the moment in line with their capital costs. As a result, the
contribution of energy storage systems is small in current power system infrastructure.
Currently, no alternatives exist for viable large scale seasonal storage, the closest
being hydropower which contributes for 99% of the total installed storage capacity
globally [90, 11]. While the costs of some storage technologies have decreased due
to their mass production, most technologies are still relatively expensive for their
newness, high cost of raw materials and the lack of large-scale production. At the
present-day, there is no single ideal energy storage technology that has all the required
characteristics for optimal grid integration. [92] The integration of energy storage
systems to the grids in the future will most likely consist of different technologies
that complement each other for economically and technically optimal system. As this
thesis focuses in flexibility available from commercial sites, battery energy storage
systems (BESS) and electric vehicle (EV) systems are considered.
3.3.1

Battery energy storage systems

The utilization of BESS at demand-side can bring several benefits for the user: ability
to participate in reserve markets, peak shaving, load shifting, emergency power and
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reactive power compensation. Considering frequency regulation capabilities, BESS
offers an excellent resource as they are bidirectional, have a fast response time, and
they can be controlled linearly. As a result, BESS are best fitted for the symmetrical
FCR-N market. From TSO and DSO point of view, the increased penetration of
demand-side held BESS increases the grid resiliency and mitigates the DG induced
problems. Compared to demand-side loads, BESS introduces considerably different
type of flexibility resource that has its own characteristics and control requirements.
The main components of BESS are battery cells, power converter, transformers,
and a controller. The batteries are made of cells stacked together in which electrical
energy is converted to chemical energy and vice versa. The voltage and current of a
battery is defined by how the cells are connected in series and parallel. Most common
battery types are Lead-Acid (LA), Nickel-Metal Hybride (NiMH), Nickel-Cadmium
(NiCd), Sodium-Sulfur (NaS), Redox Flow Batteries (RFB) and Lithium ion batteries
(Li-ion). Among these all, the lead-acid is the oldest and well-known type which has
been used in many applications. [93] Currently, the leading technologies seem to be Liion and NaS batteries as they have high energy density and high efficiency [88, 93, 92].
From these two, Li-ion proves to be the most promising and mature technology.
Li-ion batteries have small size, low weight, low self-discharge (1%/month), and they
offer a high energy density with storage efficiency close to 100%. Li-ion has however
drawbacks due to its high manufacturing costs (due to special packaging and the
need for internal protection circuit), and the harmful effects that deep discharges
and surrounding temperature has to its lifetime. [89, 93]
Despite the drawbacks, Li-ion is still considered as the major candidate for future
large scale energy storage systems [90, 89]. Li-ion not only dominates the technology
used in EVs and portable devices, but is also the leading global technology used
in grid storage projects. In United States, Li-ion is already the most used storage
technology deployed in large scale grid projects. [94] Even though Li-ion batteries
cannot prove at least yet economically viable seasonal storage, their development
in the last few years has increased their power rating, lifetime and efficiency, while
their cost have been reduced [89]. Hence, Li-ion technology is considered here on.
In context of providing frequency regulation from Li-ion battery, following control
attributes have a major impact on the market performance and lifetime of the system:
State-of-Charge (SoC) and Depth-of-Charge (DoD). When BESS operates in a
reserve market, it charges or discharges the battery according the grid frequency.
If the battery is full and frequency is above nominal level, the battery cannot be
charged any further in an effort to support the grid. Correspondingly, if the battery
is empty and frequency is below nominal level, the battery cannot be discharged
any further. In both cases, the battery will idle until change of direction happens in
the frequency. The level of charge is described by the SoC of the battery. As fully
discharging Li-ion battery adversely affects its lifetime, upper and lower limits must
be set for the SoC. [95] The difference between SoCmin and SoCmax during a charge
cycle is presented by the DoD. For example, if 12% and 97% are set as minimum and
maximum SoC values for a BESS rated at 1 MWH, the DoD is 85% and 0.15 MWH
is left out of the operation. Cycle life refers to the number of cycles the battery
performs under a certain conditions until the battery reaches its end-of-life, typically
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at 70 to 80% of the initial capacity. [96] The literature gives varying figures for
Li-ion cycle life, understandable as no common standards exist to measure BESS
performance [94]. According to [93], the cycle life of Li-ion battery is 3000 cycles at
80% of DoD, while [97] presents lifetime of 1,500 to 4,500 cycles. Moreover, [88, 87]
presents life cycle in between of 1,000 to 10,000 cycles.
Given the above, the control strategy of an Li-ion battery must be carefully
designed. Expanding the DoD value produces more revenue, but shortens the lifetime
of the battery, decreasing any future revenue. Clearly, an optimization problem.
Other control strategies include implementation of hysteresis at both ends of SoCmin
and SoCmax to prevent unnecessary fluctuations, as well utilization of dynamic dead
band to decelerate discharging and charging close of both ends of SoC [95]. The
pre-mentioned control strategies according to the FCR-N market rules have been
studied in [95, 91]. The presented control attributes extend naturally to other battery
technologies, but their impact depends on the used technology. The chosen battery
technology can affect other requirements, such as safety and environmental topics.
The technical suitability of Li-ion based BESS for DR services is excellent. Purely
obtaining BESS for reserve market operations is however not straightforward as
battery systems have limited lifetime, losses in charging/discharging process, and
they require cooling energy. Therefore, the net present value calculations alongside
with the investment decision will a need careful analysis of the initial and operational
costs. These economical aspects of BESS and their financial suitability for Finnish
FCR-N market have been studied in [94].
3.3.2

Electric vehicles

The electrification of transportation sector seems to be one of the feasible solutions
to reduce global CO2 emissions. Using only renewable generation for charging has
the potential to cut EV lifetime emissions by at least 80% as compared to traditional
combustion engine vehicles [98]. The global sales of EVs grew to 2 million units
in 2018, an increase of 63% compared to the previous year. However, the global
share of EVs during the same year was 2.2%, presenting only a fraction of the total
light-vehicle market [99]. According to [100], by 2040 we can expect EVs to cover
57% of all passenger car sales, and over 30% of the global light-vehicle fleet will be
electric. In Finland, there was around 30,000 EVs at the end of 2019 [101].
As EVs are expected to gain major share in passenger vehicles in the future, they
will have an influence on the supporting power system. The present-day AC-charging
power ranges anywhere from 3.7 kW to 22 kW, while DC-charging ranges from 40
kW to over 200 kW, depending on the car manufacturer and vehicle price class.
According to the Finnish Ministry of Transportation and Communications, fleet of
1 million EVs in Finland would consume 4 TWh of energy per year, which would
increase the national electricity consumption by 4.5% compared to figures in 2018
[102]. The increased EV numbers will not cause problems to the available energy
or transmission line capacities, but distribution networks could suffer congestion
problems during peak hours. For instance, as customers’ peak load increases, the
losses in the low voltage network will simultaneously grow, leading to challenges to
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maintain voltage drops in allowable limits. Additionally, distribution transformers
would face load-limits sooner than designed, resulting in more frequent overloading
of the transformers. In the medium voltage level, the negative effects of EV charging
would have already be smoothened out. [103]
Despite that EVs introduce new challenges to power systems, they also bring
new possibilities for balance management. To demonstrate, if 1 million light vehicles
out of the total 2.7 million in Finland would be electric, and 15% of them would
be available to discharge at 3.7 kW per vehicle at a time, the total discharge power
would be 555 MW. In comparison, the average procurement capacity of FCR-N in
2019 was 114 MW per hour while the average procurement capacity of FCR-D during
the same year was 473 MW per hour. Taking into consideration that residential
vehicles are parked 95% of the time, their availability for grid-support functions
would be substantial [104]. Similar notions have risen by authors in [98], who show
that 1 million EVs would be able to supply half of the required balancing power in
order to support 30% wind-power generation in the UK. Furthermore, authors in
[105] show that if 50% of the US electricity generation would be wind-powered, 34%
of the US passenger car fleet could provide the required balancing power if operated
under a V2G scheme.
Comparing EV and BESS flexibility characteristics, they provide a similar resource
for balance management. The battery system of modern EV is basically a small sized
Li-ion BESS where the same cycle-life and DoD considerations apply. However, V2G
and intelligent charging schemes of EVs must consider the impacts on the end-user
and EV itself. Hence, the control strategy of an EV and BESS are different [106].
The major technical challenge to employ large-scale V2G adaptation is the increased
degradation of the batteries [107]. If an EV is employed in frequency regulation, the
battery lifetime decreases proportionally to the amount of charge/discharge cycles
performed. According to simulations in [108], V2G transactions can reduce EV
battery lifetime for nearly 3 years due to the longer operation times and greater cycle
depths. As a result, the effects of V2G to battery degradation are crucial to the EV
owner as battery replacement costs can be significant compared to the initial cost
of the EV [107]. However, authors in [107] argue that by implementing intelligent
control algorithms EV owners can effectively join DR services and gain revenue while
battery degradation is minimized. Others suggest that decommissioned EV batteries
should be utilized as a separate BESS systems as they would still have sufficient
energy capacity to provide DR functionalities [106].
EV participation in frequency regulation or similar V2G services can be limited
by a number of other factors, including uncertain charging times, ensuring sufficient
SoC levels at departure, and end-user behavior. The added cost of protection and
metering systems, and the degradation of the batteries due to the bidirectional power
flow could even nullify the gained V2G benefits [104]. Authors in [104, 109] argue
that almost all of the V2G benefits can be acquired by unidirectional power flow,
i.e., altering only the grid-supply to the EV. Most of the related literature has
investigated the feasibility and economics of bidirectional V2G designs, but only
few publications has examined the comprehensive benefits gained from coordinated
unidirectional charging [104, 109]. Despite the method chosen, the deployment of
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large-scale V2G or flexible unidirectional charging will face similar obstacle as any
DR program: the willingness of the customers to modify their charging habits.
To summarize, the literature agrees that EVs will offer an substantial balance
management potential in the future. EVs are best suitable for short-term balancing,
while other assets are required for seasonal storage needs [98, 98]. The flexibility
characteristics of an EV are the same as BESS (fast response time, bidirectional
power flow and linear control), and their technical suitability for frequency regulation
is excellent. The global share of EVs is however small at the moment and multiple
technical and economical issues must be solved before the successful implementation
of EV-based balance management can be accomplished.
Finally, this section did not cover the effects and potency of commercial EVs. As
the current charging power of a single eBus can range from 100 kW to over 500 kW,
their influence to power systems will substantial if large shares are to be expected.

3.4

Potential of demand response in Finland

The full potential of DR strongly depends on the market value of flexibility and
the social acceptance of the end-users. The market value of flexibility is currently
not sufficient in all cases to cover the needed investments and operational costs.
The necessary IT-infrastructure, data processing, and accessing the kilowatt-level to
meter and control the resources can be all very labour intensive, resulting in high
initial costs. Furthermore, the operation of large-scale resource pool and the involved
organizational effort might not be worth the additional income gained by joining
a DR program. [110] Aggregation of flexibility resources can alleviate the involved
organizational costs through the economies of scale by decreasing organizational
costs per gained reserve capacity.

Figure 11: Classification of demand response potentials.
In an effort to analyze the potential of DR, the existing literature usually distinguishes DR potential into four categories: theoretical, technical, economical and
achievable, illustrated in Figure 11. The theoretical potential is generally defined as
the maximum potential of DR and consists of all the resources potentially suitable
for DR services. The technical potential carries from the theoretical potential by
considering technical restrictions, such as controllability and the amount load interventions the resources can sustain. The economical potential further derives from
the technical potential as it considers the costs for integrating the flexible loads into
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DR initiative, and hence, depends on the prevailing incentive structure. Finally, the
achievable DR potential considers the level of acceptance for load interventions by
the end-users, as not all of the financially competitive potential cannot be realized
without disrupting the comfort of the customers. [21, 111]
The DR potential available from commercial and residential customers in Finland
has been assessed in many publications. Authors in [76, 75] have assessed the
theoretical power available from large commercial and residential loads, shown in
Table 5. In the table, the commercial segment is separated into two parts as
educational premises are presented separately. The results are based on the official
building stock statistics in Finland and the normal design powers used per square
meter. On the contrary, few publications have assessed the overall industrial DR
potential in Finland. Most of the related work has focused on a specific plant and
the potential available from its particular processes. The most extensive research was
done by the Technical Research Centre of Finland (VTT) in 2005. The research report
evaluated the technical potential of the industrial segment as a whole. According to
the report, the total technical potential that can be actuated under three hours in
the Finnish process industry totaled at 1,280 MW. During the date of publication,
some 400 MW of this potential was already reserved for DR purposes. [112] The
results are shown in Table 6.
Source of flexibility
Ventilation
Cooling
Illumination
Frost protection
Electric heating

Commercial
buildings

Educational
buildings

Residential
buildings

250 MW
300 MW
780 MW
50 MW
n/a

160 MW
40 MW
220 MW
20 MW
n/a

n/a
n/a
n/a
n/a
4500 MW

Table 5: Estimation of the theoretical DR potential from the commercial and residential segments in Finland [76, 75].

Source of flexibility

Volume

Pulp and paper industry
Metal industry
Chemical industry

790 MW
330 MW
160 MW

Table 6: Estimation of the technical DR potential from the industrial segment in
Finland (2005) [112].
In order to put these figures into context, the Finnish electricity consumption
varies in the summer from 6,000 MW to over 14,000 MW in the winter. According
to the agreement between the Nordic TSOs, Fingrid is obligated to acquire 120 MW
of FCR-N capacity, 290 MW of FCR-D capacity, 60-80 MW of aFRR and 880-1,100
MW of FRR balancing power for the year 2020.
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4

Aggregation of flexibility resources

Aggregation of flexibility resources in a capacity-based reserve market has two goals:
to increase the total reserve capacity and to attain better market accessibility. The
minimum offerable capacities to join FCR-N and FCR-D markets are currently 100
kW and 1 MW respectively. As a result, small load owners are not able to participate
in the reserve markets due to the rated power of most devices in commercial and
residential buildings are well below the minimum capacity requirement to join. By
aggregating different resources together, the third-party aggregator enables these
small resource owners to participate in reserve markets and to bring extra revenue
from their buildings. Market accessibility refers to the technical issue that some
flexibility resources are unable to join reserve markets on their own. In addition to the
minimum capacity requirement, other market prerequisites regarding controllability,
i.e., response time and minimum regulation duration, can prevent the resource
from joining the market alone. For instance, a resource might have a large capacity
attribute, but one that cannot be activated quickly enough to comply with the market
codes. Similarly, some demand-side resources can only decrease their power, i.e.,
they have unidirectional capacity, and hence, cannot join the symmetrical FCR-N
market. An aggregator may however pursue the financially more attractive FCR-N
market by aggregating different resources together to achieve the required control
characteristics in order to participate. An illustrative example of aggregation is
to combine similar dynamically slow resource with fast, but energy-constrained
resource to provide frequency regulation that neither of the units could provide
individually [113]. Combining different flexibility resources together for DR purposes
offers an intriguing possibility to increase the total reserve capacity and to enhance
the flexibility attributes of the aggregated resource pool.
As the basic principle of capacity-based reserve market is the promise of delivering
power regulation in a case of grid imbalance, the amount of frequency fluctuations in
the grid defines the need to alter the baseline consumption. Based on the Finnish
FCR-N market, the deviated power of the resource pool is a function of the grid
frequency according to Equation 1. As the power deviated from the baseline level,
i.e., the reserve power, must be changed in proportion to the grid frequency, extreme
ends are rarely faced. Therefore, the full reserve capacity offered to the market is
only rarely executed. This can be seen in Figure 12, where the frequency quality
in the Nordic synchronous area is illustrated on a duration curve. In the figure,
half of the operating band of FCR-N occupies 73.7 % of the year, meaning that
50% of the offered capacity in FCR-N must be actuated only in 26,3% of the year.
The behaviour of the frequency fluctuations gives options to the reserve provider
on coordinating the resource pool in order to fulfill the made commitment to the
market.
This thesis presents two general aggregation strategies for the coordination of
flexibility resources: clustering and rotation of the resource pool. In clustering,
resources that allow the largest repetition, i.e., the maximum amount of regulation
events with the minimum time between two sequential events, are used the most.
For instance, inverter operated ventilation can be continuously deviated without
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Figure 12: Frequency duration curve of the Nordic synchronous area in 2019 with 10
second resolution.
a restraint, but relay-connected cooling or heating devices cannot be continuously
turned on and off without serious harm to the end-users. By dividing different
resources into groups, clustering allows the usage of the resources to be prioritized;
some resources are used repeatedly, and some resources are used more seldom at
the extreme ends of the frequency band. Rotation of the flexibility resources refers
to queuing of the resources. In this framework, the actuated resources after an
individual regulation event are placed last in the resource pool queue to ensure even
exploitation of the resources. Moreover, these two methods can be combined for
optimal exploitation of the resources. Different priority groups can be formed, for
instance, based on the controllability of the resources, and the usage inside the group
can be further based on rotation. Figure 13 shows a corresponding framework for
the aggregation of flexibility under the virtual power plant architecture.
Another aggregation strategy widely presented in the literature is the so-called
"virtual battery" model (see, for example, [33, 37]). In this framework, all the resources
are described as time varying batteries and the aggregated resource pool is presented
as a single battery unit. The virtual battery model is intuitive as it represents
flexibility in a very simple way, making coordination and trading of the resource pool
straightforward for all market participants. The virtual battery model is very similar
to the virtual power plant in its architecture. The virtual battery model does not
however take into account the above-mentioned repetition and prioritization issues.
Despite the coordination principle, the main goal of any aggregation strategy is to
achieve the highest possible reserve market accessibility with the minimum possible
impact to customer comfort or wear-down of the resources.
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Figure 13: Aggregation of demand-side flexibility in a Virtual Power Plant.

4.1

Estimation of building flexibility and its uncertainty

The uncertainty parameters of flexibility, such as end-user behavior, weather conditions and dynamics of the resources affect the available reserve capacity. In Finnish
context, the reserve market provider must bid the next-day FCR offers every day
before 6.30PM, hence, naturally forcing the service provider to perform day-ahead
planning. If the reserve provider overestimates the offerable capacity or fails to keep
the made promise to the market, financial penalties must be paid. Alternatively,
underestimating the available flexibility results in underutilization of the resources,
and therefore, is a missed opportunity for revenue. [37] Hence, forecasting the customer baseline load and the flexibility that can be attained from it is crucial in a
capacity-based DR program.
The estimation of building flexibility can be accomplished through many approaches. Multiple publications have presented frameworks and ideas to simulate
flexibility through thermal models or other equivalent circuit models of the building.
A major drawback of these models is that it is impossible to consider all possible
dynamics, and it is irrational to assume access to all the necessary information,
especially the end-user behavior. Even if a detailed model is used, the simulation
requires the information of a particular building and its unique parameters to precisely evaluate the flexibility capacity. Therefore, such simulation approaches do not
have the scalability for large DR purposes.
As the flexibility depends on the consumer baseline load, two general methods
can be used for its calculation: day-matching method and regression analysis. The

44

first one is a statistical method based on the historical data of similar days to predict
flexibility. [66] Regression models can be used, for instance, to determine the baseline
load and its correlation between surrounding temperature or the amount of occupants
in a building. More sophisticated approaches to estimate the next day flexibility
include AI or machine learning based methods. The data used in these forecasts
methods are generally based on the building main meter, or in the best case, the
energy meter measuring the individual device.

Figure 14: Varying reserve capacity of a building.
The varying nature of flexibility in a commercial building is shown in Figure
14 where Cup and Cdown refers to the capacity up and capacity down-values. The
figure illustrates the capacity values of a building, i.e., the flexibility that can be
attained by deviating power consumption from its baseline level. Three variables
are highlighted: actual consumption, Pmax and Pmin . The load curve of a building
generally follows the time of usage. For instance, when occupants arrive in the
morning, HVAC machines, computers and indoor lighting are turned on, resulting
in substantial rise in power consumption. The maximum and minimum level of
consumption follows the time of usage in equal principle. For example, if the building
has a high number of occupants, the HVAC machines must be operated at higher
power, resulting in higher value of Pmin as the machines cannot be turned down
due to higher demand in ventilation. Therefore, the available flexibility constantly
varies, and the building can be considered as a stochastic system. The available
flexibility from the building is uncertain due to both model uncertainty and the
forecast uncertainty. However, increasing the number of samples, i.e., the size of the
resource pool, increases predictability. According to studies in [37], increasing the
amount of aggregated EVs from 100 to 1000 units decreases standard deviation of
the flexibility forecast by one third.
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5

Aggregation simulation: A case study

This chapter presents an aggregation simulation based on real DR case in a commercial
building located in Finland. The aim of this simulation is to examine the technical
possibility to aggregate relay-connected load with inverter-connected loads and
whether the aggregated resources can operate in the FCR-N market. The main
goal is to determine with the help of the simulations how many activation instants
the individual relay-connected load goes through a market hour, and how different
control principles affect the number of activations. This information helps the
decision-making on whether the relay-connected loads can participate on the fast
FCR-N reserve market.
The simulation is based on screw-type chillers and inverter-connected AHUs that
compose the main HVAC equipment in the case study building. The ventilation in
the case study building has been participating in the FCR-N market and consists
of dozens of AHU units. However, based on the actual experience from the case
building, the reserve capacity that the AHUs can provide is not symmetrical. The
problem is illustrated in Figure 15 which shows the calculated capacity values that
can be attained from the baseline load of the connected inverter pool.

Figure 15: Actual reserve capacity available from the baseline load of the case study
building ventilation.
The capacity down-value of the aggregated AHU pool can be two to three times
greater than the capacity up-value during the operational hours of the building. The
reason for this highly unsymmetrical flexibility is due to the requirements of the
indoor air quality. The AHUs can be regulated for higher power (leading to higher
degree of ventilation, i.e., less C02 particles in the air, for instance), but their power
cannot be regulated excessively low in order to ensure sufficient indoor environments.
Therefore, the flexibility available from the building is highly unsymmetrical. As the
FCR-N market requires symmetrical reserve capacity, the offerable market flexibility
is equal to the lower value of these two.

46

The idea of this simulation is to expand the total symmetrical reserve capacity
available from the building HVAC systems by incorporating the chillers in tandem
with the AHUs. The building contains of nine chillers in the nominal power range of
200 kW. The controllability of the machines is in pure on-off principle, and hence,
they cannot join the FCR-N market alone. On the other hand, the inverter-connected
ventilation allows for nearly linear power control which can be coupled with the
on-off operation of the chillers. The idea of the aggregation principle is illustrated in
Figure 16. When the chillers are in operation during the summer cooling period, they
provide a substantial DR potential due to their high power. The problem with this
aggregation model is that the chillers cannot be continuously actuated as the on-off
instances should be kept minimum to reduce any wear-down effects on the devices or
indoor environments. The simulation therefore incorporates the prioritization and
rotation principle presented in Section 4 to use the chillers as little as possible and
still provide the needed reserve capacity from the building.

Figure 16: Reserve capacity available from the baseline load of the case study building
ventilation and cooling (assumption).
The simulation algorithm of the ventilation in this study is based on a linear
model, utilized, for example, in [34]. The simulation includes the linear loads (simulated AHUs) and the on-off controlled load (simulated chiller). The performance of
the algorithm is presented in Figure 18. The linear load presents the unsymmetrical
flexibility available from the case study building ventilation, and the set capacityvalues are defined as Capacity up,AHU s = 200 kW , Capacity up,chiller = 200 kW and
Capacity down,AHU s = 400 kW . This means that the inverter-connected load manages fully the downregulation-capacity, and 50% of the upregulation-capacity. The
response time for the linear load is set for 100%/2 minutes. The operation of the
algorithm is set according to the FCR-N market rules, i.e., activation frequency
of 50.10 - 49.90 Hz with a dead band of ±0.01 Hz. The prioritization principle is
implemented as follows: the linear load responds first to changes in frequency. If
the reserve capacity of the linear load is fully exploited, only then the on-off load
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is actuated. The on-off instances of the simulated chiller can be seen in the Figure
18 as sudden drops or increases in power. In the figure, the zero level simulates the
baseline consumption from which the regulation is attained. The rotation principle is
implemented as follows: only one chiller is used at a time to allow the rotation of the
machines. If all of the nine chillers would be included in the DR service simultaneously, the offerable Capacity up,AHU s could be increased even up to level of 1.8 MW.
However, this would lead to higher degree of DR utilization per machine. Using only
one unit at a time for DR services allows to increase the time between individual
activation instances, and therefore, decrease wear-down effects or degradation of the
indoor air quality. On comparison to the simulated HVAC system, the behavior of
actual inverter-connected AHU pool is shown in Figure 17. The Figure illustrates
the power consumption of multiple AHUs from a case study building in a response
for a control signal.

Figure 17: Actual step response test for inverter-connected ventilation in a case study
building.

Figure 18: Performance test of the simulation algorithm.
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The key issue in this aggregation design is the proportion of the relay-connected
load to the inverter-connected loads. As the activation of the reserve capacity is
relative to the grid frequency, not all the sold capacity must be constantly actuated.
As was shown in Figure 12, most of the frequency fluctuations take place close to the
nominal 50.00 Hz range, and therefore, full reserve capacities are seldom actuated.
Taking advantage of this phenomenon through the control principle of prioritization,
the lesser the share of single-step loads, the fewer actuations they encounter. In this
principle, the simulated chiller is activated only when all the sold reserve capacity
must be activated. Therefore, the absolute kW -values used in simulation does not
change the outcome due to the control principle, only the proportion of the linear
and relay-connected loads. This study sets the proportion according to the values
implied by the case study building. The capacity down, i.e., downregulation, is
purely linear in its nature, but the capacity up, i.e., upregulation, is 50% linear and
50% relay controlled.
The simulation algorithm is tested with four approaches: generic, running average,
added hysteresis and combined models. The case study simulation is run in total with
15 different control methods, presented in Table 7. The algorithm is driven through
four months of frequency data from 2019 (May - August) with 1 second resolution.
The time series data used in the simulation is acquired through the Finnish TSO
Fingrid open database. The chosen time period is due to cooling machines are mainly
used during this summer period. The simulation is run on Javascript environment
and the results are composed in Matlab. The simulation is simplified by removing
all uncertainty parameters of flexibility, including:
1. Constant reserve capacity for the ventilation. The capacity values are set to
be constant through the test period; this is however not true as the reserve
capacity available from the case study building varies.
2. Constant reserve capacity for the chillers. The chillers are assumed to run on
full power at all times when operated, resulting in constant reserve capacity. In
reality, the power of screw-type chillers is determined by a internal mechanical
valve, and the power might range anywhere between the rated power and
one-third of the nominal power, based on the cooling demand.
3. Time of usage. The simulation assumes that the flexibility resources are
available for DR purposes every day from 8AM to 9PM, following the case
study building time of usage shown in the Figure 15. This is however not true
as weekends, holidays, and other events might affect the operation of the loads,
and therefore, the available reserve capacity.
As the simulation presumes the ideal conditions indicated above, all the uncertainty related to flexibility is removed. Therefore, a constant ratio of 50% between
the linear and relay-controlled loads is maintained for upregulation section in the
simulation.
The Table 7 shows the used control parameters on the case study simulation.
The basic idea of the running average control logic is to smooth out fast frequency
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Simulation model

Description

Generic
Running average, 15
Running average, 30
Running average, 45
Running average, 60
Hysteresis, 5 mHz
Hysteresis 10 mHz
Combined
Combined
Combined
Combined
Combined
Combined
Combined
Combined

model
model
model
model
model
model
model
model

1
2
3
4
5
6
7
8

s
s
s
s

A basic model of the simulation with raw frequency data,
presented in Figure 18.
The raw frequency data is filtered with running of 15 s
The raw frequency data is filtered with running of 30 s
The raw frequency data is filtered with running of 45 s
The raw frequency data is filtered with running of 60 s
An additional hysteresis of 5 mHz is included to the standard
FCR-N 0.01 Hz dead band, presented in Figure 6.
An additional hysteresis of 10 mHz is included to the standard
FCR-N 0.01 Hz dead band.
Running average of 15 s with additional hysteresis of 5 mHz
Running average of 30 s with additional hysteresis of 5 mHz
Running average of 45 s with additional hysteresis of 5 mHz
Running average of 60 s with additional hysteresis of 5 mHz
Running average of 15 s with additional hysteresis of 10 mHz
Running average of 30 s with additional hysteresis of 10 mHz
Running average of 45 s with additional hysteresis of 10 mHz
Running average of 60 s with additional hysteresis of 10 mHz

Table 7: Case study simulation models.
dynamics that unnecessarily turns on and off the chiller. The generic model uses the
raw 1 second data, and therefore, reacts to these fast dips by trying to regulate its
power according to the need of the grid. As the minimum response time requirement
for the FCR-N market is 3 minutes, responding to short term frequency anomalies
is needless. The second model is the added hysteresis which increases the dead
band of the FCR-N control curve. According to the FCR-N market rules, service
providers can modify the reserve power of participating reserve unit inside the 0.01
Hz dead band region. By increasing this dead band through an additional hysteresis,
the activation instants of the chiller can be reduced. The functioning of the added
hysteresis is as follows: when the grid frequency implies that the chiller should be
turned back on, the turning on-instant is delayed by the amount of the hysteresis. If
the grid frequency would oscillate on the threshold point of activation, the added
hysteresis would reduce the oscillation effects. The rest of the simulation is based on
the combination of the moving average and added hysteresis models.

50

6

Results

To examine the suitability of relay-activated loads in the FCR-N market, a series of
simulation experiments were executed. First, an analysis was done how the proportion
between single-step and linear loads affects the performance of the aggregated system.
Second part consists of the case study simulation where numerical values are based
on the presented case study building. All of the results are based on the framework
and assumptions presented in Chapter 5.

Figure 19: Activation instants of the single-step load as a function of share between
loads in the upregulation-capacity.
Figure 19 shows the effects of the proportion between the two load types. The
share of the relay-activated load in the aggregated pool affects exponentially its
activation instants. The aggregated system loses its capability to regulate according
to the FCR-N market rules after the share of the relay-connected load increases above
the level of 40-50%, illustrated in Figure 20. If the share is too high, the control
logic cannot regulate according to the FCR-N market needs, and the relay-connected
load starts to oscillate between on- and off-state, trying to reach the wanted reserve
power-setpoint. When the proportion between the two load is lowered, the inverterconnected loads can manage the regulation in general and the single-step load is
activated only seldomly.
The results indicate that a service provider can participate in the symmetric
and linear FCR-N market with relay-connected resources if the proportion of the
single-step loads is small enough to the proportion of the linear loads. For loads that
cannot be intervened constantly for DR services, the share of the inverter-connected
regulation capacity should be as high as possible in the resource pool. Given the
above, the share of the relay-connected load can be surprisingly high in the resource
pool. As the activation of the reserve power is a function of the grid frequency, and
the grid frequency seldom reaches extreme ends, the inverter-connected loads can
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handle the regulation for the most part. If the amount of frequency fluctuations
would increase in the grid, for instance, due to increasing penetration of VREs, this
advantage would be lost.

Figure 20: Performance of the simulated aggregation pool for two different cases.

6.1

Case study results

This section examines the possibility to aggregate the two most common HVAC
machines together: how an on-off controlled chiller can be combined with inverterconnected air handling units. The simulation is run with numeric values based on
the case study building, i.e., the share of the chillers is 50% of the upregulation
capacity. The simulation focuses on the repeatability of the chillers as the on-off
instances of the machines must be kept as low as possible to maintain sufficient
indoor environments and to prevent any wear-down effects on the machines. The
activation instants of the chiller during a market hour with the presented control
models can be seen in Figure 21.
The generic models has 2.75 activations on average per participated market hour.
With the nine machines in the case study building, the individual machine would
have to be turned on and off for frequency regulation services approximately four
times per day. The running average and the added hysteresis in the model decreases
the activation instants even further. The running average of 60 seconds brings the
number of activation instants to half compared to the generic model. This suggest
that the control logic should be implemented with some degree of filtering for the
grid frequency. The current FCR-N market rules allow this kind of filtering as long
as the reserve unit can fully activate its offered reserve capacity in three minutes;
thus, some balance should be found between fulfilling the market requirements and
eliminating very fast and random frequency dynamics. The added hysteresis decreases
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the activation instant further by 5 to 15%. For the nine chillers in the case study
building, coupling the machines to the FCR-N market for the summer cooling period
would cause approximately additional 500 activation instances per machine for the
four-month period. The number of on-off instances can be seen acceptable in order
to participate in the market.

Figure 21: Average activation instants of the chiller per a market hour.

Figure 22: Average on-off periods of the chiller during one day.
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Figure 22 shows the average on- and off-periods for the cooling machines per
day. In the generic model, the chiller runs for around 20 minutes until a frequency
regulation event occurs, and the machine has to be stopped for approximately 2.6
minutes to provide the promised regulation capacity. The added hysteresis and the
running average filtering increases time of both periods. The longer off-times does
not directly mean worse performance: according to tests in the case study building,
the time that the chillers can be turned off is between 5 to 15 minutes before the
indoor air deteriorates. Once the chiller is turned off for frequency regulation services,
it is suitable to keep the machine switched off for short period to allow oils and other
internal systems of the machine to settle down.

Figure 23: Energy balance of the regulation for the simulated four month period.
Finally, Figure 23 shows the energy balance of the regulation for the simulated
four month period. As the main principle of DR is to alter load-profiles temporarily,
the provided regulation has a effect on the total power consumption. The figure shows
the shift in consumption due to DR in comparison to baseline level consumption. The
results show that the grid frequency has stayed on average under the 50.00 Hz level as
the balance is negative. The main purpose of the figure is to illustrate that as DR has
a impact on the total energy consumption, the total costs for the consumed energy
may change for the service provider. It is important to note that by participating in
a symmetric or downregulating DR program, the market participant’s total energy
consumption can increase, possibly even nullifying the compensation gained from
the DR program.
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7

Conclusion

The aim of this thesis was to identify quantifiable attributes for flexibility resources
and to examine whether a relay-activated HVAC loads can be connected to the
linear FCR-N reserve market by combining different demand-side loads together.
Therefore, this thesis assessed the most common DR resources and their potential,
developed an aggregation framework based on coordinated control of the resource
pool, and modelled the two different types of resources in a case study. The study was
timely as the need for flexibility in power systems has rapidly increased due to the
increasing penetration of intermittent and inertia-free generation such as wind power
and photovoltaics. The variable renewable energy-based generation has introduced
new technical challenges to balance management as well as economical challenges
to the functioning of power markets, jeopardizing the security of the whole power
system. DR has the possibility to respond to the short-term reliability issues as one
of the cheapest tool available.
Flexibility attributes of different demand-side resources were described with four
variables: capacity up, capacity down, response time and energy. These attributes
allowed the comparison between different demand-side resources to critically evaluate
their technical suitability for DR services. The demand-side resources were divided
into three categories according to existing literature: industrial, commercial and
residential. The industrial segment has been a part of various DR services in Finland
for decades and a notable part of its regulation capacity has been already utilized in
balance management. The growth of advanced metering infrastructure, improved
information communication technology and the liberalized electricity markets have allowed the commercial and residential segments to participate in various DR programs
during the past few years. The usual loads in the residential segment are however
small, leading to high costs per installed reserve capacity. As a result, the price of
flexibility does not currently encourage to install all of the technically possible loads
to fully utilize their DR potential. The commercial segment will however present one
of the largest potential in the near future to increase flexibility in power systems. The
main resources in the commercial segment able to provide flexibility consist of HVAC
machines such as ventilation systems and chillers. However, currently no standards
or norms govern DR aspects of these HVAC systems or building automation systems.
Thus, all market participants must use their own technical solution to connect these
resources to the DR programs. As no DR functionalities are included in the original
design of the systems, the replicability of these solutions is low, rising the initial price
to attain flexibility from the commercial segment. If building automation systems
would have inbuilt readiness for DR services, it would be easier to integrate the
commercial segment in balance management. A strong argument stands for the
standardization of DR functionalities in HVAC system to fully utilize their potential.
In summary, there is a need to define a proper framework for building automation
systems, including suitable standards and protocols to enable various demand-side
loads to easily participate in balance management.
Utilizing the presented flexibility attributes, this thesis introduced an aggregation
framework based on the virtual power plant architecture. Virtual power plant is a

55

digital entity which connects different demand-side loads, energy storage systems
and production units together to form the equivalent of a single virtual power plant.
This allows controlling the resource pool of the VPP as one single unit, even though
the assets would be geographically decentralized. Two main control strategies were
presented for the coordination of the DR resource pool inside the VPP architecture:
clustering and rotation. In clustering, resources that allow the largest repetition of
DR services are prioritized. Rotation of the resource pool refers to queuing of the
resources to ensure an even exploitation of the resource pool.
Based on the aggregation framework presented, a case study simulation was
performed to model the DR suitability of the relay-connected resources together
with inverter-connected resources. This simulation established the main work of
this thesis. The aim of the simulation was to determine whether an on-off activated
chiller, i.e., a cooling machine, can be aggregated together with a linearly controlled
ventilation system. These two machineries form the main HVAC system of any
modern commercial building. Ventilation systems have been utilized in fast DR
programs for the past years as the fans of the air handling units are contemporarily
driven by inverter operated blower motors. The air handling units therefore have
a crucial advantage as they can provide frequency regulation with no additional
add-ons. The novelty of this thesis was to study the suitability of the chillers in
fast frequency regulation. The problem of incorporating chillers in DR services is
that most of the machines are on-off controlled, leaving no manageability over their
input power. Furthermore, the machines cannot be continuously turned on and off
in order to prevent any wear-down effects or deterioration of indoor environments.
Therefore, the chillers must be combined with linear load, i.e., with the air handling
units to provide aggregated frequency regulation capabilities that neither of the
resources could provide alone. The benefit of the chillers is that their rated power
usually lies in the range of hundreds of kilowatts, whereas the power of a single
air handling unit may range in the power of tens of kilowatts. Hence, a strong
financial motivation exists to couple the cooling machines into ancillary services as
they display a DR high opportunity. The results of the simulation were positive: the
relationship between the single-step and linear load exponentially affects the need to
activate the chiller for DR services. For the case study building with 50% share of
relay-connected reserve capacity in the upregulation-capacity, the chiller had to be
actuated 2.75 times per a market hour. With the nine identical machines in the case
study building, this would lead to four activation instances per day per machine if the
assets would participate in the FCR-N market for 13 hour each day. These results
initially suggest that the chillers can be incorporated into fast DR programs such as
the Finnish FCR-N market without additional wear-down effects or deteriorating
the indoor air quality and end-user comfort. Additionally, as the results indicate, if
the HVAC loads in commercial buildings can be fully utilized in fast DR programs
alone, any complementary battery energy systems for the relay-connected chillers
can be omitted, bringing investments costs down.
To the author’s best knowledge, no previous work has been done on coordinated
control of relay-connected loads with inverter-connected loads on fast DR programs
such as the Finnish FCR-N market. The thesis identified the most important
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DR assets and their characteristics and presented novel ideas and concepts for
the aggregation of demand-side resources. The main limitation of this study was
the simplifications of the simulation to remove all uncertainty related to available
reserve capacities of the resources. More studies are needed to model HVAC systems
as a whole and to examine the optimum control of the resources for frequency
regulation services. Moreover, this thesis only studied the performance of a single
relay-connected load in a combination with the inverter operated loads. More studies
are needed to study the DR performance of more complex resource pools that include
several relay-connected loads and various other demand-side resources. In a Master’s
thesis context, the presented scope was seen appropriate as the modelling of HVAC
systems produces a difficult task as the commercial buildings constitute a complex
stochastic system. Therefore, the baseline power and the regulation capacity that
can be attained from the stochastic system is not trivially forecasted.
It can be concluded that DR will remain as an important asset in the near
future to increase short-term flexibility in power systems. However, it is important
to note that most of the demand-side equipment currently utilized in DR are not
originally designed for flexible operation. Considering the price of flexibility and the
end-user acceptance for load interventions, the achievable potential of DR might be
substantially lower than generally expected in the literature. The main new sources for
short-term flexibility in the near future consist of commercial HVAC loads and electric
vehicles. Battery energy systems display a high potential, but the price of storage
systems and the price of flexibility are currently not aligned to fully rely on battery
systems. For long-term flexibility, i.e., for seasonal storage, hydropower will remain
the main asset where it is available. Other strategies to provide long-term flexibility
include solutions such as Power-to-X systems and geographical decentralization of
renewable generation.
Finally, a note regarding the capacity mechanism of the Nordic DR programs. The
capacity-based DR programs are intuitive for generation units, but the calculation of
the reserve capacity for varying demand-side loads is difficult. Service providers need
to have a good understanding about the baseline consumption of their loads and
the flexibility that can be attained from it. Issues such as the determination of the
reference power from which the provided regulation is calculated can be cumbersome.
Moreover, the capacity principle requires extra investments for market participation
as all reserve units must be metered to verify the provided regulation capacity. In
hindsight, the price-based DR programs, for instance, are more intuitive for demandside loads as no extra equipment or effort to forecast the offerable flexibility is needed
in order to participate.

7.1

Future research

The future research on aggregated demand response should focus on HVAC systems
and EVs. As more resources are able to participate in DR programs due to market
liberalization, more studies are needed on the control principles of complex resource
pools and the related aggregation strategies. A very limited number of studies have
been made on this field. Based on the work in this thesis, the next step would be
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to model more complex HVAC systems that consist of several relay- and inverterconnected loads and to examine how the aggregated mass could be best operated in
symmetrical and linear market as the FCR-N. The next model should consider the
varying flexibility of the building, i.e., forecast available reserve capacity for the next
day market participation instead of using static model.
Forecasting the baseline load of HVAC systems and the flexibility that can be
attained from them is crucial in any DR program for profitable business operations.
In the context of Finnish reserve markets based on the capacity principle, forecasting
the reserve capacities of the demand-side loads is a necessity in order to be able to
participate on the market. If the reserve provider overestimates the offerable capacity
or fails to keep the made promise to the market, financial penalties must be paid.
Alternatively, underestimating the available flexibility results in underutilization of
the resources, and therefore, is a missed opportunity for revenue. Several studies
have been made on forecasting baseline consumption, but the studies have focused
on a specific devices and limited research has been made on large HVAC systems.
Considering economical aspects, the biggest uncertainty of joining a DR program
is the market price of flexibility. As providing a DR service has a cost of its own (for
instance, disturbing end-users or industrial processes), having the information of the
compensation for these disturbances is beneficial on whether to participate in the
market or not. Some initial work has been made to forecast the price of the FCR-N
market in Finland. Another key issue from the economic point of view is the fair
distribution of profits in an aggregation scheme. Topics such as how an aggregator
distributes evenly the gained profits between participating customers, or how the
aggregator takes into notice the mismatches between forecasted flexibility (i.e., sold
flexibility) and the actual delivered flexibility in the profits should be examined.
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