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Wind and solar capacities have increased significantly in recent years and the trend is expected
to continue. Wind and solar generation rely on converters to convert the electricity generated
suitable to the power system. Currently utilized grid-following converters need synchronous gen-
erators to provide a stable voltage source to stay synchronized with the grid and they lack some
inherent capabilities of synchronous generators which the power system stability has traditionally
relied on. This is expected to challenge the power system’s stability.

The goal of this study was to forecast the system changes and determine where and when
the power system stability challenges would appear, what ancillary services would be needed to
mitigate the challenges, and how much their procurement would cost. The system changes were
forecasted through electricity market simulations and data analysis to estimate power system
guantities such as inertia, dynamic reactive power capacities, and synchronous generator appar-
ent power, as well as the costs of procuring them. This approach required less computational
power and expert work than using more precise calculation tools.

The stability indicator used in this study was the apparent power capacity of online syn-
chronous generators divided by the active power generation of converter-connected generation
(STCratio). It was assumed that 1 MVA of synchronous apparent power could sustain 4 MW
of converter-connected generation. It was forecasted that Western Finland would need additional
stability support as early as in 2024. In addition, Northern and Northeastern Finland were fore-
casted to have periods where additional apparent power would be needed later. System inertia
was also studied and forecasted based on the Finnish inertia using linear regression. Inertia was
forecasted to decrease less significantly than the ST Cratio.

For apparent power procurement, the procurement methods compared were TSO investment
into synchronous condensers, capacity tender program, and procurement from existing generators
using bilateral contracts. It was estimated that if the apparent power deficit lasts roughly 6 months
annually the TSO investment and procurement from existing generators are roughly equally cost-
effective, which was the case for the West in 2024 and the Northeast in 2030. When the need
lasts less than 6 months annually, procurement from existing generators is the most cost-effective
method, which was the case for Northeast in 2027 and North in 2030. If the need is longer
than 6 months annually, the TSO investment in synchronous condensers was estimated to be the
most cost-effective option, which was the case for West in 2027 and 2030. A combination of new
capacity and procurement from existing generators is likely the most cost-effective option as less
new capacity is required and thus a higher rate of utilization is achieved. The capacity tender
program was the most expensive of the studied procurement methods. The capacity tender can
however be beneficial if it attracts resources that are being built for some other purpose but can
produce ancillary services, such as battery energy storage units used for balancing wind power
plants with grid-forming capabilities.

For inertia, the TSO investment and the tender program for new capacity were compared
against FFR procurement. The FFR procurement was analyzed to be the most cost-effective
method because the duration of the demand was low and the other methods are procured mostly
for other ancillary services than inertia. Even though FFR procurement was considered the most
efficient method, procurement of inertia as an add-on service may be cost-effective.
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Aurinko- ja tuulivoimakapasiteetit ovat kasvaneet merkittévasti vime vuosina ja kasvun ennus-
tetaan jatkuvan. Aurinko- ja tuulivoimalat hyddyntavéat suuntaajia, jotka muuttavat tuotetun séh-
kén sopivaksi sahkdverkkoon. Nykyisin kéytetyt suuntaajat ovat verkkoa seuraavia suuntaajia.
Verkkoa seuraavat suuntaajat tarvitsevat tahtikoneita pysyakseen verkossa ja niiltd puuttuu joitain
tahtikoneiden ominaisuuksia. Naitd ominaisuuksia tarvitaan, jotta séhkdverkko pysyy stabiilina.
Suuntaajien lisdantymisen oletetaankin haastavan sahkdverkon stabiiliutta.

Taman tutkimuksen tavoitteena oli ennustaa jarjestelman muutoksia ja arvioida missa ja mil-
loin stabiiliushaasteita ilmaantuu, milld lisdpalveluilla ndihin haasteisiin voidaan vastata, ja kuinka
paljon naiden lisdpalveluiden hankkiminen maksaisi. Jarjestelmamuutoksia ennustettiin sahko-
markkinamallinnuksella ja sen tuloksiin perustuvalla data-analyysilla. Data-analyysilla ennustet-
tiin jarjestelmasuureita kuten inertiaa, loistehokapasiteetteja ja verkkoon kytkettyjen tahtikoneiden
naenndistehokapasiteettia. Tassa tydssa kaytetty menetelma vaatii merkittavasti pienempéaa las-
kennallista tehoa ja asiantuntijatyémééraé kuin tarkemmilla malleilla.

Stabiiliusindikaattorina kaytettiin tahtikoneiden n&enndistehoa jaettuna suuntaajatuotannolla
(ST Cratio). Oletettiin, ettd 1 MVA verkkoon kytkettya naennaistehoa pystyy yllapitamaan 4 MW
suuntaajatuotantoa. Tuotettujen ennusteiden mukaan Lansi-Suomessa tarvitaan liséa tahdistavaa
naenndistehoa jo vuonna 2024. Lisdksi myéhemmin tahdistavaa ndenndistehoa tarvitaan myés
Pohjois- ja Koillis-Suomessa. Naennaistehon lisdksi tutkittiin inertiaa. Koko jarjestelman inertiaa
ennustettiin lineaarisella regressiolla Suomen inertian perusteella. Inertia ei ennusteiden mukaan
laske yhta dramaattisesti kuin ST Cratio.

Seuraavien tahdistavan ndenndistehon hankintamenetelmien kustannuksia arvioitiin: TSO:n
investointi synkronikompensaattoreihin, kapasiteetin hankkiminen tarjouskilpailulla ja hankinta ole-
massa olevilta tahtikoneilta kahdenvalisia sopimuksia hyédyntden. Arvioiden mukaan, ndennais-
tehotarpeen kestaessa noin puolet vuodesta TSO:n investointi ja hankinta olemassa olevilta tahti-
koneilta ovat yhta edullisia vuosikutsannuksiltaan, tdma tilanne ennustettiin Lansi-Suomeen 2024
ja Koillis-Suomeen 2030. Tarpeen ollessa alle puolet vuodesta, hankinta olemassa olevilta tahti-
koneilta on edullisinta, tdma tilanne ennustettiin Pohjois-Suomeen 2030 ja Koillis-Suomeen 2027.
Jos taas tarvetta on yli puolet vuodesta, TSO:n investointi on edullisin tapa hankkia tahdistavaa
naenndistehoa, tilanne ennustettiin Lansi-Suomeen vuosina 2027 ja 2030. Yhdistelma naita kah-
ta menetelm&é on kuitenkin todennékdisesti edullisin tapa hankkia tahdistavaa naennaistehoa,
koska silloin uutta kapasiteettia tulee hankkia véhemman ja sen kayttdaste pystytdan pitdméaan
korkeana. Tarjouskilpailun kautta hankittu uusi kapasiteetti oli arvioiduista hankintamenetelmista
kallein. Tarjouskilpailunkin hyddyntdminen voi olla kannattavaa, jos mukaan saadaan resursseja,
jotka on hankittu tuottamaan jotain muuta kuin lisgpalveluita. Tallainen resurssi voi olla esimerkiksi
verkkoa luova akkuséhkdvarasto.

Inertian hankkimiselle TSO:n investointia ja kapasiteettikilpailutusta vertailtin FFR-reservin
hankintaan. FFR-hankinta osoittautui edullisimmaksi hankintamenetelméksi, koska muilla mene-
telmilla hankittiin uutta kapasiteettia ja tarve oli lyhytkestoista. Lisaksi muilla menetelmilla hankit-
tiin pddasiassa muita lispalveluita kuin inertiaa. On kuiteinkin huomionarvoista, ettd uuden inertia
kapasiteetin hankkiminen voi olla kannattavaa hankittaessa muita lisdpalveluita, esimerkiksi synk-
ronikompensaattoriin lisatty vauhtipyora.

Avainsanat: jarjestelmapalvelu, sdhkdjarjestelman stabiilius, verkon jaykkyys
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1. INTRODUCTION

In the last few years, the share of electricity produced by renewables has increased signif-
icantly in Finland and in the whole Nordic synchronous region. This change is expected
to even intensify over the next decade as the Nordic countries are part of the European
Green Deal which aims to cut the EU's greenhouse gas emissions by at least 55 % by
2030 and to be climate neutral by 2050. Finland has also set even more ambitious goals
in its government program. For example, the production of electricity and heat should
be made nearly emissions-free by the end of 2030. [61] Electricity consumption is also
expected to rise due to the new hydrogen-based process industry and electrifying heating
and transportation industries. Especially wind power is expected to cover this increase.
According to Fingrid [76] wind power capacity is expected to rise from around 4000 MW
to nearly 10000 MW in the next three years.

As the share of wind and solar power increases, there is a simultaneous shift from syn-
chronous machines to converter-based technology since wind, solar, and battery storage
systems use converters to adapt electrical energy suitable for the electricity grid. Loads
have also changed mainly because the number of loads connected through the power
electronic interfaces have increased. The shift from synchronous machines to converter-
based systems creates a challenge to grid stability as most converters currently lack some
of the inherent capabilities that the synchronous machines have. To maintain grid stability
in the future, the inherent capabilities of the synchronous machines may be replaced by
procuring comparable capabilities as ancillary services. Ancillary services are services
that are used to ensure power system stability.

This study aims to study the changes in the power system due to expected changes in the
power production mix. The changes create a need for ancillary services. In addition, the
costs of procurement for the ancillary services in selected cases are estimated. Currently,
the Finnish Transmission System Operator (TSO) Fingrid Oyj is studying possibilities for
a market-based approach to the procurement of non-frequency ancillary services. EU
(2019/944) directive has set market-based solutions as a primary solution unless dero-
gation has been granted and the market-based procurement is economically inef cient
[26]. To assess the rationale and implications of a market-based solution the following
questions need to be answered. These questions are also the research questions of this
study.



What are ancillary services?
What kind of technologies can provide ancillary services?

When, where, how much, and what kind of ancillary services are needed?

A 0w N oPF

How much would the procurement of needed ancillary services cost?

To answer the rst two questions a literature review is conducted, and the answers along
with other needed background information are documented in sections 2 and 3. The third
research question is answered via electricity market simulations and calculations based
on the results of the market simulations. A more elaborate explanation of this phase
can be found in subsections 4.1, 4.2, and 4.3 and the results from section 5. The fourth
question, i.e. the evaluation of the procurement costs, is answered with a case study. The
case study is elaborated in section 4.4 and the results can be found in section 5. The cost
estimation focuses on apparent power/system strength and inertia procurements.



2. POWER SYSTEM

To be able to comprehend ancillary services, an understanding of the power system in
question and power system stability is needed. First, this section provides an overview
of the Finnish power system. Then power system stability is discussed, and different
forms of stability are introduced. Lastly, challenges related to the increasing share of
converters in the system are explained. These details are explained with an emphasis on
the transmission system.

2.1  Finnish power system

The Finnish power system comprises of the power producers the transmission network,
regional networks, distribution networks, and consumers. The Finnish grid is part of the
Nordic synchronous region with Norway, Sweden, and eastern Denmark [51]. The total
electrical power consumption in Finland was 82 TWh in 2020 [74]. The Finnish power
production mix is diverse with the largest share of power produced by nuclear which
was less than one-third of consumed power. Other important power sources are CHP,
hydro, and wind. Around one- fth of the electricity consumed in Finland was imported in
2020. The power production mix and the import are displayed in gure 2.1. According to
predictions made by Finnish TSO Fingrid, wind power production is expected to at least
double in the next few years, and in addition, a new nuclear reactor Olkiluoto 3 started
commercial operation during this study in April 2023 [76] [77].

Figure 2.1. Power production and import in Finland in 2020 [74]

The core of the power system is the transmission network. In Finland, the transmission



network comprises of 400 kV and 220 kV networks and parts of the 110 kV network.
Fingrid is the only TSO in mainland Finland, network of Aland Islands is operated by
Kraftnat Aland. Large power plants and factories are connected directly to the transmis-
sion network. Whereas small producers and customers are connected to the distribution
networks which are connected to the transmission network. In Finland, distribution net-
works comprise mainly of 0.4 kV, 10.5 kV, and 20 kV lines. [51] Distribution networks in
Finland are operated by around 80 Distribution System Operators (DSOs). Most of the
DSOs are owned by the municipalities they operate in. Ten of the DSOs also operate 110
kV regional networks that are a kind of an intermediate between the distribution network
and the transmission network. [69] Finnish transmission system is displayed in gure 2.2

Figure 2.2. Finnish transmission network [32]

The Finnish transmission system is connected to Northern Sweden with two 400 kV AC
connections and to Norway with one 220 kV AC connection. The Finnish transmission
system also has DC connections: two to southern Sweden and two to Estonia. To Rus-
sia, the transmission system was connected with three 400 kV connections with DC links.
In addition, there is a possibility to connect hydro power plants from Russia to the Finnish
grid in Ivalo and Imatra with 110 kV connections if the hydropower plants are not con-
nected to the Russian grid simultaneously. The use of all Russian connections ended in
May 2022. [29]
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