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Abstract

The Power Company in the Faroe Islands, SEV, and the Faroese Government
have a vision to reach a 100% renewable electricity production by 2030. A
tangible plan is needed in order to reach this ambitious goal, whilst ensuring
supply reliability and grid stability in this isolated power system. This is the
objective of this research project.

Ensuring the security of supply and resource adequacy in a power system
predominately based on renewable energy resources is challenging, due to
the weather dependency of the production and available storage options, es-
pecially in an isolated system. The first part of this thesis focuses on obtaining
a tangible RoadMap with investments in generation, storage and transmis-
sion capacity needed to reach a 100% renewable electricity production in the
Faroe Islands by 2030 and thus, ensures supply reliability. Existing expansion
planning tools primarily consist of optimisation algorithms, which optimise
capacities annually. Hence, the capacity of e.g. a specific transmission cable
can increase year by year, whilst in reality a cable is either installed or not.
This study uses the economic optimisation tool Balmorel, which optimises
the investments and dispatch. A method to translate these optimal results to
a practical RoadMap, has been developed. This method also considers prac-
tical constraints like the local resource potential, power plant locations and
sizes.

Multiple scenarios, considering different technologies, have been anal-
ysed. Additionally, a sensitivity analysis of investment and fuel costs has
been conducted. According to the results investing in renewables is the eco-
nomically best option up to 87% renewable energy. Reaching 100% renew-
ables in 2030 requires increasing the renewable generation capacity by almost
80% compared to the capacity needed for 87% renewables. The study also
shows that if the potential of tidal energy can be unlocked, it has a disruptive
influence on the future power system, as 72 MW of tidal power could replace
155 MW of hydro, wind, photovoltaic and battery power and decrease the
pumped storage reservoir capacity by 75%.

The second part of the study focuses on investigating the grid stability
of the power system through dynamic simulations. This study focuses on
the grid on the isolated island of Suduroy, which has a electricity demand
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that is around 10% of the total demand. Starting with Suduroy will provide
valuable lessons learned to the rest of the system. In order to investigate the
stability, a model suitable for load flow and dynamic simulations has been
developed and validated. The available information about the governors and
automatic voltage regulators of the synchronous generators is very limited.
Therefore, these have been modelled using standard models. Using some of
the existing approaches to parameterise the models, did not result in a model
which could be dynamically validated. Therefore, a procedure combining
different existing approaches was developed in order to parameterise and
validate these models.

Dynamic RMS simulations over a 4.5 hour period without disturbances
and shorter simulations, e.g. 30 seconds, with large disturbances have been
conducted. The frequency and voltage fluctuations and their dependency
on inverter-based generation shares and fluctuations have been investigated
through the 4.5 hour simulations. The stability in Suduroy towards 2030 has
been investigated through the shorter simulations with disturbances. The
study shows that initiatives are necessary in order to maintain the same fre-
quency and voltage stability at the same level as today. However, according
to the RoadMap the grid of Suduroy should be connected to the main grid
in 2026 through a subsea cable. The main grid is significantly larger than the
grid of Suduroy, and therefore contributes with ancillary services to Suduroy.
Two network reduction models and one detailed model have been used to
represent the main grid in the simulations post 2026, and the results show
that using network reductions causes implications when frequency triggered
technologies, in this case batteries, are contributing to the stability. The dy-
namic stability of Suduroy should be investigated further, especially scenar-
ios in which the subsea cable to the main grid is out of service. The dynamic
stability of the main grid also has to be studied.

The results of this research project are of great significance when in the
transition toward a 100% renewable electricity sector in the Faroe Islands. The
methods developed and lessons learned can also be applied to other power
systems, especially similar power systems.



Resumeé

Det feroske elselskab SEV og den feereske regering har en vision om en
100% gren elproduktion i 2030. En konkret plan er nedvendig for at na dette
ambitiese mal, og samtidig sikre en palidelig elforsyning og et stabilt elnet i
dette isolerede elsystem. Det er formalet med dette forskningsprojekt.

Nar en stor del af den elektriske energi stammer fra vedvarende energik-
ilder, er det en udfordring at sikre nok energi. Dette skyldes at produktionen
bliver afhaengig af vejret og lagringsmulighederne. Den forste del af denne
afhandling handler om at udvikle en konkret udbygningsplan med de ned-
vendige investeringer i produktions-, lagrings- og transmissionkapacitet for
at nd en 100% gren elproduktion pa Feergerne i 2030, og samtidig sikre en
palidelig elforsyning. Eksisterende veerktojer til at lave udbygningsplaner
med er typisk algoritmer, der optimerer investeringer arligt. Det vil f.eks.
sige at kapaciteten af et kabel kan foreges ar for ar, mens det i virkeligheden
enten vil blive installeret eller ej. Dette studie gor brug af veerktejet Bal-
morel, som gkonomisk optimerer produktion og investeringer. En metode
til at overseette disse optimale resultater til en konkret udbygningsplan er
blevet udviklet. Denne metode tager hgjde for praktiske begraensninger sa-
som lokale energikilder, samt placeringer og sterrelser pd kraftveerker.

Flere scenarier med forskellige energiteknologier er blevet analyseret. Fol-
somheden pa resultaterne i forhold til investeringspriser og priser pd breend-
stoffer er ogsa analyseret. Resultaterne viser, at vedvarende energi er det bed-
ste skonomiske valg op til 87% gren elproduktion. Produktionskapaciteten
af vedvarende energi skal oges med naesten 80% for at na en 100% gren elpro-
duktion i 2030, i stedet for 87%. Analysen viser ogsa, at tidevandsenergi har
potentialet til at omveelte hele udbygningsplanen hvis det lykkes at udnytte
den. 72 MW af tidevandsenergi kan erstatte 155 MW af vandkraft, vinden-
ergi, solenergi og batterier. Pumpesystemets deemninger kan ogsa reduceres
med 75%.

Den sidste del af projektet drejer sig om at analysere elnettets stabilitet
med dynamiske simuleringer. I denne del er fokus pa elnettet pd oen
Suduroy, som har et elforbrug der svarer til omkring 10% af det samlede
elforbrug. Erfaringerne pd Suduroy kan ogsa bruges pa resten af systemet.
En model til at simulere load flow og dynamikken i elnettet er udviklet



og valideret. Der er fa oplysninger om synkrongeneratorernes frekvens-
og speendingsregulatorer tilgeengelige. De er derfor blevet modelleret med
standardmodeller. Resultaterne af at bruge eksisterende tilgange kunne
ikke valideres. Derfor blev en metode, der kombinerer forskellige tilgange
udviklet til at parametrisere og validere modellerne.

Der er lavet dynamiske simuleringer over 4,5 timer uden forstyrrelser og
kortere simuleringer, f.eks. 30 sekunder, med store forstyrelser. Frekvens- og
speendingudsving, og sammenhzaengen mellem udsvingene og fordelingen af
inverter-baseret produktion er analyseret med de lange simuleringer. Sta-
biliteten i elnettet pa Suduroy frem imod 2030 er analyseret med de kortere
simuleringer. Analysen viser, at det er nedvendigt med initiativer for at sikre
stabiliteten pa samme niveau som i dag. Udbygningsplanen indeholder et
sokabel mellem Suduroy og hovednettet i 2026. Hovednettet bidrager med
systemydelser til nettet pd Suduroy, da det er betydeligt storre. To simple
modeller og et detaljeret model er brugt til at repreesentere hovednettet i
simuleringere fra 2026. Det viser sig at de simple modeller, ikke er nejagtige,
nar batterier pd hovednettet bidrager med system ydelser. Den dynamiske
stabilitet pd Suduroy ber analyseres yderligere, specielt i situationer hvor
sokablet er ude af drift. Den dynamiske stabilitet pd hovednettet skal ogsa
analyseres.

Resultaterne fra dette forskingsprojekt har en stor betydning for den
gronne omstilling pa det feeroske elnet. Metoderne og erfarningerne kan
ogsa bruges til at analysere andre elnet, specielt lignende elnet.



Samandrattur

Elfelagio SEV og feroysku myndugleikarnir hava eina visién um 100% grena
elframleidslu 1 2030. Ein itekilig eetlan er neydug fyri at nda hesum framsekna
maéli og samstundis tryggja eina alitandi og steduga elveiting 1 hesi litlu og
avbyrgdu elskipan. Hetta er endamalid vid hesi granskingarverkeetlan.

Ta i0 ein stérur partur av elorkuni kemur frd varandi orkukeldum, er
tad ein avbjoding at tryggja, at tad altid nég mikid er til av orku ti hesar
eru tongdar at vedrinum og goymslumeguleikum. Fyrri parturin av hesi rit-
gerdini snyr seg um at ttvega eina ftekiliga ttbyggingaraetlan vid tilhoyrandi
flogum { framleidslumatt, orkugoymslur og flutningsnet fyri at hava eina
100% grena elorku i Feroyum i 2030 og harvid tryggja eina alitandi elveit-
ing. Nuverandi ambod at gera ttbyggingareetlanir vid eru vanliga algorit-
mur, i0 optimera tutbyggingar arliga. Tad vil t.d. siga, at fori hja einum kadli
kann gkjast ar fyri 4r, medan hann { veruleikanum verdur fbundin ella ikki.
Hendan kanningin nytir ambodid Balmorel, i0 buskaparliga optimerar beedi
framleidslu og ilegur. Ein mannagongd at umseta hesi optimalu trslitini
til eina itekiliga Gtbyggingareetlan er ment. Hendan mannagongdin leggur
eisini upp fyri praktiskum avmarkingum sum stadbundnu orkukeldunum,
umframt stadseting og steddum av orkuverkum.

Fleiri kanningar vid ymsum orkuteknum eru gjerdar. Viokveemid hja
drslitunum { mun til ilegu- og brennievniskostnadir er eisini kannad. Sam-
beert drslitunum er gron orka buskaparliga besta valid upp til 87% grena
orkuframleidslu. Greni framleidslumatturin ma ekjast vio neestan 80% fyri
at fda eina 100% grena orkuframleidslu i 2030, { mun til 87%. Kanningin
visir eisini, at sjovarfalsorka kann kollvelta tutbyggingareetlanina, um tad
eydnast at gagnnyta hana. 72 MW av sjévarfalsorku kann minka vindorku-
, vatnorku-, sélorku- og battarimattin vid 155 MW. Harumframt minkar
tervurin 4 goymsluni i pumpuskipanini vid 75%.

Seinni parturin av hesi verkeetlanini snyr seg um at kanna stedufestio a
elnetinum vid stedi { dynamiskum simuleringum. T hesum partinum verdur
dentur lagdur & elnetid i Suduroy, i hevur eina elnytslu 4 umleid 10%
av samladu elnytsluni. Royndirnar tr Suduroynni kunnu brikast 1 vidari
kanningum av restini av elnetinum. Eitt modell til at simulera load flow
og dynamikkin 1 elskipanini er ment og validera. Tad eru fdar upplysin-
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gar um frekvens- og spenningsregulatorarnir hja synkrongeneratorunum
tokar. Ti eru hesir modelleradir vid standard modellum. Urslitid av at brtika
niverandi heettir at parametrisera hesi modell var ikki nektandi. Tessvegna
vard ein mannagongd, i0 ger bruk av fleiri hattum, ment til at parameterisera
og validera hesi modellini.

Dynamiskar simuleringar yvir 4,5 timar uttan 6régv og styttri simu-
leringar, t.d. 30 sekund, vi0 stérum 6régvum eru gjordar. Sveiggini {
frekvensinum og spenninginum, og teirra samanhangur vid sveiggini i og
byti av inverter-baseradari framleidslu eru kannad tut fra teimum longru
simuleringunum. Stedufestid { Suduroy fram iméti 2030 er kannad vid stuttu
simuleringunum vid 6régvum. Kanningin visir, at neydugt er vid atekum at
tryggja at stodufestid ikki gerst verri enn i dag. Sambeert ttbyggingareetlanini
skal ein sjokadal knyta Suduroynna 1 elnetid 4 meginekinum 1 2026. Elnetid
4 megingkinum er munandi sterri enn tad i Suduroy, og ti studlar tad net-
inum { Suduroy vid skipanarberandi teenastum. Meginekid er modellera vid
tveimum einfeldum modellum og einum ndgreiniligum i simuleringunum
fra 2026. Urslitini visa at einfoldu modellini ikki visa tad sama sum tad
négreiniliga modellid, t4 i0 battariini 4 megingkinum studla netinum. Dy-
namiska stedufestid i Suduroy atti at verid kannad neerri, serliga har gingid
verdur ut fra, at sjbkadalin er 6virkin. Dynamiska stedufestid 4 meginekinum
atti eisini at verid kannad.

Urslitini fra hesi granskingarverkeetlanini hava stéran tydning fyri orkuskifti
a foroyska elnetinum. Mannagongdirnar og royndirnar kunnu eisini brikast
at kanna onnur elnet, serliga liknandi elnet.
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CHAPTER 1
Introduction

This chapter introduces the topic of this PhD thesis. First, the background
of the research is described and then the power system is introduced. This
is followed by the project objectives and limitations of the research project.
Finally, the dissemination of the research results and the thesis outline are
presented.

1.1 BACKGROUND

The integration of renewable energy into electrical power systems is rapidly
increasing. According to the IRENA! the worldwide installed renewable pro-
duction capacity has more than doubled over the 2010 to 2020 decade. In 2010
the installed capacity was 1.2 TW and in 2020 it had reached 2.8 TW. The ma-
jority of the growth, around 58%, is in Asia, but renewable power plants are
being commissioned all around the globe [1]. Limiting climate changes due
to pollution from fossil fuelled power generation is the main motivator be-
hind increasing interest. Ambitious goals to minimise the pollution and ob-
tain a cleaner electricity production have been set in many countries. Based
on stated policies the CO; intensity from electricity generation will decrease
from 476 g/kWh in 2018 to 308 g/kWh in 2040 [2].

The Faroe Islands, an 18 island archipelago in the North Atlantic Ocean
(see Figure 1.1), are also aiming for a more renewable future. In 2014 the Elec-
trical Power Company SEV announced the company’s vision "100by2030",
which is to reach a 100% renewable electricity production by 2030 [3]. The
total production in 2021 was 424 GWh, which is a 20% increase from 2018 [4].
The majority of the electricity, 61.9%, was produced from fossil fuels, while
hydro power plants and wind power plants produced 23.7% and 12.8% of
the electricity, respectively. The final 1.6% were produced by a biogas power
plant. There are photovoltaic panels in the system as well, but these produced
less than 0.1% in 2021 [5]. The 100by2030 vision anticipates a doubling in the
electricity demand from around 305 GWh in 2014 to around 600 GWh in 2030
[6]. The anticipated increase is based on the average annual increase, and a

nternational Renewable Energy Agency
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potential full electrification of the heating and transport sectors. This ambi-
tious goal has also gained political interest, and was included in the coalition
agreement valid from 2015 to 2019 [7]. The current coalition agreement (2019-
2023) also states that the pace of the renewable transition should accelerate,
but does not include a specific goal of shares of renewables, time span nor
degree of electrification [8].
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Fig. 1.1: A map showing the location of the Faroe Islands in the North Atlantic Ocean [9].

There are evidently environmental advantages with utilising renewable
resources, but renewable energy is also associated with multiple disadvan-
tages. The first obvious disadvantage is the nature of the renewable resources.
Renewable energy resources are often undispatchable, fluctuating and inter-
mittency is common. Wind speeds and directions can change suddenly, a
cloud can cover the sun and there can be longer periods without any precip-
itation. The resources are also, to some extent, unpredictable, even though
weather forecasts are increasingly accurate. Storage options for electrical en-
ergy are limited and expensive. These factors impact the prospect of achiev-
ing the required balance between the production and consumption. This is
not an issue with fossil based power systems, as they are dispatchable and
can therefore easily be controlled to meet the demand. There are some renew-
able energy resources that are dispatchable, e.g. biofuels and hydro power
plants with designated reservoirs. Hydro power plants are however limited
by the energy available in the associated storages, whilst power plants oper-
ating on biofuels have the same features of fossil generation, when it comes
to storage of energy resource, i.e. fuel.

In an isolated power system like the Faroe Islands, the demand has to
be supplied by local production, as it is not possible to import or export
electricity. Thus, the local renewable resource potential and the combination
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of different sources is an important factor when planning for 100% renew-
able electricity sector. The Faroe Islands have a wet, windy and cold cli-
mate, unlike many archipelagos, which typically have a high potential for
e.g. solar power. In some islands hydro power might not be an option and in
other islands installing wind turbines might be difficult due to e.g. geology.
The Faroe Islands also have a potential for tidal energy, and by placing tidal
projects at different locations a base load production could be obtained. The
configuration of renewable generation will be different from location to lo-
cation, and the uniqueness of the Faroe Islands geography means that it has
to be studied locally. One of the closest isolated power system, is in Iceland.
Iceland has a potential for geothermal power, which is not an option in most
other power systems, including the Faroe Islands. This is an example of a
resource which can have a high share in one system, but be non-existent in
another.

The local resource potential also has a high impact on the economic fea-
sibility of any renewable generation project. If a project is infeasible eco-
nomically, the chances of it becoming a reality is lower than if the project is
profitable. Therefore this has to be addressed when planning for 100% re-
newable electricity sectors. The profitability of renewable technologies also
depend on what these are replacing, in the Faroe Islands and many other
islanded systems this is diesel power. Purchasing and shipping diesel to a
remote location is more expensive than using e.g. coal, and therefore the
feasibility of renewable energy technologies can be higher. However, there
are also factors that make renewable technologies more expensive in islands
than in large grids, e.g. smaller power plants lead to higher costs pr. MW or
the need for structural strength of wind turbines and PV panels in the Faroe
Islands due to high wind speeds. Thus, the local economic feasibility has to
be addressed.

Obtaining and maintaining a balance between production and consump-
tion in power systems with a high penetration of renewables is as mentioned
difficult, but from a technical perspective there are several additional chal-
lenges, e.g. with regards to the power system stability. The IEEE? and the
CIGRE?® have proposed the following definition of power system stability
[10]:

Power system stability is the ability of an electric power system,
for a given initial operating condition, to regain a state of oper-
ating equilibrium after being subjected to a physical disturbance,
with most system variables bounded so that practically the entire
system remains intact. [10]

%Institute of Electrical and Electronics Engineers
3International Council on Large Electric Systems
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The power system stability can be classified into rotor angle stability, volt-
age stability and frequency stability, and further subcatagorised depending
on the type of disturbance, see Figure 1.2 [10]. The three classifications are
related to the ability of the machines to being synchronised, maintain steady
busbar voltages and a steady system frequency following a disturbance. This
study focuses on the short term frequency and voltage stability.

Power System

Stability
Rotor Angle Frequency Voltage
Stability Stability Stability
Small-Disturbance Transient Large- _Small-
Angle Stability Stability Disturbance Disturbance
Voltage Stability Voltage Stability
[ | [ 1]
| I
Short Term ‘ Short Term ‘ ’ Long Term ‘
| Short Term ‘ ‘ Long Term ‘

Fig. 1.2: Classification of power system stability [10].

The increase of renewable generation capacity, leads to conventional gen-
erators with respected regulating capacity and inertia being partly or totally
decommissioned. This causes challenges with the power system stability, as
the synchronous generators are traditionally the ones providing the ancillary
services needed to maintain a stable supply, i.e. inertia and active/reactive
power regulation. Inverter-based generation does not have the same capa-
bilities, e.g. by being decoupled from the grid it does not provide natural
inertia, and since the production is based on the renewable resource poten-
tial, the regulation capabilities are limited by instant resource potential as
well. Thus, the likelihood of generation fluctuations and intermittence due to
the nature of the resource are increased, while the regulating capacity is de-
creased and therefore the power system stability becomes a concern. A study
on how the fluctuations of wind power can be minimised by spreading the
wind farms around the Faroe Islands is found in [11]. Reference [12]-[14] dis-
cuss the issues with high penetrations of renewables and power electronics,
the different types of renewable generation and their point of connection lead
to different challenges, which are addressed in the following paragraphs.

The challenges associated with a high penetration of wind energy are ad-
dressed in references [15]-[18] The interaction and coordination between the
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synchronous machines which have an inertia and the wind turbines can be
difficult, and therefore finding the right control strategy is a challenge. There
are several types of wind turbines, and these cause different issues, e.g. in-
duction machines absorb reactive power, which can have a negative impact
on the voltage and the power factor, while variable speed wind turbines are
galvanically decoupled from the grid, and thus do not contribute to iner-
tial response, but these can to some degree regulate the reactive power and
voltage. The cut in wind speed can also lead to issues, as the wind turbine
suddenly starts producing, which can cause the voltage to drop, and thus
a high magnetising inrush current, that can damage power electronics and
cause instabilities. The variations in the wind speed (thus active and reactive
power), tower shadow and turbulence can result in voltage flicker. The effect
of the variations are however not significant unless they are equal in size to
the variations in the consumption according to [17].

The authors of reference [19] review the power system stability challenges
associated with large-scale PV penetration. The study states that a high in-
tegration of PV generation, leads to a lower inertia and thus the online syn-
chronous generators are under more stress, which can bring them to instabil-
ities. Other issues addressed are fluctuations, lack of voltage/reactive power
control, transient overvoltages etc. Through a literature review Eltawil and
Zhao [20] have summarised how the maximum PV penetration levels de-
pends on the following aspects: Ramp rates of main-line generators, cloud
transients, harmonics, fast transients, unscheduled tie-line flows, frequency
control vs break-even costs, voltage rise, voltage regulation and distribution
losses. The penetration limits range form 1.3% (unscheduled tie-line flows)
to no limit (harmonics). Harmonics are according to the review not an issue,
as the PV inverters produce less harmonics than consumer loads. A simu-
lation analysis of how the power system is affected by different levels of PV
penetrations can be found in [21], which concludes that especially the voltage
is negatively affected by the increased penetration of renewables.

Renewable production is often distributed generation (DG) [22], [23]. DG
can therefore also lead to a lower power quality, as it typically does not con-
tribute with short circuit capacity, and thus, the reliability of the supply is
decreased. Contribution to ancillary services is also difficult using renewable
DG. The voltage profile can become instable and fluctuating, due to the po-
tential bi-directional flows. The bi-directional flows also make it difficult to
tune protection systems, and therefore the effectiveness of protection equip-
ment decreased. The delivery of reactive power with DG is also a challenge,
as DG typically are asynchronous or inverter-based. The latter can however
inject reactive power to some extent, but on the other hand it can cause har-
monics in the system [23].

The challenges addressed here are valid for all power systems, but in
an isolated grid like the Faroe Islands, these are even more severe, as these
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systems are much more prone to disturbances than a large interconnected
system [15], [17], [18], [24], [25]. Thus, all of these challenges have to be care-
fully considered when aiming for a high penetration of renewable generation.
Especially in an isolated system like the Faroe Islands.

1.2 THE FAROESE POWER SYSTEM

The Faroese power system is operated by the Power Company SEV [26]. SEV
was founded on the 1st October 1946 by the municipalities in the following
three islands: Streymoy, Eysturoy and Vagar. Today SEV is owned by all
the municipalities in the country, and is obliged to deliver power all over the
country with a joint and several price structure. SEV has monopoly on grid
operation, and currently a de facto monopoly on production, as SEV owns
98% of the installed generation capacity.

The total generation capacity in the Faroe Islands is 168 MW. These 168
MW are distributed between fossil, hydro, wind, biogas and PV power. A
demonstration project with tidal power is also a part of the power system. In
terms of storage every hydro plant has one or more reservoirs with a storage
capacity of 12.3 GWh in total. Two battery systems (2.3 MW /707 kWh and
7.5 MW/7.5 MWh) and a synchronous condenser (8 MVA) are also a part of
the system.

The following sections describe the Faroese power system in terms of
transmission/distribution grid and generation and storage capacities in its
expected stage dated 1st of June 2022. The grids, the power plants and ancil-
lary services are shown on Figure 1.3, tabulated in Table 1.1 and described in
subsection 1.2.1, subsection 1.2.2 and subsection 1.2.3.
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Fig. 1.3: Overview of the Faroese power system (1st of June 2022) showing the location of power
plants, ancillary services, substations, cables and lines.
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Table 1.1: Power and storage capacities of power plants and ancillary services in each island as
shown in Figure 1.3. The power plants and ancillary services are listed from North to South.

*kWh *MVA.

Island Name Type Generation (MW)  Storage (MWh)
Fugloy Elverkid i Fugloy Fossil 0.18 -
Svinoy Elverkid i Svinoy Backup (fossil) 0.26 -
Bordoy Elverkid & Strond Fossil 360 -
Hydro 1.40 24
Eysturoy Eidisverkid Hydro 21.70 5927
Neshagi Wind 4.50 -
Myrarnar Wind 1.98 -
Fosséaverkid Hydro 6.30 2577
Heygaverkid Hydro 4.80 523
Myruverkio Hydro 240 2275
Streymoy Minesto Tidal 0.20 -
Sundsverkid Fossil 82.30 -
FORKA Biogas 1.50 -
Husareyn Battery 2.30 *707
Huisahagi Wind 11.70 -
Mykinesi Elverkid i Mykinesi  Fossil 0.15 -
Koltur Elverkid i Koltri Fossil 0.03 -
Hestur Elverkid i Hesti Backup (fossil) 0.15 -
Nolsoy Elverkid i Nolsoy Backup (fossil) 0.26 -
Sandoy Elverkid i Skopun  Backup (fossil) 1.78 -
Skugvoy Elverkid i Skugvoy  Fossil 0.23 -
Stéra Dimun  Elverkid i Dimun Fossil 0.09 -
Porkerihagi Wind 6.30 -
{ Heidunum Battery 7.50 *7500

Suuroy Synchronous condenser **8.00
Elverkid i Botni Hydro 3.00 924
Viégsverkid Fossil 13.30 -
Sumba PV Photovoltaics 0.26 -

1.2.1 TRANSMISSION AND DISTRIBUTION GRIDS

The Faroese power system, consists of seven isolated electrical grids. The
main grid connects 11 out of 18 islands, and the demand on the main grid
is 90% of the total demand. The other grids supply one island each and the
18th island is uninhabited, and does therefore not have a grid. The demand
on the most southern island, Suduroy, which is electrically isolated is around
10% of the total demand. The five remaining grids: Fugloy, Mykines, Koltur,
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Sktvoy and Stéra Dimun, are small, and their demand is less than 0.2% of
the total demand. Litla Dimun is uninhabited and therefore does not have a
power supply.

The voltage levels are 60 kV, 20 kV, 10 kV, 6 kV and 0.4 kV. The highest
voltage levels, 60 kV and 20 kV, are used for transmission, while 10 kV, 6 kV
and 0.4 kV are used for distribution. In the past, overhead lines were used
all over the system, but in the end of 2019 88% of the grid was composed of
cables [27]. Cables are used in all new connections, and lines are replaced
by cables on all voltage levels except for 60 kV. The main reasons behind the
transition from overhead lines to cables are the heavy winter storms, which
on several occasions have led to blackouts. Figure 1.4 shows an example of a
transmission tower after a heavy winter storm.

Figure 1.3 also shows the 60 kV and 20 kV substations. Substations are
also combined with the diesel and hydro power plants in several locations,
and these are not visible in the figure e.g. the hydro power plant on Eysturoy
(Eidisverkid) or the fossil fuelled power plant on Suduroy (Vagsverkio).

/A

A"’A 'A.

=

Fig. 1.4: A transmission tower after a heavy winter storm.

Load

In 2020 the mean load in the main grid was 42.1 MW, with a minimum of
26.8 MW and a maximum of 61.7 MW. The load in Suduroy is as mentioned
previously significantly lower, with a mean of 4.0 MW, and the variations
are larger, as the peak load in Suduroy was 8.0 MW, which is twice as much
as the mean load. This large variation is caused by a fish factory, which is
not always online, but has a demand of similar size to the total demand in
Suduroy. The minimum, mean and maximum loads for the main grid and
the grid on Suduroy are shown in Table 1.2.
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Grid Minimum Mean Maximum
Main 26.8 421 61.7
Suduroy 1.8 4.0 8.0

Table 1.2: Minimum, mean, and maximum load in 2020 in the main grid and in Suduroy.

Figure 1.5 shows the (a) average daily load profile in 2020 and the (b)
duration curve of the load in both the main grid and in Suduroy. The load
in the two grids have a similar behaviour, but the peak in Suduroy is around
noon, while the peak on the main grid is at 17:00.

While the load duration curve in the main grid has a constant slope from
500 to 8500 hours, the grid in Suduroy shows a higher slope below 2000
hours, than above 2000 hours. This is due to the fish factory, which is online
for around 2000 hours in 2020, as also discussed in [28].
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Fig. 1.5: Load in the main grid and in Suduroy in 2020. (a) Average load profile over a day and
(b) duration curves.

1.2.2 POWER PLANTS

The description of the power plants is structured in sections for each genera-
tion type, i.e. fossil fuel, hydro, wind, biogas, photovoltaic and tidal power.
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Fossil Fuel Power Plants

The largest fossil fuel power plant, Sundsverkid, was originally put into op-
eration in 1974. This plant was expanded in 1983, in 1987 and again in 2019.
Today the total capacity at Sundsverkid is 82.3 MW.

Elverkid 4 Strond, which originally was built as a hydro power plant, was
expanded with a diesel generator in 1950. The installed thermal generation
capacity at Strond is 3.6 MW.

In 1982 Vagsverkid on Suduroy was commissioned. Vagsverkid has been
expanded twice, and today it has a total rated capacity of 13.3 MW dis-
tributed between four engines.

The five small isolated islands Fugloy, Mykines, Koltur, Sktivoy and Stéra
Dimun all have a fossil fuel plant with 2-3 diesel generators. These plants
have a rated capacity between 30 kW and 230 kW.

Finally there are four backup power plants, rated between 0.15 MW and
1.78 MW, located on some of the islands, which are connected to the main
grid. Out of these four backup power plant, the one in Svinoy is the most
used. This is because Svinoy is connected to the main grid through an over-
head line, and sometimes a storm risks in an outage of this line. The other
islands with backup plants are connected to the main grid through subsea
cables, and therefore these are not as often in risk of an outage, but when
they are, it is for a longer period of time.

Hydro Power Plants

In 1921 the very first power plant in the Faroe Islands was inaugurated. This
was the hydro power plant "Elverkid { Botni" installed in Suduroy, see Fig-
ure 1.6. There are two turbines at Botnur. The first one (1 MW) produces
electricity from water stored in the reservoir Ryskivatn, which at a 244 m
altitude can store up to 238 MWh. The water from Midvatn, a reservoir at
349 m above sea level (a.s.l.), is tapped into Ryskivatn. Midvatn can store
339 MWh. The second turbine has a rated capacity of 2 MW. This turbine
produces electricity using the water stored at Vatnsnesvatn, which is located
at 181 m a.s.l. and has a storage capacity of 347 MWh.

The second hydro power plant was put into operation in 1931, this was
"Elverkid & Strond". The plant has one turbine with a rated capacity of 1.4
MW. The reservoir associated with Strond can store around 24 MWh at a
height of 224 m a.s.1.

There are three hydro power plants in the village of Vestmanna on Strey-
moy; Fossdverkid, Myruverkid and Heygaverkid, which all were installed
between 1953 and 1963. There are two turbines installed at Fossaverkid with
a total capacity of 6.3 MW. The water from the reservoir Vatnid is tapped into
Lémundaroyri. In total these two reservoirs have a storage capacity of 2.6

11
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GWh. Lémundaroyri has an altitude of 224 m. The other two hydro power
plants in Vestmanna are a cascading system. The water used to produce elec-
tricity at Myruverkid is reused at Heygaverkid. These two plants’ reservoirs,
Myrarnar and Heygadalur, are located at 347 m and 108 m and can store 2.3
GWh and 0.5 GWh, respectively. Myruverkid has a turbine capacity of 2.4
MW and Heygaverkid 4.9 MW.

The final hydro plant is Eidisverkid. Eidisverkid was originally built in
1987, and has been expanded by increasing the inflow and by adding turbine
capacity. The latest expansion was finished in 2012. Eidisverki0 has a storage
capacity of around 5.9 GWh in the Eidisvatn reservoir, and hence; it is the
largest storage capacity in the country. There are three turbines at Eidisverkid
with a total capacity of 21.7 MW.

Fig. 1.6: The hydro power plant Botnur from 1921.

Wind Farms

The first grid connected wind turbine was installed in 1993 at Neshagi. This
150 kW Nordtank wind turbine was in operation until November 2021 when
it was struck by lightening, see Figure 1.7. In 2005 the wind generation capac-
ity at Neshagi was expanded with three 660 kW Vestas V47 wind turbines.
However, due to a faulty control, two of these wind turbines were destroyed
in the winter storms 2011/2012. The third Vestas turbine was decommis-
sioned because of the malfunction, and instead of installing three additional
wind turbines in 2012, which were planned prior to storms, five new tur-
bines were installed. The total wind power capacity at Neshagi is 4.5 MW,
consisting of five 900 kW Enercon E-44 wind turbines.

In 2003 a private company, Sp/f Vindrekt, installed three Vestas V47
wind turbines at Myrarnar in Vestmanna. The total wind power capacity
at Myrarnar is 1.98 MW.

12
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The third wind farm, Htisahagi, is composed of 13 Enercon E-44 wind
turbines. The total wind power capacity almost tripled, when this wind farm
of 11.7 MW was installed in 2014.

Fig. 1.7: The Nordtank wind turbine strucked by lightening. Photo by B. A. Rubeksen.

In November 2020 the first wind energy was delivered to the isolated grid
of Suduroy. This energy was produced at the 6.3 MW wind farm in Porkeri.
The wind farm consists of 7 Enercon E-44 wind turbines and was officially
inaugurated in February 2021.

In 2019 there were two tenders for 18 MW wind farms. SEV won the
tender for the wind farm to be located at Eidi, close to the hydro power
plant Eidisverkid, while the privately owned oil company Magn won the
other tender for a wind farm to be located next to the 11.7 MW wind farm
Husahagi. Both winning offers consisted of 6 Enercon E-82 wind turbines.

Early in 2021 Sp/f Vindrekt won an open-door tender for a 252 MW
wind farm, right next to the 11.7 MW wind farm Husahagi and Magn’s 18
MW wind farm. The 25.2 MW wind farm will consist of six Vestas V117 - 4.2
MW wind turbines.

Biogas

In April 2018 the Faroese salmon farming company Bakkafrost announced,
that they were investing in a biogas power plant (FORKA), which was com-
missioned in 2020. The gas is made from cow manure and organic waste from
both sea farms and hatcheries. The company sells electricity to the grid, and
heat to the district heating system in the capital. The substance left from the
process, is a fertiliser utilised by farmers. Figure 1.8 [29] shows a schematic
of the process cycle.
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The gas engine has a rated capacity of 1.5 MW, and the plant has a lim-
ited storage capacity. It is expected that the production has reached its full
potential of producing 9.3 GWh/year by 2024. The production will be close
to constant at 1 MW [29].
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Fig. 1.8: A schematic showing the process cycle of planned biogas power plant [29].

Photovoltaic Power

SEV put the first relatively large photovoltaic (PV) power plant into operation
in November 2019. This first grid scale plant is a demonstration project. The
plant has capacity of 250 kW and is placed on abandoned football field in
Sumba on Suduroy, see Figure 1.9. Aside from the PV plant in Sumba, the
installed capacity of PV is negligible, as very few systems have been installed
on rooftops.

Fig. 1.9: The first grid-scale photovoltaic plant in the Faroe Islands.
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Tidal Power

The technology to extract tidal energy is still in the development phase, and
thus it is difficult to predict how significant a component tidal energy will be
in the future. However, tidal energy has gained a lot attention in the Faroe
Islands, especially due to the predictability and the fact that it could provide
a base load production, as there is a phase shift between the tidal currents
at different locations. This is addressed in following chapters. Thus, if the
potential of tidal energy could be unlocked, it could change the future energy
mix fundamentally.

In November 2018 SEV made a collaboration agreement with the Swedish
company Minesto, to do a demonstration project with tidal energy in the
Faroe Islands with two DG100 tidal kite generators (100 kW), located in Vest-
mannasund, i.e. the strait between Vagar and Streymoy. In March 2022
Minesto announced that it will concentrate its operations in 2022 in the Faroe
Islands instead of France and Wales, as originally planned. The plan is to
install two generators of the newly designed D4 (100 kW), see Figure 1.10b
and one D12 generator (1.2 MW) also in Vestmannasund [30]. Through these
projects new knowledge will be gained about the feasibility of tidal energy in
the Faroe Islands. The previous design DG100 and new design D4 are shown
in Figure 1.10.

(a) DG100 (b) D4

Fig. 1.10: Minesto’s tidal generators.

1.2.3 ANCILLARY SERVICES

The first section of this chapter, section 1.1, discussed some of the challenges
of the integration of renewable energy, e.g. the decommission of synchronous
generators with their inherent ancillary services. This integration in the Faroe
Islands has led to additional investments in alternative ancillary services.
These are battery systems to provide active power reserves and synchronous
condensers to provide inertia, reactive power regulation and short circuit
power.
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Battery Systems

A battery system of 2.3 MW /707 kWh was installed at the substation
Htsareyn next to the wind farm Husahagi in 2016, see Figure 1.11. The
objective is to smooth the production from the wind farm (ramp rate control)
and contribute to frequency regulation.

Fig. 1.11: The BESS located at the wind farm Husahagi.

The upper plot on Figure 1.12 shows an example of the battery in ramp
rate control. The production from the wind farm (HH), the output from
the battery (BESS) and the summation of these two (HR), i.e. stabilised out-
put, are all shown on the figure. It is clear from the figure that the battery
smoothens the wind farm output significantly. An example of the battery
system contributing to frequency regulation is shown on the lower plot in
Figure 1.12. In this example the wind farm output is relatively stable. An en-
gine at Sundsverkid (SD G2) suddenly drops out, which causes a frequency
drop. The battery system reacts to the low frequency and starts to deliver
maximum power. Due to the low frequency another unit drops out, and
the battery system continues to deliver full power until the frequency has
exceeded 49.5 Hz.

A 7.5 MW/7.5 MWh BESS is installed at the substation "l Heidunum" in
Suduroy next to the 6.3 MW wind farm there. This BESS is intended for fast
frequency control, and does not have a ramp rate control like the BESS at
Husareyn. The power capacity is designed to be able to handle a sudden
loss of the whole wind farm, while the energy capacity is designed to have
enough time to start up diesel engines or bringing the wind farm back into
operation.

As the wind power capacity is set to increase, SEV’s plans to increase the
BESS capacity in the main grid up to 55 MW, which is the same size as the
existing 11.7 MW wind farm Hiisahagi and the two new wind farms to be
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installed next to Hiisahagi, and be considered the largest unit. 12 out of the
55 MW BESS have been ordered.
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Fig. 1.12: Examples of the BESS in operation. HH is the power output from the wind farm, BESS
the battery system and HR (Husareyn) the sum of HH and BESS. SD G2 is one of the thermal
generators at Sundsverkid and Freq. is the frequency measured at the Hiisareyn substation.
Upper: Ramp rate control. Lower: Frequency regulation.

Synchronous Condensers

An 8 MVA synchronous condenser is also installed at the substation next
to the wind farm in Suduroy, see Figure 1.13. There are no synchronous
condensers in the main grid, but a 16 MVA synchronous condenser has been
ordered and SEV’s preliminary plans include two more of the same size and
also one rated at 6 MVA in the northern isles.

Fig. 1.13: The synchronous condenser at the wind farm substation in Suduroy.
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1.3 PROBLEM FORMULATION AND PROJECT OBJECTIVES

The Faroese Power Company SEV is, as previously mentioned, aiming for a
100% renewable electricity sector in 2030. In order to reach this goal a detailed
plan addressing the challenges associated with a renewable production is
needed. The aim of this thesis is to investigate two of the challenges, i.e. the
energy balance and the power system stability. The main objectives of this
industrial PhD project are to answer these two questions:

1. What is the best suited RoadMap in a 100% renewable electricity sector
in the Faroe Islands based on energy resources and economics?

2. How can we obtain a stable electricity supply in a 100% renewable elec-
tricity sector?

In order to answer the first objective, which is based on the main grid and
Suduroy, the following will be addressed:

(a) State of the art of expansion planning tools and case studies.

(b) Assessment of the available energy resources and potential production in
this unique system.

(c) Feasibility of the production and long-term storage technologies, which
are relevant to the study case.

(d) Analyses of the optimal mixture between production and long-term stor-
age technologies, and investigations of the impact that different costs and
technologies, e.g. tidal energy, can have on the overall system.

(e) Development of a procedure to obtain a tangible RoadMap from an eco-
nomic optimisation.

(f) Obtaining a tangible RoadMap for the Faroese power system based on
the economically optimal energy mixture.

For the second objective, the grid on Suduroy is in focus, and this objective
will be answered by;

(a) State of the art of power system model regulation and modelling.

(b) Model the isolated power system in DIgSILENT’s PowerFactory, based
on today’s configuration and the future developments according to the
RoadMap.

(c) Develop and apply validation guidelines for the dynamic power system
models. Prepare tests for measurements on the system to obtain data for
model validation.
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(d) Assessing and analysing the frequency and voltage variations in today’s
system.

(e) Simulating and analysing the grid with the proposed expansion plan and
test scenarios based on common and known grid disturbances, which the
grid should be able to ride through. Given that instabilities are an issue;
address the need for expansions in ancillary services.

(f) Assess the need for using a detailed simulation model of the larger main
grid when analysing the stability on Suduroy with a cable connection to
the main grid.

(g) Provide lessons learned from Suduroy to the main grid.

1.4 LIMITATIONS

This study investigates two aspects of the transition towards a 100% renew-
able electricity sector; supply reliability and the grid stability of the system.

The supply reliability is addressed through expansion planning, since this
ensures enough generation and storage capacity to meet the demand consid-
ering the available energy resources. The expansion planning is conducted
through economic optimisation of generation and storage capacities. The
study is based on the main grid and the grid of Suduroy only, not the 5
smaller isolated grids of Fugloy, Mykines, Koltur, Skiigvoy and Stéra Dimun.

The power system stability study is limited to frequency and voltage sta-
bility. Some simulations have been conducted including the main grid, but
the main focus in the power system stability study is the island of Suduroy.
Analysing the grid of Suduroy is a building step towards a full analysis of
the Faroese power system, as the studies on Suduroy will be replicated on the
main grid. The study includes both dynamic RMS simulations without dis-
turbances over several hours, and also shorter simulation periods with large
disturbances. The study does not include EMT simulations.

All studies, both supply reliability and grid stability, focus on the power
system at transmission level.

1.5 DISSEMINATION

The research findings of this project have been disseminated through scien-
tific articles, scientific and general presentations and participation in media,
e.g. TV and radio. The scientific articles are listed under section 1.5.1, while
presentations and media participation can be found under section 1.5.2 and
1.5.3 respectively. Teaching and supervision activities are found under 1.5.4.
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1.5.1 SCIENTIFIC ARTICLES

This thesis is written as a monograph, but some of the methods and results
have been, or are to be, published as scientific articles. The drafts of the un-
published articles number 6 and 8 are available for the reader in Appendix C.
Article number 4, which will be published in July, is not in appendix due to
lack of copyrights. However, the results presented in it are based on article
number 3, which is found in Appendix C.

1. H. M. Tréndheim, B. A. Niclasen, T. Nielsen, C. L. Bak, and F. F. da
Silva, "Introduction to the Energy Mixture in an Isolated Grid with
100% Renewable Electricity - the Faroe Islands," in Proceedings of CI-
GRE Symposium Aalborg 2019. Aalborg, Denmark: CIGRE (International
Council on Large Electric Systems), 2019.

2. H. M. Trondheim, T. Nielsen, B. A. Niclasen, C. L. Bak, and F. F. da
Silva, “The Least-Cost Path to a 100% Renewable Electricity Sector in
the Faroe Islands,” in Proceedings of 4th International Hybrid Power Sys-
tems Workshop. Crete, Greece: Energynautics GmbH, 2019.

3. H. M. Tr6ndheim, B. A. Niclasen, T. Nielsen, F. F. D. Silva and C. L. Bak,
"100% Sustainable Electricity in the Faroe Islands: Expansion Planning
Through Economic Optimization," in IEEE Open Access Journal of Power
and Energy, vol. 8, pp. 23-34, 2021. Selected as IEEE Open Access Journal
of Power and Energy Trending Topic Paper March 2021. Licensed under CC
BY 4.0.

4. J. Cochran, C. L. Bak, P. L. Francos, D. McGowan, A. Iliceto, G. Kiselio-
vas, ]. Rondou, H. M. Trondheim, and J. Whiteford, "Same goal, differ-
ent pathways for energy transition," in IEEE Power and Energy Magazine,
vol. 20, no. 4, 2022.

5. H. M. Trondheim, J. R. Pillai, T. Nielsen, C. L. Bak, E. E da Silva, B.
A. Niclasen, "Frequency Regulation in an Isolated Grid with a High
Penetration of Renewables - the Faroe Islands," in 2020 Cigre Session:
Papers and Proceedings. Paris, France: CIGRE (International Council on
Large Electric Systems), 2020.

6. H. M. Trondheim, E. F. da Silva, C. L. Bak, T. Nielsen, B. A. Niclasen,
R. S. Nielsen, and N. Weikop, "Alternative and Combined Procedure
for Parameter Identification and Validation of Governor and Automatic
Voltage Regulator Dynamic Models," (Working title, to be submitted
prior to defence).

7. H. M. Trondheim, L. Hofmann, P. Gartmann, E. Quitmann, F. F. da
Silva, C. L. Bak, T. Nielsen, and B. A. Niclasen, "Frequency and Voltage
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Analysis of the Hybrid Power System in Suduroy, Faroe Islands," in
Proceedings of Virtual 5th International Hybrid Power Systems Workshop.
Energynautics GmbH, 2021.

. H. M. Trondheim, L. Hofmann, P. Gartmann, E. Quitmann, C. L. Bak,

F. E da Silva, T. Nielsen, and B. A. Niclasen, "Frequency and Voltage
Stability Towards 100% Renewables in Suduroy, Faroe Islands," CIGRE
Science and Engineering Journal, (Accepted with minor changes, to be
published in June 2022).

1.5.2 PRESENTATIONS

EA Energy Analyses, 2019: Presentation on the 100by2030 vision and
the research objectives.

Granskingardagur, 2019: Presentation on project objectives and initial
results for employees of the University of the Faroe Islands.

Minesto, 2019: Presentation on research results with regards to the
influence of tidal energy for the board and management of the Swedish
company Minesto.

Axctic Circle 2019: Invited by the Faroese Ministry of Foreign Affairs
to present the energy transition in the Faroe Islands, with focus on the
100by2030 vision and the ongoing research project.

High Schools, 2019-2021: Presentations on the 100by2030 vision and
the ongoing research results for 5 different high school classes.

SEV, 2019-2021: Presentations on the ongoing research results on mul-
tiple occasions for the board, management and engineers.

ORKA (Energy Authority), 2020-2021: Presentation of ongoing re-
search results on two occasions.

Viden og vaekst, 2021: Invited to have an oral conference presentation
on the project and the cooperation between AAU, UFI and SEV.

Visindaveka 2021 (European Researcher’s Night 2021 Faroe Islands):
Poster presentation on power system stability with unstable resources.
Awarded 1st price.

Ljo6sfest, 2021: Public presentation about research results at the celebra-
tion of 100 years of electricity in the Faroe Islands.

Ocean Energy Europe 2021: Invited by the organisers to present how
tidal energy could disrupt the future energy composition in the Faroe
Islands.
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Canadian Embassy in Denmark, 2021: Presentation on the 100by2030
vision and research results.

13th MRIA Marine Renewables Emerging Technologies Industry Fo-
rum, 2022: Invited by organisers to present how tidal energy could
disrupt the future energy composition in the Faroe Islands. Invited at
Ocean Energy Europe 2021.

1.5.3 MEDIA PARTICIPATION

National TV news (Kringvarp Feroya, Dagur og vika), May 2019: Pre-
sented early research finding on the daily TV news.

Student’s Magazine (MFS, Fjolnir 2020), 2020: Authored an article on
the technical challenges with renewable energy.

Podcast (Nyhugsan), September 2020: Discussed research questions
and findings.

National newspaper (Dimmalzetting), March 2021: Interview with ref-
erence to being selected as IEEE Open Access Journal of Power and Energy
Trending Topic Paper March 2021.

National radio show (Kringvarp Feroya, Breddin), April 2021: Com-
mentator on challenges with a specific wind farm offer.

National newspaper (Sosialurin), April 2021: Interviewed about the
100by2030 stepping stones.

National radio show (Kringvarp Feroya, Breddin), October 2021:
Commentator on the situation in the Faroe Islands with reference to
COP26.

National TV show (Ras 1, Baskapur og vinna), January 2022: Ex-
plained different aspects of the energy transition in the Faroe Islands.

1.5.4 TEACHING AND SUPERVISION ACTIVITIES

Co-supervisor for bachelor thesis at the University of the Faroe Islands.

Assisting a EPSH3 group project at AAU with developing a secondary
control of a synchronous generator.

Teaching assistant for in the course "Power engineering 1" for BSc En-
ergy Engineering at the University of the Faroe Islands.
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1.6. THESIS OUTLINE

THESIS OUTLINE

This industrial PhD thesis consists of 8 chapters, where chapters 2-4 address
objective 1 and 5-7 address objective 2. The outline is as follows:

1.

Introduction: The topics of the thesis are introduced, followed by a
description of the Faroese power system. The problem formulation,
project objectives and limitations are presented, as well as the dissemi-
nation of the research results.

. Expansion Planning Theory: The state of the art expansion planning

theory is presented, both based on available tools and case studies. The
methodology proposed to improve expansion planning, combining an
existing optimisation tool and a new method, is also presented.

. Optimisation of the Future Energy System: This chapter covers the

modelling and input of the optimisation model, and then presents the
results of the economic optimisation.

. 100by2030 RoadMap: This chapter presents the main contribution

from the expansion planning studies, i.e. the proposed RoadMap. The
optimal investments presented in previous chapters are carefully in-
vestigated, and then translated into realistic investment projects. The
RoadMap is also validated in this chapter.

. Power System Regulation and Modelling Theory: Traditional and

state of the art ancillary services are described, followed by study cases
on the Faroese power system. The most common tools to conduct
power system studies are presented and the need for validated mod-
els is addressed. A new alternative and combined parameterisation
and validation procedure of dynamic controllers is developed and pre-
sented.

. PowerFactory Model of the Faroese Power System: The PowerFactory

model of the Faroese power system, focusing on Suduroy, is described
for each component in the system. The results of the static and dynamic
validation of the model via field measurements is also presented.

. Dynamic Studies of the Power System on Suduroy: This chapter de-

scribes the dynamic RMS studies conducted in this research project.
First an analysis of frequency and voltage fluctuations with and with-
out inverter-based generation in is presented, followed by a study with
short-term large disturbances. The final section of the chapter discussed
how the results on Suduroy can be transferred to the main grid.

. Conclusions: The thesis is concluded with the main contributions of

the research and possible future works are proposed.
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CHAPTER 2
Expansion Planning Theory

This chapter addresses parts of the first objective. It starts with a state of
the art review of the available tools used for expansion planning, presents
study cases of Faroe Islands and other systems, both energy resources and
expansion planning. The final part of the chapter describes the proposed
method to conduct expansion planning studies, which also has been applied
to the main grid and the grid of Suduroy in the study.

2.1 TOOLS AND MODELS

Models and computer tools have been developed for investigations of and
planning the energy sector. Several of these have been reviewed in literature
[31]-[38]. The focus of the reviews varies from brief overviews, categorising
models, discussing the approaches and state of the art challenges associated
with expansion planning.

From literature previous to 1999 van Beeck [31] has identified nine ways
to classify energy models. 10 energy models are classified based on the iden-
tified methods. Jebaraj and Iniyan [32] give an overview of a broad collection
of energy models dating up to 2006 including energy planning models, en-
ergy supply-demand models, forecasting models, optimisation models, neu-
ral network energy models, and emission reduction models. The models are
not described in details in terms of logic, approach and methodology. The
review has a coverage of 252 references. According to [33], none of the then
present-day (2007) energy models adequately address the energy systems
and economics of developing countries, as these are significantly different
from industrialised countries. Reference [34] reviews computer tools used for
analysing the integration of renewable energy, and aims to assist the reader to
choose a tool suitable for a specific application. This is done by categorising
the tools depending on the type and by describing the application, temporal
resolution, any specific focus, included sectors (electricity, heat and trans-
port) and the degree of renewable energy penetration simulated previously.
37 tools are included in the review, while 68 tools were considered initially.
A model review focusing on the challenges associated with twenty-first cen-

25



CHAPTER 2. EXPANSION PLANNING THEORY

tury energy is found in reference [35]. The paper describes the paradigms of
four types of energy models and addresses the respective challenges, these
include resolving time and space, balancing uncertainties, system complexity
and human behaviour. Ringkjeb et al. [36] thoroughly review 75 modelling
tools. The paper categorises the tools similarly to Connolly et al. [34], but a
broader collection of tools is presented. The flowchart of the categorisation
is shown in Figure 2.1. First the included models are listed with developer,
availability, the used software and relevant literature. The models are then
categorised based on their general logic and resolution, i.e. the approach,
purpose, methodology and temporal/spatial. Finally the technological and
economic parameters are listed.

Problem Statement

Included Models
(Table 1)

I‘|

General Logic

(Table2)

Spatiotemporal Resolution
(Table2)

Technological & Economic Parameters
(Table

|¢

Energy Comm- Demand Demand
m goties Sediors Elastvhy; tarket

Model Choice

|¢l

Fig. 2.1: Model categorisation flowchart presented in [36].

Generation expansion planning is not a simple topic, and Koltsaklis and
Dagoumas [37] address the challenges with state of the art expansion plan-
ning, including risk assessments, integration of electric vehicles, short term
operation etc. The different approaches in generation expansion planning are
discussed in reference [38]. This review does not contain information about
the available tools and models, but compares the different theoretical ap-
proaches and discussed the advantages and disadvantages of the approaches.

There is a continuous development of models and tools used for expan-
sion planning, as new challenges have to be addressed and adaptions or new
approaches are needed. The number of models and tools is high, and thus
choosing the best fitted tool can be difficult, but the published reviews on
expansion planning can assist in choosing a suitable tool.
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2.2 RELEVANT CASE STUDIES

The following two subsections, i.e. subsection 2.2.1 and subsection 2.2.2,
present some of the relevant study cases, both international studies and
Faroese studies.

2.2.1 INTERNATIONAL STUDIES

The challenges faced in a power system depend on the characteristics of it.
It is therefore important to compare small isolated power systems towards
other similar power systems, instead of a large interconnected system, e.g.
the European network. The Faroese power system is, according to EU’s! defi-
nition, a micro isolated system, which is a non-interconnected system with an
annual consumption less than 500 GWh in 1996 [39]. In 1996 the consumption
in the Faroe Islands was 180 GWh [40]. An analysis of other islanded power
systems has been conducted, in order to find which systems are the most
comparable to the Faroese power system. IRENA has a framework to sup-
port SIDS? to transit to renewables, i.e. the Lighthouses Initiative. 36 SIDS are
participating in the initiative, some of which are comparable to the Faroese
power system. EU also has an initiative on renewable islands "Clean Energy
for EU Islands". There are also additional archipelagos and islands around
the world, not considered as SIDS nor a EU Clean Energy Island, which can
be compared to the Faroe Islands in terms of the power system. Table 2.1
contains a list of 10 electrically isolated power systems with a renewable vi-
sion and can be found to be similar to the Faroese system in terms of current
and future annual generation [>250 GWh,<900 GWh]. The renewable energy
shares (RES), types and targets are also included in the table. Archipelagos
and islands excluded from the table either have a significantly higher/lower
generation, do not have a specific renewable goal and/or are already or plan
to be interconnected to the mainland in the nearest future. These are the
rest of the SIDS and Clean Energy Islands, the French islands Mauritius and
Reunion in the Indian Ocean, the Aegean islands, Malta, Cyprus, the British
Shetland Islands, Bermuda, Isle of Man, Guernsey and Jersey, the Oki Islands,
Jeju (South Korea), Galapagos (Ecuador) and Tasmania (Australia) amongst
others.

The two islands Antigua and Barbuda have individual power systems.
There is small penetration of PV panels on Antigua, while Barbuda remains
100% fossil fuelled supplied by a 7.2 MW diesel power plant. The islands
have a high potential of wind and solar energy as the average wind speed is
around 6.5 m/s- 7.9 m/s and the irradiance 206 W/m? - 236 W/m? [41]. The

IEuropean Union
2Small Island Developing States as defined by the United Nations Educational, Scientific and
Cultural Organization (UNESCO).
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potential for hydro power, geothermal and biomass is low, and the potential
for ocean energy is unknown. Although the potential for hydro is low, a 10
MW pumped hydro station has been studied in order to balance the system
[42]. 10 MW correspond to 25% in ratio of average demand (RAD) according
to Table 2.1. IRENA’s Renewable Readiness Assessment for Antigua and
Barbuda from 2016 [43] proposes that a clear action plan is needed to transit
to renewable, but no such plan is publicly available.

Table 2.1: List of archipelagos and islands comparative to the Faroese power system with the
annual generation, renewable energy shares (RES), types of renewable and RES targets. *SIDS
**EU Clean Energy Island

Archipelago/island Gen. (GWh) RES (%) Types Target Sources

Antigua and Barbuda* 350 2 PV 15% in 2030  [42], [44]
British Virgin Islands* 274 1 WP 100% in 2050 [45]
Cabo Verde* 491 17 WP and PV 100% in 2025  [46], [47]
La Palma (Canary Islands)** 281 11 WP, PVand HP 45% in 2025  [48], [49]
Madeira 848 23 HP, WP and PV 50% in 2020  [50]-[52]
Maldives* 658 3 PV and WP 100% in 2050 [53]
Saint Lucia* 400 0 PV 35% in 2020 [54]
San Miguel (Azores)** 440 47 GP, HP and WP  75% in 2018 [55], [56]
Seychelles* 424 2 WP and PV 15% in 2030  [57], [58]
Tahiti (French Polynesia) 518 37 HP and PV 50% in 2020 [59]

The energy potential for hydro, geothermal, ocean and biomass in the
British Virgin Islands is unknown, but the potential for wind and solar is
high. Necker Island, a privately owned British Virgin Island, is developing a
renewable micro-grid consisting of 900 kW of wind power, 300 kW of solar
capacity and 500 kWh of storage [60]. Aside from the plans on Necker Islands
towards a renewable future, there is no plan on how the British Virgin Islands
will reach 100% in 2050 available.

The Republic of Cabo Verde, located in the central Atlantic Ocean, con-
sists of 10 islands. The nine inhabited islands each have an isolated power
system. 55% of the electricity demand is on the island Santiago [61]. The
resources used to produce electricity on Santiago are thermal power plants,
wind, and solar energy [46]. The future potential investments towards a re-
newable power system in Santiago and the rest of Cabo Verde have been
analysed in previous studies. Reference [62] has studied which investments
should be made towards 50% in 2020 from an economical and technical per-
spective. This study shows that on Santiago the solar capacity should be
increased from 9 MW to 15 MW (RAD: 29% to 48%), the wind power from
30.6 MW to 48.45 MW (RAD: 99% to 156%) and finally the generation from
municipal solid waste should be doubled from 2.5 MW to 5 MW (RAD: 8%
to 16%). This would lead to a 57.28% renewable generation according to the
simulations software SIMRES, and together with investments on the other
islands, the total production in Cabo Verde would be >50%. A recent study
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[61] analyses Santiago based on the following three scenarios: 1. Business as
usual, 2. 100% renewables and 3. 100% renewables with diversified sources.
The applied methodology does not consider the intra-daily resource varia-
tions, and solar energy is more feasible than wind energy in Santiago. There-
fore no investments are made in wind power based on scenario 2. Thus, a
diversified structure for renewable power has been introduced in scenario 3,
to compensate for the temporal resolution of the model. The optimisation
algorithm used was originally developed by [63], and the optimisation has
been conducted using the General Algebraic Modelling System (GAMS). The
planning period was set to 20 years, and a summary of the results can be
found in Table 2.2 together with the plan presented in reference [62].

Table 2.2: Proposed installed capacities (MW) in Santiago, Cabo Verde, according to studies [61],
[62].

Year Pumping Photovoltaics Wind Municipal Solid Waste RES (%) Source
Over 20 years - 360-480 288.8 6.7 100 [61]
2015 20 9 30.6 2.5 45 [62]
2020 20 15 48.5 5.0 57

A study on the Canary Islands presents possible future energy compo-
sitions for each of the islands [64]. In this study the tools MESAP-PlaNet
and REMix-OptiMo are combined and used to obtain system transformation
pathways and hourly generation and transmission. The study presents sce-
narios with and without additional subsea cables, and maximum installed
generation capacities have been defined. If La Palma remains isolated the ca-
pacities will be 224 MW (RAD: 700%) PV, 116 MW (RAD: 363%) onshore WP,
171 MW (RAD: 534%) offshore fixed WP and 26 MW (RAD: 81%) of com-
bined cycle gas turbines (CCGT). With new transmission connections from
La Palma to El Hierro, La Gomera and Tenerife, the PV and onshore WP
capacity remains the same, but the offshore capacity is reduced to 74 MW
(RAD: 231%) and the CCGT to 13 MW (RAD: 41%). The optimal system in
2050 with the new transmission connections is shown in Figure 2.2.

Madeira also has a renewable vision. According to the references found in
Table 2.1, the goal was to reach 50% RES in 2020. Case studies of Madeira are
found in literature [65], [66]. The decentralised generation requires storage,
and Miguel et al. have investigated the need to store energy [65]. The study
investigates multiple scenarios with different sizes of battery systems, the
highest avoided CO; emissions were 3070 tons, and the renewable integration
was increased by 1.31 % from the base scenario of 21.02 %. Marcinzinkowski
and Barros [66] have applied the tool EnergyPLAN to the system of Madeira,
and one of the simulated scenarios imply that with 100 MW (RAD: 103%) of
additional PV capacity and 200 MW (RAD: 206%) of additional WP capacity,

29



CHAPTER 2. EXPANSION PLANNING THEORY

the electricity production would be fully renewable if biomass is considered
renewable, otherwise the shares are decreased to 77.6%.
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Fig. 2.2: The optimal installed capacity in the Canary Islands in 2050 if new transmission con-
nections from La Palma to El Hierro, La Gomera and Tenerife are considered [64].

In 2015 IRENA published a background report for a renewable energy
RoadMap for the Republic of Maldives [67]. The software HOMER has been
used to conduct parts of the analysis. According to the study the potential
wind power capacity is 20 MW, while the potential for PV is 24 MW in the
region of Greater Malé, but the grid stability limit (unspecified) only allows
15 MW of PV and no WP. The capacity limit can be increased by intercon-
nections. Additional regulating capabilities from inverters, battery systems
etc. have not been considered in this study. Liu et al. [68] present a fea-
sibility study of the water and energy supply systems in the Maldives, and
these claim that Maldives have enough renewable resource potential to be
self sufficient, i.e. zero input of energy and water.

Reference [69] presents a development of a RoadMap for Saint Lucia to-
wards a more renewable future. The software HOMER has been utilised. The
study is conducted based on multiple scenarios ranging from 0% renewable
energy production to 75.3% in 2025. The scenario with the highest renewable
shares requires 23 MW (RAD: 50%) of solar, 12 MW (RAD: 26%) of wind,
30 MW (RAD: 65%) of geothermal and 19 MWh (25 min) of storage to be
installed in addition to diesel.

San Miguel, one of the Azores, has been analysed using a unit commit-
ment least-cost model in GAMS [55]. The renewable shares are already high,
but in order to reach the goal of 75% renewable electricity 50-70 MW (RAD:
100% to 140%) of wind power are required.

The installed capacity in the Seychelles is 116 MW (RAD: 242%) non-
renewable, 3 MW (RAD: 6%) solar and 6 MW (RAD: 12%) wind power [57].
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The potential for biomass and solar is high, while the potential for wind
power is decent.

Tahiti (French Polynesia) is also aiming for a cleaner electricity produc-
tion, more specifically 50% renewable energy in 2020 [59]. Tahiti reached
37% renewable energy in 2018.

Additional to the islands and archipelagos mentioned in Table 2.1 it can
be mentioned that the energy potential in Ometepe, an island with 30000
inhabitants in Nicaragua, has been investigated. Wind power in Ometepe is
estimated to be slightly cheaper than the current diesel production, and solar
will be cost-effective within 15 years for non-subsidised customers. The study
also estimates a potential of 297 MW of geothermal electricity generation.
Due to the fact that the energy resources in Ometepe do not complement
each other, there is a need for a storage, and for this the potential of pumped
storage was investigated to be 1363 MWh, i.e. 52 days of storage compared
to the mean demand in 2014. There is also a potential of Biogas in Ometepe,
which could possibly replace e.g. firewood for cooking [70]. For islands with
connections to the mainland, e.g. Samso (Denmark), having a penetration of
renewable energy is not as difficult as in fully isolated grids. Some islands
like El Hierro (Canary), either already have or have a potential of pumped
hydro storage, but others that do not have this, must install other types of
storage, e.g. hydrogen [71].

The power systems in Porto Santo (Madeira), Mljet (Croatia), Corvo, Gra-
ciosa and Terceira (Azores), Sal (Cap Verde) and Malta have been modelled
using the software H2RES [71], [72], which has a hydrogen module. This
tool is developed for islanded systems. It optimises the operation, not the
investment. Results from the Porto Santo study case in a scenario where the
production is 100% renewable, and the generation consists of wind and so-
lar, show that capacity of 10 MW wind power and 20 MW of solar power
is needed to meet the demand together with hydrogen storage. 18 scenar-
ios are tested in H2RES in the study case of Mljet. These results show that
distributed generation is a viable solution for Croatian Islands. It is however
illegal to install wind turbines on Croatian Islands, so these islands must rely
on other renewable generation like solar power to reach 100% renewables.

A research study based on the Greek island Sifnos, states that in small
isolated systems, the potential of reaching a 100% renewable production de-
pends on the available energy resources and the possibilities of large storage
capacities [73]. Another study based on the remote off grid area Rafsan-
jan in Iran, states that the best economical solution in the study case is to
have a wind/diesel/battery based system. The other mixtures tested were:
PV /wind/diesel /battery, PV /diesel/battery, and diesel alone [74]. A review
on the renewable energy utilisation in 14 selected islands can be found in
reference [75]. For further specifications on the different islanded systems,
the reader is advised to read the cited literature, i.e. references [44] to [75].
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2.2.2 FAROESE STUDIES

The previous Faroese studies are divided into two sections, first studies on
the resource potential followed by studies on the energy mixture.

Resource Potential

The wet and windy climate in the Faroe Islands is a great potential for renew-
able energy. Climatological standard normals for the country are described
in reference [76]. The precipitation exceeds 0.1 mm up to 300 days/year, and
10 mm over 100 days/year in various places. In the capital, Térshavn, the av-
erage annual precipitation is 1284 mm, but there are great variations around
the country. These depend mostly on the orography. The lowest average
precipitation, 823 mm annually, is experienced at the most western island,
Mykines. In Hvalvik, a village on Streymoy, the annual precipitation reaches
almost 3300 mm. It is possible to expand the hydro power production sig-
nificantly, but due to environmental concerns, it has been decided not to do
this. According to [77], the annual production from hydro power could be
expanded with additional 190 GWh, compared to 108 GWh produced by hy-
dro power in 2018. In other words, there is a potential to almost triple the
hydro power generation.

According to the climatological standards [76], the average wind speed is
45 m/s - 6 m/s in the summer and 6.5 m/s - 10 m/s in the winter. Wind
speeds above 40 m/s and gusts above 70 m/s are not uncommon in the au-
tumn and the winter. A meteorological mast next to the Hisahagi wind farm
has measured gusts up to 68 m/s [6]. A model based study [78] indicates
that the annual average wind speeds are above 7.5 m/s all over the country.
The high average wind speeds result in a high wind turbine capacity factor.
The capacity factor at Hiisahagi varies between 0.4 and 0.45 from year to year.
According to inhouse estimations, an additional wind power capacity of 200
MW could be installed at suitable locations in the Faroe Islands.

The solar resources in the Faroe Islands are limited, due to the high al-
titude and cloud coverage. A normal year in terms of sunshine hours in
Térshavn is 840 hours. There are close to no experiences with extracting so-
lar energy for electricity production in the Faroe Islands, but the few installed
systems have shown that annual full load hours above 600 are achievable.

Tidal streams are a predictable source of energy, contrary to other renew-
able resources. The peak tidal streams around the Faroese isles are above
3.5 m/s at various accessible sites [79]. In addition to the predictability, the
advantage with tidal energy in the Faroe Islands, is that there is a phase shift
between when the tidal currents turn at the different straits and fiords. Thus,
even though the tidal currents in a strait turns every sixth hour, which results
in 0 m/s, this does not occur simultaneously at all straits. Therefore, tidal en-
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ergy can be used as a base load production if generation units are placed at
different fiords and straits. A tidal stream model based on insitu measure-
ments has been developed for the Faroe Islands [79]. According to this model
the power in the tidal streams between the islands is up to 2 GW, and 209-780
MW if only locations with depths higher than 40 m and peak velocities higher
than 2.5 m/s are considered. However, a maximum of 15% of the available
power can be extracted before it affects the tidal streams significantly [80].

As described in the previous paragraphs, the potential for renewable en-
ergy is high in the Faroe Islands, based on a diversified mix of resources. The
monthly averages of the following four sources: sun hours, precipitation,
wind speeds and tidal stream velocities are compared in the upper plot of
Figure 2.3 [6], [81]. It is clear that even though the solar resource is relatively
low, it can become interesting when combined with the other resources. Dur-
ing the summer, when the wind and hydro potential is relatively low, the
potential for solar is relatively high. This means that if photovoltaic power is
installed, it will reduce the necessity of the storage capacity. When analysing
the potential on an hourly basis, the complementary is not as visible, see the
lower plot on Figure 2.3, as there are clearly periods with low resource poten-
tial. Tidal is the most predictable and constant resource, although the tidal
stream varies by a factor of 2 over the spring neap cycle [81].
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Fig. 2.3: The potential for hydro (blue), photovoltaics (yellow), wind (green) and tidal (cyan)
energy on a monthly [6] and hourly basis (2017) [81]

Energy Mixture

There are several studies which investigate the future Faroese power system
from different aspects, some of these studies have been briefly reviewed in
previous publications [81]-[83]. The first study focusing on a RoadMap to-
wards 100% renewable electricity in 2030 can be found in reference [6]. This
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study used the software HOMER. The proposed expansion plan includes
wind, photovoltaics and tidal power. The study concludes that without stor-
age the proposed expansion plan would bring the renewable shares up to
85%, but with a pumped storage system implemented in 2026, the renewable
shares would reach 100% in 2030. An article published in 2018 states that it
is economically interesting to reach an annual renewable production in the
Faroe Islands of over 90% based on mainly wind, solar and pumped hydro. It
also states that smart grid technologies have to be implemented, when going
above 95% RES, without any elaboration on which smart grid technologies
have been considered. This is a preliminary study, and more accurate results
can be obtained by improving the pumped hydro model, siting of the wind
turbines, new demand profiles considering a lower energy usage in buildings
etc. [84].

The power system of Suduroy has been analysed using HOMER by
Skeibrok et al. [85]. This study shows that a 100% renewable power system
without a cable connection is not feasible as the potential pumped storage
system is too small to balance the future system fully. A study on a pumped
storage in Suduroy does however show that the production costs could be
lowered significantly with a pumped storage system and a few wind turbines
[86]. This pumped storage system is also analysed in [87]. The feasibility of
flow batteries in the Faroe Islands has been analysed, and the study states
that it could be feasible, but depends highly on the oil prices [88]. A study
on the most western island Mykines shows that a more renewable system
with fuel cells and wind turbines is more expensive than the existing diesel
system [89].

In 2018 an extensive study of the path towards 100% renewables in the
Faroe Islands was published by SEV, the local energy authority ORKA and
the company Dansk Energi. 12 technical reports and notes were published
based on this study [90]-[101]. A brief overview of the study can be found
in reference [90]. A note on the feasibility of an subsea cable connection
to other countries, especially Iceland, but also Shetland is found in [91]. It is
technically possible, and depending on the amount of transmitted power also
economically interesting. The results of one previous study showed that the
cost of energy through a cable would be 0.70 DKK/kWh with an import of
500 GWh/year, which is more than the actual demand. By comparison wind
energy at this time was produced for 0.35 DKK/kWh and production from
heavy fuel is >1 DKK/kWh [102]. Another study investigated an undersea
cable connection between the Faroe Islands, Iceland and Shetland, with a
further connection to the European grid. It is stated that if a connection
is made between Iceland and the United Kingdom, the cable would pass
through Faroese oceans, and it would therefore be possible to connect the
Faroe Islands to this connection [103]. Cable connections to other countries
are however not being considered by SEV or the government, as being self-

34



2.2. RELEVANT CASE STUDIES

sufficient regarding the energy sector is more attractive [104].

The study also covered demand projections of the future electricity de-
mand considering an electrification of both the heating and transport sectors
[92] based on the coalition agreement 2015 [7], the necessity of storage based
on the electrification level and the amount of solar and tidal [97], the possible
flexible energy demand [94], and finally 16 scenarios considering the pro-
jected demand and different power compositions have been simulated and
analysed [93]. The feasibility of alternative production forms, [98], in this
case tidal power, and different types of storage [99] have also been consid-
ered and discussed.

A thorough investigation of how pumped storage together with solar and
wind can be used to obtain a 100% renewable production by 2030, was con-
ducted [96]. This study modifies the already existing hydro systems into
pumped storage. The model is based on weather data from several years.
This results in a solution that secures a 100% renewable energy balance by
2030, even during dry years with limited hydro resources. The consequences
of this are large and expensive systems required to store energy for longer
periods of time, that will be unnecessary for years with normal precipitation.
The investigation included scenarios where the variable energy sources were
grid connected, but also where the sources were off grid and solely used for
the pumped storage system. The latter resulted in great energy loss due to
the fact that the wind turbines would have to be curtailed more when they
operate off grid. This specific study recommends a hydro storage in 2030 of
32.3 GWh. However, other studies with different assumptions and restric-
tions propose other sizes.

Another analysis was conducted using Balmorel [95]. Balmorel is a least-
cost-path optimisation tool, and one of the tools reviewed in [34]. Balmorel
has perfect foresight, meaning that it from day 1, knows how much energy
must be stored to ensure an energy balance throughout the year. Three sce-
narios are investigated and compared to the study mentioned in the previous
paragraph. One main scenario, one with low solar production and one where
there were restrictions on the regulation done by hydro. The three scenarios
result in similar amounts of installed capacities of the different technologies,
see Figure 2.4 [95]. According to the study, wind and solar should be the
dominant technologies together with hydro. In the three different scenarios
the recommended hydro storage in 2030 varies between 11.1 GWh and 15.1
GWh, i.e. less than half of what the previous study recommended. The dis-
advantage with this study is that only one year with normal weather condi-
tions is considered, therefore the recommended expansions are not necessar-
ily enough to reach a 100% renewable production during a dry year, and thus,
thermal units will have to be used for backup. As 37 MW at Sundsverkio,
see subsection 1.2.2 on page 10, consist of dual fuel units, the fuel used could
be carbon neutral. The normal weather conditions are defined as the year
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with the median energy resources available. The study gives a better under-
standing of the optimal energy mixture, but some aspects can be improved,
e.g. the biogas system is excluded and the solar data is based on satellite
information.
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Fig. 2.4: Generation capacities for the 4 scenarios for 2016, 2020, 2024, 2028 and 2030. Peak
demands are indicated. The orange pumped hydro technology represents the ‘pumped hydro’
project in only one place, the other hydro expansion are all shown as dark blue "hydro’ [95].

Table 2.3 compares the proposed generation capacities in the most exten-
sive previous studies of the whole system, i.e. references [6], [95], [96]. Based
on references [90]-[101] a RoadMap has been proposed. The capacities in the
RoadMap are included in Table 2.3. The wind and PV power capacities in
the RoadMap [101] are almost equal to [95], while the RoadMap’s pumped
storage capacities are equal to [96]. The needed size of reservoir is however
not included in the RoadMap. In [6] the wind, PV and pumped storage ca-
pacities are lower than in the RoadMap, but a tidal power capacity of 60 MW
is included. The pumped storage capacities in [6] are however closer to the
RoadMap and [96] than [95] is.

The RoadMap is shown in Figure 2.5. For the first 5 years a total of 68 MW
of wind power, 10 MW of solar power and pumped hydro storage of 6 MW
pumping and 4 MW turbines will be installed. From 2024 to 2030 80 MW of
wind power, 70 MW of solar and pumped storage with 140 MW pumping
and 80 MW turbines should be installed. The less developed technologies,
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e.g. tidal energy, will have to be reconsidered as time passes. A cable con-
nection to Iceland will not be investigated further according to the proposed
RoadMap.

Table 2.3: Summary of most extensive expansion planning studies for the Faroe Islands towards
100% renewables. The table includes required investments in different technologies. Excluding
the PS in Suduroy, as not all studies include this.

Pumped storage

Source . WP (MW) PV (MW) TP (MW) 1 pines (MW)  Pumps (MW)  Reservoirs (GWh)

[6] 72 30 60 70 100 25
[95] 141 75 - 48 58 7
[96] 235 39 - 105 140 26
[101] 138 72 - 105 140 -
100% ~ ,.
- -~ - 92 -100%
80% - -~ -
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Fig. 2.5: The current road map to a renewable electricity sector by 2030 [101].

In order to improve previous expansion planning studies, the economi-
cally optimal energy mixture has been investigated in three publications [81]-
[83]. First a simple optimisation algorithm was developed [82], which opti-
mised the investments towards a 100% renewable electricity sector by 2030.
The biogas plant, which had been excluded from previous study was consid-
ered, and the resource data used to predict the production from PV panels
was improved compared to other studies. In reference [95] a Balmorel model
of the Faroese power system was developed, and in reference [83] this model
was improved by adding the biogas plant and new solar resource data. The
contributions from [82], [83] do however meet the requirements of obtaining
a realistic and detailed expansion plan for the future Faroese power system.
The transmission capacity has not been considered in previous studies, nei-
ther has the exact location of the investments, the space constrains, the varia-

37



CHAPTER 2. EXPANSION PLANNING THEORY

tion in demand and resource profiles depending on the location nor the costs
of keeping thermal power plants as emergency backup. However, these as-
pects have been addressed in [81] and are the basis of the following chapters
on the expansion planning.

2.3 PROPOSED METHODOLOGY

Although the focus on expansion planning is high and it is in continuous
development, the tools and case studies seem to lack a degree of realisability.
The tools and studies typically present either an optimal solution without
practical considerations, as plant and cable sizes etc. are increased year by
year, while in reality investments are conducted in steps of e.g. a full wind
farm. In optimisation studies the exact location of investments is typically
ignored, as system models are simplified and aggregated. However, in small
isolated system it is possible to identify each suitable investment site with
respective resource profiles and maximum capacities, whilst maintaining a
reasonable computation time. The study conducted on Cabo Verde [62] does
define each relevant site, but here the investments are not optimised.

In order to improve this part of expansion planning, a method was de-
veloped in reference [81]. The main idea behind the proposed methodology
is to translate results from an existing expansion planning tool, in this case
Balmorel, to a realistic RoadMap with specific investment projects. This is
done by the steps illustrated in Figure 2.6. The first step is to the define the
inputs to Balmorel. The required inputs are policy constraints, details about
the specific system model, i.e. capacities, demand, costs and emissions, and
finally the site specific investment options, local resource potential, maximum
capacities per site and costs. The model is then simulated in Balmorel (sub-
section 2.3.1), which optimises the dispatch and investments simultaneously.
From the simulations the optimal investments are obtained, which then are
translated into specific investment projects and a RoadMap is obtained (sub-
section 2.3.2). The capacities in the RoadMap are set as committed capacities
in Balmorel, and the system is simulated again without any additional in-
vestment options. The optimality of the RoadMap is analysed by comparing
the economics of the optimal results and the simulation with the RoadMap,
as the proposed RoadMap should be close to the optimal solution (subsec-
tion 2.3.3). Additionally, the production using the RoadMap has to meet the
requirement of a 100% renewable production in 2030.
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Fig. 2.6: Flowchart of the proposed methodology [81].

2.3.1 BALMOREL

There are, as mentioned previously, multiple tools and models available,
which can be utilised for expansion planning. Based on [34] Balmorel was
chosen as a suitable tool for this investigation. Balmorel is a partial equilib-
rium optimisation tool, which optimises the least cost investments annually
and the dispatch hourly. It is a open source and transparent tool, which is
flexible of new technologies and can be adapted to the specific study case.
The disadvantages with Balmorel are that it has perfect foresight through-
out a year, and zero foresight across years. This means that the dispatch in
Balmorel is optimised to a degree not possible in reality. Due to the zero
foresight across years, Balmorel can invest in a lot of wind power in a specific
year, without knowing that the capital costs of wind power are reduced sig-
nificantly the year after. Additionally, Balmorel does not consider the power
system operation in details, it can consider unit commitment, but challenges
like power system stability are not considered. A thorough review on Bal-
morel can be found in [105].

The most important Balmorel equations, with regards to this study, are
found in Equation 2.1-Equation 2.6, and the parameters from the equations
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are found in Table 2.4. Equation 2.1 is the objective function. The parameters
considered in the objective function are the generation costs, i.e. variable
operation and maintenance (O&M), fuel costs, investment costs in gener-
ation, storage and transmission capacities depending on the area/location
and fixed O&M costs. The optimisation is subject to meeting the demand
(Equation 2.2), the available resource potential (Equation 2.3) and the trans-
mission capacity (Equation 2.4). In order to account for the vision of a 100%
renewable generation in 2030, it was necessary to set a policy constraint for
the maximum CO; emissions, see Equation 2.5. Additionally, a constraint
on the maximum allowed instantaneous inverter-based generation have been
set Equation 2.6. For further information on the optimisation algorithm, the
reader is advised to read [105]-[107].

The output from a Balmorel simulation contains multiple variables. These
variables include the generation, transmission, consumption, curtailment,
costs, emissions for each location. The results are given in annually and
hourly depending on the variable, e.g. investments are given per year, while
production is given hourly and annually.

Minimise
Zy =Y cetGer+ Y ng(,thf,t + Y (acy +¢™)Ig + Y xaclI, 2.1)
&t &ift 8
subject to
Y G+ Y (1 —loss) XJWP" = Y- x5 4 p, (2.2)
g X ’ X ’
Gy < 1] (Kg + 1) (2.3)
Xup < K*+ 17 (2.4)
Y WLE, < T, (2.5)
gt
L Gy
~<T; 2.6
zg Gg,t = 1t ( )
Table 2.4: Nomenclature for equations (2.1)-(2.6) [81]
T Target g  Technology | F  Fuel consumption
y  Year G Generation | K  Existing capacity
a Area Z  System costs | W Emission factor
t  Time r  Resource x  Transmission line
¢ Costs I Investment X  Transmission capacity
D Demand | fix Fixed O&M | i  Inverter based
f  Fuel w  Emission

40



2.3. PROPOSED METHODOLOGY

2.3.2 ROADMAP GENERATION

The optimal investments from Balmorel are an input to the RoadMap gen-
eration. The criteria set to a realistic RoadMap are that the proposed invest-
ments should be conducted in steps of e.g. realistically sized wind farms.
Balmorel optimises the investments annually, and thus the size of a wind
farm or PV plant can increase year by year, this is however not realistic and
should therefore be avoided to the extent possible. Similarly, the cables sizes
in the RoadMap should reflect the cables sizes used in the existing 60 kV
transmission systems, in this case 44 MW. SEV does not dimension cables for
each connection, but uses 44 MW for all new 60 kV connections. Addition-
ally, the fact that the investigated power system is small and each investment
in renewable energy has a great impact on the power system operation has to
be considered. Thus, it is deemed necessary to account for the learning curve
of the power system operators, that have to adapt to the system changes.
Therefore, the investments during the first years are smaller, and the time in
between the investments is longer. The final criterion is the practicality. The
local energy authority makes public tenders for every wind energy project in
the Faroe Islands, therefore it is unlikely that multiple tenders will be in the
same year.

The flowchart in Figure 2.6 shows an example of the RoadMap generation.
The example is from a wind farm with a maximum capacity of 36 MW. In this
case Balmorel starts to invest in wind power at this wind farm from 2021, and
the capacity then increases until it reaches full capacity in 2026. By 2024 the
capacity has reached 20 MW, in the RoadMap it is therefore proposed that
the investment in this wind farm is done in two steps, i.e. 18 MW in 2024 and
additional 18 MW in 2026. 36 MW in one step is considered to be too much at
this stage when the learning curve of the power system operators and thus,
the risk of compromising the stability, is accounted for. This example shows
how both the plant size and the learning curve has been considered at this
specific investment site.

2.3.3 VALIDATION

The final step of the proposed methodology is to validate the proposed
RoadMap towards the optimal solution. The capacities in the proposed
RoadMap have been used as committed capacities in Balmorel, and the sim-
ulation was rerun without any additional investment options. The output
variables used for the validation are the production and economics.

The first step of the validation is to check whether or not the produc-
tion meets the requirement of a 100% renewable production in 2030. The
second step of the validation is analyse and compare the economics of the
optimal solution to the proposed RoadMap. The RoadMap is not necessar-
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ily economically optimal, but it is a realistic and practical oriented RoadMap
based on an economic optimisation. The RoadMap should be close to the
economically optimal solution, and it is therefore necessary to ensure this by
comparing the economic output from the two Balmorel simulations. If both
of these parameters can be validated, the RoadMap has been validated.

24 CHAPTER SUMMARY

This chapter has presented the state of the art of expansion planning theory
with regards to the available tools and models. Power systems of similar
sizes with similar visions to the Faroe Islands have been listed and briefly
presented, followed by state of the art Faroese studies. Finally some gaps in
expansion planning have been identified and a method to improve expansion
planning has been proposed. The proposed method combines an economic
optimisation with practical considerations and contains a validation as well.
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CHAPTER 3
Optimisation of the Future Power System

This chapter presents the economic optimisation used to generate a RoadMap,
and thus it addresses the first project objective. First the different scenarios
are presented, and then a thorough model description is presented. This is
followed by the results of the optimisation and finally a chapter summary.

3.1 INVESTIGATED SCENARIOS

The economically optimal future power system has been investigated through
running multiple scenarios in the optimisation tool Balmorel. There are six
main scenarios, which consider different technologies, investment sites and
restrictions, and 12 sensitivity scenarios, with variations in investment and
fuel costs. Each scenario is run from 2020 to 2030, and optimised investments
are allowed from 2021 and onward. The aim of investigating multiple scenar-
ios, is to analyse the impact different technologies, restrictions and costs have
on the future power composition. Each scenario has been defined in close co-
operation with SEV. The six main scenarios are described in subsection 3.1.1
and descriptions of the 12 sensitivity scenarios are found in subsection 3.1.2.

3.1.1 MAIN SCENARIOS

A short description of the main scenarios and their number can be found in
Table 3.1. The reference scenario (#1) is defined as a 100% renewable scenario
in 2030 with investment options in solely mature technologies. The gener-
ation technologies considered are wind power and photovoltaics. In terms
of storage both a pumped storage system on the main grid and batteries are
included as investment options. Additionally, the model is allowed to in-
vest in transmission capacity. All other scenarios, both main and sensitivity
scenarios, are variations of the reference scenario. There is only one change
made from the reference scenario to the other scenarios, e.g. removal of one
restriction, reduction of one investment cost etc.
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Table 3.1: A list of the main scenarios. *See Figure 3.1.

Description

Reference scenario

With tidal power as an investment option

With the option to burn biofuel at an existing thermal power plant
Without CO; emission restriction

With a committed pumped storage system in region 7*

With an additional wind power investment site

NOCT s WODN | H

The only difference between the reference scenario and scenario #2 is that
the model is allowed to invest in tidal energy. The technology is still in the
development phase, but the motivation behind this scenario is to clarify the
impacts tidal energy technology could have on the overall energy mixture.

In scenario 3 the model has the option to burn biofuel at an existing ther-
mal power plant, in addition to all the options considered in the first scenario.
This scenario is interesting to investigate; because, if possible and economi-
cally viable, burning carbon neutral fuels at existing power plants could be
an alternative to investing in expensive storage and over capacity of cheap
intermittent renewable energy.

In the fourth scenario, the restriction on the CO, emissions has been re-
moved, and thus; the model only invests in renewable energy if it is finan-
cially feasible. The results of this scenario show how renewable the produc-
tion can be, whilst still being the most economically feasible solution.

A pumped storage in the most southern island Suduroy has been dis-
cussed and investigated for several years. The configuration of this pumped
storage system makes it impossible to optimise the capacities in Balmorel,
therefore this system is only included in a separate scenario, i.e. #5. Fur-
ther details on the configuration of this pumped storage system are given in
subsection 3.2.5.

The final scenario (#6) includes an additional investment site for wind
power. This site is not included in the reference scenario, because local politi-
cians are against building a wind farm at this exact location, as they plan to
build an airport close by. Since this site is very suitable for wind power, pos-
sible the best in the country, there is still interest in investigating the potential
of the respective site, and analyse the difference it could make in the overall
power composition.

Scenarios 5 and 6 do have more local interest than technical, and therefore
the analysis focuses on the first four scenarios. Scenarios 1-5 were investi-
gated and published in reference [81]. Scenario 1 and 2 are also compared
and presented in [108].
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3.1.2 SENSITIVITY SCENARIOS

In order to determine how sensitive the results are to an increase or decrease
of the investment costs and fuel costs, a sensitivity analysis has been con-
ducted. This sensitivity analysis has been conducted by running the refer-
ence scenario with 20% higher and lower investment costs, changing one cost
at the time. A study of the South West Interconnected System of Western
Australia [109] similarly conducted a sensitivity analysis using 20% higher
and lower costs. The costs changed in the Australian study were the wind
power costs and the discount rate. The sensitivity scenarios run in this study
are listed in Table 3.2.

Table 3.2: A list of the sensitivity scenarios. Cheap is 20% reduction in investment or fuel costs
and expensive is a 20% increase in investment or fuel costs. *See Figure 3.1.

Name Short description ‘ Name Short description

cWP  Cheap WP eWP  Expensive WP

cPV  Cheap PV power ePV  Expensive PV power

cPS  Cheap PS system in region 1* | ePS  Expensive PS system in region 1*

cBS  Cheap battery systems eBS  Expensive battery systems

cFU  Cheap fuel eFU  Expensive fuel

cCA  Cheap transmission cables eCA  Expensive transmission cables

Through the sensitivity analysis, a range of optimal capacities for each
technology will be obtained. This range represents how sensitive the results
of study are to the investment costs.

3.2 MODEL DESCRIPTION

The following sections will describe how the power system and its respec-
tive technologies have been modelled, together with the investment options
considered in the study.

The foundation of the optimisation is the input data. Thus, a data set,
which represents the behaviour of the system accurately is a necessity, in
order to achieve realistic results. The data used in this optimisation has been
chosen based on the following two criteria:

¢ The data should represent an average weather year, and not a year with
abnormally high precipitation, low wind speeds, low irradiation etc.
This will assure that the calculated potential production from the dif-
ferent energy types realistically represents an average year.

* The weather and demand data has to be from the same year, as it is
known that there is a relationship between the weather and the con-
sumption, as shown in e.g. [110].
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The resource potential for the different renewable technologies is tabu-
lated in Table 3.3 for 2014-2018. The first row contains the actual hydro pro-
duction in GWh. It shows that 2017 is the year with the median production
for the years considered. The logged potential wind production at existing
wind farms expressed in FLH show that 2018 was the median year in terms of
wind energy. The final variable in the table is the measured solar irradiation
in the capital. 2017 is the median year for solar irradiation alike the hydro
production. The tidal streams are independent of the weather, only linked
to the gravitational force of the moon and the sun, and thus not included
here. The year 2017 has been chosen as the basis of all input data, as it is the
median year for both hydro and solar, and that the wind potential in 2017 is
only 0.3 % higher than the median wind year 2018.

Table 3.3: The production resources available from 2014 to 2018 for hydro, wind and solar
energy. Median year is in bold.

Year 2014 2015 2016 2017 2018
Hydro Production (GWh) 116 127 103 107 104
Potential Wind Production (FLH) 3724 4036 3233 3667 3655
Solar Irradiation (kWh/m?) 714 719 745 729 759

3.2.1 TRANSMISSION SYSTEM

The Faroese power system is typically investigated as one or two regions; the
main grid and Suduroy. This is also the case for previous Balmorel studies
[83], [95]. In this investigation, also published in [81], the Faroese power sys-
tem has been modelled as 7 regions, see Figure 3.1. The main grid is divided
into 6 regions (R1-R6), while Suduroy is the 7th region (R7). The smaller
electrically isolated islands are neglected, as they account for only 0.2% of
the total consumption. The definition of the 6 regions in the main grid is
based on the structure of the 60 kV transmission system, and the connec-
tions represent the actual transmission lines and cables. Hence, the model
reflects how the system is operated. Balmorel can only consider transmission
capacities as technical constraints and investment options between regions.
This means that if the main grid is modelled as only one region, the model
does not consider the actual transmission capacity between the locations of
the power plants, which can be a limiting factor for how much generation
capacity should be placed at a certain location. Therefore, the optimisation
results, from a model which is separated into regions, are more realistic from
a technical perspective, than models without regions.
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® Region |
® Region 2
® Region 3
® Region 4
Region 5
Region 6
Region 7

— Existing connections
- - Potential new connections

Fig. 3.1: An illustration of the regions in the simulation model.

The demands in R1, R2, R4, R5 and R7 can be supplied by the production
in each respective region to a large extent, but it is also necessary to exchange
energy. Region 3 represents a connection point between other regions, and
does not have a demand nor a generation. There is a demand in R6, but no
production, and hence this demand is fed by the production from the main
grid. R6 could, due to the lack of production, be a part of R5 in the model.
However, the existing transmission capacity between R5 and R6 is a potential
bottleneck in the grid. Especially when R7 will be connected to the main grid
and when wind power will be installed in R6 in the future. R6 has to be a
separate region, if regards should be taken to the potential bottleneck con-
nection R5-R6, since transmission capacities only can be considered between
regions in the economic optimisation model.

There are transmission and distribution losses in the power system. This
can be seen by comparing the production at the power plants and consump-
tion at the electricity meters, see Table 3.4. The total losses have been around
6% since 2015. Prior to this, the electricity meters were read manually be-
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tween November and January. Now the meters are read automatically every
day, and the consumption values from 2015 and forward are therefore ex-
actly one calendar year. The varying reading times in the past seem to have
affected the calculated losses, as the losses from 2009 to 2014 vary between
4% and 8%.

Balmorel can consider transmission losses and distribution losses. If a
distribution loss is defined, this is simply added to the demand. By defining
a transmission loss, the loss is calculated based on the energy transmitted
from one region to another. In this study distribution and transmission losses
of 4% and 2% respectively have been assumed.

Table 3.4: The production, consumption and losses for the whole country and for the regions
considered in this investigation. The numbers are rounded to GWh and integer percentages.

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Production (GWh) 276 280 274 292 293 305 314 317 334 352
Consumption (GWh) 259 262 258 268 282 291 295 298 315 329
Losses (%) 6 7 6 8 4 5 6 6 6 6

An increasing demand and thus production will likely require invest-
ments in transmission capacities between the regions, depending on the
placement of the power plants and the demand. Table 3.5 (upper right cor-
ner) contains information about the existing transmission capacities between
the regions, and between which regions transmission cables are an invest-
ment option (lower left corner). All existing connections except from R5-R6
have a capacity of 35 MW. The 35 MW connections are the following: R1-R3,
R1-R5, R2-R3, R3-R4, R4-R5 and R3-R5. The transmission capacity between
R5 and R6 is 10 MW. The existing and potential connections are also shown
on Figure 3.1. The investment options are based on SEV’s plans for the future
transmission grid [111].

Table 3.5: The existing transmission capacity (MW) between the regions is shown in the upper
right corner. The lower left corner shows whether or not the model is allowed to invest in
transmission capacity between the different regions. (v'=Allowed)

Rl1 | R2 | R3| R4 | R5| R6 | R7

R1 - |3 | - | 3] - -
R2 | v/ 35| - - - -
R3 | - v 35|35 | - -
R4 | - - v 35| - -
RS | v/ - |/ 10 | -
R6 | - - - - v -
R7 | - - - - - v
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Costs

The average investment cost of 60 kV onshore transmission cables is esti-
mated to 160 EUR/m by SEV’s grid department. This cost includes material,
excavation and salaries. A cost per MW is required in the simulation model.
The new 60 kV transmission cables used in the Faroe Islands can transmit
a maximum of 44 MW, and the length of the cables can be estimated, thus
a cost per MW can be obtained. The investment costs per MW for onshore
transmission cables are summarised in Table 3.6 and vary between 61 818
EUR/MW and 145 455 EUR/MW depending on the length of the cable.

A 10 MW subsea cable between R6 and R7 has been projected, and the in-
vestment cost has been estimated to 18 670 000 EUR, i.e. 1 867 000 EUR/MW.

Table 3.6: Estimated cable lengths and investment costs of transmission cables.

Cable length Investment cost Cost/capacity

Distance (k) (EUR)  (EUR/MW)
R1-R2 40 6 400 000 145 455
R1-R5 2% 3 840 000 87 273
R2-R3 18 2 880 000 65 455
R3-R4 17 2 720 000 61 818
R3-R5 35 5 600 000 127 273
R4-R5 52 8 320 000 189 091
R5-R6 29 4 640 000 105 455
R6-R7 40 18 670 000 1867 000

3.2.2 DEMAND

Annual and hourly demand profiles have to be defined for each region. To
some degree the load profiles vary from region to region, as the fishing in-
dustry dominates the total demand in some regions. Since the model is in
seven regions and previous studies have used one or two regions, new de-
mand projections were required in this analysis.

Historic Annual Demand

The majority of the electricity demand in the Faroe Islands is normal de-
mand, which in this study is considered to be everything except from heat-
ing and transport. However, the number of heat pumps and electric vehicles
is increasing. The second column in Table 3.7 contains the estimated total
number of heat pumps in the Faroe Islands. The second row contains the as-
sumed distribution of the heat pumps between the regions. These numbers
based on available data about the locations of the ground source heat pumps,
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and is assumed to be representative for the distribution of all types of heat
pumps in the Faroe Islands. The data related to the heat pumps have been
obtained from the Faroese Energy Authority. It can be seen that the major-
ity of the heat pumps are located in R5, which also is the region with most
households.

It can be assumed that a regular household in the Faroe Islands uses
around 20 MWh for heating annually [112] and that installed heat pumps
have a coefficient of performance factor (COP) of 4 [93]. This corresponds to
a 5 MWh consumption of electricity. It is therefore assumed that each heat
pump uses 5 MWh annually.

Table 3.7: The assumed number of heat pumps in each region from 2009 to 2018 based on
the the total number of heat pumps, and the distribution of the ground source heat pumps.
*Assumptions.

Year Total R1(12.7%) R2(1.3%) R4 (9.1%) R5(72.8%) R6 (1.6%) R7 (2.6%)
2009 238 30 3 2 173 4 6
2010 360 46 5 33 262 6 9
2011 550 70 7 50 400 9 14
2012 605 77 8 55 440 9 16
2013 678 86 9 61 494 11 18
2014 787 100 10 71 573 12 20
2015  *858 109 11 78 625 13 22
2016 *929 118 12 84 676 14 24
2017 1000 127 13 91 728 16 26
2018  *1100 140 14 100 801 17 28

The number of electric vehicles in each region has been obtained from the
Faroese Vehicle Administration, see Table 3.8. There are no electric vehicles
in R2, and only 1 in R6 and R7. 77 of the EVs, that is 77.7 %, are in R5.
The average driver in the Faroe Islands drives 15000 km/year, and with an
consumption of 0.2 kWh/km, the annual electricity consumption of an EV
can be estimated to 3 MWh [93]. As of March 1st 2022 there are 656 EVs in
the Faroe Islands.

The annual demand at the >26000 electricity meters in the country is
known, and likewise is the location of the meters. Hence, the demand for
each region can be obtained. The historic demand in each region can be seen
in Table 3.9. In this table the assumed consumption from the EVs and HPs
has been subtracted from the demand measured by the electricity meters. The
last row shows that the normal demand has on average increased between
0.2% and 3.6% in each region, based on the past 2009-2018 years.
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Table 3.8: The number of electric vehicles in each region from 2011 to 2018 based on the Faroese
Vehicle Administration.

Year R1 R2 R4 R5 Ré6 R7
2011 0 0 0 3 0 0
2012 0 0 0 3 0 0
2013 0 0 0 6 0 0
2014 0 0 1 8 0 0
2015 0 0 2 10 0 0
2016 0 0 3 15 0 0
2017 0 0 3 30 0 0
2018 11 0 9 77 1 1

Table 3.9: The electricity consumption (rounded to GWh) in each region from 2009 to 2018 based
on the electricity meters and extracting of HP and EV demand.

Year Rl R2 R4 R5 R6 R7
2009 32 9 30 163 6 24
2010 31 9 30 166 5 24
2011 31 9 30 163 5 23
2012 31 10 33 165 5 27
2013 25 10 34 171 5 33
2014 26 10 34 177 4 35
2015 29 10 37 173 5 32
2016 31 10 37 179 5 29
2017 34 10 37 197 6 25
2018 42 10 40 198 6 27
Average increase (%) 3.6 09 34 23 02 20

Projected Annual Demand

The demand prognosis is an influential factor in the expansion plans of the
future power system. Although new projections are required, the approach
is similar to previous studies. This means that the demand is separated into
three part; traditional, transport and heating demand. This is due to the fact
that the annual demand increase in these three categories is assumed to differ
from each other, and that the demand profiles are different. It is assumed,
that the normal demand will increase with the same pace as it has over the
past 10 years (2009-2018). The average increase in each region was presented
in Table 3.9. The plan is to build new fish factories in region 7, which will
have a high demand relative to the total demand in the region. This demand
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is not included in the historic increase in R7, therefore in order to account for
this additional demand increase a constant demand of 1 MW and 2 MW is
added from 2020 and 2023 respectively.

The 100by2030 vision considers a full electrification of the heating and
transport sectors. It is therefore necessary to make assumptions on how the
electrification of these two sectors will occur. First of all, the population is
increasing and so are the number of households. Table 3.10 contains the
number of households in each region from 2009 to 2017. The numbers have
been obtained from Statistics Faroe Islands. The number of households has
increased between 0% - 1% over the past nine years in the defined regions.
This increase is assumed to continue.

Table 3.10: The number of households in each region from 2009 to 2017 based on Statistics Faroe
Islands.

Year R1 R2 R4 R5 R6 R7

2009 1933 561 1895 9714 476 1742
2010 1939 572 1900 9481 480 1731
2011 1956 577 1908 9636 474 1712
2012 1963 575 1911 9767 470 1715
2013 1970 572 1934 9904 471 1730
2014 1980 579 1934 10037 469 1720
2015 1986 595 1961 10233 470 1730
2016 2024 603 1977 10374 481 1752
2017 2060 608 1995 10499 476 1749

Average increase (%) 0.8 1.0 0.6 1.0 0.0 0.1

Similarly the number of personal cars is increasing. Statistics of the per-
sonal cars in each region from 2009 to 2018 have been obtained from the
Faroese Vehicle Administration. The increase that varies between 1.1% and
2.9% annually, is assumed to continue.

A 50% electrification of the heating and transport sectors by 2025 has
been set as a set point in the electrification pace. A 50% electrification of
the heating sector by 2025 was one of the goals in the coalition agreement
from 2015 [7]. The number of new HPs and EVs pr. year from 2019 to 2025,
and 2026 to 2030 has been defined based on this set point. These numbers
can be seen in Table 3.12. In other words a linear increase is assumed from
2019-2025, and from 2026-2030, where the later has a higher slope.
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Table 3.11: The number of personal cars in each region from 2009 to 2018 based on the Faroese
Vehicle Administration.

Year R1 R2 R4 R5 R6 R7

2009 2266 739 2264 12171 477 1775
2010 2238 748 2251 12223 467 1766
2011 2298 751 2240 12299 465 1770
2012 2333 760 2266 12509 458 1778
2013 2393 755 2305 12813 456 1836
2014 2468 760 2381 13207 475 1860
2015 2518 795 2480 13722 490 1891
2016 2695 848 2603 14337 491 1940
2017 2809 872 2748 14954 512 1964
2018 2919 925 2877 15595 524 1994

Average increase (%) 29 26 2.7 28 1.1 1.3

Table 3.12: The assumed number of new HPs and EVs pr. year in each region.

New HPs pr. year New EVs pr. year
Region 2019-2025 2026-2030 2019-2025 2026-2030
1 137 238 253 464
2 45 73 79 140
4 136 224 247 447
5 697 1249 1341 2454
6 32 48 40 63
7 121 177 156 248

Based on just presented numbers, the future energy demand can be pro-
jected. The demand is defined for each region and is separated into the
normal, heating and transport demand, see Figure 3.2. The values behind
the graphs on Figure 3.2 can be found in Table A.1 in Appendix A. There
are significant differences between the demand in each region, but this is rea-
sonable, since the population also varies greatly from one region to another.
Region 4 and 5 show a linear increase of the historic data, while the demand
in R7 peaks in 2014, which is also when R6 has the lowest demand. The de-
mand in the smaller regions is very fragile to changes. There is for example
a fish factory on R7 which almost doubles the demand when in operation,
thus the demand on R7 depends on the amount of fish caught. In region 6
and 7 the heating demand is higher than the demand for transport, while it
is the other way around in the other regions. This is simply due to the fact
that the number of cars per household varies from region to region. Overall,
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it can be said that the total demand in 2030 will according to this prognosis
be 659 GWh, of which 97 GWh is the heating demand and 102 GWh are the
transport demand.

2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030

2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030

2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030
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Fig. 3.2: The historic (2009-2018) and projected (2019-2030) demand in each region. The normal
demand is blue, heating is red and transport is yellow.

Hourly Demand

An hourly demand profile is required for each region and demand type. This
profile is then scaled according to the annual demand. The demand profiles
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should also be chosen based on 2017, as there is a correlation between the
demand the weather.

The hourly normal demand profiles have been obtained for each region
from the electricity meters around the country and are shown on the top plot
on Figure 3.3. The patterns of the regions in the main grid (R1-R6) are similar,
while R7 differs. As previously stated, the load in R7 has great variations
due to the heavy industrial load. The figure shows a clear day/night load in
R7 for three days, but in the middle of day 4 there is a significant demand
increase, which is likely due to a large fish factory being in operation.

Degree days are a parameter which can be used to estimate the daily
heating consumption in houses. By subtracting the daily outside temperature
from a dimensioning temperature (i.e. 17 °C [110]) the number of degree days
is obtained for one day, see Equation 3.1. Fractions of degree days can also
be used, if hourly degree days are desired. These are found by using hourly
outside temperatures, and dividing with 1/24. Fraction of degree days have
been used to estimate the heat demand in previous studies [82], [83], [95].
However, heating the house is not the only heat demand in a household, as
hot water is also needed. The hot water use depends highly on the behaviour
of the people in the household, i.e. e.g. the timing and frequency of showers
taken. This usage is therefore difficult to predict, and therefore fractions of
degree days can be misleading. Therefore, the hourly heat demand in this
study is fixed daily depending on the average daily outside temperature, this
ensures a higher heat demand in the winter than in the summer. The daily
temperatures in each region have been extracted from a weather research and
forecasting (WRF) model developed by Kjeller Vindteknikk [113]. The heat
demand profiles over a week can be seen on the middle plot on Figure 3.3.
There are some slight variations in the demand, and these originate from the
small variations in temperature.

DD =Ty — T, (3.1)

It is assumed that in EVs in the different regions have the same charging
pattern, with the highest load during the night. This is how SEV incentives
customers to charge, and it fits well with the Faroese driving pattern. The
anticipated charging profile can be seen on the bottom plot on Figure 3.3.

55



CHAPTER 3. OPTIMISATION OF THE FUTURE POWER SYSTEM

R1
R2
R4
RS
R6
R7

Normal (p.u.)

R1
R2
R4
R5
R6
R7

05F 8

Heating (p.u.)

R1
R2
R4
RS
R6
R7

0.5

Transport (p.u.)

1 25 49 73 97 121 145
Time (h)

Fig. 3.3: Normalised hourly demand profiles in each region over a week divided into normal,
heating and transport.

3.2.3 THERMAL POWER PLANTS

Thermal power plants in Balmorel are modelled using the rated capacity, the
fuel type, fuel efficiency and start/end year of operation. The production
from the thermal power plants is simply constrained by the rated capacity.

There are, as previously mentioned, eight fossil fuelled power plants in
the Faroe Islands and a biogas plant. The five plants on the small islands
are neglected in this study. The engines considered in this study are tabu-
lated in Table 3.13. The table contains the plant name, region, rated capacity,
fuel type, fuel efficiency and start/end year of operation. Based on internal
estimations, it is assumed that all thermal units are available until 2030 or
longer. Balmorel cannot decommission the thermal power plants as these
will be used as emergency backup in the future.

The generation at the biogas plant is fixed at 1 MW. This is based on
information gained from the biogas plant operator.

The model does not see thermal generation as an investment option, but
in scenario #3 the model is allowed to burn biofuel using the newest en-
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gines at Sundsverkid, 4x9.25 MW. This was also mentioned in the description
of the scenarios, see section 3.1. The mentioned engines are dual fuel, and
can therefore switch between fuels. This can be modelled in Balmorel using
the combined technology option. It is therefore interesting to compare the
economic feasibility of an expensive but dispatchable carbon neutral fuel to-
wards inexpensive but undispatchable renewable resources. The exact type
of fuel is not discussed here, but the assumption is that this fuel can be clas-
sified as carbon neutral and has the same fuel efficiency as fuel oil.

Table 3.13: The plant name, region, capacities, fuel type, efficiencies and start/end year for every
thermal unit modelled in Balmorel.

Plant Region Capacity (MW) Fuel type Fuel efficiency (%) Start year End year
Strond 4 3.6 Gasoil 45 1982 2030
7.85 Fuel oil 42 2001 2030

7.85 Fuel oil 42 2004 2033

48 Gas oil 45 2015 2044

124  Fuel oil 42 1983 2030

Sundsverkid 5 124 Fuel oil 42 1988 2030
9.25 Fuel oil 43 2020 2050

9.25 Fuel oil 43 2020 2050

9.25 Fuel oil 43 2020 2050

9.25 Fuel oil 43 2020 2050

FORKA 5 1.5 Biogas 35 2020 2050
25 Fuel oil 42 1983 2030

. . 25 Fuel oil 42 1983 2030
Végsverkio 7 41 Fuel oil 42 2004 2033
4.0 Fuel oil 42 2016 2045

Emission

Emission parameters are defined depending on the fuel type. Table 3.14
contains the CO,, SO, and N>O emissions for fuel oil, gas oil, biogas and
biofuel. Additionally, the table contains the renewable shares of the fuels.
The emission parameters are taken from the Balmorel fuel dataset, where the
fuel type for biofuel to be used in scenario #3 was selected to be biodiesel.

Table 3.14: The renewable shares and the CO,, SO, and N,O emission for fuel oil, gas oil and
biogas.

Fuel type CO, (kg/GJ) SO; (kg/GJ) N3O (kg/GJ) Renewable shares (%)

Fuel oil 78 0.446 0.002 -
Gas oil 74 0.023 0.002 -
Biogas - - 0.001 100
Biofuel - 0.025 0.004 100

57



CHAPTER 3. OPTIMISATION OF THE FUTURE POWER SYSTEM

Costs

The fixed and variable operation and maintenance (O&M) costs, and the fuel
costs are required to model thermal power plants in the Faroese Balmorel
model. No investment costs are associated with thermal power, as these are
not considered an investment option. The fixed and variable O&M costs for
the fuel oil and gas oil power plants are tabulated in Table 3.15. The costs
of fuel oil and gas oil are based on experience at SEV and the exact values
are taken from the previous Balmorel model [95]. The costs of the biogas
plant have been set equal to fuel oil plants. This cost has no affect on the
optimisation, as the production is fixed at 1 MW. The O&M costs of biofuel
are assumed to be the same as for fuel oil, as the engines are the same.

Table 3.15: The fixed and variable operation and maintenance (O&M) costs for the plants burn-
ing fuel oil and gas oil.

Fuel type Fixed O&M (EUR/kW) Variable O&M (EUR/MWh)

Fuel Oil 50 8
Gas Oil 141 8

The fuel costs used in this investigation are based on projections from the
Danish Energy Agency (Energistyrelsen) [114]. Add-on costs for freight and
taxes have been added to the Danish costs. Based on experience these are
estimated to 0.95 EUR/G]J, of which 0.37 EUR/G]J are taxes and 0.58 EUR/G]J
are freight [95]. The assumed fuel costs are displayed in Figure 3.4 [81]. The
biogas fuel costs are, similarly to the O&M costs of biogas, set equal to the
fuel oil costs, as the biogas plant with a fixed production does not affect the
optimisation. The costs for biofuels are assumptions, due to lack of better
data.

25 T T . .
QO
E 6 201 i Fuel oil
E % I5F b Gas oil
g Biofuel
2 810 1

5 1 1 1 1

2020 2022 2024 2026 2028 2030

Fig. 3.4: The assumed fuel oil and gas oil costs throughout the simulation period [81].

3.2.4 HYDRO POWER PLANTS

The modelling of hydro power plants with reservoirs requires information
about the annual full load hours and the weekly inflow over a year in addition
to the capacity specifications and the estimated lifetime of the plants. While
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the capacity of the generators are specified with MW, the capacity of the
reservoir is defined as the ratio between the reservoir capacity and the annual
production.

The weekly inflow can be used during the specific week or saved for
future weeks. The storage level is determined by Equation 3.2 [106], where L
is the storage level, r is the hydro resource, K is the existing capacity and I
is the investments in capacity. The index t represent the time-segment. The
storage level is constrained to be between 50% and 100% of the total storage
capacity due to technical and environmental constrains.

Liyi=Li+7r(K+1)—G; (3.2)

Specific information about the reservoir storages are given in Table 3.16.
The hydro power plant Botnur is divided into two, as there are two turbines
with separate storages. Some of the reservoirs have two different heights
specified; the height above sea level (a.s.l.) and the potential height. The
potential height is the height difference between the reservoirs and the tur-
bines. Two reservoirs are connected to Fossaverkid and Botnur 1, and these
two reservoirs have the same potential height, because the water from the
higher reservoir is tapped to the lower reservoir. The storage capacity for
both reservoirs should be included, but the potential energy of the upper
reservoir has to be calculated using the same height as the lower reservoir.
In 2021 the storage capacity at Strond will increase to 28 MWh, as the dam
will be repaired and increased slightly. The increase has been defined as a
committed capacity in Balmorel.

Table 3.16: The volumes, heights and storage capacities of the existing hydro reservoirs.

Plant Reservoir Volume (m®) Heightas.l. (m) Potential height (m) Energy (MWh)
Fosséverkid Vatnid 4 250 000 250.5 224.1 2208

Lémundaroyra 710 000 224.1 224.1 369
Myruverkid ~ Myrarnar 4100 000 346.8 239.3 2275
Heygaverkio Heygadalur 2100 000 107.5 107.5 523
Eidisverkid  Eidisvatn 17 100 000 149.5 149.5 5927
Strond Strandadalur 46 000 2235 2235 24
Botnur 1 Midvatn 600 000 349.0 2439 339

Ryskivatn 420 000 243.9 2439 238
Botnur 2 Vatnsnesvatn 830 000 180.5 180.5 347

The capacity of the units, the start/end year and the full load hours for
the plants are given in Table 3.17. It is estimated that all existing hydro
turbines will be available until 2060. The FLH are based on the production
in 2017. Both at Botnur 2 and Strond the FLH are expected to increase due
to new canals leading water to the reservoir and by increasing the height
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of the dam respectively. The increase at Botnur 1 is estimated to 35% and
10% at Strond, both from 2021 and forward. Myruverkid and Heygaverkid
are cascading. When modelling cascading hydro power plants in Balmorel,
the FLH have to be based only on the inflow from the associated watershed,
not from other plants. It was therefore necessary to calculate the FLH at
Heygaverkid, FLHy, based on the total generation at Heygaverkid, Ey, the
generation at Myruverkid, Ey, the heights of the two reservoirs, hi and hyy,
and the turbine capacity at Heygaverkid, Py, see Equation 3.3.

h
En — Epjt

FLHi = ——
H

(3.3)

Table 3.17: The capacities, start/end year and full load hours the hydro power plants.

Plant Capacity (MW) Start year End year Full load hours
. . 2.1 1953 2060
Fosséaverkio 49 1956 2060 3652
Myruverkio 24 1961 2060 5295
Heygaverkio 4.9 1963 2060 1536
- . 14.0 1987 2060
Eidisverkio 77 2012 2060 2594
Strond 1.4 1998 2060 1686
Botnur 1 1.0 1965 2060 1154
Botnur 2 2.0 1966 2060 1642

The weekly inflow is assumed to have the same profile as the weekly hy-
dro production. This is considered a reasonable assumption since overflow
only occurs a couple of times annually. The normalised inflow profiles can
be seen on Figure 3.5. From the figure it can be seen that the inflow at Fos-
saverkid and Strond is zero for several weeks, and that is because the plants
has been out of operation during that period, and the inflow is calculated
based on the production. Although this is unfortunate, it is realistic represen-
tation, because the units are taken out of operation regularly for maintenance
etc.
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Fig. 3.5: The normalised inflow for Fossaverkid, Myruverkid, Heygaverkid, Eidisverkid, Strond,
Botnur 1 and Botnur 2.

Costs

The variable O&M costs for hydro plants are negligible, but there is a fixed
O&M cost, which is 50 EUR/kW. The model is not allowed to invest in pure
hydro power capacity, and thus no investment options or costs are presented
here. The model is however allowed to invest in pumped hydro storage, and
these costs are presented in subsection 3.2.5.

There are no fuel costs associated with hydro, but in order to optimise
the dispatch of hydro energy when the inflow is known for the whole year, a
water value, i.e. a fictive price is determined through the optimisation algo-
rithm. This value is based on how much is gained or lost by using hydro at a
certain hour. A high water value indicates that the storage level in the reser-
voir is low, and a high storage level results in a low water value. Figure 3.6
[106] illustrates the impact of the water value. When the water value is higher
than the power price, other energy resources will be prioritised before hydro.

When not much hydro in the reservoir? When a lot of hydro in the reservoir?

Not used Not used

Electricity price Electricity price

Water value

1
1
1
1
1
I \
| \
1

|

Wind and sol: Wind and solar Water value

1
! Demand

! Demand

Fig. 3.6: Illustration of the water value [106].
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3.2.5 PUMPED HYDRO STORAGE SYSTEMS

Transforming the existing hydro power plants in region 1 and 7 into pumped
storage (PS) systems, are considered the best options for pumped storage
in the Faroe Islands. The two potential pumped storage systems are shown
on Figure 3.7. These transformations will require investments in pumping
capacity, additional turbines and possibly expansions of the reservoirs. The
potential pumped storage system in R1 would utilise the cascading hydro
plants, i.e. Myruverkid and Heygaverkid. The water that is used to produce
at Myruverkid is reused in Heygaverkio, as it flows through the turbines at
Myruverkid and into the reservoir Heygadalur. By installing a pumping ca-
pacity to pump water between the two reservoirs, Heygadalur and Myrarnar
(Figure 3.7a), a pumped storage system can be obtained. The maximum reser-
voir capacity at the specific location has in previous studies been set to 2.62
GWh and 25.10 GWh for Heygadalur and Myrarnar respectively [96]. These
maximum capacities are used as an upper limit for the allowed investments
in reservoir capacities in region 1. It was mentioned previously that the stor-
age level of the reservoirs can be regulated between 50% and 100%, and this
is of the initial reservoir size. All additional capacity invested in can also be
regulated.

The only difference between modelling a pumped hydro storage system
and hydro power plants, is that a loading/pumping capacity with a round-
trip efficiency of 70% is added to the plant. The generation, pumping and
reservoir capacities at Myruverkid and Heygaverkid can all be optimised in
this study.

®

4

(a) PS in region 1 (Myruverkid/Heygaverkid). (b) PS in region 7 (Botnur).

Fig. 3.7: The potential pumped storage sites.

The potential pumped storage system in R7 is more complex to model
in Balmorel. As previously mentioned, the water from Midvatn is currently
tapped into Ryskivatn, but in case of a pumped storage system, this water
would be connected to Vatnsnesvatn. Balmorel is a linear optimisation tool,
which means that it cannot optimise using if/then/else logic. An example of
if/then/else logic, is given as follows:
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e If... the model invests in pumped storage in R7
e then... the water in Midvatn should be led to Vatnsnesvatn
* else... it should be tapped into Ryskivatn

In other words; Midvatn can either be tapped to Ryskivatn or the pumped
storage system. This means that the system can not be fully optimised. If it
is desired to analyse the system with a pumped storage system in Suduroy, it
has to be a committed capacity. Therefore this has been included in a separate
scenario (Scenario #5). The turbine and pumping capacities have been set to
4 MW and 6 MW respectively in scenario #5. The potential energy at Midvatn
is reduced in case of a pumped storage system, since the potential height is
lowered. This is shown in Table 3.18. Additionally the production at Botnur
1, is reduced. It is assumed that the production at Botnur 1 comes from
both reservoirs proportionally to the catchment area. The catchment area
for Midvatn is 1.1 km?, and for Ryskivatn it is 1.5 km?2, which means that
the production at Botnur 1, when a pumped storage system is a committed
capacity, is 1.5/2.6 of the production without a pumped storage system [87].

Table 3.18: The energy at Midvatn with and without a pumped storage system. (*The height of
Ryskivatn, **the height difference between Midvatn and Vatnsnesvatn.)

Scenario Potential height (m) Energy [MWh]
Without PS system *243.9 339
With PS system **168.5 234

Costs

The costs associated with the pumped storage system in region 1 are the
same as the ones used in [95], which are based on actual project estimations
[96]. The costs are tabulated in Table 3.19.

Table 3.19: The assumed investment costs, fixed operation and maintenance (O&M) costs, vari-
able O&M costs and the lifetimes related to storage systems [95], [96].

Fixed O&M Variable O&M Lifetime

Technology Investment costs (EUR/KW)  (EUR/MWh) (years)
Myruverkid - pump 220 EUR/kW 50 0 30
Myruverkid - turbine 266 EUR/KkW 50 0 30
Heygaverkid - turbine 591 EUR/kW 50 0 30
Myrarnar 5 EUR/kWh 0 0 40
Heygadalur 14 EUR/kWh 0 0 40
Pumped storage system R7 61 EUR/kWh 1.29 0 40
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3.2.6 WIND POWER PLANTS

Wind power will be a important part of the path towards 100% renewables.
Potential wind energy sites have been investigated and mapped based on
topology, the infrastructure and a previous study on suitable sites [115].
These sites are mapped on Figure 3.8 together with the existing sites. There
are considered 11 wind farm sites in total, and all sites have been named
according to the technology type (W is for wind power), the region and if
multiple sites are in the same region a letter has been added. W5d is only
included as an investment option in scenario #6, due to the planned airport.

*Wla

*Wlb “W5a

*W5b

*W5c
*W5d

*Wob6a
*W6b

Fig. 3.8: The existing and potential wind energy sites.

A maximum capacity has been set for each site suitable for wind energy.
This capacity is based on the technology considered for the site. The ex-
isting, committed, and maximum wind power capacities for each site are
summarised in Table 3.20. The planned 25.2 MW wind farm, see section 1.2,
has not been included in committed, as the study was conducted prior to the
wind farm tender.
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Table 3.20: Existing, committed and maximum wind power capacities at each wind site. The
committed capacities are to be installed in 2021.

Site  Existing capacity (MW) Committed capacity (MW) Maximum capacity (MW)

Wila 1.98 - 1.98
Wilb - - 18.00
W2 - 18.00 33.00
W4 - - 18.00
Wba - - 21.00
W5b 4.65 - 4.50
Wbc 11.70 18.00 47.70
W5d - - 72.00
Wéa - - 30.00
Wéb - - 36.00
w7 6.30 - 11.70

There are two methods to model wind power in Balmorel. The first
method uses wind speeds and specifications of the wind turbine technologies
to estimate the potential production. In addition to the wind speed profile,
the height of the measured or modelled profile and the wind shear factor, «,
at the specific site is required. If the hub height is different from the height
of the wind speed profile, the wind speed at the hub height is found using
the wind shear factor, known wind speed and heights, see Equation 3.4 [106].
The parameter u and & represent the wind speeds and heights. The subscript
1 is the lower height, while 2 is the higher height.

Uy = Uy <Zi) (3.4)

In terms of specifications of the technology a power curve has to be de-
fined and the hub height has to be known. The power curve is defined by
Equation 3.5 [106], where P is the power output, 7 is the maximum power
output reached [p.u.], M is the wind speed at which the maximum growth is
reached, g is the maximum slope of the logistic curve, Ky, is a smoothening
factor for a wind farm and € is an offset in the speed.

_ g
14+ e*ng(M*M*G)

(3.5)

The second method to model wind power is based on historic production
data and is therefore suitable to model existing wind farms. The inputs re-
quired for this method are the full load hours (FLH) and an hourly power
profile at each site. It is important to calculate the FLH based on the potential
production rather than the actual production, to avoid curtailment affecting
the FLH.
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The wind speed is measured with approved MET masts at different
heights at the following sites; W2, W5c and W7. However, the measurements
at W2 and W7 are not available for 2017, which, as previously mentioned, is
the chosen data year. The only site with measured wind speeds available is
therefore W5c. The wind speeds over the whole country in a resolution of
500m x 500m have been modelled by Kjeller Vindteknikk [113]. This model
has been validated in reference [116]. The hourly wind speeds for 2017 are
available from the model.

The methods are prioritised as follows:

1. First method with measured wind speeds
2. Second method based on actual production data
3. First method with modelled wind speeds

Thus, the second method is applied at the existing wind farms Wla
and W5b, where no wind speed measurements are available, while the first
method is used for the other wind farms.

The wind speeds at W5c are measured at 46.1 m, 70.6 m and 99 m. The
modelled wind speeds are available at the following heights: 10.0 m, 12.3
m, 36.6 m, 60.9 m, 85.3 m, 109.7 m, 134.2 m, 158.3 m, 182.5 m and 207.2
m. The wind shear factors have been calculated based on the wind speeds
at the height closest to the hub height using Equation 3.4. The factors are
summarised in Table 3.21 together with the height of the wind speed profiles
used in the Balmorel. A shear factor between 0.1-0.3 can represent a terrain
with smooth hard ground, calm water to small town with trees and shrubs
[117]. The calculated wind shear factors are also close to the ones described
in reference [78], which is a study of the wind energy study of the Faroe
Islands containing a map of the shear factors all over the country. There are
two heights specified for W5¢, because the existing wind turbines are smaller
than the committed turbines.

Table 3.21: The wind shear factor, a, at different wind site and height of measured/modelled
wind speed (m). W5c is based on measurements, while the rest is modelled based.

Site ‘Wlb W2 W4 Wbha Whc W5d We6a Wéb W7

Height | 853 853 853 853 46.1/70.6 853 853 853 36.6
Shear 0.15 0.15 013 0.18 0.09 014 016 012 021

Examples of the used wind speed profiles are given for each location in
Figure 3.9 over a week. Although all sites show the same pattern, there are
some slight variations in the wind speed profiles. Thus, distributing the wind
farms over a larger area can result in a smoother wind power production. The
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advantage of distributing wind farms in the Faroe Islands has been addressed
in reference [118].
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Fig. 3.9: An example of the wind speeds at wind sites over one week.

Due to the rough wind conditions on the islands, the turbines installed
in the Faroe Islands have to have the highest IEC classification, which is Ia
as defined in the IEC 61400 standard for wind turbines. These turbines can
withstand the highest wind speeds and turbulence. The Enercon E-44 wind
turbine was in 2010 identified as the most suitable wind turbine for Faroese
conditions [119]. This turbine is as previously mentioned installed at W5b
and W5c. The study mainly considered wind turbines with a power rating
around 1 MW. Larger turbines are however now being considered, and the
committed 18 MW at W2 and W5c will be 12 E-82 E4 3 MW turbines which
also are class Ia. The hub height from E-82 E4 (78 m) will be used in the
calculations for all new wind farms except from W7, which has a committed
capacity of 7 E-44 turbines. The height of these is 45 m.

The manufacturer’s power curve for E-44 has been curve fitted using
Equation 3.5 to find the maximum power output reached, 7, the maximum
slope of the logistic curve, g, and the wind speed maximum growth is
reached, M. The other two parameters; the smoothing factor Ky, and the off-
set, €, were found by comparing production data with calculated production
based on wind speeds and the power curve. This was done by varying K,
(0:0.001:1) and € (0:0.001:5). The most accurate combination of Ky, and € was
found by calculating the correlation factor between the actual production
and the calculated production. The highest correlation factor was found to
be 0.94. The respective equation parameters used in this investigation are
tabulated in Table 3.22.
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Table 3.22: Wind turbine technology characteristics.

Y g Kw M €
1.010 0.585 0.763 9.862 0.886

The manufacturer’s power curve, the power curve fitted to Equation 3.5,
and the realistic power curve are compared in Figure 3.10. The manufacturer
and curve fitted curves are almost identical, while the realistic power curve
is different due to the smoothening and offset parameters. Both the E-44 and
E-82 E4 are equipped with a storm control, which means that the turbine can
deliver rated power up to 28 m/s, and stops at 34 m/s. In the simulations,
the power output is assumed to decrease linearly from 900 kW at 28 m/s to
zero at 34 m/s.

1 T T T T
=
> Manufracturer
= 05F - Curve fitted
g Realistic
)
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Wind speed [m/s]

Fig. 3.10: The manufacturer, curve fitted and realistic power curves.

Figure 3.11 shows the difference between calculating the production based
on the curve fitted power curve and the realistic power curve. The correla-
tion between the logged potential production from 2017 and the calculated
production using wind speeds from 2017 is improved by using the realistic
power curve compared to the curve fitted power curve.

. Curve fitted
Realistic
Perfect fit

Calculated [MW]

Logged [MW]

Fig. 3.11: Comparison of logged production and calculated production, using a curve fitted and
realistic power curve.

68



3.2. MODEL DESCRIPTION

The FLH at Wla and W5b can be seen in Table 3.23. In 2017 W5b had
higher, which indicates that the wind turbines at W5b were more efficient
than those at Wla. This is likely due to a combination of the wind condition
at the sites, the two different wind turbine types and the height difference.

Table 3.23: The FLH at Wla and W5b in 2017.

Wla Wb5b
3379 3896

Figure 3.12 shows an example of the power output from the E-44 turbines
at Wla and the output from the W5b wind farm. These profiles could indicate
that W5b is being curtailed, since the rated power is 4.5 MW and reaches a
maximum of 1.8 MW, while the rated power of W1la is 1.98 MW, which is
being reached at certain times. One explanation of this could be that SEV
does not own W1la and cannot control these turbines beside from ON/OFF.
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Fig. 3.12: An example of the power output of Wla and W5b over one week.

Costs

Table 3.24 contains the assumed costs and lifetimes associated with wind
power. The costs of investing in wind power are based on the committed
wind farm in Region 2, and the O&M costs are from reference [95]. The
decrease in costs is the same, percentage wise, as in the previous Balmorel
study [95]. The lifetimes are based on the Danish technology data catalogue
[120], and these are applicable to the Faroe Islands. Due to the accessibility,
the investment costs at W4 will be significantly higher than at other sites. The
investment cost is assumed to be 70% higher, as estimated by [121].

69



CHAPTER 3. OPTIMISATION OF THE FUTURE POWER SYSTEM

Table 3.24: The assumed investment costs, fixed operation, and maintenance (O&M) costs, vari-
able O&M costs and the lifetimes related to wind power [95], [120].

Years Investment costs Fixed O&M Variable O&M Lifetime

(EUR/KW) (EUR/kW)  (EUR/MWh)  (years)
2020-2024 1045 26 7 20
2025-2029 1004 26 7 20
2030 963 26 6 25

3.2.7 PHOTOVOLTAIC POWER

As described in the introduction, photovoltaic (PV) power has the potential
to become a very interesting part of the Faroese energy mixture. A maximum
wind power capacity is relatively easy to define, as there is a limited amount
of suitable areas. On the contrary photovoltaic power can be installed on
rooftops, fields and waters. This makes it more difficult to define a maximum
capacity. In this study the model is allowed to invest in PV power in all
regions except from 3 (which only is a connection point), and no limit has
been set on the maximum allowed capacity.

The generation from solar power is modelled based on full load hours
and an hourly generation profile. This means that the generation is scaled
according to the capacity using the FLH. Due to the very limited measured
solar data available, the solar data used in this investigation is from the same
model as the modelled wind speeds developed by Kjeller Vindteknikk [113].
A irradiation profile has been selected for each region. The location of the so-
lar profiles has been selected based on the densest built areas in each region.
The irradiation profile over a day for each region is shown on Figure 3.13.
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Fig. 3.13: Example of the irradiation at the chosen locations throughout a day.

The full load hours over a year are calculated based on Equation 3.6 [122].
The sum of the irradiance at every hour, Gy, is divided by the irradiance of
standard testing conditions, Gstc, which is 1 kW/ m?, and multiplied by the
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installed power (1 kW) and the performance ratio, #7. The performance ratio
has been calculated based on the FLH and irradiance measured at existing PV
systems. The systems considered are 3 rooftops solution all located within
a of radius 2 km. The irradiance, FLH and performance ratio is given for
the systems in Table 3.25. The average performance ratio of 81% was used to
calculate the FLH in this study. The FLH at each site, which are calculated
using Equation 3.6, are summarised in Table 3.26. The FLH vary between 584
in region 5 and 620 in region 6.

_ Lh(kw/m?)

FLH = 5
Gstc (kW/m?)

P(KW) - 17(%) (3.6)

Table 3.25: Performance ratio of existing PV systems in the Faroe Islands.

Irradiance Performance Performance ratio

System Year (Wh/m?)  (Wh/W) (%)

Vinnuhaéskulin 2009-2012 760 620 82
Tannleeknamidstedin - 2018 759 584 77
Tannleeknamidstedin 2019 758 618 82
Umbhvervisstovan 2019 758 627 83
Average 759 616 81

Table 3.26: The full load hours at the solar sites.

S1 S2 S4 S5 S6 S7
590 617 617 584 620 609

Costs

The costs of investing in PV power in the Faroe Islands have been based on
the investment costs of the PV plant in Sumba, while the cost reduction and
O&M costs are the same as in reference [95]. The lifetimes are taken from
the Danish Technology Catalogue [120]. The costs and LT are tabulated in
Table 3.27.

Table 3.27: The assumed investment costs, fixed operation and maintenance (O&M) costs, vari-
able O&M costs and the lifetimes related to solar power [95], [120]

Years Investment costs (EUR/kW)  Fixed O&M (EUR/kW) Variable O&M (EUR/MWh) Lifetime (years)
2020-2024 1400 8 0 25
2025-2029 1210 7 0 25
2030 1110 7 0 30
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3.2.8 TIDAL POWER PLANTS

Tidal power is considered an investment option in the 2nd scenario, in order
to investigate the potential impact of tidal power on the future power compo-
sition. There are multiple sites around the islands which are suitable for tidal
energy. Three sites are considered in this investigation. These are marked on
Figure 3.14a. The three sites have been selected based on the phase shift be-
tween the currents at the sites, the accessibility and the current speed, i.e. the
potential production. The current speed varies significantly from one point
at a site to another. Each site is therefore divided into four zones (A, B, C
and D) based on the peak current speed, see Figure 3.14b, Figure 3.14c and
Figure 3.14d. A speed profile is obtained for each zone and hence, the ac-
curacy of the calculated potential production and the feasibility is increased,
compared to if an average profile was applied to the whole site. The zones
have a peak current speed of:

e A:>35m/s

* B:35m/s-3.0m/s
e C:3.0m/s-25m/s
e D:25m/s-20m/s

The peak current speed of each point of 100 m x 100 m in the Faroese
tidal model [79] is analysed, and the point is grouped into a zone. Addi-
tionally, it is known that the installation of the planned tidal turbines, will
require an area smaller than 100 m x 100 m. Thus, it is assumed that the
maximum capacity is 100 kW /point. This is a conservative estimate. The
number of points, the area, and the maximum capacity for each site is tab-
ulated in Table 3.28. The maximum capacities in the table indicate that the
implementation of this technology will not be limited by space. However,
there is a fifth column "Extraction Limit" which has a stricter limit. This is
based on the limitation of how much it is possible to extract from a site with-
out affecting the tidal streams [80]. Using this limit, it is clear that it will not
be invested in T1D, T5C, T5D, T6C and T6D, since the extraction limit at the
site has been reached utilising the other zones. As shown in the table and
the figure, site T1 has three zones (b, c and d) compared to four zones for
the other sites. This is because no model point at T1 showed a speed over 3.5
m/s.
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Fig. 3.14: The three tidal sites considered in the study, and the zones A (dark red), B (red), C
(orange) and D (yellow).
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Table 3.28: The number of points, area and maximum capacity at each site and zone.

Site Points (#) Area (km?) Maximum Capacity (MW) Extraction Limit (MW)

Tla - - - -
T1b 65 0.65 6.5 6.5
Tlc 204 2.04 20.4 35
Tid 337 3.37 337 -
T5a 66 0.66 6.6 6.6
T5b 482 482 482 234
T5¢ 860 8.60 86.0 -
T5d 1156 11.56 115.6 -
Téa 171 0.17 17.1 17.1
Téb 2323 23.23 2323 57.9
Tée 2970 29.70 297.0 -
T6d 2021 2021 202.1 -

Tidal power is modelled using the same method as solar power, i.e. FLH
and a generation profile. The FLH are calculated using modelled tidal speeds
and a power curve. The potential production from tidal power, is calculated
based on the power curve of the DG100 tidal kite from Minesto which is
installed in Vestmannasund and the modelled current speed. Figure 3.15 is
an example of the tidal speeds at each site throughout a day. Figure 3.15
shows the phase shift between the currents at the different locations, which if
utilised ensures a production from tidal energy at all times. Location T6 has
the highest speed, and then T5 and T1 respectively.
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Fig. 3.15: An example of the current speeds at T1b, T5a and T6a over a day.

The power curve for DG100 is shown on Figure 3.16. The cut-in speed is
1 m/s, rated speed is 1.6 m/s and cut-off speed is 3 m/s. This is a prelimi-
nary version of the power curve, and thus a conservative estimate, especially
with regards to the cut-in speed. The speeds at the three sites (Figure 3.15)
are within the same range as the power curve, and the power curve of this
technology fits well the available resource potential.
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Fig. 3.16: Minesto DG100 power curve.

The full load hours (FLH) for the sites within the extraction limit are
tabulated in Table 3.29. The highest potential is at T1b and the lowest at T5b.
It is expected that the model will invest in tidal power at T1b first due to the
high FLH.

Table 3.29: The full load hours at for the tidal sites.

Site Full load hours

T1b 4656
Tlc 4001
Tha 4395
T5b 3793
Té6a 4581
T6b 4009

Costs

The costs of investing in tidal power and the lifetimes are based on input
from the manufacturer of the tidal turbine in Vestmannasund, see Table 3.30.
The investment costs of tidal power used in [95] are twice the costs used here.
This is because the previous study considered the traditional tidal technology,
which is more expensive especially with regards to strength, mounting etc.
Those costs were based on technical catalogues.

Table 3.30: The assumed investment costs, fixed operation and maintenance (O&M) costs, vari-
able O&M costs and the lifetimes related to tidal power according to the manufacturer.

Years Investment costs (EUR/kW)  Fix. O&M (EUR/kW) Var. O&M (EUR/MWh) Lifetime (years)
2020-2024 2063 26 26 20
2025-2030 1192 18 11 20
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3.2.9 BATTERY STORAGE SYSTEMS

Batteries are modelled to stay within the capacity limitations at every hour.
The efficiency of the battery systems is assumed to be 80%. In this investiga-
tion the battery systems are modelled as short term storages, this means that
the energy can only be stored for maximum a week. Batteries are therefore
not used for weekly or seasonal storages. The C rating assumed is 0.25C,
meaning that the battery discharges in 4 hours.

Costs

The battery cost is only expressed in kWh, as the inverter capacity is assumed
to be four times the storage capacity and is included in the costs of the storage
capacity. The battery investment costs are based on input from Tesla, which
refer to Bloomberg, and can be found in Table 3.31. The fixed and variable
O&M costs and the lifetime are taken from [95].

Table 3.31: The assumed investment costs, fixed operation and maintenance (O&M) costs, vari-
able O&M costs and the lifetimes related to battery storage systems.

Investment costs (EUR/kWh)  Fixed O&M (EUR/kW) Variable O&M (EUR/MWh) Lifetime (years)
296 2.27 0.2 15

3.2.10 CONSTRAINT ON EMISSIONS

A limitation has been set on the CO, emissions from 2021, when the model
is allowed to invest in new capacities, and until 2030. With this constraint a
100% renewable production in 2030 is obtained. The emission is expressed in
ktonne/year.
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Fig. 3.17: Limit on CO2 emissions from 2020 to 2030.

3.2.11 CONSTRAINT ON THE INVERTER BASED GENERATION

SEV has set a limit of 60% instantaneous inverter based generation in oper-
ation. This limit is used to ensure enough inertia, short circuit power and
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spinning reserve in the grid. However, in order to reach 100% renewables,
it will be necessary to increase the shares of the inverter-based generation.
In the simulations conducted in Balmorel, the limit of instantaneous inverter
based generation has been set to 60% in 2020 and then increases. It is as-
sumed that in 2021 the limit is set to 80%. This increase is due to new wind
farms of 42 MW in total in 2020 and 2021. In order to harvest a large part
of this new wind energy, it is necessary to increase the limit. From 2021 to
2030 it is assumed that this limit will increase linearly up to 100% in 2030.
The limit in Balmorel has been defined in order to ensure that the optimal in-
vestments do not result in a higher instantaneous inverter-based generation,
that what is accepted by the power system operator. It was previously stated
that the limit of 60% is to ensure the inertia, short circuit power and spinning
reserve, this means that in order to increase the limit, other investments in
the grid, e.g. synchronous condensers, battery systems, have to replace the
synchronous generators, which will be replaced by the inverter based gener-
ation.

The limit in the results presented here has been defined for the total
hourly production in the main grid and in Suduroy. It could also be de-
fined separately for the two grids to ensure that the optimised dispatch in
each grid prior to the cable connection between Suduroy and the main grid
does not exceed the limit. However, the cable is an optimised investment,
which is optimised from 2021 and forward. This means that the main grid
and Suduroy are seen as one system from 2021 and forwards, and when this
is the case, the limit should be defined for the whole system. A simulation
where the limit was defined pr. grid showed that whether this constraint
was defined for the whole system or separately had negligible impact on the
optimal investments.

Table 3.32: Limit on the instantaneous inverter based generation.

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
60% 80% 82% 84% 86% 88% 90% 92% 94% 97% 100%

3.3 ECONOMICALLY OPTIMAL ENERGY MIXTURE

The result of the economic optimisation in Balmorel are presented in this
section. The results include the investments in generation, storage and trans-
mission (subsection 3.3.1), additionally information about the dispatch, i.e.
the production, curtailment, CO, emissions and transmission losses (sub-
section 3.3.2). The economics of the system are also included as annual costs
and cost of energy (subsection 3.3.3). Finally, the sensitivity of the generation,
storage and transmission capacities are presented (subsection 3.1.2). The re-
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sults are presented by figures, while the data is tabulated in Appendix A.
The focus in subsection 3.3.1-3.3.3 is on first four main scenarios (reference,
tidal, biofuel and CO;), while the sensitivity scenarios are presented in sub-
section 3.1.2. The other two main scenarios (#5 PS in R7 and #6 additional WP
site) have, as previously mentioned, local interest and not specifically techni-
cal, therefore these are only included in Appendix A. The results obtained
with a committed PS in R7 (scenario #5) are very similar to the reference
scenario, while the scenario with an additional WP site (scenario #6) varies
from the reference scenario, with a lower solar power capacity and higher
wind power capacity, but the differences between the reference scenario and
scenario 6 are significantly smaller than the differences between the refer-
ence scenario and scenarios 2-4. The scenarios presented in section 3.1 are
recapped in Table 3.33.

Table 3.33: Investigated scenarios as described in section 3.1.

Main scenarios ‘ Sensitivity scenarios
Scen. Description ‘ Scen.  Description Scen. Description
#1  Reference cBS  Cheap batteries eBS  Expensive batteries
#2  With tidal cCA  Cheap cables eCA  Expensive cables
#3  With biofuel cFU  Cheap fuel eFU  Expensive fuel
#4 With CO2 emissions cPS  Cheap PS system in R1 ePS  Expensive PS system in R1
#5  With PSin R7 cPV  Cheap photovoltaic power | ePV  Expensive photovoltaic power
#6  With additional WP site | c(WP  Cheap wind power eWP  Expensive wind power

3.3.1 INVESTMENTS

The economically optimal generation capacities under the given assumptions
can be seen in Figure 3.18 and the data is found in Table A.2. From 2020 to
2025 the four presented scenarios have identical generation capacities with
small increases in wind and hydro power. In 2025 the tidal scenario (#2)
varies slightly from the other three scenarios, and this is because the invest-
ment costs of tidal power decreases in 2025 and the technology becomes a
feasible option. In 2026 the reference scenario (#1) and the biofuel scenario
(#3) also differ from the scenario with CO, emissions (#4), this shows that
investing in renewable generation is no longer the economically best option,
since scenario 4 does not have a restriction on CO, emissions. In 2027 there is
also a difference between the reference scenario (#1) and the biofuel scenario
(#3). This indicates that the feasibility of investing in renewable energy has
decreased further, and thus the option to burn biofuel at an existing thermal
power plant is utilised. From 2028 solar power becomes a part of the optimal
solution in the reference scenario (#1), thus investing in wind power, which
has a high resource potential in the Faroe Islands, has become less feasible
than investing in solar, which has a low potential. This is due to the challenge
of balancing the system during the summer months, when the wind speeds
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are lower and solar irradiation is higher. In 2029 and 2030 the variations be-
tween the four scenarios become clearer. The total capacities in 2030 can be
found in Table 3.34 [81]. The minimum, average and maximum demand in
2030 is 46 MW, 75 MW and 104 MW. Overall, it can be said that:

* Increasing the wind power capacity up to 125 MW and the hydro tur-
bine capacity to 79 MW in 2030 is the economically best solution. Ad-
ditional investments to reach 100% renewables do not earn back the
investments. The added turbine capacity is associated with the PS sys-
tem in R1, these capacities are shown in Figure 3.20.

¢ Investing in PV power is not economically feasible under the given as-
sumptions, but it is an important part of the power composition when
aiming for 100% renewables and not considering tidal power or biofuel
as an option, due to challenge of obtaining a balance in the summer.
Under optimal conditions the PV capacity in 2030 could supply the
average demand.

e If tidal energy will prove to be as economically viable as assumed in
this study, it can have a major impact on the future power composition.
72 MW of tidal power will displace 9 MW of hydro, 66 MW of wind
power, 79 MW of PV power and 1 MW of battery power in 2030. PV is
not a part of the system anymore, wind power is decreased and there
are small reductions in the hydro turbine capacity as well. The tidal
resource is available throughout the year and the lack of available en-
ergy when the tide turns every six hours can be avoided by utilising
different locations and the technology can provide a base load produc-
tion, this leads to a high reduction in the total power capacity, which
is also clear by the fact that the capacities of PV in reference scenario
and tidal in scenario #2 are similar, but wind power is significantly de-
creased. These 72 MW of tidal power could supply the whole demand
under optimal tidal stream conditions at times, as the average demand
in 2030 is 75 MW.

* The feasibility of biofuels also has a major impact on the final power
composition, reducing it from 462 MW to 349 MW. This is due to the
technology being dispatchable. PV is eliminated and wind power is re-
duced from 168 MW to 153 MW. The power plant which in this scenario
is assumed to burn biofuel was commissioned in 2019, thus it makes
sense to utilised the capabilities of this new dual fuel power plant.

® Scenario 1-3 have a battery capacity, this battery system is located in
R7, and is used to balance this remote region. Even with a PS system
in R7, battery capacity should be added to balance the system in R7 on
a weekly basis.
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Table 3.34: The Optimal Generation Capacities (MW) in 2030. Scenarios: 1-reference, 2-tidal,
3-biofuel and 4-CO,.

Scenario Fueloil Gasoil Biogas Hydro Wind Solar Tidal Battery Total

1 91 8 2 112 168 79 - 2 462
2 91 8 2 103 102 - 72 1 379
3 91 8 2 94 153 - - 1 349
4 91 8 2 79 125 - - - 305
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Fig. 3.18: The Optimal Generation Capacities from 2020 to 2030 for Scenarios 1-4. Scenarios:
1-reference, 2-tidal, 3-biofuel and 4-CO,.

Storage is vital in order to reach 100% renewables, and there are signifi-
cant variations between the scenarios with regards to the optimal capacities
at the pumped storage system in R1. A schematic of the planned pumped
storage system can be seen on Figure 3.19. The optimal capacities can be seen
in Figure 3.20 and found in Table A.5 and Table A.4. The optimal capacities in
2030 are tabulated in Table 3.35. The optimal turbine capacity at Heygaverkid
(the lower power plant) does not increase until 2026, and varies between 7
MW and 9 MW in 2030. A variation of 2 MW out of 7-9 MW is relatively
large, but as this is a very small value considering that it is a hydro turbine,
and is therefore considered insignificant.

Greater variations are seen in the optimal turbine capacity at Myruverkid
(upper power plant), ranging with a final value between 40 MW and 71 MW,
i.e. all scenarios require significant increases of turbine capacity at Myru-
verki®. The increase is high already in 2021, the first year when the model
is allowed to optimise investments. Then it increases slowly to 2025. From
2025 and forward the variations between the scenarios become clearer. Until
2030 the tidal scenario (#2) has a much lower capacity than the reference (#1)
and biofuel (#3) scenarios, but in order to reach 100% renewables in 2030 the
turbine capacity in the tidal scenario (#2) is increased from 28 MW in 2029
to 61 MW in 2030. The capacity in the biofuel scenario (#3) is similar to the
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reference scenario (#1) until 2030. In the reference scenario (#1) the capacity
increases from 52 MW in 2029 to 71 MW in 2030, while in biofuel scenario
(#3) it increases from 50 MW to 54 MW. This is likely due to a lack of undis-
patchable renewable resources during a specific time, which either a higher
turbine capacity or burning biofuels has to compensate for.

Myrarnar

Heygadalur

Nyggia
Myruverkid

Valurin

Nyggia
Heygaverkid

Fig. 3.19: Schematic of the planned pumped storage system [123].

Pumping capacity has to be added to Myruverkid, to obtain a pumped
storage system. Already in 2021 the optimal pumping capacity is 23 MW, and
this increases slowly to 27 MW in 2025. In 2026, when investing in renewables
is no longer economically optimal, the pumping capacity in reference (#1) and
biofuel (#3) scenarios jumps to 41 MW, while the other two scenarios stay at
27 MW. In 2027 the capacity in the reference scenario (#1) exceeds the biofuel
scenario (#3). Similar to the turbine capacities the pumping capacity in tidal
scenario (#2) is relatively low until 2030, lower than the scenario with CO,
emissions (#4), but then it jumps by 20 MW in one year. Thus, tidal power
results in a 37 MW lower pumping capacity in 2029 compared to the reference
scenario (#1), but this difference is decreased to 17 MW when the production
has to be 100% renewable. There is a clear need for pumping capacity in all
scenarios, as even without a restriction on CO, emissions a pumping capacity
of 38 MW is optimal, and in order to reach 100% renewables without tidal
power and biofuels 78 MW are required. In PS systems the pumping capacity
is typically significantly higher than the turbine capacity, see e.g. Figure 2.5,
but in this study the pumping capacity in the reference scenario (#1) is only
7 MW higher than the turbine capacity. This indicates that there are periods
in 2030 where existing hydro power plants, potential wind and PV sites can
not cover the production and thus additional hydro generation capacity is
needed.

The optimal reservoir sizes increase from year 2026 and forward, but the
expansions in scenario 2-4 are not that large. The reference scenario (#1)
requires extensive reservoir increases especially at Myrarnar, but also at Hey-

81



CHAPTER 3. OPTIMISATION OF THE FUTURE POWER SYSTEM

gadalur. Heygadalur is increased by 1.6 GWh, 0.7 GWh, 0.6 GWh and 0.2
GWh from 2020 to 2030 in scenario 1 to 4 respectively, while the increases
at Myrarnar vary between 12 GWh and 0.7 GWh. The reservoirs are located
above the village Vestmanna, and thus high increases of the associated dams
will likely lead to public resistance, but this is necessary in order to reach
100% renewables with the assumptions in this study, especially when nei-
ther tidal energy or biofuels are considered a viable option. Since the high
increases do not occur until 2028, the demand etc. should be monitored
closely, and if necessary the required reservoir sizes should be reevaluated.

To summarise it can be said that Heygaverkid should have what corre-
sponds to 1 day of storage, while the total storage of the pumped storage
system corresponds to 8 days in 2030. The turbine power is similar to the
average demand in 2030. The pumping capacity corresponds roughly to the
wind power capacity minus the average demand, indicating that the surplus
wind power is used to pump.
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Fig. 3.20: The pumped storage capacities from 2020 to 2030 for scenarios 1-4. From top to
bottom: Turbines (MW), pumps (MW) and reservoirs (GWh). Scenarios: 1-reference, 2-tidal,
3-biofuel and 4-CO,.

Table 3.35: Optimal pumped storage system capacities in 2030. Scenarios: 1-reference, 2-tidal,
3-biofuel and 4-CO;.

Scenario H. turb. (MW

-

H. res. (MWh) M. turb. (MW) M. res. (MWh) M. pump. (MW)

1 9 2141 71 14355 78
2 9 1232 61 4471 50
3 8 1105 54 3569 61
4 7 750 40 2951 38

The model invests in transmission capacity at three connections, see Fig-
ure 3.21, Table 3.36 and Table A.16. The first connection is between R1 and
R5. An increased transmission capacity in this scenario is only necessary in
the reference scenario (#1), and the increase is 3 MW. This increase is likely
due to the PS system being located in R1, and significant amounts of en-
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ergy has to be transmitted to R1 when the PS system is pumping mode, and
exported when the PS system is generating.

The transmission capacity between R5 and R6 has to be increased signifi-
cantly, as two large wind power plants are installed in this region according
to optimal results, the demand is relatively low, and energy therefore has to
be exported. The increase in 2023 is a 44 MW committed transmission cable,
which will be installed when an undersea tunnel from R5 to R6 is finished.
This cable is however not enough in scenarios 1-3, as the optimal capacity
exceeds 44 MW in 2030.

A cable to R7 has to be installed in order to reach 100% renewables in
2030, as all scenarios invest in this connected. This has also been discussed
in previous studies e.g. [85]. The tidal (#2) and biofuel scenarios (#3) have a
higher transmission capacity between R6 and R7 than the reference scenario
(#1). In the reference scenario (#1) 15 MW of PV power are installed in R7, and
since PV is not a part of the optimal solution in scenario 2 and 3, and the one
available wind farm site is full, the total capacity in Suduroy is decreased and
thus more energy has to be transmitted to R7 from other regions, resulting in
a larger cable. Generally, the variations in transmission capacities based on
the different scenarios are not as significant, as in the generation and storage
capacities.

Table 3.36: Optimal transmission capacities in 2030. Scenarios: 1-reference, 2-tidal, 3-biofuel and
4-COs,.

Scenario RI1-R5 R5-R6 R6-R7

1 38 63 13
2 35 58 14
3 35 62 14
4 35 46 5
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Fig. 3.21: The optimal transmission capacities from 2020 to 2030 for scenarios 1-4. Scenarios:
1-reference, 2-tidal, 3-biofuel and 4-CO,.

3.3.2 DISPATCH

Balmorel optimises the dispatch simultaneously with the investments. The
annual production can be seen in Figure 3.22, the production in 2030 can also
be found in Table 3.37, while the data for other years is found in Table A.11.
The production is above 80% renewable in 2021 in all scenarios. This is due
to the committed wind farms and optimal investments in pumped storage.
The committed wind farms have however been postponed, and the pumped
storage system is not set to be installed yet, thus; the production in 2021 was
not over 80% renewable. In 2025 the tidal scenario (#2) has a higher renewable
share than the other scenarios, and this is due to the added tidal capacity and

85



CHAPTER 3. OPTIMISATION OF THE FUTURE POWER SYSTEM

that Balmorel does not curtail tidal energy. The renewable shares in scenario
1-3 are equal, as the CO, restriction controls the optimisation. The 79 MW
of PV power in 2030 produce 49 GWh, while the 71 MW of tidal power
produce 301 GWHh, this clearly shows that the potential for solar energy is
low in the Faroe Islands. Biofuels produce 62 GWh in biofuel scenario, and
this production is enough to reduce the total installed generation capacity
by 113 MW, as shown in Table 3.34. When a production of 62 GWh (9%
of total) using a dispatchable resource can reduce the total capacity by 25%
(reference (#1) vs. biofuel scenario (#3)), it is quite clear that the challenge
to balance the production throughout the year is difficult, and doing this
using only wind, solar and pumped storage is expensive. In some years
the economically optimal generation (scenario #4) reaches 87%, but as the
demand increases this is decreased to 86% in 2030.
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Fig. 3.22: The optimal production from 2020 to 2030 for scenarios 1-4. The renewable shares are
shown on the right y-axis. Scenarios: 1-reference, 2-tidal, 3-biofuel and 4-COs.

Table 3.37: Optimal production in 2030 (GWh). Scenarios: 1-reference, 2-tidal, 3-biofuel and
4-CO;.

Scenario Fuel 0il Biogas Biofuel Hydro Wind Solar Tidal Battery Total Renewable

1 0 9 0 77 569 49 0 0 703 100%
2 0 9 0 102 290 0 301 0 701 100%
3 0 9 62 87 545 0 0 0 702 100%
4 98 9 0 93 501 0 0 0 701 86%

Investing in over capacity of wind power to cover periods with low en-
ergy resource potential, leads to high curtailment during other periods. The
curtailment from 2020 to 2030 can be seen in Figure 3.23, and the values can
be found in Table A.13. The curtailment of wind power is equal in all scenar-
ios until 2024. In 2025 the tidal scenario (#2) has added tidal power capacity,
and since Balmorel does not curtail tidal power, a significant amount of wind
power is being curtailed. In 2030 the tidal scenario (#2) has the highest cur-
tailment, although it is similar to the reference scenario (#1). In 2026, similar
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to other results, the scenario with CO, emissions (#4) is different from 1 and
3, and in 2027 all scenarios are different. This is a consequence of the opti-
mised investments. Scenario 4 clearly has the lowest amount of lost energy of
35 GWh, while scenario 1-3 curtail 139 GWh, 147 GWh and 105 GWh respec-
tively. This curtailment can be avoided if the energy can be put elsewhere,
e.g. power-to-X technologies or in the electrification of the industry, which
is not considered in the demand projections in this study. Some parts of the
industry could definitely utilise this excess energy, as the total consumption
of the industry on land was 340 GWh in 2020 [124].
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Fig. 3.23: The curtailed wind power from 2020 to 2030 for scenarios 1-4. Scenarios: 1-reference,
2-tidal, 3-biofuel and 4-CO,.

The CO, emissions in the four scenario are illustrated on Figure 3.24, and
the data can be found in Table A.14. The constraint is also shown on the
figure from 2021. The constraint is not in 2021, as the model is not allowed
to invest before 2021, and therefore it is not possible to set a constraint on
the emissions. The reference (#1) and biofuel (#3) scenario follow the CO,
scenario (#4) until 2025, and the constraint from 2026 and forward. The emis-
sions in scenario 2 are lower than the limit and the other scenarios from 2025
to 2027. It was also clear from the production presented previously that the
scenario, which allows investments in tidal energy (#2) is more renewable
than other scenarios during certain years.
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Fig. 3.24: The CO, emissions from 2020 to 2030 for scenarios 1-4. Scenario 1 and 3 follow scenario
4 until 2025 and then the constraint from 2026 to 2030. Scenarios: 1-reference, 2-tidal, 3-biofuel
and 4-CO,.

The model was built in 7 regions to account for available transmission
capacity and local demand, and this also leads to known transmission losses.
The transmission losses in Balmorel are modelled as % of transmitted power,
and the losses for scenarios 1-4 are illustrated in Figure 3.25 and tabulated
in Table A.15. There is a small variation between the losses in the different
scenarios. The difference is caused by generation capacity being located in
different regions, depending on which technologies are considered relevant.
The transmission losses should be considered, when locating a generation
site, as it is best to locate the sites close to the demand, but the losses shown
on Figure 3.25, show that the difference in losses is not that large. The losses
generally increase from 2020 to 2030, and this is due to more energy being
transmitted. The losses in the tidal scenario (#2) are lower than the other
scenarios from 2025 to 2029, and this is likely due to a significant amount
of tidal power being installed in R1, i.e. in the same region as the pumped
storage system.
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Fig. 3.25: Transmission losses from 2020 to 2030 for scenarios 1-4. Scenarios: 1-reference, 2-tidal,
3-biofuel and 4-CO;.
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3.3.3 ECONOMICS

Annualised fixed O&M costs, variable O&M costs, fuel costs, capital in-
vestment costs (generation/storage) and transmission investment costs are
shown on Figure 3.26, the full dataset is tabulated in Table A.17, while the
total cost from 2020 to 2030 are found in Table 3.38. In terms of investments,
the costs presented only include optimised investments, i.e. not previous or
committed investments. The transition towards 100% renewables will change
the economics of the system, as fuel costs are lower and investment costs are
higher. The system costs have a similar behaviour between the different sce-
narios and years to previously presented results.

The reference scenario (#1) is clearly the most expensive scenario, and
by adding the costs over the ten year period and comparing the scenarios,
the difference in system costs between the scenarios can be identified, see
Table 3.38. Considering only the costs presented here, reference scenario (#1)
is 26 mio. EUR more expensive than without any restriction on the CO,
emission (#4). An interesting observation is the costs of the tidal scenario
(#2). In previously presented results it was also clear that the tidal scenario
(#2) had a lower emission than other scenarios from 2025 to 2027, i.e. the
CO, restriction does not limit the investments in scenario 2 from 2025 as in
scenario 1 and 3, but from 2028. This also means that the tidal scenario is
less expensive than the scenario with CO, emissions (#4) from 2025 to 2027.
However the tidal scenario is also less expensive in 2028 and 2029, as the fuel
costs are significantly lower than in scenario 4, and although the investment
costs are higher, the tidal scenario is cheaper than the scenario without the
CO;, restriction (#4) in 2028 and 2029. This results in the tidal scenario being
less expensive than in scenario 4 over the 10 year period simulation. The tidal
scenario has a total cost of 278 mio. EUR, while the scenario with unrestricted
CO; emissions costs 285 mio. EUR. The costs of tidal power are however very
uncertain, as the technology is not commercially available yet. The scenario
with biofuel (#3) is 10 mio. EUR cheaper than the reference scenario, this
means that biofuel is a viable competitor even with fuel costs higher than
assumed in this study.
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Fig. 3.26: Costs from 2020 to 2030 for scenarios 1-4. Scenarios: 1-reference, 2-tidal, 3-biofuel and
4-COs,.

Table 3.38: Total costs (mio. EUR) from 2020 to 2030. Scenarios: 1-reference, 2-tidal, 3-biofuel
and 4-CO,.

Scenario  Fixed O&M  Variable O&M Fuel costs Capital inv. Transm. inv. costs Total

1 118 31 67 88 6 311
2 115 36 61 61 6 278
3 115 32 93 55 6 301
4 113 32 96 41 4 285

The cost of energy (COE) can be found by dividing the annualised costs
presented in Figure 3.26 by the annual production presented in Figure 3.22.
This gives an indication of how the optimised investments could affect the
electricity price. In this case the COE only considers the costs of optimised in-
vestments and operation costs of the full system. The COE from 2020 to 2030
is shown in Figure 3.27, and the data is tabulated in Table A.19. The COE
decreases significantly from 2020 to 2021, and this is caused by the commit-
ted wind farms, i.e. the fuel costs are decreased significantly, see Figure 3.26.
After 2021 the costs increase in every scenario. COE of the reference scenario
(#1) are highest, but this is also predictable from the annualised costs pre-
viously presented. An interesting observation is that the reference scenario
(#1) in 2030 is actually lower than in 2020, i.e. although expensive, investing
in a 100% renewable power system would not increase the COE based on the
data considered in this study. Ancillary services are not included in the COE,
and thus the actual COE will be higher.

90



3.3. ECONOMICALLY OPTIMAL ENERGY MIXTURE

70
z
= 601 1 — Scenario 1
E — Scenario 2
B Scenario 3
\LI-J/ 5ok i — Scenario 4
S —
Q

40 Il Il Il Il

2020 2022 2024 2026 2028 2030

Fig. 3.27: Cost of energy (COE) considering optimised investments and production from 2020 to
2030 for scenarios 1-4. Scenarios: 1-reference, 2-tidal, 3-biofuel and 4-CO,.

3.3.4 SENSITIVITY ANALYSIS

The final results of the optimisation that are presented are from the sensitivity
analysis. The sensitivity analysis will show how the optimal capacities would
be affected, if the costs are higher or lower than assumed in this study. The
capacity of wind power in the sensitivity analysis is illustrated in Figure 3.28,
and the data can be found in Table A.6 and Table A.7. The figure shows
that wind power capacity is not very sensitive to the investment costs, but
the variation in the investment costs of wind power and photovoltaic power,
has an impact on the optimal capacity. 20% higher investment costs of PV
power, would lead to a higher capacity of wind power, and vice versa with
a 20% investment cost. In the years 2021 to 2025, a lower fuel cost or higher
investment cost of wind power, would also result in a higher wind power
capacity.
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Fig. 3.28: Sensitivity of wind power capacities from 2020 to 2030.

The sensitivity of photovoltaic power can be found in Figure 3.29 and
Table A.8. This shows that the PV capacity is sensitive to the investment
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costs of PV, PS and WP. A 20% lower investment cost of PV (cPV), would
result in 149 MW of PV compared to 79 MW in the reference scenario (#1).
This same scenario resulted in a 19 MW reduction of wind power, i.e. 70
MW of PV power have to be installed to compensate for the 19 MW of wind
power. Even with a 20% lower solar investment costs, the model does not
invest in solar capacity until 2026, this shows that the technology with a 20%
cost reduction still is unfeasible, but the challenge is to balance the system in
the summer, and therefore the capacity increases significantly.
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Fig. 3.29: Sensitivity of photovoltaic power capacities from 2020 to 2030.

The battery capacity is small in every scenario, but varies in some of the
scenarios, see Figure 3.30. The data behind the figure is available in Ta-
ble A.9. The largest difference is with a low battery cost (cBS), although
the variations might be relatively large, the optimal capacity is so low, that
the battery capacity in the expansion plan can be considered insensitive to
+/-20% investment costs. Higher costs for the pumped storage system in R1
(ePS) and lower costs of PV power (cPV) increase the battery capacity slightly,
this is due to the balancing challenge of region 7, where the battery system is
located. A higher investment cost of cables (eCA) also results in a higher op-
timal battery capacity, as it leads to investing in cables becomes less feasible.
This is also explained by the balancing of region 7.
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Fig. 3.30: Sensitivity of battery power capacities from 2020 to 2030.

The sensitivity of the turbine capacity at Heygaverkid is shown on Fig-
ure 3.31, and the data is found in Table A.5, and the respective data can be
found in Table A.5. Seven of the sensitivity scenarios show a turbine capac-
ity varying from the reference scenario (#1), but the variations are small and
capacity in 2030 varies between 7 MW and 9 MW. This is the same range
the capacity varied in scenario 1-4. More expensive cables (eCA) and less
expensive batteries (cBS) have slight variations in 2029 and 2030, and this is
likely related to what extent the PS system in R1 has to balance R7. Other
variations are in the cost of wind power, PV power and the PS system. Cheap
photovoltaic power (cPV) results in the lowest capacity of 7 MW.
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Fig. 3.31: Sensitivity of turbine capacity at Heygaverkid from 2020 to 2030.

The reservoir capacity at Heygaverkid is not significantly sensitive to the
investment costs, see Figure 3.32 and Table A.5. There are variations in the
optimal capacities caused by lower (cPS) and higher investment costs of PS
system (ePS), PV power (cPV/ePV) and wind power (c(WP/eWP), but the
variations are small and the capacity is stabilised in most scenarios by 2030.
Therefore the reservoir capacity at Heygaverkid can be said to not be signifi-
cantly sensitive to the investment costs.
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Fig. 3.32: Sensitivity of reservoir capacity at Heygaverkid from 2020 to 2030.

The turbine capacity at Myruverkid can be found in Figure 3.33 and Ta-
ble A.4. From 2021 to 2024 a 20% fuel cost reduction (cFU) would lead to
a lower turbine capacity, but from 2025 and forward this scenario follows
the reference scenario (#1). A cheaper PS system (cPS) would also lead to
a slightly higher turbine capacity at Myruverkid in 2028 and 2029, but in

2030 the capacity reaches the same point as the reference scenario (#1). Other
variations are insignificant.
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Fig. 3.33: Sensitivity of turbine capacity at Myruverkid from 2020 to 2030.

A lower investment cost of the PS system (cPS) and a higher cost of pho-
tovoltaics (ePV) would lead to a significantly higher reservoir capacity at
Myruverkid and vice versa with a low cost of PS (cPS) and high PV cost
(ePV). This once again, illustrates that the challenges is to balance the system
in 2030. The sensitivity of the reservoir at Myruverkid can be found in Fig-
ure 3.34 and Table A.4. The investment cost of wind power (c(WP/eWP) also
has an impact, but this impact is smaller than the other scenarios.
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Fig. 3.34: Sensitivity of reservoir capacity at Myruverkid from 2020 to 2030.

The pumping capacity at Myruverkid can be seen in Figure 3.35 and Ta-
ble A.4. The pumping capacity varies slightly when the investment costs of
PV power, the PS system, wind power and the fuel costs are increased or
decreased. The variations depending on wind power (eWP/cWP) and the
PS system (ePS/cPS) are visible throughout the whole period, while the in-
creased/decreased fuel costs (eFU/cFU) only impact the optimal capacity
from 2021 to 2025, and the PV costs (ePV/ePV) impact capacity from 2027 to
2030.
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Fig. 3.35: Sensitivity of pumping capacity at Myruverkio from 2020 to 2030.

The investments in transmission capacity between R1 and R5 is un-
changed in all the scenarios until 2030, see Figure 3.36 and Table A.16. If the
investment costs of PV are increased by 20% (ePV) the needed transmission
capacity increases from 38 MW (scenario 1) to 45 MW, likewise an increase is
seen if the PS system (ePS) or wind power is cheaper (cWP).
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Fig. 3.36: Sensitivity of transmission capacity between R1 and R5 from 2020 to 2030.

Figure 3.37 shows the transmission capacity between R5 and R6. The
capacity increases in all scenarios in 2023, and this is caused by the 44 MW
committed cable. The reason that not all scenarios are at 44 MW in 2023, is
because the optimised capacity from 2022 is added to the committed capacity.
Therefore it is more interesting to look at the years from 2027 and forward,
when the capacity increases further. Other from the difference in 2028 caused
by the cheap PV investment costs (cPV), the variations are small. As all
scenarios stabilise between 60 MW and 64 MW in 2030, the capacity of the
cable connection between R5 and R6 is not considered sensitive to changes to
investment costs. For further information on the data, see Table A.16.
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Fig. 3.37: Sensitivity of transmission capacity between R5 and R6 from 2020 to 2030.

The sensitivity of the connection between R6 and R7 is the final results
shown from the optimisation in Balmorel. The results are illustrated on
Figure 3.38 and tabulated in Table A.16. From 2021 to 2025 the fuel costs
(eFU/cFU) have an impact on the transmission capacity, due to the alterna-
tive of importing energy from other regions being to burn fuel oil, or in later
years were installing PV is considering an alternative. The investment cost
of transmission cables (cCA/eCA) also influences the transmission capacity
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throughout the period. All scenarios reach 12-13 MW in 2030 and therefore
the transmission capacity between R6 and R7 is not considered sensitive to

the present variations in investment and fuel costs.
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Fig. 3.38: Sensitivity of transmission capacity between R6 and R7 from 2020 to 2030.

3.4 CHAPTER SUMMARY

This chapter started by introducing the scenarios investigated in the study.
This introduction was followed by an extensive modelling of the existing
Faroese power system in Balmorel, and future potential power plants. The
data used in the investigation ranging from demand, renewable resources,
technology relevant data, costs etc. has been described in detail. Finally, the
results from the economic optimisation were presented. The results show
that reaching a 100% renewable production by 2030 is a challenge, especially
in terms of balancing the system in the summer, but it is possible. Alterna-
tive technologies have the potential to become game changers. In this study
investing in tidal power and burning biofuel at an existing thermal power
plant were the alternative technologies. These two have a major impact on
the future power composition, and the development of tidal energy and the
costs of biofuels should be closely monitored. Investing in renewables in the
Faroe Islands is the financially best option up to 86%-87% according to this
investigation, but after this the renewable percentages do not earn back the
investment costs. The sensitivity of the optimal capacities has also been in-
vestigated by varying the investment costs of wind power, PV power, battery
systems, the PS system, transmission cables and the fuel costs. The major-
ity of the sensitivity analysis results did not show a high sensitivity to the
variations, but in some cases e.g. PV power capacity, significant differences
are seen when varying the investment costs. Generally, the investment costs
of wind power, PV power and the PS system had the greatest impact on the
optimal capacities. Although the variations in some cases were noticeable,
the variations in the first four scenarios are larger, and therefore one can say
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that the optimal capacities are more prone to the development of alterna-
tive technologies than the fuel costs and investment costs of existing mature
technologies. An expansion plan towards 100% in 2030 has to be based on
the first scenario, as this scenario is the most realistic scenario in terms of
reaching the goal. But the development and costs of technologies should be
monitored, and the optimisation should be rerun, when changes occur.

The results in this optimisation are in some cases similar to previous stud-
ies, but the difference is also quite large in some cases. Compared to the main
scenario in the first optimisation of the Faroese power system in Balmorel [95]
the 2030 wind power and PV are quite similar, i.e. 168 MW compared to 141
MW of wind power and 79 MW compared to 75 MW of PV power. The
demand projection in this study is higher than in the previous, which can
explain the higher capacities. This study also uses a power curve for wind
power which has been based on the actual performance of existing wind
turbines, and not just a power curve from the manufacturer. The pumped
storage capacities in this study are however significantly higher than in the
previous study. In the previous study the optimisation could decommission
thermal power plants, but not recommission. This means that if for one year
part of diesel plants are not needed, they will be decommissioned, and can
not be used in the years after. This requires more investments in renewables
in the first years, as the power capacity is needed and the fossil fuelled power
plants can not be used. There is also a difference in when PV power becomes
economically interesting. In the results presented in [95] PV is included from
2024, while in this study it does not become a part of the optimal solution
until 2028. This can be due to the decommissioning of the thermal power
plants, but a higher cost for PV based on actual projects in the Faroe Islands
have also been used in this study.

The optimal wind and PV power capacities in reference [82] vary quite
significantly from this study, with higher PV power capacities and lower wind
power capacities. The exact cause can be difficult to point out. The reason
being that the optimisation is only conducted for 2030 and the optimisation
algorithm used is much simpler than Balmorel. It does not have as many
constraints and the input data is limited to one time series for each resource.
However, the solar data was updated, which can be the cause of the PV
capacities increasing.

Reference [83] and this study are more similar. Similarly to reference [82]
the study suggests higher PV capacities and lower wind power capacities
than this study does, but the deviation is significantly smaller.
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CHAPTER 4
100by2030 RoadMap

This is the third and final chapter addressing the first objective. This chapter
describes the procedure and results of translating the optimal results to a
tangible RoadMap. The validation of the RoadMap is also presented in this
chapter.

4.1 TRANSLATION OF OPTIMAL RESULTS

The following section will go through the optimal capacities at each site, ac-
cording to the reference scenario, and translate them into a realistic RoadMap
through the methodology presented in Figure 2.6. The reference scenario has
been used as the base for the RoadMap, due to the uncertainties of devel-
opment of e.g. biofuels and tidal power. Table 4.1 shows the optimal and
proposed RoadMap wind power capacities at sites, which Balmorel invests
in wind power at.

W6 has a capacity of 6 MW from start, and by 2023 the wind farm in R7
has reached its full capacity at 12 MW according to the optimal results. In the
RoadMap W7 remains at 6 MW until 2023, when it is expanded to 12 MW.
Thus, the investment at W7 is conducted in one step, when there is a need
the full capacity, according to the optimal results.

W6b is a new wind power site, and is assumed to have a maximum power
capacity of 36 MW, as presented previously in Table 3.20. The optimal capac-
ity increases from 2021 to 2026, when it reaches its full capacity. In 2024 the
capacity is optimised at 20 MW. A 36 MW wind farm in one step in 2026, is
considered to be too big, when taking into account the learning curve of the
power system operators. Therefore, the investment at Wéb is done in two
steps. If the investment will be conducted in two steps in reality, it is highly
likely that it will be by 2x18 MW. Since the capacity in 2024 is 20 MW, which
is only 2 MW higher than half of the wind farm, the RoadMap capacity at
Wéb is set to 18 MW in 2024 and additional 18 MW in 2026.

In 2026 the capacity at wind farm W1b is optimised at 8 MW and then 18
MW in 2027, which is the maximum capacity at W1b. Therefore the optimal
results at wind farm W1b have been translated into a 18 MW investment in
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2027.

The optimal capacity at Wéa is 17 MW in 2027 and reaches 30 MW the
year after. In 2028 it is assumed that the operators have gained more knowl-
edge on operating large wind farms, and that it is possible to increase the
capacity in one step by 30 MW, therefore the proposed RoadMap contains an
investment of 30 MW at Wéa in 2028.

The two final sites, at which Balmorel invests in wind power are in the
same region, i.e. wind sites W5a and W5c. The maximum capacities are
21 MW and 18 MW respectively. The optimal investment at W5a is 4 MW,
which is too small to be considered a realistic size wind farm in 2029-2030.
There is an existing wind farm in R5 of this size, but the technology and
knowledge has developed a lot since this wind farm was installed. As W5c is
optimised at 43, i.e. 13 additional MW, and W5a is 4 MW, it is recommended
to add the capacities at these two wind farms together and install 18 MW
at W5c in 2030. Wb5a should then be the next wind farm to invest in after
2030. The 18 MW investment at W5c in the RoadMap is conducted in 2030.
Installing 18-21 MW at Wb5a instead of 18 MW at W5c has minimal impact on
the economic aspect, therefore this wind farm could be moved due to factors
other than what is economically optimal. This could e.g. be that in 2030 there
are already 30 MW installed at W5c, and an additional wind farm of 18 MW,
would likely lead to some technical difficulties, as it increases the risk of a
large loss of generation when wind speeds or direction suddenly change.

Table 4.1: The optimal and proposed RoadMap wind power capacities (MW).

Site  Scenario 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

w7 Reference 6 8 8 12 12 12 12 12 12 12 12
RoadMap 6 6 6 12 12 12 12 12 12 12 12
Wéb Reference 0 7 11 16 20 26 36 36 36 36 36
RoadMap 0 0 0 0 18 18 36 36 36 36 36
Wib Reference 0 0 0 0 0 0 8 18 18 18 18
RoadMap 0 0 0 0 0 0 0 18 18 18 18
Wéa Reference 0 0 0 0 0 0 0 17 30 30 30
RoadMap 0 0 0 0 0 0 0 0 30 30 30
W5a Reference 0 0 0 0 0 0 0 0 4 4 4
RoadMap 0 0 0 0 0 0 0 0 0 21 21
W5c Reference 12 30 30 30 30 30 30 30 30 42 43
RoadMap 12 30 30 30 30 30 30 30 30 30 30

Photovoltaic or solar power can be installed on roof tops, fields and on
waters. Therefore, the topic of defining realistic plant sizes has not empha-
sised when it comes to PV power. Instead, the RoadMap capacities have been
set equal to the optimal results. In S7 there are however some small differ-
ences as seen in Table 4.2. The capacities in 2029 and 2030 have been rounded
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up, to ensure that there is enough power available. The optimal capacities in
S7 in 2029 and 2030, rounded to 3 decimals are 14.496 MW and 15.396 MW.
From the capacities shown in Table 4.2, it is clear that the need for PV power
is especially in R4, and this is likely caused by the fact that the only potential
wind farm site is 70% more expensive than other wind farms, and the only
hydro power plant is rated at 1.4 MW, which is far from enough to supply
this region, which has a relatively large demand. Since there is a loss associ-
ated with transmitting energy between the regions, PV becomes a significant
part of the optimal solution in this region.

Table 4.2: The optimal and proposed RoadMap solar power capacities (MW).

Site  Scenario 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

57 Reference 0 0 0 0 0 0 0 0 7 14 15
RoadMap 0 0 0 0 0 0 0 0 7 15 16
sS4 Reference 0 0 0 0 0 0 0 0 0 22 61
RoadMap 0 0 0 0 0 0 0 0 0 22 61
6 Reference 0 0 0 0 0 0 0 0 0 0 3
RoadMap 0 0 0 0 0 0 0 0 0 0 3

The battery power in the optimal solution and the RoadMap can be found
in Table 4.3. The only investment in battery power is 2.4 MW in R7 in 2030.
Similarly to the PV capacity the investment has been directly transferred into
the RoadMap. Since batteries are modelled with a C rating of 0.25, it has a
storage capacity of 9.6 MWh.

Table 4.3: The optimal and proposed RoadMap battery power capacities (MW).

Site  Scenario 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Reference 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.4
RoadMap 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.4

R7

There are 5 investments which are optimised at the pumped storage sys-
tem in R1; two turbines, two reservoirs and one pump. All of these are shown
in Table 4.4. Since all five optimised capacities are parts of the same system,
the investments in the RoadMap have to be coordinated. According to the
optimisation:

¢ The needed turbine capacity at Heygaverkid in 2030 is 9 MW, which is
also needed in 2029.

* The reservoir capacity at Heygaverki0 increases to a total of 2141 MWh,
which similarly to the turbine, is reached already in 2029.

* The turbine capacity at Myruverkid increases from 2 to 18 MW already
in 2021, and then increases more as the years pass.
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* The reservoir capacity at Myruverkid increases to 14355 MWh in 2030.

¢ The pumping capacity at Myruverkid reaches a significant size already
in 2021.

The previous RoadMap (Figure 2.5) suggests doing the investments at
Myruverkid in two similarly sized steps. Therefore it has been decided that
the expansions are Myruverkid at conducted in 2026 and 2029. The first step
includes adding additional turbine capacity and new pumping capacity. In
the second step the reservoir size is increased and Heygaverkid is expanded,
both in terms of reservoir size and turbine capacity. The investments in the
RoadMap are done in integer values unlike the optimal solution, which has
multiple decimals, therefore the numbers in the RoadMap have been rounded
up, and thus higher in the RoadMap than in the optimal solution.

Table 4.4: The optimal and proposed RoadMap pumped storage capacities. H: Heygaverkio and
M: Myruverkid.

Site Scenario 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Reference 5 5 5 5 5 5 5 5 8 9 9
H-Turb. MW) R jadMap 5 5 5 5 5 5 5 5 5 9 9
H-Res. Mwh)  Reference 516 516 516 516 516 516 716 1040 2013 2141 2141

RoadMap 516 516 516 516 516 516 516 516 516 2141 2141

Reference 2 18 20 23 26 28 37 45 48 52 71
RoadMap 2 2 2 2 2 2 37 37 37 72 72

Reference 0 23 25 26 27 27 41 62 71 77 78
RoadMap 0 0 0 0 0 0 41 41 41 79 79

Reference 2275 2275 2275 2275 2275 2275 2689 3428 5915 10039 14355
RoadMap 2275 2275 2275 2275 2275 2275 2275 2275 2275 14355 14355

M - Turb. (MW)

M - Pump. (MW)

M - Res. (MWh)

The optimal investments in transmission capacity are shown in Table 4.5,
together with the proposed RoadMap capacities. The onshore 60 kV trans-
mission cables used in the Faroese power system are 44 MW, therefore each
investment in onshore transmission capacity is set at 44 MW in the RoadMap.
Previously 35 MW were used, and therefore the current capacity between R1-
R5 is 35 MW. The R1-R5 capacity is optimised at 38 MW in 2030. This means
that according to the optimisation only 3 additional MW are needed to trans-
mit power between these two regions. As there is a need to increase the
capacity, a 44 MW connection is added at R1-R5 in 2030.

The connection between R5 and R6 is currently a 20 kV connection, and
thus the capacity is lower than between other regions. A new 60 kV connec-
tion with a capacity of 44 MW is committed in 2023, when a subsea tunnel
will open between the two regions. In 2022 the optimisation suggests that 2
MW of transmission capacity should be added, and when the model is set
to switch the 10 MW out with 44 MW, the optimised capacity is added to
the 44 MW. This means that although the optimisation says that the optimal
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capacity between R5 and R6 is 46 MW, it is not because 44 MW is too little,
but rather due to the configuration of the model. However, in 2027 and for-
ward the optimal capacity increases. Therefore, an additional connection of
44 MW is added in 2027.

Finally there is the potential new offshore cable connection between R6
and R7. In 2021 the model optimises a capacity of 2 MW, which then in-
creases steadily to 8 MW in 2029, and then jumps to 13 MW in 2030. A cable
connection between these two islands is required to reach a 100% renewable
production in R7. In the RoadMap the investment is a 13 MW offshore cable
in 2026, which is installed in 2026, as there already at this point is a need for
significant transmission capacity.

Table 4.5: The optimal and proposed RoadMap transmission capacity (MW).

Site Scenario 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
Reference 35 35 35 35 35 35 35 35 35 35 38

RI-R5 RoadMap 35 35 35 35 35 35 35 35 35 35 79
R5-R6 Reference 10 10 12 46 46 46 46 51 63 63 63

RoadMap 10 10 10 44 44 44 44 88 88 88 88
R6-R7 Reference 0 2 2 3 4 4 6 6 7 8 13

RoadMap 0 0 0 0 0 0 13 13 13 13 13

4.2 PROPOSED ROADMAP

Based on the translation of the optimal results presented in section 4.1, a fig-
ure illustrating the proposed RoadMap has been made, see Figure 4.1. The
bottom row shows the wind power plants, the second shows transmission ca-
bles, the third and fourth the pumping and turbine capacities of the pumped
storage system, the fourth row shows the storage capacities, i.e. reservoir
sizes and battery. Finally, the top row shows the PV power. The figure only
shows new investments, not existing existing capacity added with invest-
ments. The committed wind farms and cable are marked with a red border.

This RoadMap, compared to the previous one i.e. Figure 2.5, is more
detailed and realistic. It has been assured that the investments reflect actual
plant and cable sizes. The location of the investments, and local practical
constraints like e.g. available space have been considered. The potential
production is also calculated based on the local resource potential, instead of
e.g. using the same wind speed profile for all locations. Since the Balmorel
model is expanded to seven regions, the RoadMap also considers different
demand profiles around the country, transmission losses and assures that
the required transmission capacity is available. Overall, the capacities in the
previous and proposed RoadMaps are similar, but there is more information
behind the proposed RoadMap and it is therefore better grounded.
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Fig. 4.1: Proposed RoadMap. Committed capacities are marked with a red border. All capacities
are given in MW except from the second row from the top, where the reservoirs are given in
GWh and the battery in MWh.

4.3 ROADMAP VALIDATION

The final step of the proposed methodology is to validate the proposed
RoadMap. This is done defining the capacities in the RoadMap as committed
capacities in Balmorel, and then rerunning the optimisation algorithm with-
out any additional investment options. The two steps in the validation are to
check whether or not the production is 100% renewable in 2030, and if the
economics of the RoadMap are similar to the optimal solution.

The left axis of the RoadMap figure, see Figure 4.1, shows the renewable
production (%) using the RoadMap as committed capacities. This shows that
a 100% renewable production can be reached in 2030 based on the proposed
RoadMap. Therefore, the proposed RoadMap can be validated according to
the first requirement.

The second validation parameter is the economics. The optimality of the
economics of the RoadMap is validated by comparing it to the economically
optimal solution, i.e. the reference scenario. This comparison can be seen in
Figure 4.2. The costs of transmission cables have not been included in the val-
idation, as these capacities are set significantly higher in the RoadMap than
the optimal results require, and these expansion are necessary to transmit
the power regardless. According to the figure, the RoadMap scenario (RM) is
more expensive for most years, but in 2027 and 2028 the RM is less expensive
and in 2020, 2026 and 2030 the values are very similar. The main difference
between the two scenarios is that the fuel costs are higher in the RM, as in-
vestments in renewables are conducted later. The sums of the costs shown on
Figure 4.2 are 305 mio. EUR and 316 mio. EUR for the optimal solution and
the RoadMap, respectively. In other words, the RoadMap is 4% more expen-
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Fig. 4.2: Comparison of the economics of the reference scenario and the RoadMap (RM).

sive over the 10 year period simulated. This is considered to be sufficiently
close to the optimal solution, and therefore the economic parameter can also
be validated.

4.4 CHAPTER SUMMARY

This chapter has presented the proposed RoadMap towards a 100% renew-
able electricity sector in 2030 in the Faroe Islands. The RoadMap is based
on an economic optimisation, presented in the previous chapter. The opti-
mal solution at each potential investment site has been carefully investigated
and translated into actual investment projects. In order to ensure that the
proposed RoadMap is close to the optimal solution, the simulation tool was
run again using the RoadMap as committed capacities. Then it was vali-
dated through a comparison of the economics of the optimal solution and the
RoadMap. It is also ensured that the production is 100% renewable in 2030.
As the results of the different scenarios investigated in the previous chap-
ter, show that the development of technologies like tidal power and biofuels
could change the whole expansion plan, the RoadMap should be re-evaluated
as changes in development and costs occur.

Table 4.6 compares the investments in the proposed RoadMap (Fig-
ure 4.1), the previous RoadMap (Figure 2.5 on page 37) and international
studies (subsection 2.2.1 starting on page 27). As seen in the table the
difference between the previous and this RoadMap is limited when only
addressing the 2030 capacities, but the real contribution from the updated
RoadMap is the placements and many practical considerations which have
been made. Comparing the RoadMap to other islands described in sub-
section 2.2.1 is more difficult, as the basic assumptions, approaches and
renewable energy shares (RES) goal of each study vary significantly. One in-
teresting aspect is however the similarities between Madeira and the Faroese
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RoadMap. Madeira is located at 33° North, while the Faroe Islands are
located at 62° North. This should result in a higher solar potential in the
Madeira than in the Faroe Islands, but the RAD values are quite similar. One
of the causes could be that Madeira, just like the Faroe Islands, have hydro
power. In 2010 the hydro power capacity in Madeira was 50 MW with an
anticipated increase up to 80 MW [52], similar to the 40 MW hydro power
capacity in the Faroe Islands, which with the first expansion of the pumped
storage system will increase up to around 80 MW.

In addition to Madeira, an other interesting observation is the capacities
in San Miguel with 75% renewable generation. In 2021, according to the
RoadMap, the generation in the Faroe Islands is around 85% renewable with
70 MW of wind power, which corresponds to 150% of the average demand,
compared to San Miguel with 140% of wind power. Hydro power is also the
cause for the higher renewable shares in the Faroe Islands.

Table 4.6: Comparison of investments in the proposed RoadMap, previous RoadMap and inter-
national studies found in subsection 2.2.1 by RAD values. on: onshore, off: offshore.

Study Comment Wind, on  Wind, off Solar Storage Waste Gas Geothermal
This RoadMap 224% 105%  8-9 days

Previous RoadMap 202% 106%

Antigua and Barbuda 25%

Santiago, Cabo Verde 57% REN 156% 48% 16%

La Palma, Canary Islands If isolated 363% 534%  700% 81%

La Palma, Canary Islands If interconnected 363% 231%  700% 41%

Madeira Added capacity 206% 103%

Saint Lucia 75% RES in 2025 26% 50% 65%
San Miguel, Azores 75% RES 140%
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CHAPTER 5
Power System Regulation and Modelling Theory

This is the first chapter addressing the second objective. The chapter de-
scribes how ancillary services traditionally have been provided and some of
the state of the art technologies and approaches. Then Faroese study cases of
the power system stability are also presented. Finally the aspect of parame-
terising and validating power system models is addressed, which includes a
development of a procedure for this specific purpose.

5.1 PROVISION OF ANCILLARY SERVICES

The provision of ancillary services is changing as synchronous generators are
being decommissioned and replaced by inverter-based generation (IBG) to
minimise emissions from the electricity production. The traditional approach
to provide ancillary services is described in subsection 5.1.1 followed by state
of the art approaches, see subsection 5.1.2.

5.1.1 TRADITIONAL APPROACHES

In conventional power systems synchronous machines provide the ancillary
services required to stabilise the system after a disturbance. The motion of a
synchronous machine can be described by the swing equation [125],

2H d*6m

S

where H is the inertia constant of the machine, ws is the electrical angular
velocity, dm is the rotor position, Py is the mechanical power and P is the
electrical power. A potential power deficit between mechanical and electrical
power, can be caused by a sudden load increase, and this deficit is supplied
by the inertia of the machine. When the inertia, is released, the speed of the
generator drops, which leads to a frequency drop, due to the machine being
synchronised with the grid. Thus, the rate of change of frequency after a dis-
turbance depends on the inertia in the grid and the disturbance itself. This
initial response, is known as the inertial response. The inertia in conventional
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power systems is primarily from synchronous generation, but frequency de-
pendant loads e.g. motors, can also increase the system inertia [126]. After
the inertial response, the frequency drop is stabilised by primary frequency
control. This task is performed by the synchronous machines’ governors, by
detecting the frequency and then adjusting the active power output to sta-
bilise the frequency drop. A governor is a proportional controller; hence, a
steady state error from the nominal frequency is obtained after the frequency
has been stabilised. In order to correct this error, secondary control has to
be applied. Secondary control can be automatic or manual. In the Faroe Is-
lands it is manual. Figure 5.1 show the different stages of frequency control
reserves are deployed in the European grid [127]. There are no definitions in
the Faroese power system with regards to this. The synchronous machines
are also equipped with an automatic voltage regulator (AVR), which regu-
lates the voltage and keeps it stable. As shown in the swing equation the
frequency is linked with the active power, but the voltage is primarily linked
with the reactive power. The AVR controls the excitation and thus the reactive
power of the machine, in order to stabilise the voltage [125].

Reserve  deployment of reserve Frequency
1 Automatic  Automatic/Manual Manual
primary secondary tertiary

non-critical frequency £
""""" window nom
support
stabilization
t
1 // I T
T 30 sec 15 min 30 min
contingency

occurs

Fig. 5.1: Deployment of frequency control reserves in the European grid [127].

5.1.2 STATE OF THE ART APPROACHES

The state of the art approaches to provide ancillary services utilise wind tur-
bines, photovoltaic (PV) panels, battery systems (BESS), vehicle to grid (V2G),
heat pumps (HP) etc. Some of the approaches found in literature are de-
scribed in the following paragraphs.

Variable speed wind turbines are galvanically decoupled from the grid,
through converters. This means that the wind turbine generators are not
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synchronised with the grid and therefore do not have the same automatic
inertial response and primary frequency regulation, which synchronous gen-
erators have. Some types of wind turbines have this automatic reaction, but
over 90% of the wind power installed in the Faroe Islands are variable speed
turbines. This being said, these variable speed turbines can be controlled to
emulate inertia. Inertia emulation can become an important part of the fre-
quency regulation in the Faroe Islands, as the wind penetration is expected
to increase significantly. In the purpose of describing this control, one of the
proposed wind turbine controllers is shown on Figure 5.2 [128]. This is a
simple controller, which emulates both an inertial response (middle branch)
and can contribute to primary frequency control (lower branch). The inertia
emulation is as shown controlled based on df/dt, while the primary fre-
quency control is controlled based on the deviation from nominal frequency,
Af. Both controls have a deadband. Another, more detailed controller, can
be found in [129].

pe\ meas mm_ref
P 1

Om meas —J Ao P| Tm;ref
X
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!
fgnd d df/dt K T et ok Tt jConverte”
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fos + T Lo :
re —% ) Af K{ fref

Fig. 5.2: Proposed controller. Upper branch: wind rotor control. Middle branch: inertia emula-
tion. Lower branch: frequency control support [128].

Figure 5.3 shows an example of the response of the controller in Figure 5.2
to a contingency. The minimum frequency (a) reached is slightly higher with
the controller on (solid) than off (dashed), this indicates that the controller
can improve the frequency response, but (b) and (c) show that there are dis-
advantages with this controller. When the controller reacts to a contingency,
it increases the power output. This is done using the kinetic energy stored
in the rotor. When the kinetic energy is extracted the rotational speed de-
creases, which means that the turbine is spinning with a speed different from
the optimal speed. In order to increase the speed after the control, the power
output of the turbine drops significantly, as seen at around 25 seconds. Wind
turbines are usually not considered for long term regulation, as this would
require curtailment of wind turbines, in order to have reserve power. This
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would results in a great loss of potential production, and it does not ensure
a reserve, as the wind speed and direction can shift rapidly.

502, . . 05

0.45,

Rotational speed [pu)
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time [s] time [s] time [s)

]

Fig. 5.3: Response to disconnection of synchronous generator with controller ON (solid) and
controller OFF (dashed). (a) Grid frequency. (b) Wind turbine power. (c) Wind turbine rotational
speed. (b) and (c) are with the controller ON [128].

Researchers have also investigated the possibility of using PV panels in
frequency regulation [130]. This is done by always producing 10% less than
the maximum power point and applying a droop controller. This way a PV
system can be shown to support to grid. However, in the Faroe Islands,
where the solar resources are low, operating 10% lower than the potential,
might not be the most feasible solution to provide regulation, and therefore
the financial consequences of down regulation should be analysed and the
feasibility should be compared to other control strategies and technologies.

Battery systems are used for frequency regulation in the Faroe Islands, as
described in section 1.2, and this has also been investigated in several studies.
This is done by controlling the batteries to respond to e.g. a frequency drop.
This was studied already in 1993 for the Israeli system [131]. In the Japanese
Oki-Islands a demonstration project with a hybrid battery system has been
conducted [132]. The aim was to be able to increase the installed capacity of
renewables from 3 MW to 11 MW, by implementing a battery system. The
minimum demand in the Oki-islands is 10 MW, and thus 11 MW is a high
penetration of renewables. Currently, the penetration has reached 8 MW. The
battery system consists of a 2.0 MW /0.7 MWh Li-ion battery system and a
4.2 MW /252 MWh NaS battery system. The purpose of the Li-ion batteries
is to provide short term frequency regulation, while the NaS batteries are
used for long term frequency regulation. Figure 5.4 shows an example of
the operational performance of the investigated system. From the figure it is
clear that the two battery systems do not behave in the same way. The Li-
ion battery output is fluctuating on a short term basis, while the NaS output
varies more throughout the day.

110



5.1. PROVISION OF ANCILLARY SERVICES

(Mw)
13 Total demand

Total output of Diesel Gen.

lEl

Taotal sutput of RES

5 .
Li-ion batt/erv output ,/ NAS battery output
¥
/ [ A IIIlﬁ'l I ./ Discharge
. xm*.w_»w ] I —— S S—————"
W W W 4 SH Em 78 gH r)\'H\}"ll\m'l\’ S0 7T IBE 13N B0 AW 00BN

Charge

Fraquency managamant value {upper limit)

System I-requenqr
(42) 60 g e S N

Frequency management value [lower limit)

Fig. 5.4: Example of operation performance [132]

The vehicle to grid (V2G) concept, is a concept where electrical vehicles
(EV) are used to support system stability [133]. The V2G concept has been
investigated in the island of Bornholm (Denmark) [134], [135]. An electrifi-
cation of the transport sector is anticipated, and therefore this research topic
is of great interest. The aim is to use the storage in EVs to support the grid.
Two different controller modes are used in [135]. One is a droop control
and the other a PI control. The results of the study show that the EVs can
contribute to regulation, however the droop control mode requires a larger
battery capacity than the PI control. The capacity also depends on the param-
eters of the controller. In case of using the PI control, a battery capacity that
is 30-40% of the installed wind power capacity should be available to meet a
sufficient frequency quality. It should be noted, that even though the island
is electrically connected to the mainland, this study investigates the grid in
isolated operation, making the results relevant for other isolated systems like
the Faroe Islands. The disadvantage with using V2G is that not all EVs are
capable of this, it requires the EV owners approval and it might also lead to
unnecessary wear and tear of the battery of the EVs.

Supplementary load frequency control using heat pumps (HP) was dis-
cussed in [136]. This study considered V2G as well. The maximum frequency
deviation reached in this study using EVs but not HPs for regulation was
0.251 Hz. Utilising the HPs as well the maximum was reduced to 0.225 Hz.
The average frequency deviation was reduced from 0.0272 Hz to 0.0263 Hz
when the HPs were added to the controller. In the Faroe Islands it is ex-
pected that the heating sector will be electrified, and most houses will be
heated using HPs. This makes utilising HPs for frequency regulation highly
relevant.

According to [137] both heating and transport can also be used for voltage
regulation, not only frequency regulation. The author models electric water
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heaters, heat pump water heaters, electrolyser system and electric vehicles as
active loads used for voltage regulation. In this study the customers comfort
is considered, meaning that the units can only be used for regulation, when
this does not affect the customers comfort, i.e. the temperature in the water
tank must be at a certain level.

A study case of the South Korean island Jeju with a hybrid voltage control
system is described in [138]. This control uses the generators’ traditional AVR
and passive devices such as capacitors and reactors when the AVR do not
meet a sufficient reference. The control was tested for an emergency state
and was shown to be feasible.

One study investigated the maximum installed PV capacity per house
whilst preventing overvoltages with and without reactive power regulation
contribution from PV inverters [139]. According to this study, the maximum
allowed PV capacity per house could be increased from 5.3 kW to 7 kW, if the
PV inverters were allowed to absorb reactive power. The study also showed
that if a transformer overloading of 120% was allowed, the maximum PV
capacity could be 8 kW. This means that a grid with a high PV penetration
could benefit by allowing the PV inverters to contribute to voltage regulation.

This section has presented the traditional and alternative state of the art
methods to provide ancillary services. The state of the art alternatives include
control strategies of wind turbines, PV panels, BESS, HPs, EVs etc. that can
contribute to power system stability.

5.2 FAROESE POWER SYSTEM STABILITY STUDIES

There are only a handful of previous studies of the power system stability in
the Faroese power system, and these can be found in references [100], [140]-
[143]. All of these studies have been conducted using power system models
of the Faroese power system, but these have not been validated. The final
part of this section, i.e. subsection 5.2.1, describes a study [144] conducted
in this research project using an aggregated model with standard models
and default parameters of governors and AVRs. The results of this study
emphasises the need for validated models.

One of stability study [100] was a part of the previously discussed exten-
sive expansion planning study [90]. This study states that there will be a need
of grid reinforcement, load shedding, battery systems etc. in the main grid in
order to ensure a stable power system in 2030. The power system of Suduroy
should, with the planned battery system, be able to main the stability within
acceptable limits.

Reference [140] applies a load shedding control strategy using fish facto-
ries. Load shedding contributes to the stability, but the ability to load shed
a fish factory depends on the whether or not the freezing units at the fish
factory are in use at the time when a disturbance happens.
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Osterfelt and Hansen [141] use synchronverters to contribute to grid sta-
bility. The simulations show a positive contribution from the synchronverters,
but there are some disadvantages, as well. Under short circuit scenarios, the
synchronverter draws 75 kA, which is 7 times the nominal current under full
load. The harmonics from the synchronverter switching frequency should be
investigated further as well, and thus, the reliability of the results can not be
assured.

Using and sizing battery systems for inertial response and primary fre-
quency reserve in Suduroy was addressed in reference [142]. However, fol-
lowing the sizing method used and modelling technique the BESS did not
sufficiently support the grid.

Finally using heat pumps for secondary frequency control in Suduroy has
been investigated [143]. The results showed that heat pumps could contribute
to the frequency stability, but that the controller, needed additional tuning to
have a significant contribution to the system.

5.2.1 STUDY BASED ON AGGREGATED MODELS

One of the studies [144] of this research project has shown the importance
of using accurate and detailed models for dynamic analysis of the frequency
stability. This study analysed both the main grid as it was in 2019, and the
main grid in 2030, which also includes a subsea cable to the isolated grid of
the most southern island Suduroy, i.e. R7 in Figure 5.5. The expansions in
generation and storage capacity in 2030 were based on the previous RoadMap
[90], as the study behind the updated and expanded RoadMap [81] was not
finished. Since the previous RoadMap did not specify the locations of future
investments, the wind power plants and PV farms were placed according to
best guess from SEV’s engineers.

Figure 5.5 shows how the model of the Faroese power system has been
aggregated. The system has been aggregated to the regions used in the Bal-
morel optimisation [81] (previously presented in Figure 3.1 on page 47). This
means that if multiple diesel engines are placed in one region, e.g. R5, these
are aggregated to one generator, and similarly with wind turbines, hydro
turbines and loads. Some of the regions also have multiple substations and
power plants, and these are also aggregated to the same level. Also, as shown
in Figure 1.3 on page 7, the number of power plants and substations is larger
than the number of regions, so it is not only generators which have been
aggregated, but the power plants and substations as well.
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Fig. 5.5: Single line diagram of the aggregated model of the Faroese power system. Black objects
are online both in 2019 and 2030, red objects are offline in 2030 and green objects are only online
in 2030 [144].

The diesel generators were modelled with the standard gov_DEGOV1
and avr_IEEET1 models with default parameters, and similarly the hydro
turbines were modelled with gov_HYGOV and avr_IEEET1, also with default
parameters. The wind turbines and PV panels were modelled as negative
loads, where the load is controlled by a time series with production data
inversed. The pumped storage system was modelled as a load equal to the
excess wind power.

The frequency stability was analysed for the following three scenarios:

1. A dynamic simulation over a whole week day without disturbances, but
with minute based varying load, wind power, PV power and pumping
consumption.

2. A sudden 5% load increase on all loads. The load in the specific hour
in 2019 was 30 MW and 70 MW in 2030.

3. A sudden outage of the line between region 1 and 3.

Running a full day simulation with varying production requires a sec-
ondary control, because otherwise the frequency will just increase and de-
crease depending on the wind power production and demand, and will not
be regulated back to 50 Hz. Therefore an automatic secondary frequency
controller was developed for this purpose. However, the secondary control
in the Faroe Islands is manual. The next chapter will present how the man-
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ual secondary controller has been modelled in the validated power system
model.

A wind turbine regulator (WTR) was also developed to see how wind
turbines could contribute to frequency regulation. Please see reference [144]
for further specifications on the WIR and secondary frequency controllers, as
the aim of this subsection is to emphasis the need of validated models rather
than specific details on modelling approaches.

Figure 5.6 shows the simulated frequency in 2019 and 2030 over a whole
day (scenario 1), using the aggregated models with default parameters. The
deviations from the nominal frequency are larger in 2030 than in 2019, but
the deviations are in both cases significantly smaller than in reality. The fre-
quency in the Faroe Islands can vary between 49.5 Hz and 50.5 Hz under
normal operation. However, the frequency varies between 49.974 Hz and
50.029 Hz in 2019 and between 49.969 Hz and 50.033 Hz in 2030. The stan-
dard deviation increased by 50% from 2 mHz to 3 mHz, but this deviation
is significantly lower than in the actual system. An analysis of the frequency
measurements in Suduroy show that prior to the wind farm, the standard
deviation in the frequency was between 45 mHz and 46 mHz from 2018 to
2020, and after the wind farm has been installed, this has increased to 90
mHz. These values are calculated based on Figure 3 in reference [145]. These
simulations therefore show that these aggregated models with standard mod-
els and parameters, do not reflect the behaviour of the actual system. Hence,
there is a need to have a validated model of the Faroese power system, in
order to obtain accurate and applicable simulation results.
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Fig. 5.6: The frequency under steady state operation over one day [144].

The scenario with a 5% load increase is shown in Figure 5.7. This scenario
was run with and without the WTR. Again, the frequency is clearly worse
in 2030 than in 2019, but the maximum frequency is well within the normal
operation limits (49.5 Hz to 50.5 Hz) according to the simulation. A 5% load
increase is a quite severe disturbance, and should have a great impact on
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any system, but it does not cause any alarming situations in the simulations,
which again indicate that the model is not sufficiently accurate to use for
realistic dynamic studies of the Faroese power system.
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Fig. 5.7: The frequency response in today’s system and in 2030 to a 5% load decrease at hour 1
with and without the wind tubrine regulators (WTR) [144].

The connection between R1 and R3 is an important connection in the
system, and therefore a fault on the line can lead to blackouts in the system.
This however depends on how much the line is loaded. In the simulation for
2019 only 0.07 MW are being transmitted, while in 2030 it is 5.6 MW (around
9%). According to the simulations however (Figure 5.8), an event of such
leads to a minimum frequency of 49.985 Hz and maximum of 50.005 Hz,
which again is well within the limits. Thus, the third scenario also indicates
that there are some differences between the simulation and responses which
would be observed in the actual system.
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Fig. 5.8: The frequency response to an outage of the line between R1 and R3 [144].

The results shown here clearly indicate that using an aggregated model
with standard controllers and default parameters does not lead to accurate
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results, and thus can not be used for power system planning. There is a need
to obtain a detailed model which can be validated.

5.3 VALIDATION OF DYNAMIC POWER SYSTEM MODELS

This section describes some common approaches to power system model val-
idation, the validation process of the Faroese power system and a finally a
new method to parameterise and validate models is presented.

The motivation of validating power system models was emphasised in the
previous section, subsection 5.2.1. Other studies, not related to the Faroese
power system, have also discussed the need for validated models, which can
be used both to analyse previous disturbances, and to plan for the future
[146]-[149]. These studies also state that obtaining a validated model can be
difficult due to fact that each component and parameter can have a significant
impact on the simulations. This is especially difficult when the available
information on the different components are limited, and many parameters
therefore are unknown. This is the case for e.g. the AVRs in Cyprus [150].

Measured data is required in order to validate a model. In the past it was
common to use frequency response measurements [151], [152], while today
using active and reactive power measurements together with frequency and
voltage is commonly used. This data can either be retrieved from planned
tests or unstaged measured disturbances [146], [147]. During a staged tests,
there are more known parameters, than during an unstaged tests. This can
be an advantage when parameterising. However, a staged test requires access
to the grid and permission to conduct the test. This can be a long process in
larger grids, but the time to wait for enough data for parameterising based
on unstaged tests is unknown and there is no guarantee that the needed data
will be obtained at all.

There are several methods to parameterise dynamic models, both manual
[150] and automatic [153]-[155]. One way is to by a trial-and-error process
vary the parameters. This can be very difficult, and requires a lot of expe-
rience. Especially when parameterising a whole system, and not only one
controller, as a controller reacts to the performance of other controllers in the
synchronised grid. In order to simplify this, many optimisation algorithms
have been applied in previous literature [153]-[155]. The objective function
of the optimisation is then set to minimise difference between measurements
and simulations.

When parameterising a model it is desired to find the global optimum
set of parameters, instead of a local optimum. If only one event/disturbance
is used to parameterise a model, the likelihood of finding a local optimum
is higher than if several events are used. One of the few studies that utilises
multiple events to parameterise is reference [149], which parameterises a gen-
erator’s parameters. This study showed that a better set of parameters were
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obtained when multiple events were used.

Reference [156] compares two methods of validating power system mod-
els, these are Hybrid Simulations (HS) and System Wide Simulations (SWS).
For example HS is by Kosterev in e.g. reference [157], while [158] uses SWS.
An example of HS is shown in Figure 5.9. HS is a simulation of a subnet-
work and uses measurement data as input. the figure shows a subnetwork
consisting of a wind turbine (W) and a synchronous generator (G). The sub-
network is connected to a larger network, here called "External grid". There
are measurements at the boundary between the subnetwork and the external
grid. Time series of these measurements (V and J on the figure) are used as
input to the simulation, as shown on the right side of the figure, and the per-
formance of the components to be validated are compared to measurements.
In a SWS the whole power system is simulated to replicate measurements,
i.e. loads, generation etc. are set equal to measurements and the disturbance
measured is initiated in the simulations as well. Measurements and simula-
tions are compared.
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Fig. 5.9: Example of Hybrid Simulation (HS) [156].

The advantage with SWS is that it shows the responses of the whole sys-
tem and the interactions between different controllers is accounted for, but
it can be difficult to validate a whole system simultaneously. HS simplifies
the validation significantly, but studies [159], [160] have shown that HS is not
always sufficient, although it is important in terms of power system model
validation [148]. Reference [160] proposes combining the two approaches
using HS for initial parameterisation of the models, and SWS for validation.

5.3.1 ROAD TO A VALIDATED MODEL OF THE FAROESE POWER
SYSTEM

Obtaining a validated dynamic RMS model of the Faroese power system, has
been a long process. SEV has used consultants to build and maintain the
model in DIgSILENT’s PowerFactory, first Dansk Energi and currently AFRY
Denmark. At the start of this project, AFRY had built a static model, but
not validated it. An initial parameterisation of the governors and AVRs had
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been conducted, but this had not been validated. The first task of this PhD
related to the PowerFactory model was therefore to validate the static load
flow model. The causes behind the differences between the simulations and
measurements, had to be identified and corrected. The causes were incorrect
cable/line parameters, tap changer settings etc. After the load flow model
was validated, the accuracy of parameterisation of the dynamic controllers
was investigated. This investigation showed that the model could not be
validated. Therefore the dynamic controllers had to be parameterised and
validated for RMS simulations in this PhD.

Initially the parameterisation was conducted using HS for one scenario
for each regulator. The parameters were adjusted manually and when the HS
showed a good resemblance with the measurements, the model was said to
be validated. This was considered to be good enough until a SWS, with the
purpose of replicating an recorded event was conducted, revealed that the
simulation with selected parameters could not replicate the measurements
accurately.

The other obvious option was to parameterise with SWS, but obtaining
correct parameters through manual adjustment of parameters in a multi gen-
erator system, can be difficult. Therefore a script which ran simulations with
different combination of parameters was developed, and the results from
each simulation were then exported from PowerFactory and compared to
measurements to find the parameter combination which led to the highest
correlation with measurements using MATLAB. This method was used until
it became apparent that PowerFactory had a built-in module called System
Parameter Identification (SPI).

SPI can optimise the correlation between measurements and simulations
by using different parameter settings much faster than the developed script
with exports to MATLAB. Thus, it was decided to utilise this this module.
Using this module it was also possible to run multiple scenarios at the same
time, and this increases the chances of finding a parameter set, which is
globally optimal instead of locally, as previously discussed.

Running SPI with multiple scenarios using SWS requires high computa-
tional power, which can be minimised using HS, but the previous HS param-
eterisation did not result in a sufficiently accurate model. Therefore it was
decided to use HS for main parameterisation and SWS for parameterisation
in cases where HS showed insufficient results. This combines existing ap-
proaches to obtain models with increased accuracy. A procedure based on
this has been developed as a part of this industrial PhD, and will be pub-
lished in [161]. The procedure is also described in subsection 5.3.2 in this
thesis. The procedure was developed in cooperation with AFRY Denmark.
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5.3.2 PROPOSED PROCEDURE

The proposed procedure which combines hybrid simulations, system wide
simulations and multiple scenarios, is shown as flowchart in Figure 5.10,
and is described in the following sections. This procedure is not limited to
this power system, these regulators or using PowerFactory as a software, but
adjustment might be necessary depending on the application.

START
I~ X
Data availability Conduct tests

v

Data preparation

-0 Choice of
regulator model

VA
HS parameterization | « « = -

N <
PR}

(4 é

Parameter or X K
HS evaluation
regulator

v
mS validation SWS parameterization

%

SWS Evaluation x Scenario check
%

END

Fig. 5.10: Flowchart of the proposed procedure of parameterising and validating dynamic mod-
els [161].

Data Availability

The first step of the proposed procedure is to make sure that enough data
is available to apply the procedure. The data used for the validation has
to show active and/or reactive power dynamic responses of the generators
and has to be without other interruptions, i.e. the system has to be stable
before, during and after the event recorded. The scenario used can be either
intentional (test) or unintentional disturbances.

The data used in the parameterisation and validation of the Faroese power
system is generators’ active and reactive power and the busbars’ voltage and
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frequency all measured with a resolution of 10 Hz, which is enough to cap-
ture the dynamic response for RMS simulations.

In order to get parameters, which can accurately represent the dynamic
response for a wide range of events, it is important to have more than one
scenario for parameterisation and validation. The more scenarios, the more
accurate the parameterisation will be, but this also increases the calculation
time and complexity of the procedure.

Conduct Tests

It is necessary to conduct tests on the system, if not enough data is avail-
able, which meets the requirements described in the previous step, i.e. Data
Availability. These tests can e.g. be tripping of a generator or a load rejection.

Data Preparation

Depending on the software used, the data has to be prepared for the sim-
ulation. In this case the data has been defined as a measurement file in
PowerFactory. A measurement file requires data to be stored in columns, of
which the first column is a time series. There can be up to 24 columns of
other data. This data can then be used to control some variables in Pow-
erFactory. For the hybrid simulations the measured frequency and voltage
stored in a measurement file have been used to control the frequency and
voltage of a voltage source. The generators’ active and reactive power has
also been in SPI to compare measured and simulated responses. The data in
a measurement file can also be plotted. Ensuring that the data does not have
measurement faults, which can disturb the simulation, that parameters are
given in the right unit and a suitable length time period is also a part of the
data preparation.

Choice of Regulator Model

A model has to be chosen to represent each governor and AVR. The AVR
models used are selected based on the IEEE Recommended Practice for Exci-
tation System Models for Power System Stability Studies [162], and on input
from the manufacturer. The DEGOV1 model is used for diesel governors and
HYGOV model for hydro governors in Suduroy. This procedure is however
not limited to these models, as any model, standard or customised, can be
used for parameterisation and validation.

HS Parameterisation

In this study the HS parameterisation has been done using the SPI tool in
PowerFactory with particle swarm optimisation (PSO) selected as the optimi-
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sation algorithm, see subsection 5.3.3. This is conducted for each regulator
separately, but for all scenarios relevant to the regulator simultaneously. In
order to do this for multiple scenarios simultaneously, it is necessary to define
one HS network (see Figure 5.9) for each scenario in the same simulations.
The parameters of the regulator to be parameterised, have to be the same
for each HS network. In PowerFactory this is ensured using a configuration
script.

HS Evaluation

The hybrid simulation is evaluated qualitative, i.e. the measured and sim-
ulated responses are compared and if the responses for all generators are
estimated to have a similar pattern, minimum /maximum values and settling
times, one continues to the system wide simulation. If the results are insuf-
ficient and the response can be improved by additional HS parameterisation,
the adjustments have to be made before running a second HS parameterisa-
tion, as described in the next step.

Parameter or Regulator

In some cases adjusting a boundary of the optimised parameters can lead
to a better parameterisation, while in other cases it can be necessary to con-
clude that using the chosen regulator will not lead to better results, and thus
another regulator has to be used.

SWS Validation

The step SWS wvalidation are simulations of the whole system, where the
recorded event is replicated. This is conducted for all of the scenarios used
for parameterisation.

SWS Evaluation

There are no standards on when a governor or AVR model is accurate
enough, and therefore the evaluation is qualitative and based on criteria
estimated in each study case. In this study the focus was that the response
should have a similar pattern, minimum and/or maximum values and set-
tling time. If the evaluation is successful, the dynamic models of regulators
with respective parameters have been successfully validated, if not, a SWS
parameterisation is conducted. This parameterisation is however only con-
ducted on the specific regulator, which did not show an accurate response.
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Scenario Check

Before the SWS parameterisation is conducted, it is checked whether or not
all relevant scenarios have been used for SWS parameterisation. If no scenario
is left, it is concluded that an accurate response can not be obtained using the
chosen model. Therefore another model has to be used.

SWS Parameterisation

The SWS parameterisation is conducted using SPI on the regulator, which
could not be validated after HS parameterisation. The SWS parameterisation
is only conducted for one scenario at a time, unlike the HS parameterisation.
The SWS can be run on each scenario relevant until accurate parameters have
been found and validated through SWS validation.

5.3.3 THE PARTICLE SWARM OPTIMISATION

SPI in PowerFactory uses an optimisation algorithm, and in this study it was
decided to use the PSO algorithm. The PSO method is inspired by a swarm
of animals looking for food. Animals move according to their individual
intelligence as well as the swarm’s intelligence [163]. A two dimensional
illustration of the PSO method can be seen on the left side of Figure 5.11. A
number of particles/animals (the black circles) are moving in the x,y-plane
and evaluating an objective function, a function of x,y. Particle A is marked
with a red border. The latest position of Particle A (i-1) is to the left of
the current position (i). The particle remembers its best previous position
and also communicates with the rest of the swarm about their best location.
Particle A’s position in the next evaluation (i+1) is determined by its previous
velocity (red line), the particle’s best previous position (blue) and the swarm’s
best position (green). The right side of Figure 5.11 illustrates the movement of
the swarm of particles through the iterations, where the purple star illustrates
the best global position.

The PSO is a relatively fast algorithm compared to other options in SPI,
e.g. DIRECT, but it does not ensure that the global optimum is found. In
this study multiple scenarios are used for parameterisation simultaneously.
This decreases the risk of finding a local optimum significantly. PSO is also
a recognised method, which is used several similar studies [154], [158], [164],
[165]. Hence, due to the fast optimisation and minimised risked of finding a
local set of parameters, PSO was used for parameterisation.

123



CHAPTER 5. POWER SYSTEM REGULATION AND MODELLING THEORY

(] . ®
° o ., .
Swarm’s best @ [ |« »
i+1 A
(I; ) A's best oK
[ } \ PY / Vs . & &
»
® P \ / [ ] T ,,, )
7 'E > ¥ o
®- __ - »
A (i-1) ° 3
A(i)
[ ]
PY o ~
¢ o oo
e © o ® i &

Fig. 5.11: Two dimensional illustration of Particle Swarm Optimisation.

5.4 CHAPTER SUMMARY

This chapter has introduced how ancillary services are provided using tradi-
tional methods, i.e. control of synchronous generators. It has also presented
some of the state of the art approaches to e.g. use wind turbines, PV panels,
BESS, HPs and EVs for ancillary services.

Previous studies of the Faroese power system related to power system
stability have been described. The results from a study, which is a part of this
PhD, but used aggregated and standard models were presented, and showed
the need for validated power system models. There are different methods
to parameterise and validate models, but due to insufficient results using
existing approaches to validate the model of the Faroese power system, a new
method, which combines several existing approaches has been developed.
The application of this method is described in the following chapter.
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CHAPTER 6
Faroese Power System PowerFactory Model

This chapter introduces the PowerFactory model of the Faroese power sys-
tem, and thus focuses on the second project objective. It is structured in two
sections, the first which describes how the different components have been
modelled, and the latter presents the load flow and dynamic RMS validation
of the model, where the new procedure proposed in the previous chapter has
been applied. Since this is an industrial PhD the modelling includes practical
considerations needed when modelling an actual power system, in contrary
to a pure theoretical academic study using a standard e.g. IEEE 9 bus system.

6.1 MODEL DESCRIPTION

The PowerFactory model of the Faroese power system is suitable for static
and dynamic RMS simulations. All components rated above 1000 V are in-
cluded in the model; hence, the 400 V distribution grid is represented by
loads. The dynamic power system analyses conducted in this PhD primar-
ily focus on the grid of Suduroy; hence, so do the model descriptions and
validation. The same methods have been applied to the main grid, but this
has been done by the consulting company AFRY Denmark A/S. The main
grid has not been as thoroughly validated as the Suduroy model, i.e. fewer
operation scenarios and events have been validated.

The studies in this project have been conducted whilst the grid of Suduroy
has been under a significant transition, going from a system with only hydro,
diesel and a small PV system to a system with a relatively large wind farm,
a synchronous condenser and a battery system as described in the introduc-
tion. Since some of the conducted studies are validation based, while others
are focused on the future, the studies have been conducted both with and
without the new expansions. Therefore, the model of the power system in
Suduroy, will be described based on primo and ultimo 2022 in the following
sections.

The power system of Suduroy consists of two substations, a power plant
and two combined power plants and substations. These are tabulated in Ta-
ble 6.1. An overview of the power system in Suduroy is found in Figure 6.1.
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This diagram shows the system as it was primo 2022 (red) and how it is ex-
pected to be ultimo 2022 (green). The black symbols are a part of the system
primo and ultimo 2022. The main difference between the system primo and
ultimo 2022 is the new substation IH. This is where the wind farm (PO) is
to be connected together with the previously mentioned 8 MVA synchronous
condenser and 7.5 MW /7.5 MWh battery energy storage systems. From the
start of operation the wind farm was connected to a temporary substation,
which is connected to the TG substation. The IH substation has connections
to both the TG substation and the thermal power plant VG. Primo 2022 in-
cludes a 10 kV line (red dotted) between TG and the hydro power plant BO,
this will be removed when the new substation is installed. This line is not
used under normal operation. Detailed data, e.g. cable characteristics, dy-
namic controller’s parameters, inertia etc., is not presented in this study due
to confidentiality.

Name Abbreviation Function

Elverkid i Botni BO Hydro power plant and substation
[ Heidunum IH Substation

Porkerishagin =~ PO Wind power plant

Tveroyri TG Substation

Végsverkid VG Fossil power plant and substation

Table 6.1: List of power plants and substations in Suduroy

TG
10km, No km
12 km ---10kV
— 20kV
6 km % km O Power plant

/\/G\ D Substation
\J OCombined plant/station

Fig. 6.1: Overview of the grid in Suduroy. The red symbols are only a part of system primo 2022,
while the green symbols are only a part of the system ultimo 2022.

There are currently two connections between the 20 kV busbar at VG
and other plants and stations, one to TG and one to BO, see the single line
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diagram on Figure 6.2. Two new connections to IH will be available ultimo
2022. Two 20 kV/10 kV transformers, with on-load tap changers, transform
the voltage to the two 10 kV busbars at VG. These busbars are connected
under normal operation. There are three load radials on each busbar, which
supply a large part of the island with electricity. A 260 kW PV system is
connected in the distribution system of one of the radials (Sumba). This is
shown by the additional busbar from VG 10 kV - 1. This is a fictional busbar
used to illustrate the location of the PV system. The load and the PV are
connected to VG through the same connection. This load is low; thus, when
the PV production is high, the excess energy is exported to VG. The thermal
generators VG G1 and VG G2 are rated at 2.5 MW, VG G3 at 4.1 MW and VG
G4 at 4.0 MW.

VG-TG VG-BO VG-IH 1 VG-IH 2

VG 20 kV

I N Sy g oy iy

VG lokal VG G3 VG G1 Vagur Vagseidi VG G2 VGG4  Porkeri VG lokal
trafo 1 41 MW 25 MW 25MW 40 MW trafo 2

Sumba PV

0.25 MW

Fig. 6.2: Single line diagram of the combined power plant and substation Védgsverkid (VG). The
green symbols are only a part of the system ultimo 2022.

As previously mentioned the only connection to BO in the future is from
VG, as the 10 kV line between BO and TG will be decommissioned. There is
a 10 kV busbar in BO, which two hydro turbines and a load radial (FAmar4)
are connected to, as shown by the single line diagram on Figure 6.3. The load
is always low, as it only supplies a sheep farm with little to no activity. BO
Gl is rated at 1 MW, and BO G2 at 2 MW.

The single line diagram of TG can be found in Figure 6.4. TG was in
the past both a thermal power plant and a substation, but today it is only a
substation connected to VG and BO (VG and IH ultimo 2022). Similarly to
VG, TG has two 10 kV busbars (TG 10 kV - 1 and TG 10 kV - 2), but these are
however not connected under normal operation. There are 10 load radials in
total at the two 10 kV busbars.
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BO-VG BO-TG

BO 10kV

Famara  BO G1 BO G2
MW 2 MW

Fig. 6.3: Single line diagram of the combined power plant and substation Botnur (BO). The red
symbols are only considered a part of system primo 2022.
TGVG TG-PO TGH 1 TGIH2

TG20kV

IR gy il i gy

TGlokal Tveroyri Hvalba  TG-BO  Trongis- Drelnes @dravik TG lokal Havnar- Havnar- Drelnes
trafo 1 vagur  (Sandvik) trafo2  lagid 1 lagid 2

Fig. 6.4: Single line diagram of the substation Tveroyri (TG). The red symbols are only a part of
system primo 2022, while the green symbols are only a part of the system ultimo 2022.

The PO wind turbines are connected to two feeders, with three and four
wind turbines. All wind turbines can also be connected together, as illus-
trated with the switch on the right. As previously mentioned they are cur-
rently connected to through a temporary substation connected to TG, but will
be connected to the new IH substation. This is shown in Figure 6.5.

PO-IH 1

ciae=t) 1) SR A R

substation POG7 POG5 POG3 POGI

09MW 09MW 09MW 0.9MW

PO-IH 2 g}l g\)l g)l
PO G6 PO G4 PO G2
09MW 09MW 09MW

Fig. 6.5: Single line diagram of the wind power plant Porkerishagin (PO). The red symbols are
only a part of system primo 2022, while the green symbols are only a part of the system ultimo
2022.
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Figure 6.6 shows the single line diagram of the substation "I Heidunum"".
As shown on the figure, this is were the battery system (IH BS) and the
synchronous condenser (IH SC) are connected.

IH-VG 1 IH-VG2 IH-TG1 IH-TG2 IH-PO 1 IH-PO 2

| T 1T T
o ©

IH 20 kV

IHSC IHBS
8 MVA 7.5 MW/7.5 MWh

Fig. 6.6: Single line diagram of the [ Heidunum substation (IH). Every symbol in green, as the
substation is only a part of the system ultimo 2022.

6.1.1 CABLES AND OVERHEAD LINES

The impedance of the lines and cables are not measured when installed in
the Faroe Islands. Therefore data from the datasheets has been used to define
the characteristics of cables and lines. The length of the cables and overhead
lines (OHL) is measured and registered in SEV’s geographic information sys-
tem (GIS), and these lengths have been used when modelling. Some of the
connections are combined of sections of different cables and OHL types. The
cable/OHL parameters of each section have been defined.

6.1.2 TRANSFORMERS

Each transformer has its own type. The transformer types have been mod-
elled based on data extracted from factory acceptance test (FAT) reports.
Some of the transformers have automatic tap changing, and this has been
modelled where relevant.

6.1.3 LOADS

The 400 V distribution system is represented by loads at the substations.
The dynamic behaviour of the load has not been measured and is therefore
unknown. Thus, the loads are modelled as constant PQ static loads. Through
the validation process of the governors and AVRs, the impact of the load
model was also investigated, due to difficulty of obtaining correct parameters.
The load model had insignificant impact on the overall frequency and voltage
response in the investigated scenarios.

In some of the analysis the loads are however controlled by a measure-
ment file, meaning that the active and reactive power is set to vary based on
a time series found in a measurement file.
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6.1.4 REACTORS

There are no reactors in Suduroy in the transmission system today, but in the
future there will be at least one installed to compensate the cable to the main
grid anticipated in 2026. In simulations from 2026 and forward a reactor
has been modelled. This reactor is modelled identical to one of the reactors
in the main grid, using the voltage, resistance and reactance. The reactor is
modelled as a 3 phase coil with a shunt type of R-L. This specific reactor is
rated at 3.9 Mvar.

6.1.5 SYNCHRONOUS GENERATORS

The synchronous generators are modelled with both static and dynamic pa-
rameters and dynamic controllers. The static components of the generators’
model types consists of the ratings of the generators, i.e. voltage, power and
power factor. The local controller of the generators have also been defined.
They have been defined as Voltage Q-Droop, as the generators are control-
ling the voltage with droop. This is typically used when voltage controlling
generators are placed close together.

The parameters needed for RMS simulations are the inertia, pole pairs,
nominal frequency, the rotor type, reactances and time constants. These val-
ues are to a large extent obtained from FAT reports. The manufacturers have
not specified the inertia for all generators, and in these cases, the inertia has
been calculated from measurements from load rejection tests.

Speed Governors and Automatic Voltage Regulators

All synchronous generators have a governor and AVR. None of the generators
on Suduroy are equipped with a power system stabiliser. Standard models
from the PowerFactory library have been used to model the governors and
AVRs. The governor and AVR types and models used for each synchronous
generator in Suduroy are listed in Table 6.2. Each diesel governor has been
modelled with the DEGOV1 model, while the hydro turbines are modelled
with HYGOV. The only other standard diesel governor model is the DEGOV,
which only can be used for isochronous diesel governors. HYGOV is one of
the most commonly used models to represent hydro governors [166].

The AVR model has been selected based on IEEE’s Recommended Prac-
tice for Excitation System Models for Power System Stability Studies [162]
and input from manufacturer. In Suduroy this means that all the AVRs are
modelled using the IEEE AC8B model. Some of the AVRs in the main grid
are modelled using other models, e.g. ST5C.
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Table 6.2: Type of governors, AVRs and models for each synchronous generator in Suduroy.

Governor AVR
Generator  Type Model Type Model
BO G1 Old mechanical regulator HYGOV  ABB GX 500 ACS8B
BO G2 Old mechanical regulator HYGOV  ABB GX 500 ACS8B
VGGl Woodward UG-8 DEGOV1 Brush TDAVR ACS8B
VG G2 Woodward UG-8 DEGOV1 Brush TDAVR ACS8B
VG G3 Woodward 723 Plus Digital Control DEGOV1 Basler DECS 125-15 ACS8B
VG G4 Wartsila ESM-20 DEGOV1  ABB Unitrol 1020 ACS8B

Secondary Frequency Control

The secondary control in the Faroe Islands is, as previously mentioned, fully
manual. This means that when a steady state frequency or voltage devia-
tion occurs, a person has to manually regulate active/reactive power from
the generators. In one of the studies of this research project a secondary fre-
quency controller (SFC) was needed, in order to replicate measurements over
4.5 hours in simulations. The study is described in section 7.1.

Modelling a manual control is challenging, due to its dependence on hu-
man behaviour. Especially since the staff working at Vagsverkid, where the
control center of the power system of Suduroy is located, do not use an exact
guideline on when and how much they should regulate depending on the
deviation from rated voltage and frequency. Hence, if the modelling of the
secondary control was based on machine learning, it would likely be different
depending on the staff. Additionally the individual staff’s behaviour might
not always be the same. Since the need of including a SFC was identified
based on the need to replicate previous measurements, the modelling was
based on this.

Figure 6.7 shows how the SFC has been modelled. The box "Secondary
Frequency Control" is a measurement file with a time series of the steps in
the regulation sent from the control center to the generator (active power
up/down) from the period simulated. From the SFC a signal, pgs., is sent to
the governor, here the signal is added to the frequency deviation from the
nominal frequency, and a signal, pgov, considering both the manual SFC and
the automatic primary control is sent to the generator.

Secondary
Frequency
Control

Governor

Y VY
Y

Doov Generator T

Psfc

Fig. 6.7: Diagram of how secondary frequency control has been modelled.
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The signal from the SFC, i.e. the regulation steps, remains unchanged
unless the staff presses power up/down. This means that from the start the
signal is equal to zero. When a regulation occurs the value is changed using
Equation 6.1. The signal value is kept until the next regulation.

P,
Psfe,i = Psfci—1+ Fs ‘R (6.1)
T

The information needed is the rated power of the generator, P;, and the
droop settings, R. The magnitude of power step change, Ps, when the staff
regulate up or down is also needed. This is a fixed value in the control set-
tings, negative if regulated down and positive if regulated up. The droop and
power step change for the generators used in the study with SFC (section 7.1)
are tabulated in Table 6.3.

Table 6.3: Parameters used to calculate the signal from the secondary frequency controllers to
the governors of VG G1, VG G2 and BO G2.

Generator P; R

VG Gl +100 kW 4%
VG G2 +100 kW 4%
BO G2 +50 kW 5%

6.1.6 WIND POWER PLANTS

The Enercon wind power plants are modelled using static generators and
the ratings of the generators have been defined. The dynamic models for
the wind turbines have been obtained from the manufacturer, and parameter
settings and control modes are retrieved from the Enercon SCADA system.
The wind turbines are type 4 (full converter). Under normal operation they
deliver active and reactive power based on wind speed and setpoints. There
are different operating strategies under faults, and the mode activated in the
FACTS in Porkeri is currently the QU(ABS)-Strategy. When this operating
strategy is used, the wind farm remains in operation up to 5 second during
symmetrical and asymmetrical faults. If the voltage recovers within 5 seconds
the wind farm goes back to normal operation, otherwise the wind farm shuts
down [167].

A model with a high number of dynamic controllers has a higher compu-
tational time, than a model with few dynamic controllers. The seven wind
turbine generators are identical with identical dynamic controllers. Thus,
to reduce the calculation time, they have been modelled using one dynamic
model instead of seven and by setting "Parallel machines" to seven. This way
the model accounts for all seven turbines with seven controllers, but with-
out increasing the computational time proportionally. This however leads to
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the cables between the wind turbines being neglected, but these cables have
a maximum length of 520 m (PO G1 to PO G2 on Figure 6.5), and the ex-
clusion of these therefore has a negligible impact on the overall simulations
conducted in this study.

6.1.7 FARM CONTROL UNIT

The wind farm is controlled by a Farm Control Unit (FCU). The FCU has 6
active power control types and 11 reactive power control types.

The active power control type used in Porkeri is currently the "P-Type 6 -
Power Frequency Control Type 3". This is a PI controller which controls the
active power reference value at the controlled bus, and the setpoint is sent to
the turbines [168]

"Q-Type 5 - Reactive Power Control" is the used reactive power control at
the wind farm in Suduroy. This type, similarly to the active power control
type, uses a PI controller with a delay or parallel integral control, and controls
the reactive power reference value at the controlled bus [168].

6.1.8 PHOTOVOLTAIC PANELS

The existing photovoltaic panels are connected to the distribution grid and
produce power based on irradiation and with a power factor of 1. Since
the distribution grid is simplified to a load, the existing photovoltaic panels
are not modelled in details, but included on the load radial where they are
placed. The future photovoltaic power plants according to the RoadMap,
see Figure 4.1 [81], are assumed be connected to the high voltage system.
These are represented by the IEC 614-27-1 WT 4B 2.0MW Hz model, which
is commonly used in industry to represent PV and is a full converter model.
No plant control has been activated in the simulations. The models are used
with default parameters.

6.1.9 BATTERY SYSTEMS

There was no RMS model available for the specific battery system with re-
spective controllers to be installed in Suduroy at the time of this study. How-
ever, there is as previously mentioned, a 2.3 MW battery system in the main
grid, which has frequency support capabilities, see Figure 1.12 on page 17.
The exact model of this battery system is available from the manufacturer, i.e.
Enercon GmbH. This model has been used to model the battery system on
Suduroy. As the system to be installed in Suduroy will be 7 MW, the model
number of "Parallel machines" has been set to 3, i.e. 3x2.3 MW. The static
part of the model consists of the battery ratings.
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Battery Controllers

The battery is operated in frequency control mode. It controls the frequency
at point of connection. The settings of the control mode are found in Table 6.4.
The battery reacts to a frequency deviation when the frequency reaches £200
mHz from 50 Hz, and delivers full power by a frequency deviation of +600
mHz. There is a linear relationship between the frequency deviation and the
power delivered by the battery system outside the deadband range, i.e. be-
tween £200 and £600 mHz variations from the nominal frequency. Between
49.8 Hz and 50.2 Hz the battery system does not support the frequency. The
power values used in the settings of the BESS are the sum of the maximum
charge and discharge power of the BESS in the main grid, as this is the maxi-
mum contribution of the battery i.e. if the battery is charging with maximum
power, but a frequency dip occurs, the battery can contribute by stopping
charging and start discharging, which is a maximum of 3.94 MW. Setting
the "Parallel machines" to 3, increases the settings of the frequency control
respectively.

Table 6.4: The settings of the frequency control of the battery system.

Frequency (Hz) Power (kW)

49.4 3940
49.8 0
50.2 0
50.6 -3940

6.1.10 SYNCHRONOUS CONDENSER

The 8 MVA synchronous condenser in Suduroy has been modelled with a
model obtained from the manufacturer ABB. This model includes the actual
parameters of the machine in Suduroy, i.e. ratings, inertia etc.

Controllers

The model received from ABB also included dynamic RMS models of the
synchronous condenser’s controllers in Suduroy. However, since the syn-
chronous condenser had not been put into operation at the time of the study,
the parameter settings of the controllers had not been tuned. Therefore, the
parameters in the model are values received from ABB prior to tuning. The
parameters, especially for the AVR, of the dynamic synchronous condenser
model are however similar to the parameters used now that the synchronous
condenser has been put into operation.
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6.2 MODEL VALIDATION

The static and dynamic models of the Faroese power system have been vali-
dated. This section presents the validation of the grid on Suduroy. The static
model is validated through a load flow calculation. The parameterisation and
validation of the governors and AVRs is presented with SWS and HS param-
eterisation and validation of events with large disturbances. Three generators
have also been validated through a 4.5 hour period using the secondary fre-
quency controller. Finally the performance of the wind turbines’ controllers
has been tested and the validation has been approved by the manufacturer
Enercon GmbH. Thus, the following sections describe an extensive validation
of the different models in Suduroy with many practical considerations.

6.2.1 STATIC MODEL

The validation of the static model is conducted by setting the active and re-
active power of loads and generators according to SCADA measurements,
simulating a load flow, and check if the current flow is according to the mea-
surements. The tap changers of the transformers are set according to the
setting at the time and the synchronous machines are set to operate at the
measured voltage. The machines are set to "Voltage Q-droop" control and the
droop has been specified, as this is voltage control mode in the system. Three
random scenarios have been selected, based on the only condition that each
generating unit has to be online for at least one scenario. The selected sce-
narios are tabulated in Table 6.5, where "X’ indicates that the unit was online.
PO is considered to be the whole wind farm, and although the PV system in
the Sumba radial is not modelled, it was decided to chose a scenario where
there is an export from Sumba, which indicates a PV production higher than
the local consumption in the village of Sumba.

All three scenarios showed satisfactory results in the validation. One of
the scenario, 01-04-2020 08:29, is presented in this section, while the other
scenarios are tabulated in Appendix B.

Table 6.5: Load Flow Validation Scenarios for Suduroy.

Timestamp VGGl VGG2 VGG3 VGG4 BOGI BOG2 PO Sumba
01-04-2020 08:29 X X X X - X - -
01-05-2020 14:26 - - X - X - - X
01-12-2020 14:30 - - X X X - X -

Table 6.6 shows the measured and simulated currents in Suduroy in sce-
nario 1. Missing components are caused by no measurements or the no
load/generation. In some locations the current is measured in every phase,
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while in other places there is a single current measurement. For the loads the
largest difference is 3 A, which is considered to be within an acceptable limit.
The phase 1 and 2 measurements for Vagur are likely faulty measurements,
since the phase 3 measurement is close to the simulated value, and the load
is above zero, i.e. the current should also be higher than zero. The differ-
ences between current measurements and simulation for the generators, the
busbars, cables/lines and transformers are likewise very small.

The largest numerical difference is the current flow in phase 1 from VG
10 kV - 1 to VG 10 kV - 2, where the difference is 7 A. The current flow
measured at VG 10 kV - 1 towards VG 20 kV - 2 and vice versa, should be
numerically equal in a phase, but there is a difference of 3 A. This indicates a
problem with the accuracy of the measurement. Therefore, this difference of
7 A is not considered to be outside of acceptable limits. Especially when the
difference in the other phases is smaller.

The simulated and measured active and reactive power for generation,
busbars, lines/cables and transformers are found in Table 6.7. The power of
the loads are not included, as these are fixed to the set value in the initial-
isation. Aside from VG G3 and BO G2 reactive power, the measured and
simulated numbers for generating units are identical. The difference in reac-
tive power of BO G2 is 0.01 Mvar, which is insignificant. The differences in
VG G3 are slightly bigger, but if any component is not accurately represented
in the model and this affects the load flow, the difference has to be compen-
sated by some of the generators. An example could be that the data used for
cables is from a datasheet, and not measured, therefore this is an uncertainty
in the model. Generally the simulated active and reactive power are close to
the measured values, but the active power measurement at the transformer in
BO is significantly higher than the simulated value. This large difference can
only be explained by a measurement error, as the measured value indicates
an import of 1.91 MW, while the only load at BO is 0 MW in this scenario.
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Table 6.6: Current (A) in Load Flow Validation of Suduroy in Scenario 1. HV and LV indicate if
the current is measured at the high or low voltage sides of the transformers.

. . Measurement
Type Name Simulation L1 L2 13
Loads VG lokal trafo 1 13 13 13 13
Sumba 9 10 9 9
Véagur 2 0o 0 3
Végseioi 65 65 65 64
VG lokal trafo 2 6 6 6 7
Tveroyri 25 25 - -
Hvalba 79 82 - -
Trongisvagur 2 2 - -
Drelnes (Sandvik) 14 14 - -
Doravik 10 10
Havnarlagio 1 3 3 3 3
Havnarlagio 2 43 44 44 43
Generators VG Gl 29 30 - -
VG G2 18 18 - -
VG G3 147 149 - -
VG G4 73 73 - -
BO G2 11 13 - -
Busbars VG 10 kV: 1->2 66 73 69 68
VG 10 kV: 2->1 66 70 68 66
Cables/lines TG-VG 85 86 85 86
VG-TG 8 8 85 85
VG-BO 10 11 12 11
Transformers BO (LV) 11 12 - -
BO (HV) 6 7 - -
VG 1 (HV) 40 40 - -
VG 1 (LV) 80 84 - -
VG 2 (HV) 40 40 - -
VG 2 (LV) 81 80 - -
TG 1 (HV) 63 64 63 63
TG 1 (LV) 122 122 - -
TG 2 (HV) 22 22 22 22
TG 2 (LV) 42 43 42 42
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Table 6.7: Active (MW) and Reactive Power (Mvar) for Load Flow Validation of Suduroy in
Scenario 1. HV and LV indicate if the power is measured at the high or low voltage sides of the
transformers.

Type Name Active Reactive
Sim. Meas. Sim. Meas.
VG Gl 0.32 032 042 0.42
VG G2 0.30 0.30 -0.10 -0.10
Generation VG G3 2.64 2.74 -0.16 -0.22
VG G4 1.18 1.18 0.58 0.58
BO G2 0.11 0.11 0.17 0.18

VG10kV:1->2 118 1.27  0.07 0.08

Busbars VG 10kV:2->1 -1.18 -124 -007 -0.13
TG-VG 288 289 -072 -0.72
Lines/cables VG-TG 297 299 0.72 0.69
VG-BO 011 -011 -035 -0.39
BO (HV) 011 191 -017 -0.23
VG 1 (LV) 143 143 023 0.6
Transformers VG 2 @V) 143 145 023 022
TG 1 (HV) 214 213 053 053
TG 2 (HV) 074 075 019  0.19
TG 2 (LV) 074 -074 -018 -0.19

Table 6.8 shows the measured and simulated voltages. For the 10 kV
voltages at BO and VG, the measured and simulated voltages are identical.
This is expected, since the machines in the model are set to operate at the
measured voltage, and the machines are connected to these busbars. There
are some small variations at VG 20 kV and at TG, but again these variations
are relatively small.

Table 6.8: Voltage (kV) for Load Flow Validation of Suduroy in Scenario 1.

. . Measurement
Type Name Simulation L1 L2 13
BO 10 kV 10.39 10.39 - -
VG10kV -1 10.38 10.38 - -
VG 10kV -2 10.38  10.38 - -
Busbars VG 20 kV 20.87 20.93 - -
TG 20 kV 20.16 20.13 20.16 20.14
TG10kV -1 10.32 1031 10.33 10.32
TG 10 kV -2 10.36 10.34 10.39 10.35
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Although there are some small differences in measured and simulated
currents, power and voltages, the static model can be validated, as all differ-
ences are small or considered faults. Considering the inaccuracy of measure-
ments and using datasheet data for modelling, it would be difficult to de-
crease the mentioned differences between the model and the measurements.

6.2.2 PRIMARY CONTROL OF SYNCHRONOUS GENERATORS

The implications of obtaining accurate models for dynamic power system
models was discussed in Chapter 5. A method to parameterise and validate
the models was proposed, see Figure 5.10 on page 120. This method has been
applied to the AVRs and voltage transducers in Suduroy. The parameter
settings of the voltage transducers impact the input voltage to the AVRs,
thus if these are not parameterised correctly, the dynamic behaviour of the
AVRs is impossible to parameterise. Therefore the voltage transducers have
been parameterised as well. The method has also been applied to the main
grid. In the main grid it has been used to validate governors as well. Both
the proposed method and results of the dynamic validation are also to be
published in a separate article, see [161].

The initial parameterisation of the governors in Suduroy with hybrid sim-
ulation based on one scenario and manual parameter adjustments, as de-
scribed in subsection 5.3.1, showed some inaccuracies with the measurements
when conducting a SWS. After additional parameter adjustments in SWS,
sufficient results were obtained. This was however a very time consuming
and difficult adjustment, because manual adjustments have to evaluated one
by one, and since there are multiple scenarios each adjustment has to be eval-
uated in every relevant scenario, and doing such a evaluation qualitative is
difficult. If the evaluation is done quantitative, the data from each scenario
has to be extracted analysed. Therefore the proposed method was developed
and applied to other regulators, i.e. the AVRs in Suduroy and the AVRs
and governors in the main grid. But since a significant amount of time had
already been used on the manual adjustment of the governors in Suduroy
and they after this showed a good resemblance with the measurements, the
method was not applied to the governors of Suduroy.

The following sections go through the parameterisation and validation of
the governors and AVRs in Suduroy. In order to parameterise the dynamic
models, multiple trip test have been conducted. The results shown in this
section have been selected based on the fact that each regulator has to be
included in at least on of the events validated. Ten of the tests are part of
the description which follows, and are listed in Table 6.9. The machines that
are tripped have all had either a high active power and low reactive power,
or a low active power and high reactive power, so that the trip affects mainly
either the frequency or the voltage and not both simultaneously.
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Table 6.9: Overview of of the tests conducted in Suduroy to parameterise and validate the models
and are relevant to the figures and examples presented here.

Event BOGlI BOG2 VGGl VGG2 VGG3 VGG4

1 Online Tripped Online Online
2 Online Online Online  Tripped
3 Online Online  Online Online  Tripped
4 Online Online Tripped Online
5 Online Online Online  Tripped
6 Online Online  Online  Online  Tripped
7 Online Tripped Online
8 Online Tripped Online
9 Online  Tripped Online

10 Online  Tripped Online

Governors

The validation of the governors is presented by three figures showing the
SWS validation (Figure 5.10) of event 1 to 3 in Table 6.9. The first event is
shown in Figure 6.8. BO G1, VG G2 and VG G4 are online during event 1,
which is a trip of BO G2. BO Gl is producing 440 kW when it is tripped. This
results in a measured frequency nadir of 49.59 Hz and simulated of 49.64 Hz;
thus, there is not a perfect match between simulations and measurements,
but the behaviour is similar with small variations in min/max and settling
times.

The simulated active power of BO G1 is not replicating the measurements
of BO G1, but no further adjustments were conducted based on the following
two reasons:

1. The maximum difference between measurements and simulations is 160
kW, which is less than 4% of the production at that moment.

2. The response of BO G1 is more accurate for event 2 and event 3.

The simulations of VG G2 and VG G4 show some over- and undershoots
compared to the measurements. At 1.2 seconds VG G2 shows an overshoot
and VG G4 an undershoot, while at 2.5 seconds it is vice versa. These over-
and undershoots are of similar sizes, and thus they cancel each other out, and
the system frequency is therefore accurately represented. Since VG G2 and
VG G4 are connected to the same busbar, some of the interactions between
the two engines might be difficult to capture in the parameterisation, and
therefore the responses shown in Figure 6.8 are considered to sufficiently
accurate.
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Fig. 6.8: Comparison of simulated (blue) and measured (red) response from governors to event
1. Plot (a) shows the frequency at VG 20 kV, (b), (c), (d) and (e) the active power of BO G1, BO
G2, VG G2 and VG G4 respectively.

Figure 6.9 shows the SWS validation of event 2, where VG G4 is tripped
at 0.78 MW. The simulated frequency matches almost perfectly with the mea-
surements up to 6 seconds. After 6 seconds there is a deviation between the
measurements and simulations, and when this deviation is largest it is 270
mHz. This is a significant difference, but the initial response, which matches
almost perfectly, is what is of most interest for these simulations. The 270
mHz deviation should however be investigated further, in order to improve
the model accuracy.

The simulation of BO GI1 replicates the measurements accurately until 6
seconds. The reason why the y axis limits are set to 0.4 MW (minimum)
and 1.4 MW (maximum), although the generation is 0.9 MW +0.1 MW, is
that this makes a deviation in one subplot directly comparable to another
subplot, as all subplots in Figure 6.9 have a y axis range of 1 MW. This is also
done in previous and upcoming figures of the dynamic parameterisation and
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validation.

Overall BO G2’s simulation and measurements show the same behaviour.
The peak in the simulations does however occur slightly before the peak in
the measured response, but this difference is so small, and therefore consid-
ered insignificant.

Subplot (d) in Figure 6.9 shows the comparison of measured and simu-
lated response of VG G3. The pattern of the response is similar, but not the
magnitudes, which leads to a steady state deviation. However, the grid fre-
quency fits perfectly with the measurements up to 6 seconds, and increasing
the generation after the event with 200 to 400 kW, would result in a different
frequency response. It is more important that the frequency fits well instead
of all generators fitting well, the frequency being off. The issue could be in
the static model, the lack of dynamic behaviour of the loads or possibly in
the measurements. The exact reason should be identified by further analyses.
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Fig. 6.9: Comparison of simulated (blue) and measured (red) response from governors to event

2. Plot (a) shows the frequency at VG 20 kV, (b), (c), (d) and (e) the active power of BO G1, BO
G2, VG G3 and VG G4 respectively.
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The final example of the governor validation is shown in Figure 6.10. Here
VG G1 and VG G2 are included, which were not online for event 1 and 2. The
comparison of the frequency response in event 3 is similar to the one of event
1; i.e. there are variations in the minimum, maximum and settling time, but
not any significant differences.

The simulated response of BO G1 shows a good replication of the mea-
surements, while the inertial response of BO G2 in the simulation is lower
than in the measurements. In event 2 there also was a difference seen in the
inertial response, but not as significant as here. Aside from this, the response
is similar.

VG G1 and VG G2 do both show a good replication of the measurements.
Especially until 4 seconds. The modelled governor results in a slightly higher
steady state value in both generators.

(e) VG G2
(MW)
5

(MW)
o

) VG G3

Time (s)
Fig. 6.10: Comparison of simulated (blue) and measured (red) response from governors to event

3. Plot (a) shows the frequency at VG 20 kV, (b), (c), (d), (e) and (f) the active power of BO GI,
BO G2, VG G1, VG G2 and VG GS3 respectively.
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Figure 6.8, Figure 6.9 and Figure 6.10 have shown that generally the mod-
elled governors show a good replication of the actual system. There are some
aspects that could be improved, and this could possibly be done by apply-
ing the parameterisation and validation method proposed in Figure 5.10 on
page 120 to the governors in Suduroy.

Automatic Voltage Regulators

The validation of the AVRs will show both the HS evaluation and the SWS
evaluation, as the proposed procedure has been applied the AVRs in Suduroy.
The HS evaluation is shown for BO G1, BO G2 and VG G3.

Figure 6.11 shows the HS evaluation of BO G1 AVR. When BO G1 AVR
was HS parameterised events number 4 to 8 were used. Here one can see that
in all of the events there are clear similarities between the measurements and
the simulation. This also shows that based on these events, it is not possible
to improve the response significantly through HS parameterisation, as they
are very similar.
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(a) Event 4

(b) Event 5

(c) Event 6

(d) Event 7

(e) Event 8

Time (s)

Fig. 6.11: HS evaluation of BO G1 AVR for event 4, 5, 6, 7 and 8. Simulations are blue and
measurements are red.

The HS evaluation for BO G2 AVR is shown in Figure 6.12. These results
replicate the measurements even better than for BO G1 AVR shown in Fig-
ure 6.11. Aside from a slightly lower minimum reactive power in event 5
around 2 seconds, the results are close to identical.
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(a) Event 4
(Mvar)

(b) Event 5

(¢c) Event 6

(e) Event 10 (d) Event 9

Time (s)

Fig. 6.12: HS evaluation of BO G2 AVR for event 4, 5, 6, 9 and 10. Simulations are blue and
measurements are red.

The final HS evaluation presented in this study is for VG G3 AVR, which
has been parameterised using event 5 and 7 to 10. The simulations and
measurements for events 7 to 10 are very similar, but significant variations
are seen in event 5.

Additional HS parameterisation was run with different parameter bound-
aries, but the simulated response of VG G4 AVR in event 5, did not improve.
It was therefore decided to move to the next step in the procedure, which is
the SWS validation.
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Fig. 6.13: HS evaluation of VG G3 AVR for event 5, 7, 8, 9 and 10. Simulations are blue and
measurements are red.

Figure 6.14 show the voltages and reactive power in event 4. The first plot
(a) shows the VG 20 kV voltage. The simulated voltage drop is larger than
the measured, but the difference is only 64 V, which is considered to be small
enough to ignore. The next two plots (b) and (c) are the VG 10 kV - 1 and VG
10 kV - 2 voltages. As these busbars are connected, the voltage should be the
same, and this is the case for the simulated response, but in the measurements
the voltage at VG 10 kV - 1 is higher. The VG 10 kV-1 is measured at the
feeder VG lokal trafo 1, and the VG 10 kV-2 voltage is measured at the VG
lokal trafo 2, see Figure 6.2 on page 127. These feeders are connected to
auxiliary transformers (10 kV/0.4 kV). They are not modelled, as the model
does not include components at 0.4 kV. It is therefore difficult to compare
the two responses, and not possible to get both simulated responses identical
to the measured responses, when there is a difference in the measurements.
Since both generators online at VG are on VG 10 kV - 2, this voltage is used
for the validation, and comparing measured and simulated voltages at VG
10 kV - 2 shows that these are close to identical. The only difference is that
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the simulated drop is 20 V larger. The next two responses are the reactive
power of the hydro turbines BO G1 and BO G2. Considering the resolution
of measurements, the response is considered sufficiently accurate. Finally
we have VG G2, which is tripped, and VG G4. The simulated response of
VG G4 is likewise very close to the measured response. The reactive power
is however slightly lower in the measurements than in the simulations both
in the initialisation and throughout the simulation, so the cause of this is
that VG G4 is compensating for a reactive power difference in the model
compared to the measurements. Considering all the plots on Figure 6.14,
the parameterisation of the dynamic models can be validated for this specific
scenario.

148



6.2. MODEL VALIDATION

(a)

(c)

(b)
VG 10kV-2 VG 10kV-1 VG20kV

(d)
BO Gl
(Mvar)

o
3

(e
BO G2
(Mvar)

o

o

()
VG G2

(€9)
VG G4

-0.2E i i i L L n
0 2 4 6 8 10
Time (s)

Fig. 6.14: Comparison of simulated (blue) and measured (red) response from AVRs to event 4.
Plot (a) shows the voltage at VG 20 kV, (b) and (c) the voltage at VG 10 kV and (d), (e), (f), and
(g) the reactive power of BO G1, BO G2, VG G2 and VG G4 respectively.

The validation of event 5 is shown on Figure 6.15. There is an 40 V to
80 V offset in the voltage of VG 20 kV, but the patterns of simulated and
measured responses are very similar. The measurement offset in VG 10 kV
-1 and VG 10 kV - 2 is again clear, and this time the voltage on VG 10 kV
- 1 is very close to the simulated response, and this is due VG G3 being the
only generator at VG online after the trip. The voltage drop is around 30 V
higher in the simulation than in the measurement, and there is a small offset
after the voltage has settled. The reactive power response of BO G1 and BO
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G2 are close to identical to the measurement. In BO G1 there is a visible
difference at 7.5 seconds, but this is a difference of 10 kvar, which is the
resolution of the reactive power measurements, and therefore this difference
is considered negligible. The largest differences at BO G2 are 20 kvar. The
simulated response of VG G3 is also very close to the measured response.
Numerically the differences are larger, but VG G3 is also significantly larger
than BO G1 and BO G2. In the parameterisation of VG G3, Figure 6.13, there
was a clear difference in event 5, but when simulating the full system, this
difference is not apparent. The final plot is VG G4, which is tripped. The
parameterisation when considering the second reactive power trip has also
been validated through this comparison.
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Fig. 6.15: Comparison of simulated (blue) and measured (red) response from AVRs to event 5.
Plot (a) shows the voltage at VG 20 kV, (b) and (c) the voltage at VG 10 kV, (d), (e), (f) and (g)
the reactive power of BO G1, BO G2, VG G3 and VG G4 respectively.

The full system simulation and measurements for event 6 are compared
in Figure 6.16. The simulated and measured responses in this scenario are
also very similar, there are some offsets and in some cases differences in the
initial voltage drop, but generally the responses can be validated according
to this scenario.
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Fig. 6.16: Comparison of simulated (blue) and measured (red) response from AVRs to event 6.
Plot (a) shows the voltage at VG 20 kV, (b) and (c) the voltage at VG 10 kV, (d), (e), (f), (g) and
(h) the reactive power of BO G1, BO G2, VG G1, VG G2 and VG G3 respectively.

Example of Necessity of SWS Parameterisation

The parameterisation and validation of the AVRs in Suduroy, has shown that
an accurate model can be obtained through HS parameterisation. However,
in some cases HS parameterisation is not enough, and therefore SWS pa-
rameterisation has been included in the proposed procedure as shown in
Figure 5.10 on page 120.
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The two AVRs at the hydro power plant Fossaverkid in the main grid,
could not be validated using only HS parameterisation. Figure 6.17 shows
the reactive power response of two hydro turbines at Fossaverkid to one of
the staged tests. Blue is the measured reactive power, SWS validation us-
ing parameters from the HS parameterisation is in yellow, and red shows the
SWS validation after the SWS parameterisation. The yellow curves show a re-
sponse which is far from the actual response, while the SWS parameterisation
clearly improves the responses of both generators, especially for generator 1,
i.e. FO G1. A steady state error is shown for FO G2 after HS and SWS param-
eterisation, but the improvement is significant. Finding suitable parameters
for these two AVRs showed to be difficult, because the two generators have
a significant influence on each other. A small change in one of the generator
can have a significant impact on the response on the other, thus it is possible
that additional fine tuning of the parameters, could reduce the steady state
error of FO G2 even further.

Time (s)

Measured SWS Param. HS Param.

Fig. 6.17: Example of SWS parameterisation at Fosséverkid in the main grid.

6.2.3 SECONDARY FREQUENCY CONTROL

The SFC has been validated for one 4.5 hour scenario. The generators online
during the 4.5 hour period are VG G1, VG G2 and BO G2. The following
paragraphs will compare the measurements with the simulations (with and
without SFC), through illustrated time series of active power and correlation
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factors of measured and simulated active power. Both the measurements and
the simulations have a 10 Hz resolution.

Figure 6.18 shows the measured and simulation active power of VG G1
during the 4.5 hour period with and without the SFC. There are only 2 man-
ual regulations of VG G1 during the period, both of which are down reg-
ulations. All time series show a similar behaviour, but the simulation with
the SFC is closer to the measurements than the simulation without the SFC.
The exact improvement is specified in terms of correlation factors later in
Table 6.10. There is not a full agreement between the measurements and
the simulation with SFC, but since neither the static model or the primary
controllers are 100% accurate when compared to measurements, differences
throughout a 4.5 hour period with SFC are unavoidable.
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Fig. 6.18: Comparison of VG G1’s measured and simulated active power with and without a
SFC in the simulation. The red vertical lines mark a manual active power down regulation.

VG G1 and VG G2 are the exact same type of generators with the same
regulators, thus they should perform very similarly. Especially since they
at the beginning of the time period are both loaded at 0.6 MW; however, as
shown on Figure 6.18 and Figure 6.19 this is not the case. The active power
of VG G2 decreases as time goes by. The generator is regulated up 6 times
during the simulation, but each time the active power decreases. According
to the staff at Vagsverkio, this is a known phenomenon, and occurs due to
VG G2’s governor being damaged. This illustration of the difference between
the performance of VG G1 and VG G2, has resulted in a new regulator being
ordered.

The faulty operation of VG G2’s governor makes it difficult to get an
accurate simulation over a long time. There is some improvement seen by
implementing the SFC in the simulation, but the deviations between mea-
surements and simulations are significantly more visible for VG G2 than for
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Fig. 6.19: Comparison of VG G2’s measured and simulated active power with and without a
SFC in the simulation. The green vertical lines mark a manual active power up regulation.

The active power of BO G2 without an SFC included does not show any
great variations in the production throughout the 4.5 hour period, see Fig-
ure 6.20. The measurements do however vary between around 700 kW to 100
kW, not considering fast fluctuations. There are 10 manual regulations in to-
tal, only five of which are clearly visible, as 2 up regulations are close together
at 50 and 70 seconds, and 5 down regulations occur between 3590 seconds
and 3631 seconds. The resemblance between measurements and simulations
is significantly improved by adding a SFC to the model. This is especially
noticeable at the down regulation around 3600 second and 11500, where the
simulation with SFC continuous at the same or similar production, while the
measurements show a significant decrease in production. Also at the begin-
ning of the period where the measured power and simulated power with SFC
are higher than without the SFC, due to the manual up regulation at 50-70
seconds.
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Fig. 6.20: Comparison of BO G2’s measured and simulated active power with and without a SFC
in the simulation. The red vertical line marks a manual active power down regulation, while the
green lines mark a manual active power up regulation.

The precise improvement of implementing a SFC in the simulation is dif-
ficult to see in the presented figures, but as a supplement the correlation
factors between measured and simulated active power as been tabulated in
Table 6.10. The correlation between measurements and simulations for VG
G1 is not improved significantly by adding a SFC, but this is also the gener-
ator with the least regulations during the period. This means that it is the
automatic response of the governor, which is controlling the active power
during most of the period. The improvement is much more significant for
VG G2 and BO G2, which have 6 and 10 SFC regulations, of which VG G2
has the highest improvement, whilst BO G2 has the highest correlation factor.

Generator Without SFC ~ With SFC  Improvement SFC Regulations

VG G1 0.62 0.68 0.06 2
VG G2 0.22 0.56 0.34 6
BO G2 0.58 0.90 0.32 10

Table 6.10: Correlation factors between measurements and simulations with and without SFC
over 4.5 hour dynamic RMS simulation.

Implementing a SFC in the simulation model has decreased the deviations
between measured and simulated active power of the generators online. With
some additional tuning, this could likely be improved even more, however
modelling SFC with a faulty governor is difficult, and since the governor will
be replaced soon, this has not been prioritised.
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6.2.4 LOAD MODELLING

The loads are in some of the analyses defined based on a time series in a
measurement file. This means that they are varying over time. PowerFac-
tory interpolates data in time series, either based on a linear or a constant
approach. The latter meaning that the value is kept constant until the next
value in the time series. This is accurate if the measurements are without
deadbands. The load measurements have a deadband of 3%, meaning that
the load is logged when the measurement detects a deviation of 3% from
the previous measurement. In reference [81] the impact of the interpolation
methods (on both loads and wind and PV power production) is presented,
see Figure 6.21.

Using a constant interpolation leads to over estimations of the frequency
fluctuations, see Figure 6.21. This is due to the deadband in the measure-
ments, which lead to sudden steps in the load series. Another cause of the
overestimation can be that the frequency measurements have a resolution of
10 Hz, while the simulation has a resolution of 100 Hz, i.e. some of the
fluctuations might not be captured by the measurements.

A linear interpolation underestimates the frequency fluctuations, as it re-
moves all sudden changes in the load profile. Table 6.11 shows the mean
and standard deviations of the measurements, simulations with constant in-
terpolation and simulations with linear interpolation. The values show that
while the mean frequency using constant interpolation is slightly closer to
the measurements, the standard deviation is slightly closer using a linear
interpolation.

The voltage fluctuations are underestimated in both cases. This indicates
that some of the voltage/reactive behaviour is not captured by the model.
The mean voltage is the same with constant and linear interpolation, while
the standard deviation with a constant interpolation is 3 V closer to the mea-
surements than the linear interpolation.

Neither of the interpolation methods are perfect, but it was decided to use
a constant interpolation in the previous study [81], because of the resolution
of the measurements vs simulations and due to the voltage fluctuations. The
frequency fluctuations are either over- or underestimated, while the voltage
fluctuations are underestimated in both cases, with constant interpolation be-
ing closer to the measurements. The constant interpolation has been used in
the secondary frequency control validation presented in subsection 6.2.3, and
the simulated time period is the same for Figure 6.18, Figure 6.19, Figure 6.20
and Figure 6.21.
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Fig. 6.21: Frequency (upper) and voltage (lower) comparison between measurements (M.), simu-
lations with constant interpolation (S.C.) and simulation with linear interpolation (S.L.) for Case
1[81].

Table 6.11: Frequency and voltage mean and standard deviation for measurements and simula-
tions [81].

Mean Standard deviation

f(Hz) U (kV) f(mHz) U(®V)
Measurement 49.99 20.48 96 38
Simulated, constant  50.05 20.47 153 31
Simulated, linear 50.07 20.47 55 28

6.2.5 WIND POWER PLANTS

The validation of models of the wind turbines and the FCU has been done in
cooperation with Enercon GmbH.

Wind Turbines

According to Enercon GmbH the wind turbine controllers should be vali-
dated by initiating a voltage dip, and analysing the reactive current response,
which should increase. Figure 6.22 shows the voltage at IH 20 kV and PO
G1 reactive current component. According to Enercon GmbH, the response

158



6.2. MODEL VALIDATION

shown in Figure 6.22 shows that the wind turbine model is performing cor-
rectly, i.e. the reactive current increases in the shown pattern when the volt-
age decreases. Thus, the wind turbine model can be validated.
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Fig. 6.22: Validation of the wind turbine controllers.

Farm Control Unit

The FCU is correctly implemented and can be validated if increasing or de-
creasing the active or reactive power setpoint sent to the FCU results in the
wind turbines’ active or reactive power increasing or decreasing. In the ex-
ample shown in Figure 6.23, the setpoint is decreased from 1 p.u. to 0.1 p.u.
Plot (a) shows the setpoint change and the signal from the FCU to the wind
turbines. There is a delay from when the setpoint is changed to when the
FCU has down regulated the wind turbines accordingly. Plot (b) also shows
that there is an additional delay from when the FCU signal decreases until
the active power of the wind turbine decreases. This is due to the produc-
tion of the wind turbines being below 1 p.u. from the initialisation, not due
to setpoint regulation but due to the available wind speed, thus not until the
FCU signal reaches a value where the wind turbines actually have to be down
regulated, they will react to the setpoint change.
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Fig. 6.23: Validation of the FCU. Plot (a) shows the setpoint and the output signal from the FCU.
Plot (b) shows the active power of PO G1.

6.3 CHAPTER SUMMARY

This chapter has presented the PowerFactory model of Suduroy, with some
additional comments on how the main grid has been modelled. The static
model has been validated and so has the dynamic models of the governors
and AVRs. The application of the parameterisation and validation procedure
presented in Chapter 5 has shown to be successful. The manual SFC of three
generators has also been modelled and validated. Modelling and validating a
manual control which depends on the staff’s behaviour this is not common in
previous literature. The wind turbines and FCU have also been validated in
cooperation with the manufacturer. This results in a model of Suduroy, which
can be used for power system analyses and accurate results can be obtained.
The model is however not 100% accurate and can therefore likely be improved
through the consideration of additional scenarios. This study differs from
other studies, due to its many practical considerations of a realistic power
system, which are a vital necessity, if accurate and reliable results are desired.
Additionally, the validation considers an unusually wide range of the model,
ie. from static load flow calculations to hour long dynamic simulations.
This model is the basis for the analyses presented in Chapter 7, and will be
used by SEV to investigate the present and future system for future decision
making.
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CHAPTER 7
Dynamic Studies of the Power System on Suduroy

This chapter is the final chapter that addresses the second objective. It de-
scribes the dynamic studies conducted on the power system of Suduroy, with
and without the subsea cable connection to the main grid. The chapter starts
with a study revolving around frequency and voltage fluctuations and their
relationship with the inverter-based generation (IBG) in the system today.
The next part focuses on short term large disturbances in the system of
Suduroy in 2020, 2023, 2026 and 2030 and how these affect the frequency
and voltage stability. The study also addresses the importance of an accu-
rate representation of main grid, after the cable connection between Suduroy
and the main grid has been installed. The studies presented in this chapter
are all done using the validated PowerFactory model of the power system in
Suduroy, which was described in Chapter 6.

7.1 FREQUENCY AND VOLTAGE FLUCTUATIONS

The relationship between the IBG and the frequency and voltage fluctuations
in the system of Suduroy has been analysed in order to investigate what im-
pact IBG has on the system. A better understanding of the consequences of
increasing the IBG penetration and fluctuations in IBG on power systems in
general and especially the Suduroy power system under steady state condi-
tions is achieved from the analysis described in the following sections. The
study has also been published in [28].

The analysis of the impact of IBG on frequency and voltage fluctuations
has been conducted based on the system in its stage primo 2022, as described
in section 6.1 starting on page 125. It is conducted based on dynamic RMS
simulation over a 4.5 hour operation scenario under steady state operation
from the past, which meets a set of criteria and the analysis is conducted
based on different cases as well. The operation scenario is described in sub-
section 7.1.1 and the study cases in subsection 7.1.2.
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7.1.1 OPERATION SCENARIO

The operation scenario investigated was selected based on criteria for the
generation and the demand. These criteria are set to ensure that the selected
operation scenario is representative of the system, and suitable for the in-
tended analysis, the set criteria are described in the following paragraphs
and summarised in a list.

All generation types should be online, i.e. thermal, hydro, wind and solar.
It is quite common that both thermal and hydro power are online, because
while hydro is the preferred synchronous generation due to emissions; most
of the time it can not serve the demand on the island. As previously shown
in Figure 1.5 on page 10, the demand in Suduroy in 2020 was above 3 MW
6000 hours of the year, which is the rated capacity at the hydro power plant.
It was desired to have both wind and solar generation in the scenario, so that
the impact of these two can be analysed separately and together, because all
IBG is not the same, and the consequences might differ from one technology
to another.

The same generation units should be online throughout the whole pe-
riod. This criteria is set to make sure that start and stops of units throughout
the simulation period are avoided. Including starts and stops in a 4.5 hour
simulation period complicates the simulation, and does not contribute to the
analysis of the IBG impact on the frequency and voltage fluctuations under
steady state operation.

Furthermore, there have been conditions set to the renewable energy po-
tential, as the wind speed should be relatively stable, and the irradiation
relatively high. The staff of Vagsverkio listed days and hours, which had
relatively stable wind conditions and thus production, while the measured
production from the PV panels was investigated in order to find days with a
relatively high irradiation.

Finally, a normal weekday has been chosen as the best fitted operation
scenario, as it is more representative of the whole year than e.g. weekends or
holidays. All five criteria are listed as follows:

1. All generation types should be online
Same units should be online throughout the period
Relatively stable wind speed

Relatively high PV power production

ATl R

Normal weekday

This analysis was conducted one to two months after the wind farm in
Porkeri had officially been inaugurated in February 2021. Prior to this, the
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wind farm had been in test operation for three months. Thus, the data which
meets all five criteria is limited, especially with regards to criteria 3 and 4,
as there are many storms, i.e. unstable wind conditions, and the solar irra-
diation is low in the first months of the year. This does not mean that the
scenario is not representative, but that the data availability was very limited
as the wind farm had recently been inaugurated.

The selected time period is from a Monday in March from 12:00 to 16:30.
The total demand during this time period is shown in Figure 7.1. The load
varies between 3.8 MW and 2.9 MW. The loads are modelled using measure-
ment files as described in subsection 6.2.4 on page 157.

Total load (MW)
W W (98]
(USRS R )

0 2000 4000 6000 8000 10000 12000 14000 16000
Time (s)

Fig. 7.1: Total load over selected 4.5 hour period [81].

Figure 7.2 shows the production from the wind farm on the left y-axis and
the production from the PV plant on the right y-axis during the selected time
period. It shows a wind power production varying between 2 MW and 2.4
MW. The step changes in the wind power production e.g. after 14000 seconds,
are due to setpoint changes. The setpoint is varying between 0.35 p.u. and
0.41 p.u. The PV production reaches around 0.8 p.u. during the time period,
so this is considered a relatively high PV power production considering the
time of the year.

The measurements shown in Figure 7.2 are used as an input to represent
the production from wind power and PV power in the simulations. This is
done by setting a load equal to the measured production, but inverted, using
a time series in a measurement file. This means that the dynamic model of
the wind turbines has not been used in the simulations, but their dynamic
behaviour is captured in the measurements. This is done to ensure that the
simulated production replicates the measurements accurately. Controlling
the wind power production over a long period of time using e.g. wind speeds
as inputs is not possible with the dynamic models of the wind turbines.
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Fig. 7.2: Wind (green) and PV (yellow) power production during the 4.5 hour period [81].

The measurements files (load, wind and PV power) are using a constant
interpolation, for further information see subsection 6.2.4 on page 157.

7.1.2 STUDY CASES

In order to investigate the impact of the IBG on the frequency and voltage
fluctuations, different cases were studied including and excluding wind and
PV power production. The first case is direct replication of the measure-
ments, i.e. both wind and PV power production are set equal to the mea-
sured production. This can be considered a base case, which also validates
both the secondary frequency control and load models, as discussed in sub-
section 6.2.3 and subsection 6.2.4. The other cases have been selected in order
to make it possible to investigate the impact from the wind power and PV
power individually and together. The cases are listed as follows.

* Case 1: Replicating the measurements, i.e. the wind and PV power
production are set equal to the measurements.

* Case 2: The PV power production is removed, while the wind power
production remains. The synchronous generation is increased to cover
the power deficit caused by excluding PV power.

¢ Case 3: The wind power production is removed, while the PV power
production remains. The synchronous generation is increased to cover
the power deficit caused by excluding wind power.

¢ Case 4: Both the wind and PV power production are removed and the
synchronous generation is increased to cover the power deficit caused
by excluding wind and PV power.

7.1.3 COMPARISON OF STUDY CASES

The following sections will compare the simulation results of case 1 to case
2-4 showing the frequency and voltage fluctuations as duration curves, func-
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tions of IBG shares and functions of fluctuations in the IBG. The frequency
and voltage is from VG 20 kV, see Figure 6.2 on page 127.

The duration curves of the fluctuations in the frequency and voltage for
the four cases give a general overview of how severe and common the fluc-
tuations are through the simulated period under steady state conditions.

The fluctuations as functions of IBG shares are a good indication of how
strong the relationship between the two is, but since the shares do not nec-
essarily mean that the production is unstable, the relationship between the
fluctuations in the IBG and the fluctuations in the frequency and voltage is
also investigated.

Fluctuation Duration

The duration curves of the frequency and voltage fluctuations in case 1-4 are
shown in Figure 7.3 with max, mean and standard deviation fluctuations are
tabulated in Table 7.1. The percentage of time with fluctuations above 0.1
Hz/s is also given in the table.

The duration curve of the frequency fluctuations shows that case 1 and
2, which include wind power are very similar, while case 3 and 4, which
exclude wind power are very similar. The values in the table also confirm
this, but there are some small differences. Case 2 does not include PV power,
and this leads to fewer and smaller fluctuations compared to case 1. The
maximum fluctuation is reduced by 22 mHz/s, the mean by 9 mHz/s and
the standard deviation by 4 mHz/s. Also the duration of fluctuations above
0.1 Hz is decreased from 35.5% of the time to 30.6% of the time. Case 3
and 4 are more similar, as the mean and standard deviation fluctuations are
equal, and so is the duration of fluctuations above 0.1 Hz/s. The maximum
fluctuation is however decreased by 2 mHz/s. The penetration of wind power
is significantly higher than of PV power, and therefore the wind power has
a higher impact on the fluctuations. Additionally, the production shown in
Figure 7.2 shows that the PV production is more stable than the wind power
production.

The differences between the cases are not as clear when it comes to the
voltage fluctuations. The standard deviation fluctuations is equal for all four
cases, and the max and mean vary within 1 V/s and 4 V/s, respectively. The
duration of the fluctuations above 20 V/s vary between 15.6% and 7.5%. The
impact of the IBG on the voltage fluctuations is therefore not as clear as the
impact of the IBG on the frequency fluctuations. But this voltage is measured
at VG 20 kV, whilst the wind farm is connected to TG 20 kV. Since voltage is
more local than frequency, there is is a possibility that the fluctuations at TG
would be higher than what is measured at VG 20 kV. The reason the voltage
used is at VG 20 kV, is because this analysis over 4.5 hours also focused on
the validation as shown in previous chapter, and this validation requires fast
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frequency measurements, which are not available at TG.
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Fig. 7.3: Frequency (upper) and voltage (lower) fluctuation duration curves for cases 1-4 [81].

Table 7.1: Key values for frequency and voltage fluctuations [81].

Frequency Casel Case2 Case3 Case4
Max fluct. (mHz/s) 568 546 197 195
Mean fluct. (mHz/s) 92 83 23 23
Std. fluct. (mHz/s) 80 76 19 19
Fluct. =>0.1Hz/s (% of time) 35.5 30.6 0.6 0.6
Voltage Casel Case2 Case3 Case4
Max fluct. (V/s) 199 199 220 220
Mean fluct. (V/s) 11 10 7 7
Std. fluct. (V/s) 11 11 11 11
Fluct. =>20V/s (% of time) 15.6 13.3 7.5 7.6

Fluctuations as functions of IBG shares

The frequency and voltage fluctuations as functions of the IBG shares are
shown in Figure 7.4. Case 4 is excluded from the plots, since no IBG is present
in case 4. The difference in the IBG shares in case 1 and 2 compared to 3 is

166



7.1. FREQUENCY AND VOLTAGE FLUCTUATIONS

quite significant, due to wind power being excluded, and this leads to a wide
gap in the data coverage from around 6% to 52% IBG shares. Additionally
the coverage above 75% is limited. The figure shows the data points, the
mean values for each IBG share and a trend line based on all of the values.

Figure 7.4 shows, similarly to the previous figure, i.e. Figure 7.3, that the
frequency fluctuations are impacted by IBG more than the voltage fluctua-
tions are. Whilst one can see that the frequency fluctuations are generally
higher for the higher IBG shares, the difference in the voltage fluctuations is
not as clear, although it has the same tendency. The slope of the frequency
trend is 103 mHz, which corresponds to 0.0021 p.u., while the slope of the
voltage trend line is 6 V, which is 0.0003 p.u. In order to get a better under-
standing of the fluctuations as a function of IBG shares, data with a broader
coverage of IBG shares should be investigated. As the data used here does
not cover above 6% and below 52% IBG penetration.
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Fig. 7.4: Frequency (upper) and voltage (lower) fluctuations as a function of IBG shares. All data
points (p) and the mean (,) for every IBG share is shown for cases 1-3 (C1-C3). Additionally a
linear trend is shown based on all data points [81]. The figure also showed a zoomed plot from
0%-6% IBG and 52%-85% IBG.

Fluctuations as functions of IBG fluctuations

The final presentation of how the frequency and voltage fluctuations are im-
pacted by the IBG is given in Figure 7.5 and Table 7.2. Here the frequency
and voltage fluctuations are shown as functions of the IBG power fluctua-
tions, i.e. the fluctuations in the generation from IBG. Frequency and voltage
fluctuations are apparent also without IBG fluctuations, which means that
there are other factors which have an impact on the frequency and voltage
fluctuations. The varying loads in the system could cause this.
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Both the figure and the table show that the correlation between the two
types of fluctuations (frequency/voltage vs. IBG) are higher for the voltage
than the frequency. The correlation factor between the frequency and IBG
fluctuations is low, especially with all data considered, but considering only
IBG fluctuations above 0.02 MW /s increases the correlation factor somewhat,
i.e. 0.08 to 0.28 for case 1. The same thing can be said for the voltage, but the
correlation factors are significantly higher than for the frequency.

However, for each MW IBG fluctuations the frequency fluctuates on aver-
age by 0.0087 p.u./MW if all data points are considered and 0.0119 p.u./ MW,
if only the fluctuations above 0.02 MW /s are considered. These values are
slightly lower for the voltage at 0.0073 p.u./MW considering all data and
0.0098 considering only fluctuations above 0.02 MW/s. Thus, although the
correlation is higher, the impact is lower.

For both the voltage and the frequency the correlation factors for case
2 (without PV) are highest, this indicates that the fluctuations in the wind
power have a higher correlation with the fluctuations in the frequency.
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Fig. 7.5: Frequency and voltage fluctuations as a function of IBG fluctuations with a linear trend
line [81].
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Table 7.2: Correlation factors between frequency /voltage fluctuations and inverter-based gener-
ation fluctuations [81].

Frequency Voltage
All data Fluct. above 0.02 All data Fluct. above 0.02
Case 1 0.08 0.28 0.23 0.50
Case 2 0.08 0.29 0.25 0.54
Case 3 0.01 0.28 0.04 0.40

Discussion of Frequency and Voltage Fluctuations

From the data represented it is clear that the IBG has a greater impact on
the frequency than the voltage, but this is also expected, as the fluctuations
are compared to the active power shares and fluctuations of the wind farm,
not reactive power. Another factor which can have an impact on this is the
location of the voltage measurements. Both the frequency and the voltage is
measured at the 20 kV busbar at Vagsverkid and the wind farm is connected
to the Tveroyri substation, and since the voltage is not a global system pa-
rameter, the voltage fluctuations seen in Tveroyri might be different than the
ones measured at Vagsverkio.

SEV has no standard on the shape of the voltage and frequency fluctuation
duration curves, and thus; although the IBG clearly has a negative impact on
these, this can not be used directly as an indicator on whether or not this is
acceptable.

The data coverage should be improved in order to make any final conclu-
sions of the fluctuations dependency on the IBG shares, as no data with IBG
shares between 6% and 52% have been included here, and data with the high
penetrations >75% is also limited.

The correlation between the IBG fluctuations and the frequency and volt-
age fluctuations has been calculated. The definition of a weak, moderate and
strong correlation varies in literature, and thus it can be difficult to state any-
thing specific on the level of the correlation, but the upper limit of a weak
correlation is usually between 0.3 and 0.5, while the lower limit of a strong
correlation varies between 0.5 and 0.8. According to these limits, the cor-
relation between the frequency and IBG fluctuations is weak to moderate,
while the correlation between the voltage and IBG fluctuations is moderate
to strong.

7.2 SUDUROY TOWARDS 2030

The frequency and voltage stability in Suduroy towards 2030 has been in-
vestigated in a submitted paper, which can be found in [145]. This study
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builds on Chapter 3 and 4, as the expansions in the grid of Suduroy and the
main grid are taken directly from the proposed RoadMap. Additionally, the
operation scenario is based on the input data to the Balmorel optimisation
and the optimised dispatch from the optimisation of the RoadMap scenario
in Balmorel.

This section describes the expansions in the grid of Suduroy towards 2030.
The base PowerFactory model used is the system of Suduroy ultimo 2022,
i.e. with the new substation, battery energy storage system (BESS) and syn-
chronous condenser (SC), see chapter 6. It also describes the operation sce-
nario simulated and the study cases.

7.2.1 EXPANSIONS IN ACCORDING TO THE ROADMAP

The expansions in Suduroy based on the RoadMap are shown in Figure 7.6,
while the expansions in the main grid are summarised in Table 7.3. The
RoadMap accounts for additional 6 MW of wind power in Suduroy in 2023,
and in 2026 a cable connection to the main grid should be installed. From
2028 to 2030 there is a total of 16 MW of solar power installed in Suduroy. In
2030 there is also a battery installed, but this battery is intended for weekly
storage, not ancillary services.

7MW 8MW
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13 MW (~35 km) 2. 4 MW
‘ e
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}\Wmd ‘ Cable :Q\Solar E" b attery

Fig. 7.6: Expansions in Suduroy according to the RoadMap [81].

The table shows the summed expansion capacities in the main grid from
2020 to 2026 (by 2026), and from 2027 to 2030 (by 2030). The main grid is only
analysed together with Suduroy after the cable connection, i.e. 2026, and only
in 2026 and 2030. Suduroy is investigated isolated in 2020 and 2023 as well.
The reason not all years have been investigated, is because the changes in the
grid of Suduroy are limited. The expansions shown in the table are directly
taken from the proposed RoadMap [81] which is shown in Figure 4.1 on
page 104.
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Table 7.3: Additional expansion in wind power, hydro power, pumping power and photovoltaics
in the main grid by 2026 and 2030 according to the RoadMap presented in [81]. [145].

By 2026 | By 2030

72 MW Wind Power 66 MW Wind Power

35 MW Hydro Power 39 MW Hydro Power

41 MW Pumping Power | 38 MW Pumping Power
40 MW Photovolatics

7.2.2 EXPANSIONS RELATED TO ANCILLARY SERVICES

This study is based on the system ultimo 2022, thus the SC and BESS in
Suduroy are included in the system model. SEV has, as mentioned in sec-
tion 1.2, preliminary plans to install 3x16 MVA and 1x6 MVA synchronous
condensers and a BESS capacity of 30 MW in total. These expansions have
been included in the model of the main grid and thus in the simulations for
2026 and 2030.

In this study it was decided to increase the BESS and SC size, when there
are issues with the stability of the system. This gives an indication of the ini-
tiatives necessary to stabilise the system, but is by no means an optimisation
of solving the issues seen. If the simulations show a need for additional BESS
capacity, it is increased by adding a parallel battery package of 2.3 MW. The
synchronous condenser is increased in intervals of 2 MVA when needed.

7.2.3 SIMULATION OPERATION SCENARIO

A suitable and representative operation scenario has been selected based on
the optimisation study, see chapter 3. The input data to Balmorel from 2017
has first been analysed, and all scenarios fitting the following requirements
are found.

The system is under pressure in high load scenarios, and therefore it was
decided to use a high load scenario. This corresponds to a load above 4.5
MW based on the 2017 input data in Balmorel.

In order to ensure that the potential for wind power is high, the wind
speed shall be equal to or higher than the average wind speed i.e. 9.5 m/s
in 2017. A high penetration of wind power puts pressure on the system, as it
leads to less synchronous generation and increased risk of large generation
fluctuations.

Finally the irradiation from the investigated hour should be relatively
high, i.e. equal to or above average when night hours are excluded. The
average irradiation in Suduroy in 2017 was 201 W/m?. This is done to ensure
that there in the simulations for 2030, is a production from the solar power,

171



CHAPTER 7. DYNAMIC STUDIES OF THE POWER SYSTEM ON SUDUROY

and so that all components in the system are considered. The requirements
set to the input data to Balmorel (2017) are as follows:

1. The operation scenario should be a high load scenario, i.e. >4.5 MW in
2017.

2. The wind speed at the wind farm Porkerishagi in Suduroy should be
equal to or above average, i.e. 9.5 m/s in 2017.

3. The irradiation in Suduroy should be equal to or above average, i.e. 201
W/m? in 2017. Night hours are excluded from this average calculation.

There are 41 hours in 2017 which meet all three requirements. In order
to narrow it down further, the output data from Balmorel, i.e. the optimised
dispatch, was analysed. This is done for the investigated years, which are
2020, 2023, 2026 and 2030. A new set of criteria are set to the data and are de-
scribed in the following paragraphs. This was done to select a representative
operation scenario in the system of Suduroy.

The first criteria is that the IBG shares should be lower than or equal to
60% and 80% in 2020 and 2023 respectively. Although there is a limit on the
IBG shares in the dispatch, this is not defined for the two grids independently
before the interconnection, see subsection 3.2.11 on page 76. No criteria on
IBG shares in Suduroy after the cable has been installed, i.e. in 2026 and
2030. After the grids are connected, the Balmorel optimisation of the dispatch
ensures that the total IBG shares are within the limit set in subsection 3.2.11
on page 76.

The second criteria was that the diesel engines should supply at least 20%
in 2020, this to ensure that the diesel engines are loaded above minimum and
because this is the first year the wind farm in Suduroy is in operation, and
thus it is unlikely that the system is run only with hydro and wind power.

The shares of PV generation in Suduroy should be equal to or lower than
20%. This was decided as higher shares will be uncommon, due to the low
irradiation caused by the latitude and climate, and because of the installed
capacity. If a scenario with high shares of PV was selected as the operation
scenario, it would not be representative to draw any general conclusions on.

After Suduroy is connected to the main grid in 2026, it was decided that
the import should be lower than or equal to 40%, so that the analysis includes
significant amount of local production. The five criteria are listed as follows:

1. IBR shares: <60% in 2020 and <80% in 2023
2. Supply from diesel power plant: >20% in 2020
3. PV shares: <25%

4. Import from the main grid: <40% of the demand in Suduroy
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One hour out of the 41 hours meets all the requirements. This is 12:00
on the 28th of March. The optimised dispatch for this scenario in 2020, 2023,
2026 and 2030 is found in Table 7.4. However this was not used directly,
since it is important to have a similar production composition for all years,
to be able to compare the impact of the study cases on in different years. The
dispatch has been adjusted as listed:

* Wind and PV production values are taken directly from the optimised
dispatch.

¢ Hydro power in Suduroy is adjusted in 2020, 2026 and 2030, so that it
produces 1.8 MW every year.

¢ In 2020 the thermal production is set lower to compensate for the addi-
tional hydro power.

* In 2026 and 2030 the import is decreased to compensate for the inter-
connection of the main grid, the import is set lower.

Table 7.4: Production and import in the selected operation scenario according to the optimised
dispatch in [81] as percentages of demand in Suduroy (rounded to integers) [145].

2020 2023 2026 2030

Diesel 42% 15% 0% -
Hydr (0] 0% 15% 0% 0%
Wind 58% 70% 66% 60%
Import - - 35% 18%
PV - - - 23%

The actual generation and pumping settings set in the simulations can be
found in Table 7.5. No values are listed for the main grid in 2020 and 2023,
since the main grid is not simulated before it is connected to Suduroy in 2026.

Table 7.5: The generation and pumping settings (MW) used in the simulations.

Year Suduroy Main grid

Thermal Hydro Wind Solar Import | Biogas Hydro Pumping Wind Solar
2020 13 1.8 4.4 - - - - - - -
2023 1.8 1.8 8.2 - - - - - - -
2026 - 1.8 8.2 - 22 1.0 4.6 -127 723 4.0
2030 - 1.8 8.2 3.8 0.7 1.0 3.9 -196 803 107

The load measured at each feeder on Figure 6.2, Figure 6.3 and Figure 6.4
(page 127 to page 128) and the position of the tap changers and circuit break-
ers have all been extracted from the SCADA system for the specific operation
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scenario. The loads have been scaled up to meet the projected demand. This
is done for both the main grid and the grid on Suduroy. In some cases the tap
changers positions have been modified for future scenarios when the voltage
has been high or low.

7.2.4 STUDY CASES

There are three main events/study cases investigated, which all are large
short term disturbances. The first one is a trip of one of the hydro generators
in Suduroy, i.e. BO G1. This is interesting to investigate because in the future
the only synchronous generation in Suduroy will be from the hydro power
plant. The size of the loss relative to the total production each year is shown
in Table 7.6. This event is also run with/without inertia emulation (IE) from
the wind turbines, which is done based on 2020 but without the BESS.

Sudden changes in wind speed and wind direction are not uncommon
in the Faroe Islands. Therefore it was decided to simulate the system where
the event is that the setpoint of the wind farm changes from 0.7 p.u. to 0.0
p-u. This change can occur within 17 seconds with the installed controllers
and respective parameters. A sudden wind change may however happen
faster than this in reality, but the dynamic models of the wind farm only
accept setpoints as inputs, not wind speeds. This event is also simulated
with three different representations of the main grid, i.e. the full size model
and approximated models, which are explained in section 7.5.

The final event is a load rejection, which is done at the feeder "TG Hav-
narlagio 1", which can be seen in Figure 6.4 on page 128. A large fish factory
is supplied by this feeder.

Year 2020 2023 2026 2030
BO G1 tl'ip 24% 15% 18% (20/0) 14% (2(70)
Sudden loss of wind power 58% 70% 82% (10%) 63% (8%)
Load rejection 18% 18% 18% (30/0) 18% (30/0)

Table 7.6: The size of the events in percentage of the production in Suduroy. The numbers given
in parenthesis are percentage of the total production.

7.3 LARGE SHORT TERM DISTURBANCES

This section presents the main results from simulations with large short term
disturbances, which have been presented in the previous section. The dis-
turbances are analysed through plots showing the dynamic frequency and
voltage responses.
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7.3.1 LOSS OF BO G1

The loss of BO G1 leads to a sudden drop in frequency with a ROCOF of
370 mHz/s in 2020. This is shown in Figure 7.7. The frequency is however
stabilised when it reaches 49.8 Hz, as the BESS is controlled to start contribut-
ing to frequency regulation 200 mHz from 50 Hz. The BESS does not have
secondary frequency control, and therefore the frequency stabilises with a
frequency deficit of 200 mHz.

The frequency responses in 2020 and 2023 are identical. This is because
the only difference between 2020 and 2023 is the higher demand, which is
supplied by the higher wind power production. The same engines are online
and the loss is the same, and therefore the inertial response is the same as
well.

In 2026, when the subsea cable connects Suduroy and the main grid, the
system reacts differently to the loss of BO G1. The ROCOF is decreased to 35-
40 mHz/s in 2026 and 2030, which is only 9-11% of the ROCOF in 2020 and
2023. The frequency in 2026 does not reach 49.8 Hz, thus the BESS is not con-
tributing to frequency regulation, but in 2030, with a slightly higher ROCOF
and thus lower minimum frequency, the BESS contributes, but not signifi-
cantly. The reason that the ROCOF is higher, is that BO G1 has initialised a
higher active power in 2026 than in 2030, thus; although it is smaller distur-
bance compared to the total production, it is a higher synchronous loss and
thus, the ROCOF is higher.

The disturbances on the voltage are very limited. The behaviour in 2020
and 2023 is similar, while the behaviour in 2026 and 2030 is similar. Since
the connection to the main grid clearly has an impact on both the frequency
and voltage responses, it is important to model the main grid accurately. In
the simulations shown here, the main grid has been modelled with a detailed
model, i.e. all components above 1000 V.

Based on the simulations with the BO Gl trip, it was not considered nec-
essary to expand the system in Suduroy with additional BESS and/or SC,
because none of the simulations result in instabilities.
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Fig. 7.7: Frequency and voltage response VG-20 kV to the BO G1 trip in 2020, 2023, 2026 and
2030. The 2020 (blue) is behind 2023 (red) [145].

7.3.2 SUDDEN LOSS OF WIND POWER

The second event is a sudden loss of wind power, see Figure 7.8. This means
that the wind power production is reduced from 0.7 p.u. to 0.0 p.u. within
17 seconds. The frequency in 2020 drops with a somewhat high ROCOF, but
stabilises as the battery starts injecting active power.

In 2023 there are some issues with the frequency. When the frequency
reaches 49.6 Hz, the frequency suddenly drops even further. It is increased
again, but a second drop happens a few seconds later. The cause of this is
the dynamic controllers of wind turbines, since deactivating these solved the
issue. The exact cause of this frequency drop has however not been identified,
and should be investigated further.

The frequency behaviour in 2023 could possible be caused by the param-
eter settings, and if so, it could be solved by tuning the parameter settings
of the controllers, but in this study the actual current parameter settings at
the wind farm have been used and adjusting parameters of existing wind
farms is out of scope. Further simulations (2023-1) show that by increasing
the battery system by one additional package (2.3 MW) the issue has been
resolved.

The connection to the main grid improves the frequency response to the
sudden drop of wind power. This again shows that the main grid contributes
to the system stability in Suduroy, with e.g. a decreased ROCOF.

The voltage in 2020 and 2023-1 show the same behaviour but 2023-1 is
initialised lower. Similarly 2026 and 2030 (with the cable to the main grid)
show the same pattern, but initialisation is different, due to demand and
production differences. The cable connection results in a higher voltage drop,
due to the import of power from the main grid.
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The results in 2023 compared to 2020/2030 show the importance of con-
ducting simulations of the system as it is developing, and not only for start
and end scenarios, because some of the issues might not be identified other-
wise. Knowing that issues seen in 2023, can be fixed with additional battery
capacity of 2.3 MW, but also by further development of the system, might
change the approach of solving the issues seen in 2023-1.
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Fig. 7.8: Frequency and voltage response at VG-20 kV to the sudden loss of wind power in 2020,
2023, 2026 and 2030 [145].

7.3.3 LOAD REJECTION

The third event, i.e. the load rejection, is shown in Figure 7.9. Similarly
to the previously presented scenarios, it is clear that the ROCOF is higher
when Suduroy is isolated compared to when it is connected to the main grid.
The frequency response in 2020 shows that the frequency stabilises after the
battery starts to contribute to frequency regulation after 50.2 Hz.

In 2023, there are some oscillations apparent in both the frequency and the
voltage response. Further simulations (2023-2) showed that by increasing the
synchronous condenser by 4 MVA, from 8 MVA to 12 MVA, these oscillations
can be avoided.

Similarly to previous simulations, the voltage behaviour is different de-
pending on interconnection between Suduroy and the main grid, but the
events’ impact on the voltage is relatively small in all years.

There are no issues with the frequency nor the voltage after Suduroy is
connected to the main grid. The (expanded) BESS and SC in Suduroy stabilise
the system sulfficiently together with the main grid. The frequency is not
regulated down to 50 Hz in the simulations due to the secondary control
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being manual.
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Fig. 7.9: Frequency and voltage response at VG-20 kV to the load rejection in 2020, 2023, 2026
and 2030 [145].

7.4 INERTIA EMULATION FROM WIND TURBINES

The BO G1 trip event has also been simulated without the BESS located at
the T Heidunum (IH) substation, see Figure 6.6 on page 129. This was done
to show the impact of utilising the inertia emulation (IE) capability of the
wind turbines. Since the default settings of inertia emulation is set to not be
activated until the frequency reaches 49.5 Hz, and the BESS reacts at 49.8 Hz,
the BESS had to be deactivated in order to see the influence of the IE with
default settings.

Figure 7.10 shows the comparison of the system response with and with-
out IE. It shows that the system would benefit from activating the inertia
emulation, as the frequency nadir is lower without IE.

The IE has little impact on the voltage response. A slightly different pat-
tern is seen, but aside from that the response is similar, with little changes in
peak voltage and settling time.

In a case were the event is of such a size, that the BESS can not stabilise the
frequency entirely, activating the IE would be beneficial. However, the BESS
to be installed in Suduroy is larger than the wind farm size, and similar to
the high load scenarios, so the activation of IE is not a very likely occurrence.

With good coordination between the activation of BESS and IE respec-
tively, the benefit of utilising the IE from the wind turbines could be im-
proved. If IE is proven to be beneficial for the power system, not just in
Suduroy but also in the main grid, it can assist the battery system. The wear
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and tear of the batteries and wind turbines when using batteries or IE should
be investigated, as this factor should be considered when choosing a control
strategy.
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Fig. 7.10: Frequency and voltage response at VG-20 kV to the BO Gl1 trip with and without
inertia emulation from wind turbines in 2020, 2023, 2026 and 2030 [145].

7.5 REPRESENTATION OF THE MAIN GRID

Network reductions to represent a large grid connected to a smaller grid
is common, when analysing the smaller grid. This is done to decrease the
complexity of the system and the calculation time. This section highlights
the challenges of representing the main grid with network reductions, in the
simulations after the subsea cable has been installed. The accuracy of these
models as the penetration of inverter-based technologies increases has to be
addressed.

7.5.1 MODELLING

As explained in chapter 6, a detailed RMS model of the main grid is available
and has been built, parameterised and validated similarly to the Suduroy
model, although the validation is not done as thoroughly yet. Since this
study focuses on the power system Suduroy, which in the future happens to
be connected to a larger grid, the question on whether or not a full detailed
model of the main grid was needed or not has been analysed.

In this study two different approximations of the main grid are compared
to a detailed model of the main grid. Both approximations have been done
using the "External grid" model component in PowerFactory. This "External
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grid" model component is a simplified version of synchronous generator, as
the saturation and leakage reactances are neglected. The input required is
the short circuit power of the grid. This has been calculated from the detailed
model. The default acceleration constant is infinite, but it can be changed.
In this study the first approximation uses an infinite acceleration constant,
while the second approximation uses an acceleration constant, which has
been calculated based on the ROCOF of a system disturbance simulation
of the main grid in 2026 simulated separately from the grid on Suduroy,
using Equation 7.1 [169]. The transient, substransient time constants and the
synchronous and transient reactances can also be defined in addition to the
short circuit power and the inertia. The default values have been used for the
time constants and reactances.

df AP f
df — Ssys 2Heys

(7.1)

The models of the main grid used in the following sections are:
* The full detailed model of the main grid.

* Approximation 1: Simplified synchronous generator defined based on
the short circuit power in the grid.

e Approximation 2: Simplified synchronous generator defined based on
the short circuit power in the grid and the system inertia.

7.5.2 SIMULATION RESULTS

Figure 7.11 shows the comparison of the frequency and voltage responses to
the sudden drop of wind power in 2026 with different representations of the
main grid. The figure also shows the power output from the batteries in the
main grid and Suduroy and the import from the main grid to Suduroy.

Plot a) shows the frequency response. This shows that with approxi-
mation 1, the frequency is not affected by the loss of wind power, because
the infinite acceleration constant compensates for this. The simulation re-
sults with the detailed model show that the frequency decreases to 49.8 Hz
when the battery system starts to stabilise the system. The frequency in ap-
proximation 2 (subsection 7.5.1) is significantly closer to the detailed model
than approximation 1 (subsection 7.5.1), and this is because the inertia con-
stant as been set equal to the actual system. This is also clear from the first
seconds after the event, were the detailed model and approximation 2 have
the same ROCOF. However, when the battery system in the detailed model
injects power the responses differ from each other. This is because the ap-
proximated model can not capture the frequency triggered contribution from
the battery system in the main grid. Adding the output from the BESS in
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the main grid and in Suduroy using the detailed model, see plot c), gives
a higher initial response than the BESS in Suduroy using the approximated
model. There is steady state deviation between the frequency using the de-
tailed model and approximation 2, and this is caused by the limitation of the
battery in Suduroy. The import from the main grid using the detailed model
added with the battery system in Suduroy is higher than the import from ap-
proximation 2 added with the battery in Suduroy. Using approximation 2 the
battery is delivering maximum power, and can not increase it further, thus,
the total active power regulation with approximation 2 is lower than with the
detailed model. Therefore the frequency can not be maintained at the same
level as the wind power decreases, when using approximation 2 instead of
the detailed model.

The accuracy of the voltage is opposite, i.e. approximation 1 is accu-
rate while approximation 2 is inaccurate. This is because of the relationship
between the voltage drop and the import from the main grid. The import
from the main grid decreases when the battery in Suduroy is triggered, and
therefore the voltage drop does not increase further. Using approximation 1
the behaviour is sightly different from the detailed model, as the dynamics
when the BESS in the main grid is regulating is not capturing, but the overall
response is very similar, since the loss is compensated from the main grid
whether it is a battery system or an infinite inertia.
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Fig. 7.11: Comparison of the dynamic response in Suduroy using different modelling approaches
of the main grid. Plot a) shows the frequency response and plot b) shows the voltage at VG 20
kV. The plot ¢) shows the import form the main grid (MG) to the Suduroy grid (SG) and the
power output from the BESS using the detailed model (DM) and approximation 2 (A2) of the
main grid. The specific scenario is sudden loss of wind power in 2026 [145].

The plots in Figure 7.11 show that there are some implications of using
approximating models, especially when it comes to capturing frequency trig-
gered technologies. Therefore the detailed model was used to represent the
main grid in the simulations represented in previous sections, i.e. section 7.3
and section 7.4. One method of solving the issue with the approximated
model could be to model a battery system parallel to the external grid com-
ponent at the end of the subsea cable. This means that while the synchronous
generation, the transformers and cables are approximated using a simple ap-
proximation like e.g. "External grid", the batteries in the main grid should
be represented with a battery model. This way Suduroy should receive the
same, or similar, contribution through the cable using the detailed model or
approximation 2 with a parallel battery.

7.6 FROM SUDBUROY TO THE MAIN GRID

The dynamic analyses represented here focus on the grid of Suduroy, which
is significantly smaller than the main grid. This section elaborates on how
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the results observed in Suduroy can be transferred to the larger main grid.

The fluctuations seen in Suduroy due to the IBG, are an issue that is ap-
parent in the main grid as well. The wind farms are larger, especially future
wind farms, but the grid is also stronger, with higher inertia and short circuit
power. Therefore it is difficult to say anything specific on how the main grid
will be affected. The advantage in the main grid is also that there are more
wind farm locations, i.e. the generation is distributed and the fluctuations
are therefore not directly proportional to the total wind power capacity in
the main grid, due to the different wind conditions.

The events analysed in the previous sections are considered large distur-
bances in Suduroy; however, in all events it was shown that when Suduroy
is connected to the main grid, the severity of the disturbances decreases sig-
nificantly. This is of course due to the system becoming larger and the dis-
turbances relatively smaller. Therefore one can not say that since the distur-
bances analysed in this case do not cause severe issues with the power system
stability, that e.g. a sudden wind power drop from 0.7 p.u. to 0.0 p.u. at a
wind farm in the main grid, would be insignificant. Because such a reduc-
tion depends on the wind farm size and location. Additional simulations are
required to conclude anything on this, and the disturbances analysed in the
main grid should be large compared to the whole system, not only the grid
of Suduroy.

The approximated models show implications, and if it was the other way
around, the same implications would be seen, i.e. if Suduroy is approximated
for an analysis of the main grid from 2026 and onward. The need for simpli-
fying Suduroy is however not as significant as for the main grid. The issues
seen with the approximation are due to the frequency triggered technologies,
i.e. in this case the BESS, and this will be an issue in all approximated mod-
els of systems which have a significant penetration of frequency triggered
technologies.

7.7 CHAPTER SUMMARY

The chapter has analysed and described dynamic studies of the power system
in Suduroy, starting with frequency and voltage fluctuations during steady
state operation in the present grid, followed by large disturbances in the grid
and main grid network representation.

IBG has a negative impact on the frequency fluctuations in the system,
but the impact on the voltage fluctuations is limited. However, as previously
discussed, the location of the voltage measurement could be one of the rea-
sons.

It is clear that the IBG can have a negative impact on the stability, but espe-
cially the fast reacting BESS in many cases are enough to ensure the stability
in the study cases and operation scenarios considered. Large disturbances

183



CHAPTER 7. DYNAMIC STUDIES OF THE POWER SYSTEM ON SUDUROY

in Suduroy do not appear to be a problem when the system is connected to
the main grid, due to ancillary services received from the main grid, and
a large disturbance in Suduroy being significantly smaller compared to the
main grid. IE from the wind turbines has the potential to contribute to fre-
quency stability, but as shown here the need of it decreases when there is a
BESS in the system, which has been installed for this and other purposes.

Using the simplified models of the main grid lead to inaccuracies of the
simulation results, due to the frequency triggered BESS.

The dynamic simulations conducted in this study do not address all as-
pects which should be addressed when moving towards 100% renewables.
Thus, there are many other simulations which should be conducted on both
the main grid and the grid in Suduroy. The system of Suduroy should be
analysed for 2026 and forward with the subsea cable out of service, as this
would increase the need for local stabilisation measures in Suduroy. The
system should also be investigated under other scenarios, e.g. with a 100%
renewable inverter-based generation. The analyses conducted in the grid of
Suduroy should be adjusted and conducted on the main grid as well.
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CHAPTER 8
Conclusions

This thesis has presented a thorough study of the future power system in the
Faroe Islands toward a 100% renewable electricity sector. First by investigat-
ing the optimal energy mixture and translating it into a tangible RoadMap,
and then through dynamic RMS studies of the power system of Suduroy. This
chapter concludes the research through answering the objectives, presenting
the main contributions and future works.

8.1 THE FIRST OBJECTIVE

The first objective of this PhD was to determine the best suited RoadMap
towards a 100% renewable electricity sector in the Faroe Islands based on the
local energy resources and economics. This has been solved through (a) state
of the art review, (b) assessment of energy resources, (c) feasibility of tech-
nologies, (d) optimisation of the energy mixture, (e) developing a procedure
to obtain a tangible RoadMap and (f) obtaining the RoadMap for the main
grid and Suduroy through an application of the developed procedure.

(@) The available expansion planning tools are typically economic optimi-
sations, which optimise the investments annually. This can lead to an
increasing capacity at a specific investment site, e.g. a wind farm, ev-
ery year, whilst in reality investments at a site are either conducted all
at once, or in larger construction stages. Therefore an expansion plan
based solely on an economic optimisation is not directly applicable to the
power system. Hence, a method to obtain a tangible RoadMap should
be developed. Multiple Faroese expansion planning studies have been
conducted, but a higher level of details was needed, in order to conduct
reliable power system analyses and simulations. In terms of similar study
cases, the case of Madeira is most similar study case to the Faroese power
system, although there are noticeable differences e.g. the potential for PV
power.

(b) The potential for renewable energy is high, especially when it comes to
wind and hydro power. Although the potential for solar power is lower,
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the resource potential complements the wind speeds and precipitation
well on a monthly basis, and thus it could become a vital component in
the system during the summer. In addition to these, there is a potential
for tidal energy as well. Tidal energy has the great advantage that it is
not dependant on the weather, and it is predictable. Furthermore, there
is a phase shift between the tidal streams at different locations, making it
possible for base load production utilisation.

(c) The feasibility and costs of the different technologies has been obtained
based on technological catalogues, previous investment projects and in-
put from manufacturers.

(d) The optimal energy mixture has been found based on different scenarios
using the economic optimisation tool Balmorel. Including tidal energy as
an investment option has been shown to have a disruptive influence. Also
utilising biofuels at one of the thermal power plants, could cancel signif-
icant investments in power and storage capacity. A sensitivity analysis
showed that the results are not significantly sensitive to cost reductions
or increases of 20%.

(e) A method to obtain a tangible RoadMap has been developed. This
method utilises Balmorel, and translates the optimal results to a RoadMap,
of which the economics are close to the economically optimal solution,
and meets the goal of 100% renewables by 2030.

(f) The RoadMap for the Faroese power system includes the following wind
and solar power capacities of 224% and 105% in ratio of average demand
in 2030. In addition to this a 8-9 days of storage at the pumped hydro
plant is required.

8.1.1 MAIN CONTRIBUTIONS

The main contributions from the research behind the first objective are the
method to develop the RoadMap and the potential influence tidal energy has
on the overall power composition.

The method developed to generate a tangible RoadMap bridges the gap
between theoretical expansion planning studies and applications in actual
power systems. This is done by taking an economic optimisation and trans-
lating it to a hands-on expansion plan. In order to make a RoadMap, which
is applicable to actual expansion plans, it has to consider a broad aspect of
practical constraints; technical, economic, environmental and political, e.g.
operation limits, renewable goals and wind farm locations. The method is
applicable to other systems [81].
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If tidal energy becomes a feasible mature technology, it could reduce the
total generation capacity by 18% in 2030. 72 MW of tidal power would re-
place all solar generation (79 MW), 66 MW of wind power, 9 MW of hydro
power and 1 MW of battery power. This because tidal energy, different from
hydro and wind power, has the same potential during the, when the wind
and precipitation is limited, and the phase shift of the tidal currents at differ-
ent locations. The needed reservoir capacity at the pumped storage system
could also be reduced by 75%, if tidal energy becomes a viable competing
technology. These results should motivate continuous development and re-
search in this technology [81], [108].

8.1.2 FUTURE WORKS

The future works related to the first objective are described as follows.

There are constant changes in fuel costs, investment costs, demand pro-
gression etc. Therefore the RoadMap has to be updated on a regular basis.
This should be done, in order to have the best foundation for making the
most beneficial decisions when it comes to expansions of the power system.

The RoadMap generation, i.e. the step between the optimal results and
the actual RoadMap, which in this study is manual, could be automatised.
This would require the development of an algorithm fed by different criteria
set by the expansion planning decision maker.

The RoadMap only considers the main grid and the grid of Suduroy. The
five smaller isolated systems should also be investigated, in order to reach
a 100% renewable production in all of the seven grids in the Faroese power
systems, although the five small grids account for less than 0.2% of the annual
demand in the Faroe Islands.

8.2 THE SECOND OBJECTIVE

The second objective was to analyse how the frequency and voltage stability
can be ensured in 100% renewable electricity sector. This objective focused
on the power system of Suduroy and has been answered by the following
subobjectives: (a) state of the art review, (b) modelling the power system, (c)
developing validation guidelines for power system models, (d) assessing fre-
quency and voltage variations in today’s system, (e) analysing the power sys-
tem stability towards 2030, (f) assessing the need for using a detailed model
of the main grid, and finally (g) to provide lessons learned from Suduroy to
the main grid.

(a) As the share of synchronous generation is decreasing, researchers and
system operators are looking into alternative methods to provide ancil-
lary services. Multiple control strategies of e.g. wind turbines and pho-

187



(b)

(©)

(d)

(e)

()

(8)

CHAPTER 8. CONCLUSIONS

tovoltaics have been developed in previous literature. Previous Faroese
power system stability studies have been presented. There are different
methods to model (parameterise and validate) power system models, but
when applied to the Faroese system insufficient results were obtained.

The power system of Suduroy has been modelled on transmission level
(20 kV and 10 kV) for load flow and dynamic RMS simulations. The
modelling of the present system is based on datasheets, test reports and
information received from manufacturers. Missing data has estimated
based on engineering experience. The type of components in the future
system, that exist in today’s system are modelled using the same models,
e.g. wind turbines, while new types of components, e.g. large PV plants,
are modelled with standard models.

A procedure to parameterise and validate standard models of governors
and AVRs has been developed. Tests and measurements to use for the
parameterisation and validation have been prepared and conducted, and
the procedure has successfully been applied to the system of Suduroy.

The frequency and voltage variations in today’s system have been anal-
ysed through 4.5 hour simulation period. The impact of wind power
and photovoltaic power has been analysed. Wind power has a higher
influence on the fluctuations seen in the frequency than PV, but the pro-
duction from PV is significantly lower and more stable. The impact on
voltage fluctuations are limited.

Analysing the system towards 2030 has highlighted some of the impli-
cations in the transition towards 100%. However, the connection to the
main grid, which is nine times larger, solves some of the implications.
This is due to the disturbances becoming relatively smaller, compared to
the whole system. Prior to the connection, there is a need to make invest-
ments in ancillary services or modify control strategies. The study shows
that increasing the battery capacity and synchronous condenser can solve
these challenges.

Using simple approximation models of the main grid when analysing
the grid of Suduroy, after the two grids have been connected, led to in-
accurate representations. Thus, the dynamic simulations post 2026 were
conducted using a detailed model of the main grid as well.

The lessons learned in Suduroy can to some degree be transferred to the
main grid. The parameterisation and validation procedure can be applied
to the main grid and other power systems as well. The study highlights
the importance of investigating the system throughout the transition pe-
riod, and not just the start and end, since some of the issues might be
uncovered when doing this.
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8.2.1 MAIN CONTRIBUTIONS

The main contributions from the research of the second objective are guide-
lines for parameterising and validating the governors and AVRs, the reflec-
tions of the representation of the main grid and how the results on a small
grid, in this case Suduroy, can be transferred to a larger grid, in this case the
main grid and the representation of a large grid.

The parameterisation and validation procedure increases the accuracy of
the dynamic models. Applications of the existing methods did not result in a
model of the Faroese power system, which could be validated, and therefore
it is not unlikely that validations of other power systems will face the same
implications. The developed method combines existing approaches and in-
creases the accuracy of the models [161].

Representing the main grid using simple network reduction models did
not replicate simulations using a detailed model properly. The battery sys-
tems, which are frequency triggered, were not captured properly by the net-
work reductions [145].

8.2.2 FUTURE WORKS

The future works related to the second objective are described as follows.

Different operation scenarios and disturbances should be investigated.
The system of Suduroy after the connection the main grid, should also be
investigated based on scenarios where the subsea cable is out of service. In
this case the system has to be both balanced and stabilised locally. The sys-
tem was investigated isolated prior to 2026, and these studies showed the
need for improved ancillary services. Investigations of the system post 2026
with the cable being out of service should be conducted.

The validation of the main grid should be improved, including more sce-
narios, to increase the accuracy of the model. The stability of main grid also
has to be analysed, in order to get a better understanding of the initiatives
necessary to ensure a stable grid towards 100% renewables.

Different ancillary services and control strategies should be investigated
in order to chose the best solutions for the specific power system.

The five smaller grids should also be modelled and validated for load flow
and dynamic simulations, in order to be able to ensure the future stability of
these, in the transition towards 100% renewables.

Recent studies, e.g. [170], have stated that in the future EMT models will
be necessary in order to simulate power systems with low system strength.
The study shows an example of how simulation results from an RMS model
of network with a high penetration of renewables deviates from the results
from an EMT model of the same network. RMS simulations might therefore
not foresee instabilities in low strength grid accurately. Thus, the Faroese
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power system should in the future also be modelled in the EMT domain,
in order to obtain accurate results for simulations with fewer synchronous
generators/condensers online than the simulations in this PhD.

8.3 CONCLUDING REMARKS

This industrial PhD thesis provides valuable information for the transition of
the Faroese power system toward a 100% renewable electricity sector. The
methods developed, both to generate a realistic and tangible RoadMap based
on an economical optimisation and the method to validate power system
models are essential contributions to the industry to ensure a safe and reli-
able shift away from fossil fuels in the electricity mix in the Faroe Islands.
Additionally, the methods are applicable to other power systems as well.
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APPENDIX A. EXPANSION PLANNING DATA

Table A.1: Historic (2009-2018) and projected (2019-2030) electricity demand (MWh) in regions
1-7 divided into normal (N), heating (H) and transport (T) demand.

Year R1 R2 R4

N H T N H T N H T
2009 | 32410 151 0 9172 15 0 29951 108 0
2010 | 31331 228 0 9284 23 0 30103 163 0
2011 | 31103 349 0 9304 36 0 30464 249 0
2012 | 31347 384 0 9894 39 0 33054 274 0
2013 | 25406 430 0 9804 44 0 34192 307 0
2014 | 26480 500 0 9621 51 0 34444 357 3
2015 | 29280 545 0 10214 56 0 36520 389 6
2016 | 31438 590 0 10127 60 0 36600 421 9
2017 | 33689 635 0 9983 65 0 37203 453 9
2018 | 42276 698 33 9924 71 0 40267 499 27
2019 | 43807 1382 791 | 10015 296 237 | 41632 1177 767

2020 | 45394 2067 1549 | 10108 521 474 | 43044 1856 1507
2021 | 47038 2751 2307 | 10201 746 710 | 44503 2534 2247
2022 | 48741 3435 3065 | 10295 971 947 | 46012 3212 2988
2023 | 50507 4119 3823 | 10390 1195 1184 | 47572 3891 3728
2024 | 52336 4803 4581 | 10486 1420 1421 | 49185 4569 4468
2025 | 54231 5488 5339 | 10583 1645 1658 | 50853 5248 5208
2026 | 56195 6675 6731 | 10680 2009 2078 | 52577 6367 6549
2027 | 58231 7863 8123 | 10779 2373 2498 | 54360 7487 7890
2028 | 60340 9050 9515 | 10878 2737 2918 | 56203 8606 9231
2029 | 62525 10238 10908 | 10978 3101 3339 | 58108 9726 10572
2030 | 64790 11425 12300 | 11080 3465 3759 | 60079 10845 11913

Year R5 R6 R7

N H T N H T N H T
2009 | 162867 866 0 5587 18 0 23717 31 0
2010 | 165847 1310 0 5266 28 0 23716 47 0
2011 | 162943 2002 9 5445 43 0 22910 71 0
2012 | 165009 2202 9 5231 47 0 27269 78 0
2013 | 170867 2468 18 5004 53 0 33143 88 0
2014 | 176844 2865 4 4430 61 0 34515 102 0
2015 | 172675 3123 0 4913 67 0 32252 111 0
2016 | 178900 3381 45 5303 72 0 29454 120 0
2017 | 197002 3640 90 5583 78 0 25298 130 0
2018 | 198152 4004 231 5571 85 3 26740 142 3

2019 | 202631 7487 4253 | 5582 243 124 | 27265 750 470

2020 | 207212 10970 8275 | 5593 401 245 | 36560 1357 938

2021 | 211896 14453 12297 | 5604 559 366 | 37106 1964 1405
2022 | 216686 17936 16320 | 5616 717 486 | 37662 2571 1872
2023 | 221584 21419 20342 | 5627 874 607 | 55749 3178 2340
2024 | 226593 24902 24364 | 5638 1032 728 | 56328 3785 2807
2025 | 231715 28385 28386 | 5649 1190 849 | 56917 4393 3275
2026 | 236953 34632 35747 | 5661 1428 1037 | 57519 5276 4018
2027 | 242309 40879 43108 | 5672 1666 1225 | 58132 6160 4761
2028 | 247786 47126 50468 | 5684 1904 1412 | 58757 7043 5504
2029 | 253388 53373 57829 | 5695 2142 1600 | 59395 7927 6247
2030 | 259115 59620 65190 | 5706 2380 1788 | 60044 8810 6990
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Table A.2: Optimal generation capacities for scenario 1-6, cBS, cCA and cFU.

Scenario | Type | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030
Fuel oil | 91 91 91 91 91 91 91 91 91 91 91
Gas oil 8 8 8 8 8 8 8 8 8 8 8
Biogas 2 2 2 2 2 2 2 2 2 2 2
#1 Hydro 40 55 57 61 63 65 75 83 89 93 112
Wind 24 69 74 82 86 92 110 | 137 | 155 | 167 | 168
Solar 0 0 0 0 0 0 0 0 7 36 79
Battery 0 0 0 0 0 0 0 0 0 0 2
Fuel oil | 91 91 91 91 91 91 91 91 91 91 91
Gas oil 8 8 8 8 8 8 8 8 8 8 8
Biogas 2 2 2 2 2 2 2 2 2 2 2
#2 Hydro 40 55 57 61 63 63 63 63 63 66 103
Wind 24 69 74 82 86 86 86 86 86 86 102
Tidal 0 0 0 0 0 25 32 38 51 72 72
Battery 0 0 0 0 0 0 0 0 0 0 1
Fuel oil | 91 91 91 91 91 91 91 91 91 91 91
Gas oil 8 8 8 8 8 8 8 8 8 8 8
# Biogas 2 2 2 2 2 2 2 2 2 2 2
Hydro 40 55 57 61 63 65 75 80 84 90 94
Wind 24 69 74 82 86 92 110 | 124 | 130 | 139 | 153
Battery 0 0 0 0 0 0 0 0 0 0 1
Fuel oil | 91 91 91 91 91 91 91 91 91 91 91
Gas oil 8 8 8 8 8 8 8 8 8 8 8
#4 Biogas 2 2 2 2 2 2 2 2 2 2 2
Hydro 40 55 57 61 63 65 67 68 72 76 79
Wind 24 69 74 82 86 92 99 102 | 109 | 117 | 125
Fuel 0il | 91 91 91 91 91 91 91 91 91 91 91
Gas oil 8 8 8 8 8 8 8 8 8 8 8
Biogas 2 2 2 2 2 2 2 2 2 2 2
45 Hydro 40 55 57 59 61 64 71 78 85 89 108
PSR7 0 0 0 4 4 4 4 4 4 4 4
Wind 24 69 74 82 87 93 110 | 136 | 154 | 170 | 170
Solar 0 0 0 0 0 0 0 0 7 37 74
Battery 0 0 0 0 0 0 0 0 0 0 2
Fuel oil | 91 91 91 91 91 91 91 91 91 91 91
Gas oil 8 8 8 8 8 8 8 8 8 8 8
Biogas 2 2 2 2 2 2 2 2 2 2 2
#6 Hydro 40 55 57 61 63 65 73 81 89 93 112
Wind 24 69 74 82 86 92 112 | 135 | 156 | 176 | 182
Solar 0 0 0 0 0 0 0 0 0 12 40
Battery 0 0 0 0 0 0 0 0 0 0 2
Fuel oil | 91 91 91 91 91 91 91 91 91 91 91
Gas oil 8 8 8 8 8 8 8 8 8 8 8
Biogas 2 2 2 2 2 2 2 2 2 2 2
cBS Hydro 40 55 57 61 63 65 75 82 88 93 112
Wind 24 69 74 82 86 92 110 | 137 | 154 | 168 | 168
Solar 0 0 0 0 0 0 0 0 7 37 80
Battery 0 0 0 0 0 0 0 1 1 1 3
Fuel oil | 91 91 91 91 91 91 91 91 91 91 91
Gas oil 8 8 8 8 8 8 8 8 8 8 8
Biogas 2 2 2 2 2 2 2 2 2 2 2
cCA Hydro 40 55 57 61 63 65 74 82 89 93 112
Wind 24 69 73 82 86 92 110 | 137 | 155 | 167 | 168
Solar 0 0 0 0 0 0 0 0 6 36 79
Battery 0 0 0 0 0 0 0 0 0 0 2
Fuel oil | 91 91 91 91 91 91 91 91 91 91 91
Gas oil 8 8 8 8 8 8 8 8 8 8 8
Biogas 2 2 2 2 2 2 2 2 2 2 2
cFU Hydro 40 50 52 56 58 65 75 83 89 93 112
Wind 24 68 72 80 84 91 110 | 137 | 155 | 167 | 168
Solar 0 0 0 0 0 0 0 0 7 36 79
Battery 0 0 0 0 0 0 0 0 0 0 2
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APPENDIX A. EXPANSION PLANNING DATA

Table A.3: Optimal generation capacities for cPV, cPS, (WP, eBS, eCA, eFU, ePV, ePS and eWP.

Scenario | Type 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030
Fuel oil | 91 91 91 91 91 91 91 91 91 91 91
Gas oil 8 8 8 8 8 8 8 8 8 8 8
Biogas 2 2 2 2 2 2 2 2 2 2 2
PV Hydro 40 55 57 61 63 65 75 81 87 92 | 112
Wind 24 69 74 82 86 92 | 110 | 131 | 137 | 148 | 149
Solar 0 0 0 0 0 0 0 13 42 88 | 149
Battery 0 0 0 0 0 0 0 0 0 0 3
Fuel oil | 91 91 91 91 91 91 91 91 91 91 91
Gas oil 8 8 8 8 8 8 8 8 8 8 8
Biogas 2 2 2 2 2 2 2 2 2 2 2
cPS Hydro 40 56 58 62 64 67 76 82 91 97 | 112
Wind 24 69 73 82 87 92 | 107 | 130 | 154 | 164 | 173
Solar 0 0 0 0 0 0 0 0 0 1 31
Battery 0 0 0 0 0 0 0 0 0 0 2
Fuel oil | 91 91 91 91 91 91 91 91 91 91 91
Gas oil 8 8 8 8 8 8 8 8 8 8 8
Biogas 2 2 2 2 2 2 2 2 2 2 2
cWP Hydro 40 54 57 61 63 65 73 82 89 93 | 112
Wind 24 74 78 88 93 | 100 | 112 | 139 | 167 | 180 | 184
Solar 0 0 0 0 0 0 0 0 0 24 53
Battery 0 0 0 0 0 0 0 0 0 0 2
Fuel oil | 91 91 91 91 91 91 91 91 91 91 91
Gas oil 8 8 8 8 8 8 8 8 8 8 8
Biogas 2 2 2 2 2 2 2 2 2 2 2
eBS Hydro 40 55 57 61 63 65 75 83 89 93 | 112
Wind 24 69 74 82 86 92 | 110 | 137 | 155 | 167 | 168
Solar 0 0 0 0 0 0 0 0 7 36 79
Battery 0 0 0 0 0 0 0 0 0 0 2
Fuel oil | 91 91 91 91 91 91 91 91 91 91 91
Gas oil 8 8 8 8 8 8 8 8 8 8 8
Biogas 2 2 2 2 2 2 2 2 2 2 2
eCA Hydro 40 54 56 60 62 65 74 83 88 93 | 112
Wind 24 69 74 82 86 92 | 110 | 137 | 155 | 167 | 168
Solar 0 0 0 0 0 0 0 0 7 37 79
Battery 0 0 0 0 0 0 0 0 0 0 3
Fuel oil | 91 91 91 91 91 91 91 91 91 91 91
Gas oil 8 8 8 8 8 8 8 8 8 8 8
Biogas 2 2 2 2 2 2 2 2 2 2 2
eFU Hydro 40 55 58 62 64 67 75 83 89 93 | 112
Wind 24 77 81 90 93 | 101 | 110 | 137 | 155 | 167 | 168
Solar 0 0 0 0 0 0 0 0 7 36 79
Battery 0 0 0 0 0 0 0 0 0 0 2
Fuel oil | 91 91 91 91 91 91 91 91 91 91 91
Gas oil 8 8 8 8 8 8 8 8 8 8 8
Biogas 2 2 2 2 2 2 2 2 2 2 2
ePV Hydro 40 55 57 61 63 65 75 83 91 95 | 112
Wind 24 69 74 82 86 92 | 110 | 137 | 158 | 174 | 189
Solar 0 0 0 0 0 0 0 0 0 0 20
Battery 0 0 0 0 0 0 0 0 0 0 2
Fuel oil | 91 91 91 91 91 91 91 91 91 91 91
Gas oil 8 8 8 8 8 8 8 8 8 8 8
Biogas 2 2 2 2 2 2 2 2 2 2 2
ePS Hydro 40 53 55 59 61 63 73 82 87 92 | 111
Wind 24 69 73 82 86 93 | 112 | 139 | 155 | 166 | 169
Solar 0 0 0 0 0 0 0 0 21 61 119
Battery 0 0 0 0 0 0 0 0 0 3
Fuel oil | 91 91 91 91 91 91 91 91 91 91 91
Gas oil 8 8 8 8 8 8 8 8 8 8 8
Biogas 2 2 2 2 2 2 2 2 2 2 2
eWP Hydro 40 54 56 59 62 65 75 82 88 93 | 113
Wind 24 68 72 80 85 91 109 | 130 | 148 | 156 | 157
Solar 0 0 0 0 0 0 0 0 16 54 | 101
Battery 0 0 0 0 0 0 0 0 0 0 2

o
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Table A.4: Optimal capacities at Myruverkid.

Scenario Technology 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030

Reservoir (MWh) | 2275 | 2275 | 2275 | 2275 | 2275 | 2275 | 2689 | 3428 | 5915 | 10039 | 14355

#1 Turbines (MW) 2 18 20 23 26 28 37 45 48 52 71

Pumps (MW) 0 23 25 26 27 27 41 62 71 77 78
Reservoir (MWh) | 2275 | 2275 | 2275 | 2275 | 2275 | 2275 | 2275 | 2275 | 2275 | 2560 | 4471

#2 Turbines (MW) 2 18 20 23 26 26 26 26 26 28 61

Pumps (MW) 0 23 25 26 27 27 27 27 27 30 50
Reservoir (MWh) | 2275 | 2275 | 2275 | 2275 | 2275 | 2275 | 2689 | 3008 | 3091 | 3180 | 3569

#3 Turbines (MW) 2 18 20 23 26 28 37 41 45 50 54

Pumps (MW) 0 23 25 26 27 27 41 51 52 53 61
Reservoir (MWh) | 2275 | 2275 | 2275 | 2275 | 2275 | 2275 | 2275 | 2384 | 2648 | 2797 | 2951

#4 Turbines (MW) 2 18 20 23 26 28 29 30 34 37 40

Pumps (MW) 0 23 25 26 27 27 27 29 31 34 38
Reservoir (MWh) | 2275 | 2275 | 2275 | 2275 | 2275 | 2275 | 2520 | 3326 | 5756 | 8803 | 14940

#5 Turbines (MW) 2 18 20 22 24 26 34 41 44 48 67

Pumps (MW) 0 23 25 25 25 25 34 56 65 77 77
Reservoir (MWh) | 2275 | 2275 | 2275 | 2275 | 2275 | 2275 | 2504 | 3217 | 4960 | 6759 | 12562

#6 Turbines (MW) 2 18 20 23 26 28 35 44 49 53 72

Pumps (MW) 0 23 25 26 27 27 39 54 66 86 88

Reservoir (MWh) | 2275 | 2275 | 2275 | 2275 | 2275 | 2275 | 2689 | 3419 | 5896 | 9751 | 14293
cBS Turbines (MW) 2 18 20 23 26 28 37 45 48 51 70
Pumps (MW) 0 23 25 26 27 27 41 61 70 77 78

Reservoir (MWh) | 2275 | 2275 | 2275 | 2275 | 2275 | 2275 | 2683 | 3426 | 5931 | 9947 | 14366
cCA Turbines (MW) 2 18 20 24 26 28 37 45 48 52 71
Pumps (MW) 0 23 25 26 27 27 41 62 72 77 79

Reservoir (MWh) | 2275 | 2275 | 2275 | 2275 | 2275 | 2275 | 2689 | 3428 | 5914 | 10039 | 14355
cFU Turbines (MW) 2 13 15 19 21 28 37 45 48 52 71
Pumps (MW) 0 22 23 25 25 27 41 62 71 77 78

Reservoir (MWh) | 2275 | 2275 | 2275 | 2275 | 2275 | 2275 | 2689 | 3239 | 4795 | 5251 | 5894
cPV Turbines (MW) 2 18 20 23 26 28 37 44 48 53 72
Pumps (MW) 0 23 25 26 27 27 41 58 61 68 69

Reservoir (MWh) | 2275 | 2275 | 2275 | 2275 | 2275 | 2275 | 2923 | 4387 | 7302 | 19128 | 22887
cPS Turbines (MW) 2 19 21 24 27 29 39 43 50 56 71
Pumps (MW) 0 25 27 28 29 29 44 61 78 80 85

Reservoir (MWh) | 2275 | 2275 | 2275 | 2275 | 2275 | 2275 | 2550 | 3371 | 5310 | 10171 | 16437
cWP Turbines (MW) 2 17 20 23 25 28 36 45 49 52 71
Pumps (MW) 0 25 25 28 28 28 39 59 74 80 81

Reservoir (MWh) | 2275 | 2275 | 2275 | 2275 | 2275 | 2275 | 2689 | 3428 | 5915 | 10039 | 14355
eBS Turbines (MW) 2 18 20 23 26 28 37 45 48 52 71
Pumps (MW) 0 23 25 26 27 27 41 62 71 77 78

Reservoir (MWh) | 2275 | 2275 | 2275 | 2275 | 2275 | 2275 | 2704 | 3459 | 5908 | 9928 | 14340
eCA Turbines (MW) 2 17 19 23 25 27 37 45 48 52 70
Pumps (MW) 0 23 24 25 26 27 42 62 71 77 77

Reservoir (MWh) | 2275 | 2275 | 2275 | 2275 | 2275 | 2275 | 2689 | 3427 | 5916 | 9964 | 14346
eFU Turbines (MW) 2 18 21 25 27 29 37 45 48 52 71
Pumps (MW) 0 31 31 31 31 31 41 62 71 78 79

Reservoir (MWh) | 2275 | 2275 | 2275 | 2275 | 2275 | 2275 | 2689 | 3428 | 6057 | 16216 | 21696
ePV Turbines (MW) 2 18 20 23 26 28 37 45 49 54 71
Pumps (MW) 0 23 25 26 27 27 41 62 73 81 89

Reservoir (MWh) | 2275 | 2275 | 2275 | 2275 | 2275 | 2275 | 2564 | 3351 | 4672 | 5643 | 6334
ePS Turbines (MW) 2 16 18 22 24 26 36 45 47 51 70
Pumps (MW) 0 21 23 24 24 26 38 59 69 72 73

Reservoir (MWh) | 2275 | 2275 | 2275 | 2275 | 2275 | 2275 | 2739 | 4376 | 5688 | 8575 | 12337
eWP Turbines (MW) 2 16 19 22 25 28 38 43 47 51 71
Pumps (MW) 0 24 25 27 28 28 44 61 73 76 77
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Table A.5: Optimal capacities at Heygaverkid.

Scenario Technology 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030

# Reservoir MWh) | 516 516 516 516 516 516 716 | 1040 | 2013 | 2141 | 2141
Turbines (MW) 5 5 5 5 5 5 5 5 8 9 9

w0 Reservoir (MWh) | 516 | 516 | 516 | 516 | 516 | 516 | 516 | 516 | 546 | 650 | 1232
Turbines (MW) 5 5 5 5 5 5 5 5 5 5 9

s Reservoir (MWh) | 516 | 516 | 516 | 516 | 516 | 516 | 716 | 857 | 894 | 933 | 1105
Turbines (MW) 5 5 5 5 5 5 5 6 7 7 8

4 Reservoir (MWh) | 516 | 516 | 516 | 516 | 516 | 516 | 516 | 547 | 622 | 678 | 750
Turbines (MW) 5 5 5 5 5 5 6 6 6 6 7

45 Reservoir (MWh) | 516 | 516 | 516 | 516 | 516 | 516 | 642 | 996 | 1942 | 2020 | 2067
Turbines (MW) 5 5 5 5 5 5 5 5 8 9 9

46 Reservoir (MWh) | 516 | 516 | 516 | 516 | 516 | 516 | 631 | 945 | 1586 | 2451 | 2622
Turbines (MW) 5 5 5 5 5 5 5 5 7 7 7

BS Reservoir MWh) | 516 516 516 516 516 516 716 | 1036 | 2004 | 2112 | 2112
Turbines (MW) 5 5 5 5 5 5 5 5 8 9 9

CA Reservoir (MWh) | 516 | 516 | 516 | 516 | 516 | 516 | 714 | 1040 | 2020 | 2143 | 2143
Turbines (MW) 5 5 5 5 5 5 5 5 8 9 9

FU Reservoir (MWh) | 516 | 516 | 516 | 516 | 516 | 516 | 717 | 1040 | 2013 | 2141 | 2141
Turbines (MW) 5 5 5 5 5 5 5 5 8 9 9

PV Reservoir (MWh) | 516 | 516 | 516 | 516 | 516 | 516 | 716 | 958 | 1645 | 1789 | 2063
Turbines (MW) 5 5 5 5 5 5 5 5 6 6 7

S Reservoir (MWh) | 516 | 516 | 516 | 516 | 516 | 516 | 831 | 1473 | 2080 | 2182 | 2436
Turbines (MW) 5 5 5 5 5 5 5 6 9 9 9

WP Reservoir (MWh) | 516 | 516 | 516 | 516 | 516 | 516 | 653 | 1015 | 1741 | 1974 | 2141
Turbines (MW) 5 5 5 5 5 5 5 5 8 8 8

eBS Reservoir MWh) | 516 516 516 516 516 516 716 | 1040 | 2013 | 2141 | 2141
Turbines (MW) 5 5 5 5 5 5 5 5 8 9 9

eCA Reservoir (MWh) | 516 | 516 | 516 | 516 | 516 | 516 | 723 | 1051 | 2009 | 2107 | 2107
Turbines (MW) 5 5 5 5 5 5 5 5 8 9 9

oFU Reservoir (MWh) | 516 | 516 | 516 | 516 | 516 | 516 | 716 | 1040 | 2013 | 2132 | 2132
Turbines (MW) 5 5 5 5 5 5 5 5 8 9 9

PV Reservoir (MWh) | 516 | 516 | 516 | 516 | 516 | 516 | 716 | 1040 | 2076 | 2335 | 2335
Turbines (MW) 5 5 5 5 5 5 5 5 9 9 9

DS Reservoir (MWh) | 516 | 516 | 516 | 516 | 516 | 516 | 660 | 1007 | 1457 | 1891 | 2269
Turbines (MW) 5 5 5 5 5 5 5 5 7 9 9

WP Reservoir (MWh) | 516 516 516 516 516 516 744 | 1468 | 1929 | 2192 | 2204
Turbines (MW) 5 5 5 5 5 5 5 6 8 9 9
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Table A.6: Optimal wind power capacities (MW) in R1 and R5.

Scenario | Wind site | 2026 | 2027 | 2028 | 2029 | 2030

Wh5a 0 0 4 4 4

# W5¢ 30 | 30 | 30 | 42 | 43
Wi1b 8 18 | 18 | 18 | 18

#3 Wh5a 0 0 0 0 3
Wi1b 8 18 | 18 | 18 | 18

#4 Wib 0 0 7 | 15 | 18
Wh5a 0 0 4 4 4

45 W5¢ 30 | 30 | 30 | 45 | 45
Wi1b 8 18 | 18 | 18 | 18

" Wib 0 0 0 2 7
W5d 9 | 33 | 54 | 72| 7™

W5a 0 0 4 4 4

cBS W5c 30 | 30 | 30 | 43 | 43
Wib 8 18 | 18 | 18 | 18

Wha 0 0 5 5 5

cCA W5¢ 30 | 30 | 30 | 42 | 43
Wib 8 18 | 18 | 18 | 18

Wh5a 0 0 4 4 4

cFU W5¢ 30 | 30 | 30 | 42 | 43
Wib 8 18 | 18 | 18 | 18

PV Wib 8 18 | 18 | 18 | 18
Wh5a 0 0 0 7 7

cPS W5¢ 30 | 30 | 33 | 37 | 46
Wib 5 18 | 18 | 18 | 18

Wh5a 0 0 12 | 12 | 16

CWP W5¢ 30 | 30 | 34 | 48 | 48
Wib 10 | 18 | 18 | 18 | 18

W5a 0 0 4 4 4

eBS W5c 30 | 30 | 30 | 42 | 43
Wib 8 18 | 18 | 18 | 18

Wh5a 0 0 4 4 4

eCA W5¢ 30 | 30 | 30 | 43 | 44
Wib 8 18 | 18 | 18 | 18

Wha 0 0 4 4 4

eFU W5¢ 30 | 30 | 30 | 42 | 43
Wib 8 18 | 18 | 18 | 18

Wh5a 0 0 3 6 | 21

ePV W5¢ 30 | 30 | 35 | 48 | 48
Wib 8 18 | 18 | 18 | 18

Wh5a 0 0 5 6 6

ePS W5¢ 30 | 30 | 30 | 39 | 43
Wib 10 | 18 | 18 | 18 | 18

W5¢ 30 | 30 | 30 | 35 | 36

eWpP Wib 7 18 | 18 | 18 | 18
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Table A.7: Optimal wind power capacities (MW) in R6 and R?7.

Scenario | Wind site | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030

Wéa 0 0 0 0 0 0 0 17 30 30 30
#1 W7 6 8 8 12 12 12 12 12 12 12 12
Wéb 0 7 11 16 20 26 36 36 36 36 36
0 A 6 8 8 12 12 12 12 12 12 12 12
Wéb 0 7 11 16 20 20 20 20 20 20 36
Woa 0 0 0 0 0 0 0 4 10 18 30
#3 w7 6 8 8 12 12 12 12 12 12 12 12
Wéb 0 7 11 16 20 26 36 36 36 36 36

Wéa 0 0 0 0 0 0 0 0 0 0 5
#4 A 6 8 8 12 12 12 12 12 12 12 12
Wéb 0 7 11 16 20 26 33 36 36 36 36
Woa 0 0 0 0 0 0 0 16 30 30 30
#5 w7 6 8 8 12 12 12 12 12 12 12 12
Wéb 0 7 11 16 21 27 36 36 36 36 36
#6 W7 6 8 8 12 12 12 12 12 12 12 12
Wob 0 7 11 16 20 26 36 36 36 36 36
Wéa 0 0 0 0 0 0 0 17 30 30 30
cBS A\ 6 8 8 12 12 12 12 12 12 12 12
Wéb 0 7 11 16 20 26 36 36 36 36 36
Wéa 0 0 0 0 0 0 0 17 30 30 30
cCA w7 6 8 8 11 12 12 12 12 12 12 12
Wob 0 7 11 16 20 26 36 36 36 36 36
Wéa 0 0 0 0 0 0 0 17 30 30 30
cFU A 6 8 8 11 12 12 12 12 12 12 12
Wéb 0 6 10 14 18 25 36 36 36 36 36
Woéa 0 0 0 0 0 0 0 10 17 28 29
cPV w7 6 8 8 12 12 12 12 12 12 12 12
Wéb 0 7 11 16 20 26 36 36 36 36 36
Wéa 0 0 0 0 0 0 0 10 30 30 30
cPS A 6 8 8 12 12 12 12 12 12 12 12
Wéb 0 7 11 16 21 26 36 36 36 36 36
Woéa 0 0 0 0 0 0 0 19 30 30 30
cWP w7 6 9 9 12 12 12 12 12 12 12 12
Wéb 0 11 15 22 27 33 36 36 36 36 36
Wéa 0 0 0 0 0 0 0 17 30 30 30
eBS A 6 8 8 12 12 12 12 12 12 12 12
Wéb 0 7 11 16 20 26 36 36 36 36 36
Woa 0 0 0 0 0 0 0 17 30 30 30
eCA w7 6 8 9 12 12 12 12 12 12 12 12
Wéb 0 7 11 15 20 26 36 36 36 36 36
Wéa 0 0 0 0 0 0 0 17 30 30 30
eFU A 6 8 9 12 12 12 12 12 12 12 12
Wéb 0 15 19 24 27 35 36 36 36 36 36
Woa 0 0 0 0 0 0 0 17 30 30 30
ePV w7 6 8 8 12 12 12 12 12 12 12 12
Wéb 0 7 11 16 20 26 36 36 36 36 36
Wéa 0 0 0 0 0 0 0 18 30 30 30
ePS A 6 8 8 12 12 12 12 12 12 12 12
Wéb 0 7 11 16 20 26 36 36 36 36 36
Woa 0 0 0 0 0 0 0 10 28 30 30
eWP w7 6 8 8 11 12 12 12 12 12 12 12
Wéb 0 7 10 15 19 24 36 36 36 36 36
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Table A.8: Optimal PV capacities (MW).

Scenario | Location | 2027 | 2028 | 2029 | 2030

54 0 0 | 22 | 61

# S6 0 0 0 3
S7 0 7 | 14 | 15

54 0 0 | 21 | 58

# S7 0 7 | 16 | 16
S4 0 0 0 | 26

#6 S7 0 0 | 12 | 14
54 0 0 | 22 | 60

cBS S6 0 0 0 1
S7 0 7 | 15 | 20

54 0 0 | 22 | 61

cCA S6 0 0 0 3
S7 0 6 14 | 15

54 0 0 | 22 | 61

cFU S6 0 0 0 3
Ss7 0 7 | 14 | 15

51 0 0 0 4

) 0 0 0 4

PV S4 8 | 28 | 53 | 81
S6 0 0 18 | 35

s7 5 | 14 | 18 | 25

54 0 0 0 18

cPS S7 0 0 1 13
54 0 0 | 14 | 40

cWP S7 0 0 1 | 13
S4 0 0 | 22 | 6l

eBS S6 0 0 0 3
S7 0 7 | 14 | 15

54 0 0 | 21 | 60

eCA S6 0 0 0 3
S7 0 7 | 15 | 16

54 0 0 | 22 | 60

eFU S6 0 0 0 3
S7 0 7 | 14 | 15

54 0 0 0 11

erv s7 0 0 0 9
) 0 0 0 2

S4 0 | 11 | 42 | 73

ePS S6 0 0 2 | 20
S7 0 9 18 | 23

54 0 5 | 38 | 69

eWP S6 0 0 0 15
s7 o | 11 | 16 | 17
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Table A.9: Optimal battery capacities (MW) in S7.

Scenario

2027

2028

2029

2030

#1

#2

#3

#5

#6

cBS

cCA

cFU

cPV

cPS

cWP

eBS

eCA

eFU

ePV

ePS

eWP

(=] ] o) ol fol fol ol fo) Fol Rl Nl Bl N o] Nl ol o) No)

(=] ] He) Hoo) o] o) foo] H o) o) foo] o) Bl ool oo ) Rev]l Hen) Nan)

(=]l o) ol fol fol ol fo) Fol ol Fol Bl Ho] Nl ol o) No)

NIWINNWINININWQINDNQINN PPN

Table A.10: Optimal tidal power capacities (MW) in scenario #2.

Location | 2025 | 2026 | 2027 | 2028 | 2029 | 2030
T1b 6 6 6 6 6 6
Tlc 0 2 4 4 4 4
Tba 7 7 7 7 7 7
T5b 0 0 4 16 23 23
Téa 12 17 17 17 17 17
T6b 0 0 0 2 15 15

216




Table A.11:

Optimal generation (GWh) in scenario 1-6, ¢cBS, cCA and cFU.

Scenario | Resource | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030
Fuel oil | 188 | 59 61 67 69 71 57 43 29 14 0
Biogas 9 9 9 9 9 9 9 9 9 9 9
# Hydro 112 | 102 | 101 99 99 99 96 91 85 81 77
Wind 88 | 252 | 273 | 310 | 331 | 354 | 403 | 456 | 507 | 542 | 569
Solar 0 0 0 0 0 0 0 0 4 22 49
Battery 0 0 0 0 0 0 0 0 0 0 0
Fuel oil | 188 | 59 61 67 69 33 33 36 29 14 0
Biogas 9 9 9 9 9 9 9 9 9 9 9
4 Hydro 112 | 102 | 101 99 99 104 | 105 | 105 | 105 | 105 | 102
Wind 88 | 252 | 273 | 310 | 331 | 271 | 274 | 281 | 267 | 236 | 290
Tidal 0 0 0 0 0 113 | 143 | 167 | 220 | 301 | 301
Battery 0 0 0 0 0 0 0 0 0 0 0
Fuel oil | 188 | 59 61 67 69 71 57 43 29 14 0
Biogas 9 9 9 9 9 9 9 9 9 9 9
# Biofuel 0 0 0 0 0 0 0 12 32 50 62
Hydro 112 | 102 | 101 99 99 99 96 94 93 91 87
Wind 88 | 252 | 273 | 310 | 331 | 354 | 403 | 441 | 471 | 503 | 545
Battery 0 0 0 0 0 0 0 0 0 0 0
Fuel oil | 188 | 59 61 67 69 71 75 84 89 93 98
4 Biogas 9 9 9 9 9 9 9 9 9 9 9
Hydro 112 | 102 | 101 99 99 99 98 97 96 95 93
Wind 88 | 252 | 273 | 310 | 331 | 354 | 384 | 410 | 439 | 469 | 501
Fueloil | 189 | 59 61 64 66 67 57 43 29 14 0
Biogas 9 9 9 9 9 9 9 9 9 9 9
Hydro 111 | 102 | 101 | 102 | 102 | 101 99 93 88 84 79
#5 PS R7 0 0 0 -5 -4 -5 -4 -3 -4 -4 -3
Wind 88 | 252 | 273 | 314 | 336 | 359 | 403 | 457 | 507 | 541 | 573
Solar 0 0 0 0 0 0 0 0 4 23 45
Battery 0 0 0 0 0 0 0 0 0 0 0
Fueloil | 188 | 59 61 67 69 71 57 43 29 14 0
Biogas 9 9 9 9 9 9 9 9 9 9 9
4 Hydro 112 | 102 | 101 99 99 99 97 92 87 82 77
Wind 88 | 252 | 273 | 310 | 331 | 354 | 402 | 454 | 508 | 554 | 591
Solar 0 0 0 0 0 0 0 0 0 7 24
Battery 0 0 0 0 0 0 0 0 0 0 0
Fueloil | 188 | 59 61 67 69 71 57 43 29 14 0
Biogas 9 9 9 9 9 9 9 9 9 9 9
BS Hydro 112 | 102 | 101 99 99 99 96 91 86 82 77
Wind 88 | 252 | 273 | 310 | 331 | 354 | 403 | 456 | 507 | 541 | 569
Solar 0 0 0 0 0 0 0 0 4 23 49
Battery 0 0 0 0 0 0 0 0 0 0 0
Fueloil | 188 | 58 60 66 68 70 57 43 29 14 0
Biogas 9 9 9 9 9 9 9 9 9 9 9
«CA Hydro 112 | 102 | 101 99 99 98 96 91 85 81 77
Wind 88 | 253 | 274 | 312 | 333 | 355 | 403 | 456 | 508 | 542 | 569
Solar 0 0 0 0 0 0 0 0 3 22 49
Battery 0 0 0 0 0 0 0 0 0 0 0
Fueloil | 188 | 64 66 73 75 72 57 43 29 14 0
Biogas 9 9 9 9 9 9 9 9 9 9 9
FU Hydro 112 | 103 | 102 | 101 | 100 | 98 96 91 85 81 77
Wind 88 | 246 | 266 | 303 | 324 | 353 | 403 | 456 | 507 | 542 | 569
Solar 0 0 0 0 0 0 0 0 4 22 49
Battery 0 0 0 0 0 0 0 0 0 0 0
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Table A.12: Optimal generation (GWh) in cPV, cPS, cWP, eBS, eCA, eFU, ePV, ePS, eWP and
RoadMap.

Scenario | Resource | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030

Fuel oil | 188 59 61 67 69 71 57 43 29 14 0

Biogas 9 9 9 9 9 9 9 9 9 9 9

PV Hydro 112 | 102 | 101 99 99 99 96 92 88 85 82
Wind 88 252 | 273 | 310 | 331 | 354 | 403 | 447 | 482 | 505 | 522

Solar 0 0 0 0 0 0 0 8 26 54 92

Battery 0 0 0 0 0 0 0 0 0 0 -1

Fuel oil | 188 58 60 66 68 70 57 43 29 14 0

Biogas 9 9 9 9 9 9 9 9 9 9 9

PS Hydro 112 | 102 | 101 99 99 98 95 91 84 75 70
Wind 88 253 | 274 | 312 | 333 | 355 | 404 | 456 | 513 | 571 | 606

Solar 0 0 0 0 0 0 0 0 0 1 19

Battery 0 0 0 0 0 0 0 0 0 0 0

Fuel oil | 188 53 56 59 61 62 57 43 29 14 0

Biogas 9 9 9 9 9 9 9 9 9 9 9

WP Hydro 112 | 103 | 102 | 100 | 100 | 100 97 91 86 81 75
Wind 88 257 | 278 | 318 | 339 | 361 | 402 | 456 | 509 | 548 | 586

Solar 0 0 0 0 0 0 0 0 0 15 32

Battery 0 0 0 0 0 0 0 0 0 0 0

Fuel oil | 188 59 61 67 69 71 57 43 29 14 0

Biogas 9 9 9 9 9 9 9 9 9 9 9

oBS Hydro 112 | 102 | 101 99 99 99 96 91 85 81 77
Wind 88 252 | 273 | 310 | 331 | 354 | 403 | 456 | 507 | 542 | 569

Solar 0 0 0 0 0 0 0 0 4 22 49

Battery 0 0 0 0 0 0 0 0 0 0 0

Fuel oil | 188 59 62 68 70 72 57 43 29 14 0

Biogas 9 9 9 9 9 9 9 9 9 9 9

eCA Hydro 112 | 102 | 102 | 100 99 99 96 91 86 81 77
Wind 88 251 | 272 | 309 | 330 | 352 | 403 | 456 | 507 | 541 | 569

Solar 0 0 0 0 0 0 0 0 4 23 49

Battery 0 0 0 0 0 0 0 0 0 0 0

Fuel oil | 188 47 50 56 59 59 57 43 29 14 0

Biogas 9 9 9 9 9 9 9 9 9 9 9

oFU Hydro 112 | 102 | 102 | 100 99 99 96 91 85 81 77
Wind 88 264 | 284 | 321 | 341 | 365 | 403 | 456 | 507 | 542 | 569

Solar 0 0 0 0 0 0 0 0 4 22 49

Battery 0 0 0 0 0 0 0 0 0 0 0

Fuel oil | 188 59 61 67 69 71 57 43 29 14 0

Biogas 9 9 9 9 9 9 9 9 9 9 9

PV Hydro 112 | 102 | 101 99 99 99 96 91 85 76 71
Wind 88 252 | 273 | 310 | 331 | 354 | 403 | 456 | 512 | 570 | 611

Solar 0 0 0 0 0 0 0 0 0 0 12

Battery 0 0 0 0 0 0 0 0 0 0 0

Fuel oil | 188 60 62 68 70 71 57 43 29 14 0

Biogas 9 9 9 9 9 9 9 9 9 9 9

oPS Hydro 112 | 103 | 102 | 100 99 99 96 91 88 85 82
Wind 88 250 | 271 | 309 | 330 | 353 | 402 | 456 | 495 | 522 | 539

Solar 0 0 0 0 0 0 0 0 13 38 73

Battery 0 0 0 0 0 0 0 0 0 0 -1

Fuel oil | 188 60 63 68 71 72 57 43 29 14 0

Biogas 9 9 9 9 9 9 9 9 9 9 9

WP Hydro 112 | 102 | 101 99 99 98 95 91 86 82 78
Wind 88 251 | 272 | 309 | 330 | 353 | 403 | 456 | 501 | 530 | 555

Solar 0 0 0 0 0 0 0 0 10 33 62

Battery 0 0 0 0 0 0 0 0 0 0 0

Fueloil | 188 | 101 | 114 | 135 | 110 | 120 68 68 61 15 0

Biogas 9 9 9 9 9 9 9 9 9 9 9

Hydro 112 | 113 | 113 | 113 | 113 | 113 95 96 97 78 76

RoadMap -

Wind 88 198 | 206 | 226 | 274 | 287 | 394 | 425 | 462 | 545 | 569

Solar 0 0 0 0 0 0 0 0 4 23 49

Battery 0 0 0 0 0 0 0 0 0 0 0
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Table A.13: Curtailment (GWh) from 2020 to 2030.

2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030
#1 3 24 24 25 27 32 68 130 | 148 | 163 | 139
#2 3 24 24 25 27 87 84 77 91 122 | 147
#3 3 24 24 25 27 32 68 89 86 88 105
#4 3 24 24 25 27 32 40 28 27 31 35
#5 3 24 24 23 27 32 67 126 | 145 | 174 | 141
#6 3 24 24 25 27 32 78 132 | 175 | 223 | 208
cBS 3 24 24 25 27 32 68 130 | 148 | 166 | 140
cCA 3 23 23 24 25 31 67 129 | 148 | 162 | 139
cFU 3 23 22 23 24 30 68 130 | 148 | 162 | 139
cPV 3 24 24 25 27 32 68 111 101 123 | 112
cPS 3 23 23 24 28 33 56 99 139 | 122 | 123
cWP 3 43 42 52 55 63 80 136 | 193 | 207 | 185
eBS 3 24 24 25 27 32 68 130 | 148 | 163 | 139
eCA 3 26 26 27 28 34 70 130 | 148 | 165 | 141
eFU 3 51 52 55 53 67 68 130 | 149 | 164 | 140
ePV 3 24 24 25 27 32 68 130 | 159 | 163 | 179
ePS 3 26 26 27 28 37 77 135 | 161 177 | 175
eWP 3 21 21 21 22 27 62 99 129 | 130 | 109
RoadMap 3 36 27 27 69 56 39 85 171 88 136
Table A.14: CO, emissions (ktonne) from 2020 to 2030.
2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030
#1 123 38 40 44 45 46 38 28 19 9 0
#2 123 38 40 44 45 22 22 23 19 9 0
#3 123 38 40 44 45 46 38 28 19 9 0
#4 123 38 40 44 45 46 49 55 58 61 64
#5 123 39 40 42 43 44 38 28 19 9 0
#6 123 38 40 44 45 46 38 28 19 9 0
cBS 123 38 40 44 45 46 38 28 19 9 0
cCA 123 38 40 43 45 46 38 28 19 9 0
cFU 123 42 43 48 49 47 38 28 19 9 0
cPV 123 38 40 44 45 46 38 28 19 9 0
cPS 123 38 39 43 44 46 38 28 19 9 0
cWP 123 34 36 38 40 41 38 28 19 9 0
eBS 123 38 40 44 45 46 38 28 19 9 0
eCA 123 39 40 45 46 47 38 28 19 9 0
eFU 123 31 33 36 39 39 38 28 19 9 0
ePV 123 38 40 44 45 46 38 28 19 9 0
ePS 123 39 41 45 46 46 38 28 19 9 0
eWP 123 39 41 45 46 47 38 28 19 9 0
RoadMap | 123 66 75 88 72 79 45 44 40 10 0
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Table A.15: Transmission losses (%) from 2020 to 2030

2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030
#1 08% | 1,5% | 1,6% | 1,7% | 1,8% | 1,8% | 1,9% | 2,0% | 2,2% | 2,2% | 2,3%
#2 08% | 1,5% | 1,6% | 1,7% | 1,8% | 1,6% | 1,7% | 1,7% | 1,7% | 1,8% | 2,1%
#3 08% | 1,5% | 1,6% | 1,7% | 1,8% | 1,8% | 1,9% | 1,8% | 1,9% | 2,1% | 2,2%
#4 08% | 1,5% | 1,6% | 1,7% | 1,8% | 1,8% | 1,9% | 2,0% | 2,0% | 1,9% | 2,0%
#5 08% | 1,5% | 1,6% | 1,6% | 1,7% | 1,8% | 1,8% | 1,9% | 2,1% | 2,1% | 2,3%
#6 08% | 1,5% | 1,6% | 1,7% | 1,8% | 1,8% | 1,9% | 1,9% | 2,0% | 2,0% | 2,0%
cBS 08% | 1,5% | 1,6% | 1,7% | 1,8% | 1,8% | 1,9% | 20% | 2,2% | 2,2% | 2,3%
cCA 08% | 1,5% | 1,6% | 1,7% | 1,8% | 1,9% | 1,9% | 20% | 2,2% | 2,2% | 2,3%
cFU 08% | 1,5% | 1,6% | 1,6% | 1,7% | 1,8% | 1,9% | 2,0% | 2,2% | 2,3% | 2,3%
cPV 08% | 1,5% | 1,6% | 1,7% | 1,8% | 1,8% | 1,9% | 1,9% | 2,1% | 2,2% | 2,4%
cPS 08% | 1,5% | 1,6% | 1,7% | 1,8% | 1,9% | 2,0% | 2,0% | 2,3% | 24% | 2,4%
cWP 08% | 1,5% | 1,6% | 1,7% | 1,8% | 1,8% | 1,8% | 1,9% | 2,1% | 2,1% | 2,2%
eBS 08% | 1,5% | 1,6% | 1,7% | 1,8% | 1,8% | 1,9% | 2,0% | 2,2% | 2,2% | 2,3%
eCA 08% | 1,5% | 1,6% | 1,7% | 1,8% | 1,8% | 1,9% | 20% | 2,2% | 2,2% | 2,3%
eFU 08% | 1,5% | 1,6% | 1,7% | 1,8% | 1,9% | 1,9% | 1,9% | 2,2% | 2,2% | 2,3%
ePV 08% | 1,5% | 1,6% | 1,7% | 1,8% | 1,8% | 1,9% | 2,0% | 2,2% | 2,4% | 2,4%
ePS 08% | 1,5% | 1,6% | 1,7% | 1,8% | 1,8% | 1,8% | 2,0% | 2,1% | 2,2% | 2,3%
eWP 08% | 1,5% | 1,6% | 1,7% | 1,8% | 1,9% | 1,9% | 20% | 2,2% | 2,3% | 2,4%
RoadMap | 0,8% | 1,2% | 1,2% | 1,2% | 1,3% | 1,4% | 20% | 1,7% | 2,0% | 24% | 2,3%
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Table A.16: Optimal transmission capacities (MW).

Connection | Scenario | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030
#1 35 | 35 | 35 | 35 | 35 | 35 | 35 | 35 | 35 | 35 | 38
#6 35 | 3 | 3 | 3 | 35 | 35 | 35 | 35 | 35 | 50 | 50
cBS 35 | 3 | 3 | 3 | 3 | 35 | 3 | 3 | 35 | 35 | 37

cCA 35 | 35 | 3 | 3 | 3 | 3 | 35 | 35 | 35 | 35 | 38
cFU 35 | 35 | 35 | 35 | 35 | 35 | 35 | 35 | 35 | 35 | 38
cPS 35 | 35 | 3 | 35 | 35 | 35 | 35 | 35 | 35 | 35 | 41
R1-R5 cWP 35 | 35 | 3 | 3 | 3 | 3 | 35 | 3 | 35 | 35 | 39
eBS 35 | 35 | 35 | 3 | 3 | 3 | 35 | 35 | 35 | 35 | 38
eCA 35 | 35 | 35 | 3 | 35 | 35 | 35 | 35 | 35 | 35 | 36
eFU 35 | 3 | 3 | 3 | 35 | 35 | 35 | 35 | 35 | 35 | 37
ePV 35 | 35 | 3 | 3 | 3 | 3 | 35 | 35 | 35 | 35 | 45
ePS 35 | 35 | 35 | 35 | 35 | 35 | 35 | 35 | 35 | 35 | 36
eWP 35 | 3 | 3 | 3 | 3 | 35 | 35 | 35 | 35 | 35 | 37
#1 10 10 12 | 46 | 46 | 46 | 46 | 51 63 | 63 63
#2 10 10 12 | 46 | 46 | 46 | 46 | 46 | 46 | 46 | 58
#3 10 10 12 | 46 | 46 | 46 | 46 | 46 | 46 | 52 | 62
#5 10 10 12 | 46 | 46 | 46 | 46 | 46 | 57 | 58 | 58
cBS 10 10 12 | 46 | 46 | 46 | 46 | 50 | 62 | 63 63
cCA 10 10 12 | 46 | 46 | 46 | 46 | 52 | 64 | 64 | 64
cFU 10 10 0 | 44 | 44 | 44 | &4 | 51 63 | 63 63
R5-R6 cPV 10 10 12 | 46 | 46 | 46 | 46 | 46 | 52 | 62 | 64
cPS 10 10 12 | 46 | 46 | 46 | 46 | 46 | 64 | 64 | 64
cWP 10 12 15 | 49 | 49 | 49 | 49 | 51 60 | 60 60
eBS 10 10 12 | 46 | 46 | 46 | 46 | 51 63 | 63 63
eCA 10 10 11 | 45 | 45 | 45 | 45 | 50 | 62 | 62 | 62
eFU 10 15 19 | 53 | 53 | 53 | 53 | 53 | 63 | 63 63
ePV 10 10 12 | 46 | 46 | 46 | 46 | 51 62 | 62 | 62
ePS 10 10 12 | 46 | 46 | 46 | 46 | 51 62 | 62 | 62
eWP 10 10 11 | 45 | 45 | 45 | 45 | 46 | 62 | 64 | 64
#1 0 2 2 3 4 4 6 6 7 8 13
#2 0 2 2 3 4 4 5 5 6 7 14
#3 0 2 2 3 4 4 6 6 6 7 14
#4 0 2 2 3 4 4 4 4 4 4 5
#6 0 2 2 3 4 4 5 6 7 8 13
#5 0 2 2 2 3 3 4 5 6 6 9
cBS 0 2 2 3 4 4 6 6 7 7 12
cCA 0 2 2 4 4 4 6 7 8 8 13
cFU 0 1 1 2 3 4 6 6 7 8 13
R6-R7 cPV 0 2 2 3 4 4 6 6 7 7 12
cPs 0 2 2 3 4 4 5 6 7 8 13
cWP 0 2 2 3 4 4 5 6 7 8 13
eBS 0 2 2 3 4 4 6 6 7 8 13
eCA 0 2 2 3 3 3 5 6 7 7 12
eFU 0 2 2 4 4 4 6 6 7 8 13
ePV 0 2 2 3 4 4 6 6 8 8 13
ePS 0 2 2 3 3 4 6 6 7 7 12
eWP 0 2 2 4 4 4 6 6 7 7 13

221




APPENDIX A. EXPANSION PLANNING DATA

Table A.17: Costs of optimal results for scenario 1-6, cBS, cCA and cFU.

Scenario | Cost type 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030
Fixed O&M 9 10 10 10 10 10 11 11 12 13 13
Variable O&M 2 2 2 2 3 3 3 3 3 4 4

#1 Fuel cost 16 6 6 7 7 7 6 5 4 2 1
Capital investments 0 1 2 3 3 4 6 9 14 20 26
Transmission investments 0 0 0 0 0 0 1 1 1 1 2
Fixed O&M 9 10 10 10 10 11 11 11 11 11 12
Variable O&M 2 2 2 2 3 3 4 4 4 5 5

#2 Fuel cost 16 6 6 7 7 4 4 4 4 2 1
Capital investments 0 1 2 3 3 6 6 7 8 10 15
Transmission investments 0 0 0 0 0 1 1 1 1 1 2
Fixed O&M 9 10 10 10 10 10 11 11 11 12 12
Variable O&M 2 2 2 2 3 3 3 3 4 4 4

#3 Fuel cost 16 6 6 7 7 7 6 7 9 11 11
Capital investments 0 1 2 3 3 4 6 8 8 9 11
Transmission investments 0 0 0 0 0 0 1 1 1 1 2
Fixed O&M 9 10 10 10 10 10 11 11 11 11 11
Variable O&M 2 2 2 2 3 3 3 3 4 4 4

#4 Fuel cost 16 6 6 7 7 7 8 9 10 10 11
Capital investments 0 1 2 3 3 4 4 5 6 6 7
Transmission investments 0 0 0 0 0 0 0 0 0 0 1
Fixed O&M 9 10 10 10 11 11 11 12 12 13 13
Variable O&M 2 2 2 2 3 3 3 3 3 4 4

#5 Fuel cost 16 6 6 6 7 7 6 5 4 2 1
Capital investments 0 1 2 3 3 4 6 9 14 19 26
Transmission investments 0 0 0 0 0 0 0 1 1 1 1
Fixed O&M 9 10 10 10 10 10 11 11 12 13 13
Variable O&M 2 2 2 2 3 3 3 3 3 4 4

#6 Fuel cost 16 6 6 7 7 7 6 5 4 2 1
Capital investments 0 1 2 3 3 4 6 9 12 17 24
Transmission investments 0 0 0 0 0 0 1 1 1 1 1
Fixed O&M 9 10 10 10 10 10 11 11 12 13 13
Variable O&M 2 2 2 2 3 3 3 3 3 4 4

cBS Fuel cost 16 6 6 7 7 7 6 5 4 2 1
Capital investments 0 1 2 3 3 4 6 9 14 20 26
Transmission investments 0 0 0 0 0 0 1 1 1 1 1
Fixed O&M 9 10 10 10 10 10 11 11 12 13 13
Variable O&M 2 2 2 2 3 3 3 3 3 4 4

cCA Fuel cost 16 6 6 7 7 7 6 5 4 2 1
Capital investments 0 1 2 3 3 4 6 9 14 20 26
Transmission investments 0 0 0 0 0 0 1 1 1 1 1
Fixed O&M 9 10 10 10 10 10 11 11 12 13 13
Variable O&M 2 2 2 2 3 3 3 3 3 4 4

cFU Fuel cost 13 5 5 6 6 6 5 4 3 2 1
Capital investments 0 1 2 2 3 4 6 9 14 20 26
Transmission investments 0 0 0 0 0 0 1 1 1 1 2
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Table A.18: Costs of optimal results for cPV, cPS, c(WP, eBS, eCA, eFU, ePV, ePS and eWP.

Scenario | Cost type 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030
Fixed O&M 9 10 10 10 10 10 11 11 12 12 13
Variable O&M 2 2 2 2 3 3 3 3 3 3 3
cPV Fuel cost 16 6 6 7 7 7 6 5 4 2 1
Capital investments 0 1 2 3 3 4 6 10 14 19 25
Transmission investments 0 0 0 0 0 0 1 1 1 1 1
Fixed O&M 9 10 10 10 10 10 11 11 12 12 13
Variable O&M 2 2 2 2 3 3 3 3 4 4 4
cPS Fuel cost 16 6 6 7 7 7 6 5 4 2 1
Capital investments 0 1 2 3 3 4 6 9 13 18 24
Transmission investments 0 0 0 0 0 0 1 1 1 1 2
Fixed O&M 9 10 10 10 10 11 11 12 12 13 13
Variable O&M 2 2 2 2 3 3 3 3 3 4 4
cWP Fuel cost 16 5 6 6 6 7 6 5 4 2 1
Capital investments 0 2 2 3 3 4 5 8 12 18 24
Transmission investments 0 0 0 0 0 0 1 1 1 1 1
Fixed O&M 9 10 10 10 10 10 11 11 12 13 13
Variable O&M 2 2 2 2 3 3 3 3 3 4 4
eBS Fuel cost 16 6 6 7 7 7 6 5 4 2 1
Capital investments 0 1 2 3 3 4 6 9 14 20 26
Transmission investments 0 0 0 0 0 0 1 1 1 1 2
Fixed O&M 9 10 10 10 10 10 11 11 12 13 13
Variable O&M 2 2 2 2 3 3 3 3 3 4 4
eCA Fuel cost 16 6 6 7 7 7 6 5 4 2 1
Capital investments 0 1 2 3 3 4 6 9 14 20 26
Transmission investments 0 0 0 0 0 0 1 1 1 1 2
Fixed O&M 9 10 10 10 10 11 11 11 12 13 13
Variable O&M 2 2 2 2 3 3 3 3 3 4 4
eFU Fuel cost 19 6 6 7 7 7 7 6 4 3 1
Capital investments 0 2 3 3 4 5 6 9 14 20 26
Transmission investments 0 0 0 0 1 1 1 1 1 1 1
Fixed O&M 9 10 10 10 10 10 11 11 12 12 13
Variable O&M 2 2 2 2 3 3 3 3 4 4 4
ePV Fuel cost 16 6 6 7 7 7 6 5 4 2 1
Capital investments 0 1 2 3 3 4 6 9 14 20 26
Transmission investments 0 0 0 0 0 0 1 1 1 1 2
Fixed O&M 9 10 10 10 10 10 11 12 12 13 13
Variable O&M 2 2 2 2 3 3 3 3 3 3 3
ePS Fuel cost 16 6 6 7 7 7 6 5 4 2 1
Capital investments 0 2 2 3 3 4 6 10 15 21 28
Transmission investments 0 0 0 0 0 0 1 1 1 1 1
Fixed O&M 9 10 10 10 10 10 11 11 12 12 13
Variable O&M 2 2 2 2 3 3 3 3 3 4 4
eWP Fuel cost 16 6 6 7 7 7 6 5 4 2 1
Capital investments 0 2 2 3 3 4 7 11 16 22 28
Transmission investments 0 0 0 0 0 0 1 1 1 1 2
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Table A.19: Levelised cost of energy (EUR/MWh) from 2020 to 2030.

2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030

#1 67 45 45 46 46 46 47 50 54 59 65
#2 67 45 45 46 46 45 44 44 44 45 49
#3 67 45 45 46 46 46 47 50 52 54 57
#4 67 45 45 46 46 46 46 47 47 48 48
#5 67 45 46 46 46 46 47 50 53 59 64
#6 67 45 45 46 46 46 47 49 51 56 61
cBS 67 45 45 46 46 46 47 50 54 59 65
cCA | 67 45 45 46 46 46 47 50 53 59 64
cFU 59 43 43 43 44 44 45 49 53 59 65
cPV 67 45 45 46 46 46 47 50 53 57 62
cPS 67 45 45 46 46 46 46 49 52 56 61
cWP | 67 45 45 45 45 45 46 48 51 56 62
eBS 67 45 45 46 46 46 47 50 54 59 65
eCA | 67 45 46 46 46 46 47 50 54 59 65
eFU 74 48 48 48 48 48 49 51 55 60 65
ePV 67 45 45 46 46 46 47 50 54 59 65
ePS 67 46 46 46 46 46 48 51 55 61 67
eWP | 67 46 46 47 47 47 49 52 56 61 67
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APPENDIX B
PowerFactory Model Validation

This appendix contains the comparison of load flow measurements and sim-
ulations for scenario 2 and 3, as presented in Table 6.5. Table B.1, Table B.2
and Table B.3 contain the current, active and reactive power and voltages,
respectively. Table B.4 contains the current for scenario 3, Table B.5 the active
and reactive power and Table B.6 the voltage.
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Table B.1: Current (A) in Load Flow Validation of Suduroy in Scenario 2. HV and LV indicate if
the current is measured at the high or low voltage sides of the transformers.

. . Measurement
Type Name Simulation L1 12 13
Loads VG lokal trafo 1 10 9 10 10
Sumba 8 8 8 9
Viégseidi 50 51 50 49
VG lokal trafo 2 5 4 4 5
Tveroyri 27 28 - -
Hvalba 54 53 - -
Trongisvagur 2 2 - -
Drelnes (Sandvik) 15 15 - -
D0oravik 9 10
Havnarlagio 1 3 3 3 3
Havnarlagid 2 23 23 23 24
Generation VG G3 169 170 - -
BO G1 15 15 - -
Busbars VG 10 kV: 1->2 110 111 105 107
VG 10 kV: 2->1 110 110 105 103
Cables/lines TG-VG 63 66 65 65
VG-TG 63 64 64 63
VG-BO 9 11 11 11
Transformers BO (LV) 15 14 - -
BO (HV) 8 8 - -
VG 1 (HV) 27 28 - -
VG 1 (LV) 56 59 - -
VG 2 (HV) 28 29 - -
VG 2 (LV) 56 - - -
TG 1 (HV) 52 53 53 52
TG 1 (LV) 101 102 - -
TG 2 (HV) 11 12 12 12
TG 2 (LV) 22 23 22 23
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Table B.2: Active (MW) and Reactive Power (Mvar) for Load Flow Validation of Suduroy in
Scenario 2. HV and LV indicate if the power is measured at the high or low voltage sides of the
transformers.

T Nam. Active Reactive
ype ¢ Sim. Meas. Sim. Meas.
Generation VG G3 3.03 3.08 0.36 0.22
BO G1 0.27 0.27 0.01 0.09
Busbars VG10kV:1->2 195 191 0.35 0.30
VG 10 kV:2->1 -1.95 -1.87 -0.35 -0.38
Lines/cables TG-VG -2.22 -2.28 -0.31 -0.33
VG-TG 2.27 229 027 0.24
VG-BO -0.27  -0.26 -0.19 -0.30
Transformers BO (HV) -0.27 1.85 -0.01 -0.13
VG 1 (LV) 1.00 1.05 0.06 -0.02
VG 2 (LV) 1.00 1.03 0.06 0.02
TG 1 (HV) 1.83 1.84 0.22 0.23
TG 2 (HV) 0.39 0.40 0.09 0.08
TG 2 (LV) -0.39 0.00 -0.08 0.00

Table B.3: Voltage (kV) for Load Flow Validation of Suduroy in Scenario 2.

. . Measurement
Type Name Simulation L1 L2 L3
Busbars BO 10 kV 10.39 10.36 - -
VG10kV -1 10.39 10.39 - -
VG10kV -2 10.39 10.34 - -
VG 20 kV 21.30 21.17 - -
TG 20 kV 20.75 2057 20.59 20.59
TG10kV -1 10.64 10.56 10.56 10.56
TG 10kV -2 10.60 10.52 10.50 10.51
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Table B.4: Current (A) in Load Flow Validation of Suduroy in Scenario 3. HV and LV indicate if
the current is measured at the high or low voltage sides of the transformers.

Type Name Simulation LI\l/IeasEEeme]rj;
Loads VG lokal trafo 1 12 12 12 11
Sumba 14 15 13 14
Vagur 2 3 3 0
Viégseioi 71 71 72 71
VG lokal trafo 2 5 5 5 5
Tveroyri 33 34 - -
Hvalba 37 37 - -
Trongisvagur 4 4 - -
Drelnes (Sandvik) 17 18 - -
Havnarlagio 1 87 89 8 90
Havnarlagi® 2 8 88 88 88
PO 69 73 70 71
Generation VG G3 187 187 - -
VG G4 42 43 - -
BO G1 12 13 - -
Busbars VG 10 kV: 1->2 9 9 93 94
VG 10 kV: 2->1 9 97 9 94
Cables/lines TG-VG 67 66 65 66
VG-TG 66 66 65 66
VG-BO 9 97 9% 94
Transformers BO (LV) 6 7 - -
BO (HV) 12 13 - -
VG 1 (HV) 30 28 - -
VG 1 (LV) 61 63 - -
VG 2 (HV) 30 32 - -
VG 2 (LV) 61 61 - -
TG 1 (HV) 47 48 47 48
TG 1 (LV) 90 90 - -
TG 2 (HV) 90 91 91 91
TG 2 (LV) 174 176 176 177
BO 2 (LV) 1 1 - -
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Table B.5: Active (MW) and Reactive Power (Mvar) for Load Flow Validation of Suduroy in
Scenario 3. HV and LV indicate if the power is measured at the high or low voltage sides of the
transformers.

T Nam. Active Reactive
ype ¢ Sim. Meas. Sim. Meas.
Generation VG G3 3.35 3.33 034 0.29
VG G4 0.61 0.61 0.45 0.45
BO G1 0.22 0.22 0.01 0.08
Busbars VG10kV:1->2 1.77 1.68 0.15 0.15
VG10kV:2->1 -1.77 -1.69 -0.15 -0.24
Lines/cables TG-VG 234 224 -056 -0.59
VG-TG 2.40 249 053 0.52
VG-BO -0.22 -023 -020 -0.29
Transformers BO (HV) -022 021 -0.02 -0.07
VG 1 (LV) 1.09 1.11  0.19 0.10
VG 2 (LV) 1.09 1.10 0.19 0.16
TG 1 (HV) 1.65 1.66 0.30 0.32
TG 2 (HV) 3.14 3.14 0.76 0.77
TG 2 (LV) -3.13 -3.13  -0.65 -0.67

Table B.6: Voltage (kV) for Load Flow Validation of Suduroy in Scenario 3.

. . Measurement
Type Name Simulation L1 L2 13
Busbars BO 10 kV 10.37 10.34 - -
VG10kV -1 10.39 10.35 - -
VG 10kV -2 10.39 10.34 - -
VG 20 kV 21.30 2117 - -
TG 20 kV 20.75 2057 20.59 20.59
TG10kV -1 10.64 10.56 10.56 10.56
TG 10 kV -2 10.60 10.52 10.50 10.51
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ABSTRACT SEV, the Faroese Power Company, has a vision to reach a 100% renewable power system
by 2030. SEV is committed to achieve this, starting from a 41% share of renewables in 2019. A detailed
expansion plan for the generation, storage and transmission is needed to reach this goal. This is the focus
of this study. Practical constrains e.g. resource potential and available space must be considered. Balmorel,
an optimisation tool, has been used to optimise investments and dispatch. A method to translate optimal
results to a realistic RoadMap was developed and applied. The impact of different technologies and costs has
been investigated through multiple scenarios. In ratios of average consumption in 2030, installed power will
be 224% wind, 105% solar with 8-9 days of pumped hydro storage according to the proposed RoadMap. The
plan is economically favorable up to 87% of renewables, but in order to reach a 100% renewable production
in an average weather year, the renewable generation capacity has to be increased by 80%. The study also
shows that if biofules or tidal technologies become viable, these will be game changers needing a significantly

lower total sum of installed renewable power.

INDEX TERMS
system.

Expansion planning, sustainable energy, economic optimisation, Balmorel, islanded

. INTRODUCTION
HE Faroe Islands are aiming for a 100% renewable
electricity sector by 2030. A vision set by SEV, the local
power company. The power system consists of 7 isolated
grids: The main grid connects 11/18 islands (90% of the
consumption), the most southern island Suduroy (10%) and
5 small systems (0.2% in total). The generation capacity is
102 MW of thermal power using fuel oil (FO) and gas oil
(GO), 41 MW of hydro power (HP) with reservoirs, 18 MW
of wind power (WP), 0.25 MW of photovoltaic (PV) power
and 1.5 MW of biogas (BG) power. 42 MW of new WP and
a pilot project with 0.2 MW of tidal power (TP) are com-
mitted. The generation in 2019 was 387 GWh of which 14%
was wind energy and 27% hydro. Demand ranges between

22 MW and 60 MW.
The average wind speed north-west of the capital Térshavn
measured at 104 m is 10.1 m/s [1], the average precipitation

is 1284 mm [2] and the annual hours of bright sunshine are
840 [2]. On a monthly basis these resources complement
each other, as seen on the upper plot on Fig. 1 [3]. The
monthly wind speeds are average values based on the years
from 2011 to 2015. The precipitation and solar data are
monthly averages based on 2007-2015. The complementary
is also apparent when analysing a specfic year, i.e. not average
values. Although the potential for solar energy is relatively
low, it complements the wind and hydro resources which
could make it interesting for the Faroese power system. The
average monthly tidal streams are close to constant through-
out the year. Even though the four resources complement
each other very well on an average monthly basis, there are
periods with a low renewable energy potential, see lower
plot on Fig. 1. Tidal is clearly the most constant resource,
but varies by a factor of two over the shown spring—neap
cycle.
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FIGURE 1. The potential for hydro (blue), photovoltaics (yellow),
wind (green) and tidal (cyan) energy on a monthly [3] and hourly
basis (2017).

The Faroese power system is rarely studied or discussed in
peer-reviewed literature. However, the system has been anal-
ysed in other studies and technical reports. These are typically
initiated or conducted by SEV. The most extensive study,
summarised in [4], included a projection of the future energy
demand [5], production simulations using different demand
and generation technology combinations [6], the role of flex-
ible loads [7], the economically optimal investments towards
2030 [8], expansions required to assure renewable produc-
tion also during dry years [9], analysis of needed storage
capacities with different compositions of renewables [10],
the feasibility of tidal energy [11], relevant types of energy
storages [12], feasibility of a cable to neighbouring coun-
tries [13] and an initial study of the future power system
stability [14]. A technical overview of the mentioned studies
can be found in reference [15]. The main conclusion is an
expansion plan (a RoadMap) that includes 148 MW of wind
power, 80 MW of PV power and hydro pumped storage (PS)
systems with 146 MW of pumping capacity and 109 MW of
generation capacity towards 2030. The need for larger reser-
voirs should be evaluated later. Another conclusion is that a
cable to neighbouring countries is not financially viable [16],
nor is it interesting politically as a self sufficient energy
system is desired [17]. Finally, that tidal energy technology
is currently not mature enough to be considered as a part of
the power system in the near future. Other studies have anal-
ysed different aspects e.g. economic optimisations of future
investments using tools like HOMER [3], [18], Balmorel [19]
(also used in ref. [8]) and simpler manual approaches [20].
A few studies have also analysed the system with differ-
ent scenarios using fixed capacities, i.e. not an optimisation
[21]-[23]. Finally some studies have focused on the feasibil-
ity of specific components e.g. flow batteries [24] and fuel
cells [25]. The presented studies have been conducted using
different approaches and focusing on different components
of the system. The majority of the studies do conclude that
wind power together with PV and pumped storage is the
most feasible combination to reach a high penetration of
renewables in the Faroe Islands.
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One of the remaining challenges towards a 100% renew-
able power system is the power system stability when increas-
ing the penetration of inverter-based technologies. In order
to conduct a realistic investigation of this, it is necessary
to have a very detailed RoadMap, which should consider:
1. The exact location of each investment (generation, storage
and transmission), 2. Constraints based on available space for
new plants, 3. Variation in demand and renewable resources
based on location, 4. If the necessary transmission capacity
is sufficient or reinforcements are needed and 5. The costs
of keeping thermal power plants as back up. The present
RoadMap towards a 100% renewable electricity sector in
the Faroe Islands [4] is based on studies, which have either
simplified or ignored these aspects. Thus, this study aims to
present an updated RoadMap considering these details, which
then can be used for future power system analyses.

Multiple energy system modelling tools have been devel-
oped, and can be used for expansion planning. A broad range
of energy system models have been discussed, categorised,
and compared in [26]-[31]. The focus in the mentioned
review studies varies, e.g. reference [27] focuses on cate-
gorising the tools in order to guide the reader to choose the
best fitted tool, while others focus on comparing the different
approaches [30] and identifying state of the art issues with
regards to expansion planning [31]. Based on [27], Balmorel
has been chosen as the most suitable tool for this investigation
as it can optimise the future investments annually and the
dispatch hourly. In addition, it is an open source and trans-
parent tool, that is flexible in terms of immature technologies.
Balmorel has been applied to multiple energy systems and is
under continous development, see [32].

A disadvantage with Balmorel and other optimisation tools
is that an economically optimal solution might not be real-
istic nor practical, as the capacity of a cable, reservoir or
generation unit increases annually, where in reality it has to
be installed or not. In order to tackle this challenge, a very
detailed model in Balmorel addressing the aspects mentioned
previously was defined, and then a method to translate the
optimal results to a RoadMap with realistic projects, that are
close to the optimal solution, was developed. Other related
studies, Faroese [3], [8], [9], [15], [18]-[21] or international
[33]-[38], do not transform the optimal results into an actual
action plan. Reference [34] analyses the feasibility and secu-
rity level of a highly renewable power system in the Mainland
Portugal using the tool EnergyPLAN and a single prede-
fined scenario. A model focusing on the integration of unit
commitment problem is developed in [35] and tested on the
Greek power system. The annually optimal investments are
obtained. The operation challenges in a renewable system
are integrated in a model proposed by [33]. An expansion
planning study of Santiago, Cabo Verde, defines each suit-
able location for renewables and the available capacity, but
investments are not optimised [36].

The applied and detailed approach used in this study, based
on the tacit knowledge from a system provider actively push-
ing the limit for variable renewable energy penetration in

233

VOLUME 8, 2021



Tréndheim et al.: 100% Sustainable Electricity in the ZAPIIFINIE) EXpnsioSe RN THEIGH AP ptimization

Policy constraints
CO: restrictions &

maximum instantaneous
inverter-based e
generation Balmorel optimisation
Sy;t_em W"."#( Dispatch Investments
existing capacities, Per year
committed capacites, ¥

demand, costs & Per plant EIMIEREENE Capacity
emissions Location

Technology type

Investment options
suitable sites, local
resource potential,
maximum capacities

per site & costs

Optimal investments

Balmorel

Criteria Dispatch
Plant sizes Per hour

Cable sizes Per plant

Per connection
Optimal use of hydro

Learning curve
Practicality

Validation

Economics

FIGURE 2. A flowchart illustrating the methodology followed in
this study.

an isolated grid, differs from the other expansion planning
studies we have found, as these are typically more academical
in motivation and outcome. The approach presented in this
study is especially applicable for other small systems, where
it is possible to map out every relevant renewable generation
and define the local resource potential and maximum capaci-
ties. In addition to the developed methodology, the study also
presents very interesting results that show the influence the
relatively persistent tidal source and dispatchable biofuels can
have on the future power composition. The study is based
on political decisions in the Faroe Islands, and the actual
power system considering the local constrains, which makes
this a realistic RoadMap that will be used in the expansion
planning of the power system. The structure of the paper is:
The topic is introduced in section I, methodology and mod-
elling in section II. The results are presented and discussed in
section III. Section IV concludes the study.

Il. METHODOLOGY AND MODELLING

The method used to generate a RoadMap, consists of two
parts; an economic optimisation in the partial equilibrium
model Balmorel, and a translation of the optimal results to a
realistic expansion plan. This chapter starts by describing the
methodology and then the modelling of the system, technolo-
gies, investment options and the different scenarios, which
have been run in this study.

Fig. 2 shows the applied methodology. The inputs required
to Balmorel are specifications on the system, investment
options and policy constraints. The previous Faroese Bal-
morel models [8], [19] have been developed futher in to a
significantly more detailed model, considering the aspects
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TABLE 1. Nomenclature for Equations (1)-(6).

T  Target g Technology F  Fuel consumption

y Year G Generation K  Existing capacity

a  Area z System costs | W Emission factor

t Time r Resource X Transmission line

¢ Costs 1 Investment X  Transmission capacity
D Demand | fi Fixed O&M i Inverter based

f  Fuel w  Emission

mentioned in the introduction and more scenarios have been
simulated analysing the impact of different technologies, con-
straints and costs. In Balmorel the least-cost investments are
optimised annually, while the least-cost dispatch is optimised
hourly. Balmorel seeks to minimise the total costs of the elec-
trical power system through a linear optimisation problem.
The costs considered are for fixed operation and maintenance
(O&M), variable O&M, investments in generation, storage
and transmission capacity (1). The optimisation is subject to
meeting the power demand in each region (2), the production
not exceeding the hourly available resources (3) nor the trans-
mission capacity (4). Additionally, two policy constrains have
been set. The first one limits the CO; emissions to decrease
linearly to zero in 2030 (5). The other limits the maximum
instantaneous inverter based generation. The current inverter
based operation limit is set to 60%, with the three planned
wind farms this limit is increased to 80% in 2021, and then
increases linearly to allow 100% instantaneous inverter-based
generation in 2030 (6). The years from 2020 to 2030 have
been optimised based on different scenarios (Table 2). The
results obtained are the optimal hourly dispatch etc. and
the annual optimal investments from 2021 and forward. For
further details on the optimisation algoritm: [39].

Minimise
Zy =) ceuGeat ) CoiFl+ Z(“‘ + g
8! gft
+ ch){lx o)
subject to

Z Gg,t + Z(] _ lOSS)XJQn,p()” ZXExport
g X

0))

Gor < (Ky +1,) 3)

X, <K*+1° )

Z WLF, < ®)
G

@ <Ti (6)

Z g G&’ )t

The annual optimal investments from Balmorel are used
as an input to the RoadMap generation (Fig. 2). The left
box shows the criterias set to a realistic RoadMap, which
are as follows: 1) Each investment in a power plant needs
to be a reasonable size, e.g. a full wind farm in one year
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instead of multiple small investments. 2) It is not possible to
increase the capacity of a cable year after year, therefore these
investments need to be conducted in one step. Additionally
the investments need to reflect the capacity of the onshore
cables used in the transmission system, i.e. 44 MW. 3) The
learning curve of the system operators has to be considered,
as each investment has a big influcence on the power system
operation, and the operators should have a chance to adapt to
the new investments. This means that the sizes of the first
wind farms are smaller and with more time inbetween the
investments. 4) The energy authority in the Faroe Islands
makes tenders for each new wind farm. Thus, from a practical
perspective it is highly unlikely that the authority will make
several tenders during the same year. This should therefore
be avoided to the extent possible, in order to obtain a realistic
RoadMap. The four criterias are considered by manually
investigating the optimal investments for each site/connection
separately. An example from on of the wind farms is found in
the right box in RoadMap generation in the flowchart. This
site has a maximum capacity of 36 MW, and by 2024 just
above half of this is needed (20 MW), by 2026 the wind
farm reaches full capacity. As the figure shows, these optimal
results have been transformed into a two step investment by
installing 18 MW in 2024 and 18 MW in 2026. 36 MW is con-
sidered too much in one step from a power system operation
point of view, and therefore the commission is in halves. This
is also in relatively good correspondence with the optimal
results. This example shows how the plant size, the learning
curve, i.e. the operational experience of the system operators,
and practicality have been considered at this specific site.

The next step is to define the proposed RoadMap as com-
mitted capacities in Balmorel and rerun the simulation, with-
out any additional investment options. The Balmorel outputs
used from the second run are the economic and production
data. The RoadMap has then been validated by comparing
the economical results to the optimal solution. This is done
to ensure that the RoadMap is close to the economically
optimal solution. Additionally, the production using the pro-
posed expansion plan has to be 100% renewable in 2030,
for the RoadMap to be validated. The final output of the
applied methodology is a RoadMap, which is based on an
optimisation, but has been translated into a realistic hands-on
expansion plan.

A. MODELLING THE POWER SYSTEM

The 5 small isolated (islands) systems are ignored in this
study as these are neglectable compared to the rest of the
system. The power system has been modelled by dividing
the main grid into 6 regions (R1-R6), based on the existing
transmission grid, and by defining Suduroy as region 7 (R7).
Any production or consumption has to be related to a specific
region. If the region demand is higher than the region produc-
tion, energy has to be transmitted from another region which
results in a 2% loss of the transmitted power. The regions are
illustrated in Fig. 3. Region 3 is a connection point (a busbar)
without demand and production. The existing transmission
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FIGURE 3. The regions in the modelled power system, existing
and potential connections between regions and the
generation/storage investment options.

capacities are 35 MW, except from the R5-R6 connection
which is 10 MW, which will be increased to 44 MW in 2023.
The model is allowed to invest in transmission capacity in
every connection shown in the figure, except from R1-R3.
The investment options are defined based on internal plans
for the transmission system [40].

Demand profiles are assigned to the regions. The demand
consists of three parts; normal, heating and transport. The nor-
mal demand includes everything except for electricity which
is needed for heating and transport. The future demand in the
Faroe Islands has been investigated and projected previously
[3], [5], based on either one or two regions. This model
is divided into 7 regions which means new projections are
required. The projection assumes that the normal electricity
demand, the number of households, and cars in each region
continue to increase with the same pace that has been seen
from 2009 to 2018. This historic data is obtained from every
electricity meter in the Faroe Islands, Statistics Faroe Islands
and the Faroese Vehicle Administration. It is assumed that
50% of the heating and transport sectors will be electrified in
the year 2025 and 100% in 2030. This is a worst case scenario
in terms of investments required to meet the demand. The
annual consumption of an electric vehicle is set to 3 MWh [6].
Heat pumps are assumed to consume 5 MWh annually, based
on a heat pump coefficient of performance factor of 4 [6] and
that for the annual heat demand of a house 20 MWh [41] can
be considered a reasonable assumption. The demand in region
7 has an addtional demand increase due to planned new fish
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FIGURE 4. The upper plot shows the historic and projected
electricity demand (GWh) in R5. The lower plot shows the
projected hourly demand in R5 throughout week 1 in 2030.

factories. These factories are assumed to add a constant load
of 1 MW and 2 MW from 2020 and 2023 respectively. The
total demand is projected to 659 GWh in 2030. Additionally,
a 4% loss is added to the demand, representing distribution
losses. An example of the demand projections and the historic
demand (RS) can be found in Fig. 4 as well as the hourly
demand profiles. The pattern of the hourly profiles for the
normal demand is obtained from the electricity meters. The
profile of the heating demand is assummed to be constant
throughout a day, but varying from day to day based on the
outside temperature, as there is a correlation between these
two [42]. The majority of the electric vehicles are assumed
to charge during the night, due to financial incentives. These
profiles are then scaled to meet the annual demand. Similar
assumptions have also been made in references [3], [6].

B. SCENARIOS INVESTIGATED
Multiple scenarios, all emerging from the 2030 vision, have
been simulated in this study in order to analyse how different
technologies and restrictions can affect the future energy
mixture. The scenarios are listed below. The main scenario
considers wind power, photovoltaic power, a pumped storage
system in R1, batteries and transmission capacity as invest-
ment options. Scenario 2-5 are all variations of the main
scenario. Scenario 2 additionally considers tidal energy as
an investment option. Although previously claimed not suffi-
ciently developed, the technology is considered very interest-
ing in the Faroe Islands, which because of the predictability
could provide a type of base load generation. In scenario 3 the
model is allowed to burn biofuel (BF) at the thermal plant
in R5. In scenario 4 the constraint on the CO, emissions
has been removed, and thus the feasibility of investing in
renewable energy is shown. Scenario 5 includes a PS system
in R7, which is a highly discussed topic in the Faroe Islands.
A sensistivity analysis of the results has been conducted.
This sensitivity analysis is made by increasing and decreasing
the investment costs of WP, PV, the PS system in R1, BS,
transmission cables and fuel costs by 20% one at a time.
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TABLE 2. A List of the scenarios investigated.

Scenario description

Main

Incl. tidal energy as an investment option
Incl. permission to burn BF at FO plant in RS
Excl. restrictions on CO2 emissions

Incl. PS system in R7

N N T .

TABLE 3. Existing and committed generation capacities [MW].
The committed capacities are in parentheses.

R1 R2 R4 RS R6 R7

Fuel oil - - - 77 - 13
Gas oil - - 4 5 - -
Biogas - - - 2

Hydro 14 22 - - 3
Wind 2 (18) - 16 (18) - (6)

C. MODELLING GENERATION AND STORAGE
TECHNOLOGIES

The location of the existing and committed generation capac-
ities, which are considered in this study, are given in Table 3.
The modelling of these and the investment options are
described in the following subsections. All resource data,
i.e. wind speeds, solar irradiation and precipitation, is from
2017 which showed to be the year with the median resources
available in the years from 2014 to 2018.

1) THERMAL POWER

The inputs required to model existing thermal power genera-
tors are capacity, lifetime (LT), fuel type and efficiency. The
efficiency of the FO engines is set to 42%, the GO engines
have an efficiency of 45%, while the efficiency of the BG
plant is set to 35% [8]. The emissions and energy content
depend on the fuel type. No new investments in thermal
power are allowed, however one of the thermal plants in RS is
modelled as a combined technology in one of the scenarios,
meaning that it is possible to burn BF at this plant, which orig-
inally uses FO. The model is not allowed to decommission
the thermal power plants, as they will be kept as emergency
backup due to the possibility of a lack of renewable resource
potential, e.g. a summer with less than average sun hours,
wind speeds and precipitation. The fixed O&M costs of these
units therefore have to be included in the optimisation.

2) HYDRO POWER

HP with reservoirs is modelled using the turbine and reser-
voir capacities, the inflow to the reservoirs, the full load
hours (FLH) and specification of how much of the reservoir
can be regulated. The reservoir capacity used in this study
is set lower than the actual reservoir capacity, in order to
account for total losses associated with the power plants. The
losses are assumed to be 15% [43]. Overflow is rare (a couple
of times annually), and thus it is assumed that the weekly
inflow can be estimated using logged production data and the
water level in the reservoir. The FLHs for each turbine are
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available from production data. These vary between 1154 and
5295 and depend on the local precipitation and the reservoir
sizes. The water level of the reservoirs can not go below 50%
of the current storage capacity. The model is not allowed to
invest in new hydro capacity, as there is a political and public
resistance towards HP.

3) PUMPED STORAGE SYSTEMS

Two of the locations with one or more HP plants are con-
sidered suitable for PS systems. PS systems are modelled as
long-term storages which can be used to balance the system
throughout the year. The first one, located in R1, will utilise
two of the existing cascading HP plants. In this PS system, all
components are optimised, i.e. pumps, turbines and reservoir
sizes. The reservoirs are however limited the highest capacity
proposed in a previous study [9]. 100% of the new invested
storage capacity can be used to balance the system. The other
investment option in a PS system is in R7. This system is
however not optimised. The turbine and pumping capacities
are fixed to 4 and 6 MW respectively, and the system is
assumed to be commissioned in 2023. Due to the system not
being optimised, it is only considered in one of the simulation
scenarios.

4) WIND POWER

There are two methods to model WP in Balmorel. The first
method is to use production data, i.e. FLH and an hourly
generation profile, or wind speeds and a power curve (7)
can be used. The second method requires information about
the height of the wind turbines and measured/modelled wind
speeds, and finally the shear factor per wind site.

P= 14
l4+exp(—g-K-u—M —€)

)

The symbols in the power curve (7) are P: power output
(p.u.), y = 1.01p.u. is the maximum power output, g§ =
0.58 p.u./ms~! is the maximum slope of the logistic curve,
K = 0.76 is a wind farm smoothening parameter, u is the
hourly wind speed (m/s), M = 9.86 m/s is the speed at which
g is reached and finally ¢ = 0.89m/s is an offset in the
wind speed. The power curve of Enercon’s E44 wind turbine
was curve fitted to find y, g and M. K and € were found by
optimising the correlation between actual production data and
calculations using wind speeds and the equation given. WP is
also modelled with storm control, meaning that it is assumed
that wind turbines are producing rated power up to 28 m/s,
and then decrease linearly to 0 MW at 34 m/s.

Existing wind farms where no wind speed measurements
are available have been modelled using FLH and generation
profiles from logged production data, while all the other wind
sites are modelled using measured wind speeds or modelled
wind speeds [1]. The model is allowed to invest in WP
in 8 different locations as shown in Fig. 3. Each site has
been chosen based on a previous study [44] and internal
estimations at SEV. A maximum capacity is defined for every
location.
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TABLE 4. O&M Costs of existing and comitted power plants.

FO GO BG HP WP

Fix. O&M (EUR/KW) 50 151 50 50 37
Var. O&M (EUR/MWh) 8 8 8 0 3

5) PHOTOVOLTAIC POWER

The hourly solar irradiation in each region has been extracted
from the Faroese WRF model [1], and validated against the
only long-term measurements available. The performance
ratio of PV systems in the Faore Islands has been calculated
based on three pilot projects, and is found to be 81%. The
expected FLH and generation profiles, which are the inputs
necessary to model PV power in Balmorel, can be obtained by
multiplying irradiance with the performance ratio [45]. The
FLH in the regions based on the calculations computed vary
between 584 and 620. PV power is not as site specific as e.g.
WP. This technology is therefore assumed to be installed all
over the region, and no maximum capacity has been defined.

6) TIDAL POWER

Similary to PV power, the necessary inputs to model TP are a
generation profile and the FLH. A model of the tidal streams
around the Faroe Islands has been developed by Simonsen
and Niclasen [46]. Using these tidal streams and a power
curve supplied by Minesto, the generation profiles and FLH
hours can be calculated. The FLH vary between 3793 and
4656. A limit has been set on the maximum installed capacity
in each location based on space requirements and that no
more than 15% of the power can be extracted [47]. In total,
it is possible to install 115 MW in the chosen three locations
shown on Fig. 3, assuming each installation is 100 kW.

7) BATTERY STORAGE SYSTEMS

The battery systems (BS) in this study are modelled as
short-term storage, i.e. the energy can be stored for a week.
The C rating is 0.25C, meaning that the batteries have a
discharge time of 4 hours. The round trip efficiency of a BS
is set to 80%. As shown on Fig. 3 the model can invest in BS
in every region except for R3.

8) COSTS

Table 4 contains the costs of existing power plants. The costs
for FO, GO, HP and WP are based on experience at SEV [8],
while the cost of BG and BF are set to be equal to FO.

The capital costs of WP are based on the costs of the
committed wind farm in R2 with a learning rate and LT based
on [8], [48]. The capital costs of WP in R4 are assumed to
be 70% higher than the other wind farms, due to difficult
accessibility [49]. Investing in PV in the Faroe Islands has
proven to be relatively expensive. The capital costs in this
study are based on the existing 250 kW PV plant with a
learning rate, O&M costs and LT based on [8], [48]. All
costs for tidal energy are based on input from the manufrac-
turer of the committed tidal generators in R1. The costs
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TABLE 5. Costs Associated with the different investment
options. The components of the PS system are: Pump (P),
Turbine (T), Reservoir (R), Upper (U) and Lower (L). *EUR/kWh.

Capital Fix. O&M Var. O&M

Tech. Years  pURKW)  (EURAW) (EURMWh) ©1
*20-24 1045 26 7 20

WP *25-29 1004 26 7 20
30 963 26 6 25

"20-'24 1400 8 0 25

PV *25-29 1210 7 0 25
30 1110 7 0 30

. 20-24 2063 28 26 20
125-30 1192 18 11 20

PS - P 120-30 220 50 0 60
PS-UT. 2030 266 50 0 60
PS-LT. 2030 591 50 0 60
PS-UR. 2030 14% 0 0 60
PS-LR. 2030 5% 0 0 60
BS 120-30 296% 2 0 15

TABLE 6. Estimated investment costs of transmission cables.

Cost/capacity Cost/capacity

Connection [EUR/MW] Connection [EUR/MW]
RI1-R2 145 455 R1-R5 87 273
R2-R3 65 455 R3-R4 61 818
R3-R5 127 273 R4-R5 189 091
R5-R6 105 455 R6-R7 1 867 000
20

—FO
/ — GO

— BF

Fuel Price
(EUR/GJ)
[

10
2020 2022 2024 2026 2028 2030

FIGURE 5. The assumed fuel price for FO, GO and BF.

of pumped storage systems are based on previous studies
[8], [9]. The battery capital costs for a 0.25C battery are
based on input from Tesla, which refers to Bloomberg New
Energy Finance, and using a LT from the Danish Technology
Catalogue [48]. The mentioned costs can be found in Table 5.
The cost of onshore transmission cables has been estimated
internally to 160 EUR/m, and the capacity of the cables used
is 44 MW which leads to costs between 61.818 EUR/MW
and 145.455 EUR/MW depending on the connection. The
potential subsea cable between R6 and R7 is estimated to
1.867.000 EUR/MW. Cable costs are found in Table 6.

The fuel prices for FO and GO are based on Danish prices
[50] with add-on costs for transport and taxes [8]. BF costs
are assumptions due to lack of better data. Fig. 5 contains the
fuel prices.

lll. RESULTS AND DISCUSSION

The following sections will present the results of the eco-
nomic optimisation described in the previous chapter. First
the results of the scenarios (Table 2) are presented with
focus on the main scenario. There are significant differences
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FIGURE 6. Optimal generation capacities (MW) every other year
from 2020 to 2030 in four scenarios. The scenario number is
shown above the bars.

TABLE 7. The optimal generation capacities in 2030.

FO GO BG HP WP PV TP BS Total

1 91 8 2 112 168 79 - 2 462
2 91 8 2 103 102 - 72 1 379
391 8 2 94 153 - - 1 349
4 91 8 2 79 125 - - - 305

between the scenarios, except from scenario 5, which is close
to identical to the main scenario and thus, not included in the
figures and tables. The results from the sensitivity analysis
are also presented, followed by the proposed RoadMap based
on the optimal results. The execution time of running all sce-
narios simultaneously through the Balmorel algorithm was
2 hours and 5 minutes using a Hewlett Packard Enterprise
x64 equipped with Intel Xeon CPU E5-2667 v4 @ 3.20GHz
3.20GHz (2 processors) and 192 GB RAM.

A. GENERATION CAPACITIES

The economically optimal generation capacities every other
year from 2020 to 2030, based on four of the scenarios
(Table 2) are shown in Fig. 6, and the final capacities are
tabulated in Tabel 7. As previous studies have suggested,
the optimal solution in the main scenario includes significant
amounts of WP complemented with PV and PS. The gener-
ation capacity of the PS system is included in HP. A small
battery capacity is also a part of the optimal solution. This BS
is placed in R7, and is used to balance this remote region. It is
expected that a significantly higher BS capacity is needed for
grid stability, but this will be addressed in another publication.
Although they are initially similar, the scenarios give rise
to significant differences in power composition by 2030.
If TP will reflect the assumptions, it could reduce the total
generation capacity by 84 MW. PV is no longer a part of
the optimal solution, there is a significant decrease of WP,
while HP and the BS capacities are also slightly decreased.
This shows that the feasibility of TP could have a significant
impact on the future energy mixture. The 3rd scenario, where
it is possible to burn BF at a FO plant, shows that burning
BF with the assumed fuel costs is a better solution finan-
cially than installing PV plants. There is also a significant
decrease in WP compared to scenario 1. The total capacity
is also reduced by 113 MW. The large reduction is due to
BF being a dispatchable technology. Finally, the unrestricted
CO; scenario shows that investing in WP and PS systems
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FIGURE 7. Optimal capacities of the lower turbine (L.T.), upper
turbine (U.T.), pumping capacity (P), lower reservoir (L.R.) and
upper reservoir (U.R.) in the PS system in R1 every other year
from 2020 to 2030.

is more profitable than thermal generation up to a certain
point. From 2026 and forward the capacities in scenario
4 start to differ from scenario 1. This shows that the final
renewable percentages do not earn back the investment, given
the assumed development in oil prices. What this scenario
also shows is that PV power is not economically feasible in
the Faroe Islands under the given assumptions. The fact that
PV complements WP and HP seasonally is however impor-
tant in order to reach 100% renewables, as the alternative
is increased storages, which are expensive. Based on these
results, the best strategy is to aim for 100% (main scenario)
while being open to significant adaptations in the later half
of the RoadMap time span, especially with regards to the
development of TP and the cost of BF.

B. PUMPED STORAGE SYSTEM

Storage is vital in order to reach 100% renewables. The
optimal pumping, generation and storage capacities of the
proposed pumped storage system in R1 are shown in Fig. 7.
These results show that it is feasible to invest in both pumping
and more generation capacity in 2022, but that there is no
need to increase the storage capacity until 2026. A 100%
renewable production, where neither TP nor BF are an option,
does require a significant increase in reservoir capacity.
Investing in storage capacity is part of the optimal solution in
all scenarios, but the variations are large, especially between
the main scenario and other scenarios. These results, similarly
to the previously presented results, show the importance of
ongoing evaluations of expansion plans, as the feasibility
of technologies can change over time and this can have
a major impact on the optimal expansions. The demand
increase should also be monitored, as the large investments
in scenario 1 do not occur until 2028 and these increases
might not be necessary if the demand does not increase as
assumed. Increasing the storages to the level of scenario
1 in 2030 would require significant increase in dam sizes
above populated areas, which could lead to public resistance
due to the environmental impact, but these investments are
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TABLE 8. The optimal transmission capacities (MW) between the
regions were reinforcements and new connections are required.

Year 21 220 23 24 25 260 27 28 29 30
RI-R5 35 35 35 35 35 35 35 35 35 38

R5-R6 10 12 46 46 46 46 51 63 63 63
R6-R7 2 2 3 4 4 6 6 7 8 13

necessary in order to reach 100% renewables with the pre-
sented assumptions and currently available technologies.

C. TRANSMISSION CAPACITIES

New transmission cables and reinforcements are required in
order to transmit the power from production to consumption.
A new connection is needed between R6 and R7, while rein-
forcements are required between R1-R5 and R5-R6. Table 8
shows the investments required based on the main scenario.
This shows that the committed R5-R6 connection of 44 MW
will not meet the future requirements. R1-R5 connection
needs to be reinforced in 2030, and that is likely due to the
PS system being located in R1, while the majority of the con-
sumption is in R5. The R6-R7 capacity increases slowly from
2021 and forward, but in 2030 the capacity increases from
8 MW to 13 MV, in order to reach 100% renewables in R7.
All scenarios showed similar results in terms of transmission
capacity.

D. PRODUCTION

The main focus of this study is expansion planning, but
Balmorel also optimises the hourly production. Fig. 8 shows
the optimal annual production in the four presented scenar-
ios, which are almost identical until 2026. In scenario 1,
3 and 4 WP is dominating the production, while in scenario
2 TP is a large part of the generation. This is caused by the
restriction that TP can not be curtailed while WP can; thus,
the curtailment of WP in scenario 2 is high. BF produces a
small part of the energy in scenario 3, which means that the
energy composition is not changed significantly even though
the power composition is, and this is due to the technology
being dispatchable. It is noteworthy how tidal takes on a
role similar to base production and how BF seems like an
obvious candidate for backup power in less energetic years.
The production in scenario 4 is up to 87% renewable in certain
years, but in 2030, when the demand has increased more,
the financially optimal renewables shares have decreased to
86%. There are small variations between the total production
of the scenarios. This is due to the transmission losses which
differ, depending on the location and capacity of the different
generation and storage units. It should be noted that HP shows
the netto production, i.e. pumping, has been subtracted and
therefore the shares of hydro power are low.

E. ECONOMICS
The annual optimised capital costs, O&M costs and fuel costs
for every other year are shown in Fig. 9 together with the
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FIGURE 8. Production in the four scenarios every other year
from 2020 to 2030.
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FIGURE 9. Annualised costs of the optimal solutions every other
year from 2020 to 2030 in the four scenarios.

levelised cost of energy (LCOE), i.e. annual costs from the
optimisation (upper plot) divided by annual energy produc-
tion (Fig. 8). The figure does not include the annual capital
costs of committed or existing capacity. This figure shows
that out of all the scenarios, the most expensive scenario
is the main scenario where a 100% renewable production
is required and it is not possible to invest in TP, nor is it
possible to burn BF at existing FO plants. The difference
between scenarios 1/2 and 3/4 are the increased capital costs
and decreased fuel costs. This shows that even with higher
fuel costs for biofuel, it would still be more feasible than
the main scenario. Scenario 2 is shown to be cheaper than
scenario 4 until 2030, when it is slightly more expensive.
However, the sum of the annual costs from 2020 to 2030 in
the four scenarios are 311, 278, 301 and 285 mio. EUR
respectively. This means that over the range of 10 years,
a 100% sustainable power system with the assumed costs of
TP is more feasible than a power system without restrictions
on the CO, emissions, where it is not possible to invest in TP.
The LCOE decreases from 2020 to 2021, and this is due to
the increased renewable production, i.e. decreased fuel costs.
Although the LCOE of the main scenario is significantly
higher than the other scenarios, it is still lower in 2030 with a
100% renewable power system than in 2020.

F. SENSITIVITY ANALYSIS OF GENERATION CAPACITIES

The sensitivity analysis did not show any significant differ-
ences in the generation capacities. The generation capacities
of hydro, wind, PV and battery in 2030 for every sensitivity
scenario and the main scenario are shown in Table 9. The
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TABLE 9. Generation capacities [MW] in 2030 in the main
scenario and all the sensitivity analysis scenarios. ¢ - 20%
Cheaper, e - 20% more expensive, FU - Fuel, CA - Cable.

1 ¢BS ¢CA CcFU PV cPS cWP eBS eCA ¢eFU PV ePS eWP

HP 112 112 112 112 112 112 112 112 112 112 112 111 113
WP 168 168 168 168 149 173 184 168 168 168 189 169 157

100 _

l

B
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Renewable Production (%)
&
T
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2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
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FIGURE 10. The proposed RoadMap towards 2030, which has
been made based on the optimisation results from Balmorel. All
the values are given in MW, except for the reservoirs (GWh) and
BS (MWh) in row 5 from the bottom.

capacites of batteries and the pumped storage system are
close to constant for all the scenarios. The wind power capac-
ity is also quite constant but varies between 149 MW and
189 MW, so although wind is by far the cheapest renewable
source, by 2030 it has obtained close to a saturation level
where added production is out of sync with local consump-
tion. This finding is interesting as it to some degree opposes
recent political dogma. It states, that introducing a free local
electrical market will not only generate new business oppor-
tunities, due to lower energy prices, but also help solve the
nations transition to a 100% renewable electrical grid. If there
is a clear saturation limit for the only existing economi-
cally viable renewable energy source (WP), any additional
investments will not help the transition to a purely renewable
electrical grid. The solar capacity is the only capacity that
deviates significantly. The differences are especially visible if
the PV or PS costs are decreased or increased, reflecting that
the main challenge is power supply in the summer months
with reduced wind power.

G. ROADMAP
Fig. 10 shows the proposed RoadMap, which is based on the
main scenario. The RoadMap includes committed WP and
cables (red border). The locations of the optimised invest-
ments are tabulated in Table 10. The location number indi-
cates the region. In the case where multiple WP investment
sites are in one region, the region number is followed by
the site number, which has been numerated from the top and
down (Fig. 3).

Most of the investments are conducted as 2030 comes
closer. This is when the CO; restrictions will be hardened,
and more investments will be needed in order to meet the
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TABLE 10. The location of the optimised investments presented
in Fig. 10. *MWh **GWh.

Year  Tech. Power (MW)  Location
2023 WP 6 7
2024 WP 18 6.2
WP 18 6.2
2026 CA 13 6-7
PS - U.T./P 35/41 1
WP 18 1
2027 CA 44 5-6
BS 10*
WP 30 6.1
2028 PV 7 7
PS - UT./P 35/38 1
PS-LT. 4 1
2029 PS-URJ/LR. 12/2%% 1
PV 22/8 4/7
WP 18 52
2030 CA 44 1-5
PV 39/3/1 4/6/7

requirements. All investments in onshore cables have been
set to 44 MW, even though the needed capacity in some
cases is significantly lower, but the onshore cables used in the
Faroe Islands can transmit 44 MW. Comparing the proposed
RoadMap to the previous simpler one [4], we see that the
overall results are quite similar, even though several factors
have been modified. The underlying reasons seem to be that
the cheapest energy source (WP) reaches a saturation level
of installed power over two times the average consumption
in 2030 (75 MW), while the expensive but seasonally out
of sync energy source (PV), must be able cover the aver-
age load on calm summer-days. There are some differences
related to the pumped-storage configuration, but these seem
to be driven by a trade-off between small storage with rapid
response vs. larger storage with relative slower response. One
important difference is also that this study aims at a renewable
solution for an average year and not any year.

There is a need to validate the optimality the RoadMap,
by rerunning Balmorel using the RoadMap as committed
capacities. Fig. 10 includes the renewable shares of the pro-
duction based on the RoadMap. According to simulation
results it is possible to reach above 80% renewables already
in 2021. Using the proposed RoadMap, it should be possible
to reach 100% renewables by 2030. The second validation
parameter was the cost of the system. The sum of the annual
capital costs, fuel costs and fixed and variable O&M costs
from 2020 to 2030 in the main scenario are 305 mio. EUR,
while the RoadMap is 4% more expensive at 316 mio. EUR.
The difference is caused by a higher fuel consumption, due to
the investments in the RoadMap occuring slightly later than
the optimal results. Based on the presented results, the pro-
posed RoadMap is considered valid and applicable.

IV. CONCLUSION

This study has analysed the energy balance of the future
Faroese power system using Balmorel. The study shows that
the feasiblility of technologies has to be carefully considered,
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as development of e.g. TP and BF can impact the RoadMap
significantly. Therefore constant revising and partial invest-
ments along the way could be the best approach when aiming
for 100% renewables. This has been shown through different
scenarios. The study has also shown that the presented results
are not very sensitive to variations in the investment and
fuel costs. A RoadMap towards reaching the goal of 100%
renewable production in 2030 has been generated, based on
a method developed for the purpose of achieving a realis-
tic RoadMap from an economical optimisation. A method
which is applicable to other, especially small and isolated,
power systems. This RoadMap shows the exact location and
capacity of added generation, storage, and transmission. The
locations of new generation and storage plants have been
carefully considered and constraints like available space and
local renewable resources have been considered. These assure
the realisability of the proposed investments. It is assured that
the needed transmission system is capable of transmitting
the power between the regions. Overall it can be said that
investing in renewables is financially the best option up to
86%-87% renewable production shares depending on year,
demand and power composition. The WP capacity should be
224% of the average demand, while PV should be 105% and a
storage capacity of 8-9 days is needed in the pumped storage
system. The development of the realistic RoadMap and the
unveiling of the impact tidal energy has on the energy mix
and the economics are the key findings in this study.

FUTURE WORKS
Balmorel has perfect foresight throughout a year, but no
across years. This means that Balmorel knows which resource
is available every hour throughout the year and can optimise
the dispatch to a degree which is not possible in reality. The
optimisation is unfamiliar with cost reductions or increases
across the years, which means that the model can e.g. do a
large investment in wind power in 2024, without knowing
that the cost reduced significantly in 2025. In order to address
this in Balmorel the algorithm has to be enhanced. Otherwise
the power system must be analysed using other tools with
different approaches, but with the same inputs, so that it is
possible to see the influence this has on the expansion plan.
The presented RoadMap will be used in the expansion
planning of the Faroese power system towards 100% renew-
ables, and thus long term follow up studies will be conducted
and the RoadMap will be reevaluated in case new technolo-
gies becomming feasible. Following this RoadMap, analyses
of the dynamic behavoir of the power system in order to
ensure a stable and reliable power supply are necessary. The
following studies will focus on the system frequency- and
voltage stability, and will be presented in other publications.
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Abstract: The Faroe Islands are aiming for a 100% renewable electricity generation. The
complexity of operational power systems with a high level of renewable generation necessitates
accurate dynamic models. Many power systems, including the Faroe Islands, do however contain
generation units with old governors and automatic voltage regulators, in which suitable models
and parameters are unknown. Obtaining dynamic models with parameters that replicated
measurements proved to be challenging using existing procedures. Therefore, this paper presents
an alternative and combined procedure for identifying and validating the controllers and
parameters. The procedure utilizes measurement data from trip tests, standard controller models,
an optimization algorithm, and combines hybrid simulations and system wide simulations. A
successful application of the proposed procedure on the power system of the Faroe Islands is
presented. The proposed approach can be applied to other power systems and is especially
suitable for other island power systems of similar size to the Faroese power system.

Keywords: Islanded power system, parameter identification, dynamic model validation, Faroe
Islands, renewable energy

1. Introduction

Climate changes due to carbon emissions is a global concern, and a big contributor to this is electrical
power generation. The electricity and heat sectors have previously been estimated to be 25% of the global
greenhouse gas emissions (1). Power systems worldwide are however replacing the carbon-based
generation by renewables to decrease the emissions. The thermal generators are replaced by wind
turbines, photovoltaic panels (solar), nuclear power plants and hydro turbines, depending on the local
geography and resources available. The environmental advantages with renewable energy are quite
obvious, but there are several disadvantages regarding the power system operation, e.g. the intermittent
nature of wind speeds and solar irradiation. Intermittent production from a wind power plant or
photovoltaic power plant is especially an issue in small power systems, as in larger systems it can be evened
out by other power plants. In addition to this, the consumption in islands is small and fluctuating, which is
why oil and if possible, hydro have traditionally been used to produce electricity in islands. Some countries
are in a better position than others, when it comes to the renewable resources available. Isolated parts of
Greenland have hydro in the summer due to melting ice, while Iceland has hydro from both rain and
melting ice and of course hydrothermal energy. Norway and Danish islands have a renewable production
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on average, i.e. they have a seasonal surplus of hydro power and wind power, respectively, which evens
out purchasing carbon based power from other countries/islands other times of the year.

In 2014 the Faroe Islands, see Figure 1, announced its so-called green vision (100by2030), becoming 100%
green in terms of electricity production by 2030. The islands are surrounded by an abundancy of renewable
resources in terms of wind, hydro, tidal streams and to certain extent solar energy, but balancing the
system at 100% is challenging. The Faroe Islands are, out of the mentioned countries, the most densely
populated area after Denmark and followed by Norway (Denmark: 137.65/km2, Faroe Islands: 38.1/km?,
Norway: 14.0/km?). Although the hydro resource is available, it is limited relative to the size. Also, the mild
climate and moderate mountains means that hydro does not get a seasonal input from melting ice.
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Figure 1 Map of the Faroe Islands (2)

An economically optimized and tangible RoadMap ensuring a balance between supply and demand in the
years under investigation (2020-2030), considering the local resources, best available technologies, their
attributable investment and O&M costs, has been made for the Faroese power system (3). This study
reveals that wind power will be the main provider of energy complemented with solar energy in the
summer months when the wind resources typically are low. To bridge the energy gap at times with low
renewable resources available, a relatively large-scale pumped hydro system is proposed. The mentioned
RoadMap study also showed that tidal energy, if delivered at predicted price, can have a disruptive
influence on the future power composition, as it could reduce the pumped hydro reservoir capacity by 75%
and the total generation capacity by 18%. Even though tidal energy is being tested, also in the Faroe Islands
in cooperation with SEV, this technology is still in the development phase.

The increasing penetration of intermittent and inverter-based renewable energy into a relatively small,
isolated power system, calls for precise and validated simulation models to ensure the frequency- and
voltage stability in the power system as the inverter-based technologies steadily substitute the
synchronous generators and their inherent system services. These system services are inertia, short circuit
power and active/reactive power regulation. The active and reactive power regulation after a disturbance is
conducted by the governors and automatic voltage regulators (AVR), which compensate for the power
deficit between the generation and demand.
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High accuracy power system models are essential in power system planning and operation. Analyses and
validation of these models has to occur continuously (4-7). A power system model, which has not been
validated with measurements, can only be used for academic exercises (6), and states that assessing power
systems without computer simulations is inconceivable (5). The application of dynamic power system
models is not only for analyses after large disturbances, but also relevant for voltage- and frequency
stability studies, protection schemes and restoration plans. A validated power system model can minimize
disruption in the operation and risks to equipment (4). However, obtaining a full system validated model
can be difficult, as one sub-model (4) or even one single parameter (5), can change the simulation results
significantly. Old generation units, e.g. diesel generators and hydro turbines, are commonly found in small
isolated grids, like the power system in the Faroe Islands. The available information about suitable
computer models and respective parameters is limited or even non-existent, which makes the task of
obtaining a fully validated model even more challenging. Even with correct models this is a difficult task, as
each parameter is associated with an inaccuracy.

Validation of power system models is usually conducted as either System Wide Simulations (SWS) or Hybrid
Simulations (HS), see e.g. reference (8) and (9) respectively. These two methods have been compared by
den Boer (10). The first method is a simulation of a full system replicating a previously recorded event. The
dynamic response is compared to field measurements. In HS a sub-network is isolated, and then e.g.
voltage and frequency time series are injected to this sub-network. The dynamic behaviour of the sub-
network, e.g. generators’ active and reactive power, is compared to measurements. A study case (10)
shows that neither method showed a perfect resemblance with the measurements. HS showed a better
resemblance with the measurements, but it must be considered that this is a simulation with measured
frequency and voltage as inputs. This means that the measurements are partly controlling the simulation
results. Validating a whole network (using SWS) instead of a sub-network (using HS), obviously gives a
better indication of the accuracy of the system model, but it can lead to high computational time due to the
complexity of the system model. The advantage of using HS in the validation process is the simplification to
a sub-network and it is said to be crucial for validations (6), but complementary tools are needed (11), as HS
is not always sufficient. This issue is also addressed in another study (12), which proposes a two-level online
parameter identification, by parameterizing models using HS and then validating throughout the whole
system.

Measurement data used for parameterization is usually obtained from planned tests, but studies have also
suggested using actual disturbances (4,5). The advantage with staged tests, is that the unit is typically
isolated from the power system for the test, which makes it easier to parameterize, while the advantage
with online validation is that it does not require taking a unit out of service. It can however take a long time
to obtain enough data from natural disturbances to be able to accurately parameterise models, and a
staged test might not reflect some of the interactions and dynamic behaviour between the different
governors and voltage regulators etc.

The parametrization of models can be done manually, by trial-and-error varying the parameters, but it can
be very difficult to find the correct parameters, especially when looking at a whole system as many
parameters are inter-dependent. Thus, multiple optimization algorithms have been applied to parameterize
dynamic models, by minimizing the difference between measured and simulated dynamic response, see
e.g. references (13—16). In the past parameterization was commonly conducted using frequency response
(17,18), but this is not common in newer literature. Huang et al. (19) use a Kalman filter with event
playback (of disturbance). However, the need to improve the event playback method due to limitations of
phasor measurement units (PMU) has also been identified (20). This is done by using a multi model
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adaptive Kalman filtering, a singular spectrum analysis and initialising the event playback after the first fast
transients, which cannot be captured by the PMU. The particle swarm optimisation algorithm (PSO), is also
commonly used to identified parameters, but a previous study (8) proposes a modified version of PSO to
improve the results. This study also states that parameters can be identified using different events.
Weaknesses have not only been identified with the algorithms used, but also with the standard models
available. A study (21) claims that the standard models must be extended with frequency ramp rate,
activity range and deadband to accurately represent reality. In reference (22) the diesel governors on
Kinmen island (Taiwan) are parameterised and validated using a reduced order governor, as high order
models are complicated, and the risk of finding a local optimum with high order optimisation is higher, than
when fewer parameters are validated. The study utilised the HS method using a PSO algorithm to find
suitable parameters. The generators, governors and AVRs in Cyprus have been validated based on past
disturbances by Stavrinos et al. (23) using a manual approach. Information about generators and governors
was available, while AVRs were modelled using standard models with default parameters. In cases where
the resemblance between measured and simulation was not good enough, the parameters were adjusted.
A study on the validation of a generating unit in Poland combines a genetic algorithm with a gradient
algorithm (24). Reference (9) focuses validating hydro governors in three power plants in the Pacific North
West in North America. Another attempt of validating a power system is found in (25), in which Bonaire
Island (Caribbean Sea) is the study case. This study does not explain how the power system has been
modelled, but emphasis on validating the load models as well, as the air conditioners in Bonaire are a
significant contributor to the dynamic system response. These few study cases show that different
approaches and algorithms are used to validate power system models, from manual adjustment to using
optimisation algorithms to find suitable parameters.

Most previous studies use one event to parameterize models, which could result in finding a very specific
local set of fitting parameters, i.e. the found parameters might only be valid for one particular event. Using
multiple scenarios for parameterization can prevent this, if not obtaining a global parameter set, it at least
fits for a wider range of events (4,7). Reference (7) used multiple events to parameterize generator
parameters, and a better set of parameters was obtained compared to a parameterization using one event.

The model of the Faroese power system has been developed in DIgSILENT’s PowerFactory over several
years. The model has been load-flow validated, while the dynamic validation showed to be a challenging
task. It started with using HS validation with manual adjustment of parameters, but the SWS simulation
using these HS manually adjusted parameters did not replicate the measurements. The need to use
automatization to test different combinations of parameters was identified. A script was written to test
different combinations using SWS, and through a brute force algorithm, the simulation closest to the
measurements could be identified. It was however difficult to find the best parameters, and even with the
small system of the Faroe Islands, the computational time was an issue. The authors then utilized the
system parameter identification (SPI) tool in PowerFactory, which, as the name implies, is suitable for this
type of assignments.

This paper presents an alternative combined procedure for identifying and validating parameters of
governors and AVR of a whole system using multiple staged tests/disturbances, in which most models and
respective parameters are unavailable. The advantage with the proposed procedure is that it uses the
simple HS for initial parameterization by SPI and validates the models with SWS. The parameterisation is
conducted using multiple events simultaneously to prevent obtaining a local set of suitable parameters. In
the case where the validation shows that the parameterization with HS is insufficient, which is an issue
addressed previously, a second parameterization with SWS is conducted. Using SWS for parameterisation is
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computationally heavy, which is why HS is preferred in cases where the response is acceptable. This
procedure is ideal for islanded power systems of similar sizes of the Faroe Islands. The main disadvantage
with SWS is the computational time, so system smaller than the power system in the Faroe Islands can
parameterise models without issues using only SWS parameterisation. For systems significantly larger than
the Faroese power system, the time required for SWS parameterisation is too high, so this is not even
considered an option. This study does not focus on the optimisation algorithm itself, but rather the
improvement of the combined procedure of parameterization and validation, described further in section
2. The proposed procedure has been applied to two independent grids in the power system in the Faroe
Islands, as seen in section 3. The dynamic simulation results show satisfactory resemblance with the 10 Hz
online measurements.

2. Proposed Procedure

A flowchart of the proposed approach is shown in Figure 2. To utilize this approach, a validated static load-
flow model is required. The method has been applied using DIgSILENT’s PowerFactory. Generally, the
procedure is not restricted to PowerFactory only, but adaptions might be necessary when using other
software tools. The proposed methodology combines SWS and HS. The main idea is that the primary
controllers are parameterized using HS together with PowerFactory's System Parameter Identification (SPI)
tool, and then validated with SWS. If the SWS shows a behaviour deviating significantly from the
measurements, a second parameterization of user-selected parameters using SWS with SPI is conducted.
SPI minimizes the difference between measured and simulated response, by optimising user-selected
parameters. In this study case the Particle Swarm Optimisation (PSO) algorithm was used, mainly due to its
computational efficiency. SPI is a time demanding process, and thus utilizing HS is a great advantage as the
simplification of the grid makes the parameterization faster. However, when validating the parameters in
SWS, the parameters did not replicate the measurements accurately in all cases, which is why it is
necessary to run SPI with SWS for regulators which cannot be validated after HS parameterisation. Each
step of the flowchart is described in detail in the following paragraphs.
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Figure 2 Flowchart for proposed parameter identification and validation procedure

Data availability: The first step of the proposed procedure is to check whether useful measurement
data are available. In order for data to be classified as useful, the generators' have to have had a
clear primary response, which has been measured with a sufficient resolution e.g. 10 Hz. This data
can originate from previous disturbances or by tests conducted for the purpose. The data, which
was used in this study case, was the active and reactive power of the generators online and the
frequency and voltages measured at the generators’ busbars. The measurements with the highest
resolution in the Faroese power system are 10 Hz, and these were the measurements used in the
examples described in this paper. Each generator has to be online in e.g. 3 datasets, in order to
ensure that the parameterisation, and thus, validation is valid for multiple events.

Conduct tests: In the case where no useful data is available, it is necessary to conduct tests on the
system and record needed measurements with a suitable resolution (e.g. 10 Hz). This could for
example be generator trip or sudden load changes, which result in a clear primary response for the
remaining generators online.

Data preparation: The data needed for the parameterization and validation must be prepared
according to the required setup of the simulations and made suitable for the specific software. This
can be extracting irrelevant parameters from a date file, limiting the period, converting parameters
to p.u. etc. Also, the data must be analysed and corrected for any faulty data points.

Choice of regulator model: A model for each regulator can be chosen from the software library or
custom designed. It can be challenging to find a model, which fits the regulator exactly, but the IEEE
Recommended Practice for Excitation System Models for Power System Stability Studies (26) and
support from the manufacturer can be helpful or even required sometimes.
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e HS parameterization: Each regulator is parameterized separately using HS and SPI with PSO, but
with all relevant datasets for the regulator simultaneously. This is done by making multiple identical
sub-networks all representing the same generator, but with voltage and frequency inputs from
different scenarios. The default parameters are used as start values. A so-called "configuration
script" for the regulator is used to make sure that the regulators in each subnetwork keep the same
parameters when running SPI, so the parameters are optimized according to all relevant scenarios.

e HS evaluation: A qualitative evaluation of whether or not the responses can be improved through
additional HS parameterization, or if one should proceed to the SWS validation.

e Parameter or regulator: A qualitative evaluation of whether optimizing other regulator parameters
or using different boundaries can improve the response, or if another regulator model has to be
used.

e SWS validation: The validation is an RMS simulation (SWS) which replicates the tests/disturbances
and compares the simulation results with recorded measurements.

e SWS evaluation: The validation is evaluated qualitative, and if the results are sufficient with regards
to pattern, min/max and settling time, it is concluded that an accurate model has been obtained.
There are no standards for defining when a model is sufficiently accurate, and thus this is up to the
engineer criteria. If the results for a specific regulator are insufficient, a second parameterization is
required.

e Scenario check: The second parameterization can be done for all relevant scenarios individually.
This step check wether any available scenarios, have not been SWS parameterized. If SWS
parameterization has been run for every relevant scenario, and the validation still is insufficient, it
is concluded that a sufficient result cannot be obtained with the specific regulator model, and thus,
the process should be restarted with another regulator model.

e SWS parameterization: The second parameterization uses SPl with SWS. It is not possible to run
multiple scenarios simultaneously with SWS, thus the SWS parameterization is conducted for one
scenario, and the new parameters are validated and evaluate. If these are insufficient the SWS
parameterization is run again with another scenario. SPI is in this case configured to optimize only
the parameters of the regulator(s), which show insufficient results.

3. Application to the Faroese Power System

The procedure proposed in the previous section has been applied to the Faroese power system, specifically
the synchronous generators in the main grid which connects 11 out of 18 islands, and the isolated grid in
the island of Suduroy. The synchronous generation capacity, i.e. diesel and hydro, is 124 MW in the main
grid and 17 MW in Suduroy. A list of power plants, the respective grid, the type, number of units and the
total generation capacity at the plant can be found in Table | (27). In addition to the synchronous
generation capacity, the Faroese power system includes wind turbines of 24,5 MW in total and a small
photovoltaic plant of 0.24 MW. Models for all wind turbines (except the 3x660kW windfarm at Myrarnar)
with the actual parameters have been provided by the manufacturer, and the performance has been
validated using SWS simulations, thus the need for a validation procedure considering the wind turbines is
not needed. The photovoltaic plant of 0.24 MW is relatively small, is not equipped with any active or
reactive power regulation capabilities to support the grid and is connected in the distribution grid, thus this
plant has not been modelled. The biogas plant is likewise relatively small and placed in the distribution grid
and has not been modelled. The generator is a synchronous machine, but the active and reactive power
regulation from this unit is negligible.
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Table | - List of power plants, type, number of units and total plant capacity in the main grid and the grid in Suduroy, Faroe Islands
(27).

Grid Power plant Type Units (#) Plant capacity (MW)

Main Sundsverkid Heavy fuel oil 9 82,5
Elverkid a Strond Heavy fuel oil and 2 5

hydro

Eidisverkid Hydro 3 22,1
Fossaverkid Hydro 2 6,5
Heygaverkid Hydro 1 54
Myruverkid Hydro 1 2,4
Neshagi Wind 5 45
Husahagi Wind 13 11,7
Myrarnar Wind 3 2
Forka Biogas 1 1,5

Suduroy Vagsverkid Heavy fuel oil 4 13,6
Botnur Hydro 2 3
Porkerishagi Wind 7 6,3
Sumba Photovoltaics - 0,24

Multiple staged tests have been conducted to obtain enough measurement data to parameterise and
validate the governors and AVRs in the main grid and in Suduroy. The tests were done by tripping one of
the online generators. In most of the tests the generator, which was tripped, had a high production of
either active or reactive power, not both. This was done in order to capture e.g. a frequency drop, which
was mostly associated with the loss of active power, not impacted by a large voltage drop due to reactive
power loss. This makes it possible to parameterise the AVRs in a scenario where the response from the
governors was limited. Some of the tests were however conducted by tripping a generator with a high
production of both active and reactive power. This paper highlights the results from three examples of the
parametrisation and validation.

Figure 3 shows an example of the reactive power and voltage validation of one of the events in Suduroy
with the final regulator parameters. In this scenario it was not necessary to conduct a second
parameterisation using SWS, i.e. the parameters were identified using the HS parameterisation only. The
staged test in this example, is that a diesel generator (VG G4) producing 80 kW and 510 kvar is tripped. The
other generators online are two hydro turbines (BO G1 and BO G2) and another diesel generator (VG G3).
The plot clearly shows a good resemblance between measured (blue) and simulated (red) response. For BO
G1, there are two relatively high spikes in the measurements after the event, and these are not seen the
simulation. However, this inaccuracy looks worse than it is, as it is due to the resolution of the
measurement, 0.01 MW. The generator is small and is only producing 20 kvar steady state, which is why
this difference is so visible. There is also an offset for VG G3, but this is caused by an overall reactive power
offset in the static load flow model. An offset in the static model has to be compensated by from one of the
generators in the dynamic simulation, and in this case, it is VG G3, the largest generator online during the
test.
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Figure 3 Example from reactive power/voltage validation (SWS) in Suduroy. Red is simulated and blue is measured.

An example with active power and frequency validation for the main grid is shown in Figure 4. The total
generation capacity in the main grid is significantly larger in the main grid than in Suduroy and the number
of generation units is higher, see Table I. This makes the task of validating the model of the main grid more
difficult than the grid in Suduroy. Figure 3 shows the grid frequency and active power for one of the diesel
engines which was online (SD G6) and two of the hydro turbines (El G2 and HE G1) during the staged test.
Other engines were online, but these are some of the largest, and thus, some of the most interesting units.
The measurements and simulations show very similar behaviour, for both El G2 and SD G6, the simulation
response is much more stable prior, during and post the event. The generators shown here were
parameterised trough HS only. There is a difference between the simulated and measured inertial response
for HE G1, but the difference might be associated with limitations in the measurements rather than the
simulation, as the measured inertial response for HE G1 seems to happen in two steps rather than one
continuous. The grid frequency shows acceptable ROCOF, frequency nadir and steady state frequency. The
consequences of applying a method which would not lead to an as good validation, is that the model could
not be used to plan future expansion or analyse past disturbances to the same degree. The frequency does
have a steady state deviation from 50 Hz, due to the secondary control in the Faroe Islands being manual.

Gomez et al. (2011) states, as previously discussed, that HS parameterisation does not always lead to
simulation results which can be validated, and this was also experienced during the validation of the
Faroese power system, which is why SWS parameterization was included as a step in Figure 1. Figure 5
shows the reactive power response of two hydro turbines in one plant (Fossaverkid in Table 1) to one of the
staged tests. Blue is the measured reactive power, SWS validation using parameters from the HS
parameterisation is in yellow, and red shows the validation after the SWS parameterization. The yellow
curves show a response which is far from the actual response, while the SWS parameterisation clearly
improves the responses of both generators, especially FO G1. The response of FO G2 has a steady state
error but is improved significantly during the first seconds after the test, and the steady state deviation is
also smaller than using only HS parameterisation.
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Figure 4 Example from active power/frequency validation (SWS) in the main grid. Red is simulated and blue is measured.
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Figure 5 Example where SWS parameterization was needed to improve resemblance between simulated and measured response.
Blue is measured, yellow is simulation after only HS parameterization and red is after SWS parameterization.

4. Conclusion

There are many methods and approaches to parameterise and validate power system models. Validating
the power system model of the Faroe Islands has been a long process, and different approaches have been
used ending with procedure combining different approaches available, which has resulted in a successful
application to two isolated grids in the Faroe Islands. The proposed method, which is a significant scientific
contribution, takes advantage of the simple and fast HS parameterisation, but also identifies the need for
SWS in validation and parameterization, as HS in some cases leads to system wide simulations which
cannot be validated. The method also considers multiple staged tests, to ensure that the parameters found
can be validated for multiple scenarios, which also increases the possibility to find a global optimum during
the parameter optimisation, rather than a local optimum. Power systems smaller than the Faroe Islands
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might not see the need to use HS parameterisation instead of SWS, while SWS parameterisation is not an
option for larger systems, due to the complexity and computational time, which is why the method shown
here is especially interesting for islanded power systems of similar sizes as the Faroe Islands. In the
application to the Faroese power system PowerFactory was used together with the PSO algorithm, but the
approach can be used in other software and with other optimisation algorithms. It is expected that this
procedure will show similar improvements in finding controller parameters of similar island systems.
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also been studied with this interconnection. According to the simulation results, the main grid contributes
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of the main grid or approximated models. The results show that the suggested approximated models do
not show a sufficiently accurate response compared to the detailed model; especially when batteries in the
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1. Introduction

Suduroy is the most southern island of the Faroe Islands in the North Atlantic Ocean, see Figure 1 [1]. The
Faroese Power System has seven individual grids of different sizes and complexity, and the isolated power
system on Suduroy is one of these seven grids. The energy production in Suduroy in 2020 was 35 GWh in
total, which was 9% of the total generation in the Faroe Islands, and consisted of diesel and heavy fuel oil
(85%), hydro (11.5%), wind (3%) and solar power generation (0.5%). The low wind power generation is due
to the wind farm being inaguarated in February 2021, and thus only in operation in 2020 for test runs etc.
The average demand in Suduroy in 2020 was 4.0 MW, with minimum of 1.8 MW and maximum of 8.0 MW.
The reason behind the great variation is a relatively large fish factory, which was in operation for around
2000 hours in 2020. A load curve for the demand in Suduroy in 2020 can be found in Figure 2 plot (a). Plot
(b) on Figure 2 shows the average hourly demand for months March-July in 2020, and thus shows how the
daily and to some degree seasonally demand variations. January-February and August-December are not
included in plot (b) as the previously mentioned factory was online during certain periods of these months,
and an inclusion of these would not illustrate the daily and seasonally variations.
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Figure 1 — Map of the Faroe Islands
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Figure 2 — (a) Load duration curve of demadn in Suduroy 2020. (b) Average hourly demand for months
March-July in 2020.

SEV, the local utility, is aiming for a 100% renewable electricity generation by 2030. This requires
expansions in renewable generation capacity, storage systems, energy management systems and state of
the art solutions to ensure a stable and reliable power system operation, as the share of traditional
synchronous generators decreases.

Synchronous generators have the capability to provide the ancillary services needed to ensure a stable
supply after a disturbance, i.e. active and reactive power provision for frequency and voltage control,
respectively. However, these are becoming a smaller share of the total generation, as the synchronous
generators are replaced with wind turbines and photovoltaics, which can results in a grid with decreased
inertia, short circuit power (SCP) and active and reactive power provision. The integration of inverter-based
generation, therefore will have a detrimental impact on stability, if traditional procedures continue to be
used in all power systems, but especially smaller in isolated power systems like the Faroe Islands [2]-[4].
The specific challenges for power systems depend on the type of generation, and these have been
addressed in previous review studies [5]-[7]. In order to ensure the stability of a power system with a high
penetration of inverter-based renewables (IBR), it is therefore necessary to simulate and analyse the
systems. This study addresses frequency and voltage stability challenges associated with reaching 100%
renewables in an isolated grid, using a model, that has been dynamically validated based on measurements
from trip tests. This is not an ordinary engineering task.

A relevant state-of-the-art characteristic of the power system is the probability density function (PDF) of
voltage and frequency for the island. Any future change in the system should lead to a PDF which is close
to, or at least not worse, than the present level. This would be the benchmark if a change has improved or
detoriated the quality of power supply. Figure 3 shows the probability density function based on 10 Hz grid
frequency measurements in Suduroy before (2018-2020) and after (2021) the wind farm was installed. It is
quite clear that the wind farm has led to a larger variance in the frequency, as 2021 differs from 2018-2020
and no other significant changes have been made in system.
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Figure 3 — Probability density function based on 10 Hz grid frequency measurements in Suduroy in January
to July in 2018 to 2021.

The power system stability in Suduroy and in the main grid approaching 100% renewables has been studied
previously, but all of these studies are considered as initial studies, as they have either had a narrow scope
or have been done using power system models, which have not been validated [8]-[13]. The topics covered
in previous publications include full system simulations [8]—[10] and providing ancillary services using
batteries [11], heat pumps [12], synchronverters [13] and wind turbine controls [9]. Whilst studies on the
power system stability in the Faroe Islands are limited, the potential investments in generation, storage and
transmission system expansion towards 100% renewables in the Faroe Islands have been thoroughly
investigated in multiple studies [14]—-[20]. A detailed RoadMap for generation, storage and transmission can
be found in [20]. The RoadMap contains project specific investments, which specify e.g. power plant sizes,
locations and investment year, which are based on an economic optimisation and consider a demand
increase from 369 GWh in 2020 to 633 GWh in 2030, due to an increase in the normal electricity usage and
electrification of the heating and transport sectors. This RoadMap is used as a basis for expansions towards
2030, see section 1.2.

In many study cases only a part of a system is of interest, not the whole system. Including the whole system
in computer simulations increases the calculation time and the complexity of the simulations, and
therefore different network reduction methods have been developed to approximate the large system's
static and dynamic behaviour over the past decades [21]. As the distributed generation has increased,
newer approaches have been developed, which considers the distributed generation as well as
synchronous generation [22]. While most reduction methods require the full system model to be
computed, recent research also proposes methods using wide area measurements to compute dynamic
equivalents [23]. Simulation softwares also have built-in models for network equivalents. For example in
DIgSILENT's PowerFactory provides a model component called External Grid.EImXnet [24].

This paper addresses an uncommon task, the transition of a small isolated system towards 100%
renewables. The study focuses on the voltage and frequency stability of the the island Suduroy, and how
these are effected by 1) a sudden drop in wind power production, 2) an outage of a synchronous generator
and 3) a load rejection. The events are analysed for the following expansion stages of the system: 2020,
2023, 2026 and 2030. Thus, the impact on the system stability of replacing thermal synchronous generators
with renewables towards 2030 is addressed. The analysis of 2023 and 2026, shows that analysing the start
(2020) and end (2030) date can result in missing problems in-between. The study is based on an existing
system, which is under development to reach a cleaner energy production, and it uses validated dynamic
models and an actual expansion plan. It is based on a scientific engineering approach to overcome the
uncertainties and challenges in the actual expansion of the Faroese power system, in contrast to the mainly
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theoretical approach of most such studies. Suduroy will be connected to the main grid in 2026 via a single
link [20], and a common method to analyse the stability on Suduroy post connection, would be to simplify
the main grid at the end of the cable connection, to reduce the computational time and the complexity of
the system. This study shows that reducing the main grid, leads to some implications, e.g. capturing
frequency triggered technologies which contribute to frequency stability accurately. This is done by
comparing the simulation results using a detailed model of the main grid and two different approximations.
The results therefore contribute to the discussion on whether or not present day equivalents are sufficient
to represent a grid with high levels of inverter-based technologies, or if detailed models are needed. Based
on the approximations used in this analysis, the dynamic response is inaccurate, so a detailed model is
needed, or an approximated model, which considers frequency triggered technologies. The main
contributions of this study are the results showing the implications with using approximated models in
power system with a high share of inverter-based technologies, as well as the aspect of this being a study
on the challenges in actual isolated system aiming for 100% renewables.

The power system of Suduroy is presented in section section 2, while the investigation approach is
described in section 3. The results of the study are presented and discussed in section section 4 and
concluded in section 5.

2. The Existing and Future Power System

The power system in Suduroy is a hybrid power system, which is under continuous development. Figure 4
shows a single line diagram of the power system in Suduroy with respective capacities and introduces
abbreviations for the different components. VG G1-VG G4 are synchronous thermal generators, which are
rated at 13.4 MW in total, the hydro turbines with synchronous generators, BO G1 and BO G2, are rated at
3 MW in total, the wind farm PO has 7 wind turbines rated at 6.3 MW in total and finally there is a PV
power plant of 260 kW. Installing a battery system of 7.5 MW/7.5 MWh (IH BS) and a synchronous
condenser of 8 MVA (IH SC) is in progress as well. These are intended to provide ancillary services like
active and reactive power reserves, inertia and SCP to the system. The voltage levels in Suduroy are 20 kV,
10 kV and for distribution 0.4 kV. The TG and IH and the substation/diesel power plant VG have a rated
voltage of 20 kV. The rated voltage at the hydro power plant BO is 10 kV. The demand in Suduroy has been
described in the introduction.
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Figure 4 —Single line diagram of the power system in Suduroy. BO is a hydro power plant, PO is a wind
power plant, VG is a thermal power plant, while IH and TG are substations.

Each synchronous generator has a governor and an automatic voltage regulator (AVR). Under normal
operation the frequency must be within 49.5 Hz and 50.5 Hz, and these limits are kept with droop primary
control and manual secondary control. The installed wind turbines are the Enercon E44/900 kW model,
which is a type 4 - full converter turbine. They have active and reactive power control capabilites, and the
option of inertia emulation. However, ever since the wind turbines were inaugurated in February 2021,
they have been controlled using only active and reactive power setpoints from the dispatch center. The PV
plant is not controlled, due to its relatively small size. It therefore produces power according to the
resource potential at any given moment with a power factor of 1.

2.1. Future Expansions According to RoadMap

The expansion steps in Suduroy according to the RoadMap [20] are shown on Figure 5. There are
expansions in wind power, PV power, a cable to the main grid and a second battery system (BESS) to
balance the energy production on an hourly basis, i.e. this BESS is not intended for ancillary services as
such, but more in terms of energy storage to lower the power exchange between Suduroy and the main
grid and the attributable losses. The focus in this study is the power system on Suduroy, but according to
the RoadMap Suduroy will be connected to the main grid through a 60 kV subsea cable in 2026. The cable
will be connected to 20 kV at substation TG trough a 60/20 kV transformer. Thus, the power composition in
the main grid is relevant to this study from 2026 and forward. The main grid supplies 11 out of 18 islands.
The generation capacity currently consists of 86 MW of heavy fuel oil and diesel power (synchronous), 2
MW of biogas (synchronous), 37 MW of hydro power (synchronous) and 18 MW of wind power (16 MW of
type 4 and 2 MW of type 2 wind turbines). The future expansions in the main grid by 2026 and 2030
according to the RoadMap are tabulated in Table 1. These expansions consist of wind power, photovoltaics
and a pumped storage system with synchronous turbines and pumps. Further details with regard to plant
sizes and locations can be found in [20]. SEV also has preliminary plans with regards to investments of BESS
and synchronous condensers (SC) in the main grid to provide active and reactive power reserves, inertia
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and SCP to the system, just like the BESS and SC in Suduroy. These plans include 3x16 MVA SC, 1x6 MVA SC
and a BESS capacity of 30 MW in total, of which the first 12 MW BESS and 16 MVA SC are already procured.
These components have been included in the simulations with the main grid.

6 MW 7MW 8 MW 1MW
Eo N o SN e
&mm%mm 2030
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13 MW (~35 km) 2.aMw

J\Wind 'ﬁcable :é: Solar E*:} Battery
Figure 5 — Expansions in Suduroy according to RoadMap [20].

Table 1 — Additional expansion in wind power (WP), hydro power (HP), pumping power (PP) and
photovoltaics (PV) in the main grid by 2026 and 2030 according to the RoadMap [20].

By 2026 By 2030
72 MW WP 66 MW WP
35 MW HP 39 MW HP
41 MW PP 38 MW PP
40 MW PV

3. Investigation Approach

The future short term voltage and frequency stability of Suduroy to large disturbances [25] and the impact
of the main grid representation has been analysed using RMS simulations in DIgSILENT's PowerFactory.
Three different events are investigated under one operation scenario, see section 3.2., in the study cases of
2020, 2023, 2026 and 2030. Different representations of the main grid and some wind turbine capabilities
has also been investigated. Additionally the required BESS and SC sizes in the future to maintain the
frequency and voltage stability in Suduroy at the same levels as today, have been addressed.

3.1. Modelling

The grid model uses a load flow and dynamically validated model. The load flow model has been validated
by defining load, generation, tap changers and circuit breakers according to historic operation scenarios,
and then simulated currents and busbar voltages have been compared to measurements. The governors
and automatic voltage regulators (AVRs) have been parameterized and validated by tripping generators,
measuring the dynamic response and replicating the measurements in the simulation. Since models and
parameters for multiple of these controllers were unavailable, standard models that fit with the actual
regulators have been used. These were selected mainly based on [26], but also based on information in the
available datasheets. These standard models have then been parameterized by minimizing the difference
between simulated and measured primary response from the controllers. The wind power plants are
modelled with models from Enercon with site specific parameters. The configuration of these models has
been validated with the manufacturer. The future PV plants are modelled with IEC 614-27-1 WT 4B 2.0MW
50Hz models with adjusted rated power. This model is commonly used for PV modelling in the industry. The
synchronous condensers are modelled based on a model of the synchronous condenser in Suduroy,
delivered by ABB. The main grid already has a BESS which contributes to frequency regulation during
disturbances, and this model (Enercon) has been used for the BESS in Suduroy and expansions in the main
grid. The main grid has been modelled with a full size detailed model, and using two reduced models, both
utilizing the "External Grid.EImXnet" component in PowerFactory. The "External Grid.EImXnet" used in RMS
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simulations is basically a synchronous generator, neglecting saturation and leakage reactances. The SCP of
the system to be reduced has to be defined, and the default acceleration time constant is infinite. The
transient and subtransient time constants and the synchronous and transient reactances can be defined,
but in this study default values have been used. In approximation 1 the external grid has been defined
based on the SCP. This means that the inertia in approximation 1 is infinite. The difference between
approximation 1 and 2, is that the inertia of the main grid is specified in approximation 2. The inertia in the
main grid has been calculated based on the units online during the simulation. An overview of the models
used can be found in Table 2.

Table 2 — Description of how different system components have been modelled.

Components Model
Synchronous generation Standard governor and AVR models, which have
been parameterised and validated according to
measurements.
Wind power Wind turbine models and farm control unit models

from the Enercon. Parameterised with actual
parameters and validated in cooperation with

Enercon.
Existing PV Modelled as a negative load with set production.
Future PV IEC 614-27-1 WT 4B 2.0MW Hz model, which is
commonly used for PV in industry.
Synchronous condenser Model and parameters from the manufracturer
ABB
Battery system (ancillary) Modelled using a Enercon model for the battery

system in the main grid, which has similar
capabilities. The model has been parameterised
with the actual parameters in the main grid.

Battery system (2030) Modelled as a load which charges with postive
values and discharges with negative values.
Main grid detailed model Full system model using models as decribed above.
Main grid approximation 1 "External grid" component in PowerFactory,
considering only the short circuit power.
Main grid approximation 2 "External grid" component in PowerFactory,

considering the short circuit power and inertia.

3.2. Operation Scenario

The previously discussed RoadMap [20] has been obtained based on an economic optimisation in the open
source model Balmorel [27]. Balmorel optimises the hourly dispatch as well, thus the generation and load
settings for the investigated events have been extracted from the optimisation for the years investigated
(2020, 2023, 2026 and 2030). The operation scenario, i.e. the specific hour investigated, has been selected
based on hourly input data (2017) and output (2020, 2023, 2026 and 2030) data in the RoadMap study.
First the demand, wind speed and irradiation data (2017 input) were sorted based on the following criteria:

1. Highload, i.e. 24.5 MW
2. Wind speeds at the wind farm in Suduroy equal to or above average, i.e. 9.5 m/s
3. Irradiation in Suduroy equal to or above average (night hours excluded), i.e. 201 W/m?
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41 hours of the input data from 2017 fit all requirements. In order to chose one of these 41 hours, the
optimised dispatch (2020, 2023, 2026 and 2030) according to the output data in [20] was used to sort the
hours, with the following criteria:

1. IBR shares should be equal to or less than 60% in 2020 and 80% in 2023. No criteria on IBR shares in
2026 and 2030, due to the system being connected to the main grid.

2. The diesel power plant should supply at least 20% in 2020, to ensure that the diesel engines are
loaded above minimum.

3. The shares of PV should be equal to or lower than 25%. Higher shares than this will not be common
due to the northern latitude, cloudy climate and installed capacity.

4. Import from the main grid should not supply over 40% of the demand in Suduroy, so that the
analysis includes significant amount of local production.

Only one of the 41 hours fits all criteria, and that is 12:00 on the 28th of March based on the input data.
The production and import shares according to the optimised dispatch [20] are tabulated in Table 3. In
order to be able to compare different years, it is important that the production composition is similar. The
wind and PV dispatch according to Balmorel have been left unchanged, but the synchronous generation has
been adjusted, so the hydro turbines in Suduroy produce in total 1.8 MW every investigated year. In 2020
the 1.8 MW are extracted from the thermal generation, while in 2026 and 2030, the generation is moved
from hydro turbines in the main grid to Suduroy, thus, the import is decreased as well. The thermal
generation in 2020 and 2023 is produced by VG G1 and VG G2.

The production in the main grid in 2026 and 2030 according to Balmorel consists of 3 hydro power plants,
the biogas plant, wind power plants and PV (2030 only). Excess wind power is also being pumped during
the investigated operation scenario, this pumping power has been divided between 3 and 4 pumps in 2026
and 2030, respectively.

Table 3 — Production and import in the selected operation scenario according to teh optimised dispatch
[20] as percentages of demadn in Suduroy (Rounded to integers).

2020 2023 2026 2030
Diesel 42% 15% 0% -
Hydro 0% 15% 0% 0%
Wind 58% 70% 66% 60%
Import - - 35% 18%
PV - - - 23%

The loads, tap changers, circuit breakers etc. for the simulations in PowerFactory, have been set based on
SCADA measurements from 12:00 on the 28th of March 2017 (the input data year) has been used. The
loads have been scaled up to reflect the projected demand in 2020, 2023, 2026 and 2030. This is done to
ensure a realistic load division between different substations. In cases where the voltage has been to high
or low in future scenarios, the tap changers have been modified accordingly.

3.3. Events and Study Cases

Three events are investigated in this study, as listed following this paragraph. The first one is an outage of
one of the hydro turbines, the second is a sudden loss of wind power production and finally a load rejection
where a fish factory is disconnected. These three events have all been selected based on events which are
considered as alarming. The events are analysed for the study cases of 2020, 2023, 2026 and 2030.
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Additional simulations have been conducted to analyse the impact of the main grid representation and the
contribution from the wind turbines' inertia emulation.

1. BO G1 tripping: In the future BO G1 and BO G2 will be the only synchronous generators in Suduroy,
therefore tripping one of these is interesting to investigate. In percentage of the total generation
this trip corresponds to: 24% in 2020, 15% in 2023, 2% in 2026 (18% of production in Suduroy) and
2% in 2030 (14% of production in Suduroy).

a. Additional simulations (2020 w/o BESS): With and without inertia emulation from the wind
turbines in Suduroy.

2. Sudden loss of wind power: Wind speeds often change suddenly, which can lead to a sudden loss
of wind power. Therefore this scenario where the wind power changes from 0.7 to 0.0 p.u. in 17
seconds has been investigated. In percentage of the total generation this reduction corresponds to:
58% in 2020, 70% in 2023, 10% in 2026 (82% of production in Suduroy) and 8% in 2030 (63% of
production in Suduroy).

a. Additional simulations (2026): The main grid represented by approximation 1 and 2

3. Load rejection: This load rejection corresponds to a disconnection of a fish factory. As it is 18% of

the total demand in Suduroy, this load rejection can lead to power system instabilities.

3.4. Sizing Additional BESS and SC

The results of some of the scenarios showed a need for additional ancillary services, and there are many
methods to provide ancillary services. A SC can provide inertia, SCP and reactive power regulation to the
system, while BESS can provide active power regulation to support the frequency. In order to maintain the
stability level in this study, it was decided to increase the SC and BESS capacities. The design criteria for
sizing BESS and SC for future scenarios was that the responses should not be worse than in the base case,
i.e. 2020. The validity of this design criteria set can be discussed, but this simple approach gives a good
indication of the required size to maintain the dynamic stability at the same level as in the present system.
The BESS has been increased by one BESS size at a time (2.3 MW) until the issues have been resolved. The
SC was increased with 2 MVA intervals.

When a larger BESS or SC is needed in 2023 for one event, this additional capacity has been included in
other 2023 events and in all events in 2026 and 2030.

4. Results and Discussion

The dynamic frequency and voltage responses to the study case, i.e. outage of one of the hydro turbines,
are shown on Figure 6 for 2020, 2023, 2026 and 2030. The frequency in the base case, i.e. 2020, drops quite
significantly, but stabilises at 49.8 Hz, which is when the batteries react to the sudden frequency deviation.
The frequency reponse in 2023 is close to identical to the base case, because the only change between the
two scenarios is an increase of the demand, which is covered by additional wind power production. The
thermal generation is also lower, but the same units are online. Thus, the inertia of the system is the same
and so is the production from the hydro turbine. The rate of change of frequency (ROCOF) decreases from
370 mHz/s to 35-40 mHz/s when Suduroy is connected to the main grid, which was expected as the
magnitude of the ROCOF is inversely proportional to system inertia, which increases when the two systems
are interconnected. In 2026 the thermal generators in Suduroy are not in operation, and the inertia
provided by local apparatus in Suduroy is therefore lower, this shows that the inertia of the hydro turbines,
pumps and synchronous condensers in the main grid contribute quite significantly to stabilising the grid in
Suduroy in 2026, which is why a correct representation of the external grid is of significant importance to
obtain accurate results. The frequency nadir in all years is around 49.8, due to the battery system, but the
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time of the nadir varies from year to year due to the ROCOF. The difference between 2026 and 2030 is very
limited. The ROCOF is sligthly higher in 2030, and the frequency reaches 49.8 Hz, which triggers the BESS to
react. The threshold has been set according to the current configuration of the BESS in the main grid. The
voltage (VG 20 kV in Figure 4) is not initialised at the same magnitude for the investigated years, but overall
the disturbance in the voltage is relatively small and does not worsen from the base case to 2030. The
behavoir is differnet depend on if the main grid is connected or not, i.e. different patterns are seen in the
voltage for 2020/2023 and 2026/2030. No additional ancillary services need to be installed, to ensure grid
stability in Suduroy after an outage of BO G1 with this specific operation scenario and configuration, as the
frequency and voltage responses are considered acceptable.
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Figure 6 — Frequency and voltage response to the outage of BO G1 during different years.

A sudden drop in wind power production will also have a negative impact on the frequency and voltage
stability, see Figure 7. In 2020 the grid is stabilised after the event at 49.7 Hz, but there are some issues
with the frequency and voltage in 2023, when the frequency hits 49.6 Hz. An investigation of the data
shows that the two frequency drops and voltage peaks after 15 seconds are caused by the wind turbine
controllers, as these issues are not seen with the wind turbines’ dynamic controllers deactivated Tuning the
wind turbines controllers could resolve this, but in this study the controllers are parameterized according to
the actual settings at the existing wind farm. If an additional BESS package (2.3 MW) is installed, the
frequency is able to stay above 49.6 Hz, and a response very similar to the base is obtained, see "2023-1"
on the figure. Similarly to the first study case, there are no issues with the frequency in 2026 and 2030 due
to the ancillary services received from the main grid. The voltage drop is however larger in 2026 and 2030
than in previous years, due to the import from the main grid, but the drop is not large enough to lead to
additional investments in ancillary services. These results therefore show that in order to ensure frequency
stabilisation after the event of sudden wind power production loss in Suduroy, additional active power
regulation capabilities, e.g. a larger size of BESS, are required. Additionally the results show the importance
of investigating the system step by step, and not only current state and final state, e.g. 2020 and 2030, as
expansions in between might lead to some instabilities, even though the final system configuration does
not.
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Figure 7 — Frequency and voltage response to wind power production in Suduroy drop from 0.7 p.u. to 0.0
p.u. within 17 seconds during different years.

The final event investigated in this study is the load rejection, see Figure 8. In the simulations representing
2020 the system has a high ROCOF, but stabilises at 50.2, which is when the battery starts charging. In 2023
the demand has increased, and all loads have been increased proportionally, meaning that the power
deficit is higher in 2023 than in 2020. The simulation results show that this higher load rejection leads to
oscillations in both the frequency and the voltage. This issue can be avoided e.g. by increasing the SC from
8 MVA to 12 MVA. The "2023-2" lines in the figure show frequency and voltage responses similar to 2020,
and have been obtained from simulations with the additional BESS package from event two and a 12 MVA
SC. The main grid again contributes enough to the stability in Suduroy in 2026 and 2030, to avoid any
additional investments in ancillary services in Suduroy based on the system configuration in this study.
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Figure 8 — Frequency and voltage response to the load rejection during different years.

Overall it can be said that in order to ensure the stability in Suduroy prior to the cable connection to the
main grid, it will be necessary to make changes to the system, by e.g. investing in 4 MVA additional
synchronous condenser and 2.3 MW additional battery power. The frequency and voltage stability on
Suduroy will benefit from the connection to the main grid.

4.1. Representation of the Main Grid

The main grid has in previously shown simulations been represented by a detailed model, since the
simulated frequency and voltage with approximated models did not accurately replicate the detailed
model. Figure 9 shows simulation results using different methods to represent the main grid during the
second event, sudden drop of wind power production, in 2026. In approximation 1 - considering SCP but
infinite inertia - the frequency is at 50 Hz during the whole simulation, while the detailed model shows a
frequency drop. The voltage response using approximation 1, described in Table 2, is quite similar to the
detailed model. Using approximation 2, the frequency response is closer to the detailed modelled, while
the voltage response deviates more. The voltage drop is lower using approximation 2, because the power
flow from the main grid is lower. The significant amount of power imported from the main grid, is the cause
of the high voltage drop in the detailed model and approximation 1. In fact, up to 12 seconds, the
frequency response is close to identical to the detailed model. The plot c) on Figure 9 explains the reason
behind the differences from 12 seconds and forward. In the detailed model both the BESS in Suduroy and
the BESS in the main grid are injecting active power at 12s to stabilise the frequency in Suduroy, but the
active power regulation contribution from the BESS in the main grid cannot be captured by the
approximation, thus this approximation is quite accurate regarding the frequency response as long as the
frequency remains within 49.8 and 50.2 Hz, but can not be used as an accurate representation, for events
which will trigger the BESS or other technologies which are frequency triggered. This indicates that when
inverter based sources, e.g. BESS, are used to contribute to frequency and voltage regulation, using the
approximated models shown here is not sufficient. The inverter-based sources like e.g. BESS have to be
included in the approximation, e.g. using triggered behaviours, or a detailed model has to be used. This
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finding is not only valid for the Faroese power system or isolated power systems, but for all systems that
include frequency triggered technologies, and are being approximated in order to simplify simulations and
reduce computational time.
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Figure 9 — Comparison of the dynamic response in Suduroy using different modelling approaches of the
main grid. Plot a) shows the frequency response and plot b) the voltage at VG 20 kV. The plot c) shows the
import from the main grid (MG) to the Suduroy grid (SG) and the power output from BESS using the
detailed model (DM) and approximation 2 (A2) of the main grid. The specific scenario is sudden loss of wind
power in 2026.

4.2. Inertia Emulation from Wind Turbines

The final simulation results included in this paper show the impact of activating inertia emulation (IE) from
the wind turbines in Suduroy. These simulations have been conducted without the BESS in Suduroy, due to
the fact that the BESS reacts as the frequency reaches 49.8 Hz, and the default IE settings are set to react at
49.5 Hz, which means that with the BESS online, the IE would not be activated, aside from events that can
not be saved by the BESS, which are very unlikely on Suduroy, as the BESS is similar in size to high load, and
larger than the existing wind farm. However, the frequency and voltage response to the outage of BO G1 in
the base case, without the BESS and with IE is shown on Figure 10. The initial frequency and voltage
responses are are similar to 2020 simulations in Figure 6, and the ROCOF is the same, but since the
batteries are deactivated, the frequency nadir reaches 49.4 Hz and 49.3 Hz with and without IE activated,
compared to 49.8 with the battery activated. The grid frequency would clearly benefit from activating IE, as
the frequency nadir is higher and the overshoot is decreased. The voltage is also impacted by this, as the
overshoot increases, but the voltage deviations are relatively small.
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Figure 10 — Comparison of the frequency and voltage responses with and without inertia emulation from
the wind turbines in Suduroy. The specific scenario is an sudden outage of BO G1 in the base case without
the BESS.

4.3 Discussion

Obtaining stability after the events investigated in this study will require additional investments in ancillary
services already in 2023. In 2026 when the grid of Suduroy is connected to the significantly larger main grid,
stabilising the grid is not as challenging as in the isolated grid. The reason is that the severity of the events
are proportionally decreased, as they are relatively small compared to the size and strength of the main
grid. Aside from assessing the stability, the results also show some interesting findings with regards to
expansions and network representation.

In study case 2 it was shown that maintaining a stable frequency becomes an issue in 2023, but this issue
disappears when the Suduroy is connected to the main grid. It is therefore important to simulate and
analyse all expansion steps in the transition towards 100% renewables, and not only the initial and final
stage of the system. Expansions in photovoltaic power are conducted in Suduroy in 2028 and 2029,
according to the RoadMap. These years should therefore also be investigated, and since the main grid has a
significant impact on the stability in Suduroy when interconnected, these steps should also be investigated.

Representing a network with an approximated model for dynamic simulations accurately, has been shown
to be challenging, as neither of the two approximations showed an accurate representation of a detailed
model. The main reason is that there is a BESS located in the main grid, which is frequency triggered, i.e. it
reacts to frequency changes when the frequency reaches 49.8 Hz or 50.2 Hz. If an approximated model is
used to represent the main grid, it has to be expanded with some kind of triggered frequency control, to
represent the BESS or other frequency triggered technologies. Without this the approximated models
simply will not show an accurate dynamic response, and this is not a site specific issue, i.e. it is not only an
issue for the Faroese power system, but all power systems with frequency triggered technologies. The
significant of this inaccuracy does however also depend on the power injected (proportional to the system)
and the location.
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5. Conclusion

This study has shown the impact different disturbances have on the isolated power system of Suduroy. For
the events, operation scenarios and cases studied, it can be concluded that additional ancillary services will
be needed to maintain the voltage and frequency stability in 2023 at the same level as today, e.g. an
additional investment of 4 MVA SC and 2.3 MW BESS. When the system is connected to the main grid, the
analysed disturbances are relatively smaller, and no further expansions of BESS and SC in Suduroy are
required according to the simulation results in this study. However, the preliminary plans of installing 3x16
MVA and 1x6 MVA SC and 30 MW BESS on the main grid have been included in the investigation, and as
shown the BESS in the main grid has a high impact on the frequency regulation in Suduroy, and the inertia
has also been shown to be significantly higher (lower ROCOF) in the whole system (2026/2030), than in
Suduroy in 2020/2023.

Analysing parts of systems, without including a detailed model of the whole system, will not lead to
accurate results as the share of inverter based technologies increase. In this paper simulations have shown
that as soon as the BESS contributes to frequency regulation, a typical approximation model deviates
significantly from a detailed model. As synchronous generators are removed from the grid, the BESS
capacity and other alternative methods to provide ancillary services will increase, which makes it
challenging to use traditional approximation models.

There are many options with inverter-based generation, and this paper has shown that inertia emulation
from the wind turbines can improve the frequency response, but the benefit is limited when BESS are
present in systems. The contribution from the IE can however be increased if the thresholds of IE and BESS
are well coordinated.

5.1. Future Works

In order to get a better understanding of the future frequency and voltage stability and needed future
expansions in ancillary services, more operation scenarios should be investigated, as in this study only one
operation scenario has been investigated. Other events, e.g. short circuits, should also be investigated.

This study focuses on Suduroy, which is around 10 times smaller than the main grid. Thus, when connected
to the main grid, the severity of large disturbances (relative to the Suduroy grid), decreases significantly.
When connected to the main grid, the grid on Suduroy will notice much larger disturbances (on the main
grid), and the impact of these on Suduroy should be investigated.
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