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Tiivistelmä 
Suomella on kunnianhimoiset tavoitteet ilmastonmuutoksen hillitsemiseksi, ja Suomi pyrkii 
olemaan hiilineutraali jo vuoteen 2035 mennessä. Kehityspolut näiden tavoitteiden saavuttamiseen 
ovat kuitenkin vielä epäselviä. Aikaisemmissa Suomen energiajärjestelmää koskevissa 
tutkimuksissa on usein keskitytty oletettuihin tulevaisuuden järjestelmäkokoonpanoihin, mutta 
ei yleensä tarkasteltu mahdollisia tulevaisuuden kehityspolkuja koko energiajärjestelmälle 
energiajärjestelmäoptimoinnin kautta, etenkään tunnittaisella tarkkuudella. 

Tämän väitöskirjan painopiste on analysoida ja vertailla tulevaisuuden skenaarioita Suomen 
energiajärjestelmän dekarbonisoimiseksi. Erityistä huomiota kiinnitetään Suomen energia- ja 
ilmastopolitiikan kolmeen pääpilariin: metsäbiomassaan, ydinvoimaan ja tuulivoimaan, samalla 
ottaen huomioon tulevaisuuden kysynnän, poliittisten päätösten, kustannusten ja uusiutuvien 
luonnonvarojen saatavuuden epävarmuuden. Koska tuulivoima on usein olennainen osa 
hiilivapaata tulevaisuuden energiajärjestelmää, väitöskirja käsittelee myös tuulivoiman 
integraatiota erilaisilla järjestelmän joustavuusmekanismeilla. Väitöskirjan keskeinen 
tutkimuskysymys on, millainen energiajärjestelmä saavuttaisi ilmastotavoitteet 
kustannustehokkaimmin ja kestäisi parhaiten tulevaisuuden epävarmuuksia annettujen 
järjestelmärajoitteiden puitteissa. 

Väitöskirjan tutkimusmenetelmä on mahdollisten energiajärjestelmän kehityspolkujen 
tutkiminen muodostamalla ja analysoimalla kustannusoptimoituja energiajärjestelmäskenaarioita 
teknis-taloudellisella energiajärjestelmämallinnuksella. Tätä tarkoitusta varten luotiin kattava 
Suomen energiajärjestelmän simulointimalli, joka kattaa sähkö-, lämpö- ja polttoainesektorit. 

Väitöskirjassa todetaan, että Suomelle on olemassa monia optimaalisia hiilivapaita 
energiajärjestelmiä. Yhteisiä nimittäjiä kaikille skenaarioille vaikuttaa olevan hiilivapaan 
sähköntuotannon korkea taso (ydin- ja tuulivoima), lämmöntuotannon sähköistyminen, aktiivinen 
kansainvälinen sähkömarkkina ja fossiilisten polttoaineiden korvautuminen biomassalla. Tehokas 
tuulivoiman integraatio edellyttäisi myös järjestelmätason ajattelua ja joustavuusmekanismeja, 
joista sähkö-lämpö-konversio (P2H) ja tuotannon rajoittaminen vaikuttavat 
kustannustehokkaimmilta. Väitöskirja myös ehdottaa, että energiajärjestelmän resilienssiä 
energiapoliittisia häiriöitä vastaan voisi parantaa lisäämällä ja monipuolistamalla uusiutuvaa 
energianlähdekantaa, hyödyntämällä sektorikytkentää ja muita joustavuusmekanismeja, ja 
parantamalla energiatehokkuutta. Yksikään järjestelmäkokoonpano ei kuitenkaan vaikuta kestävän 
parhaiten tulevaisuuden epävarmuuksia. 

Avainsanat Energiajärjestelmämallinnus, Suomi, skenaariot, dekarbonisaatio 
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B2B biomass-to-biofuel 

CCS carbon capture and storage 

CHP combined heat and power 

CHP-DH district heating CHP 

CHP-ind industrial CHP 

CO2 carbon dioxide 

COP coefficient of performance 

DH district heating 

EU European Union 

EV electric vehicle 

G2L gas-to-liquid 

IEA International Energy Agency 

IPCC Intergovernmental Panel on Climate Change 

NPP nuclear power plant 

O&M operations and maintenance 

P2G power-to-gas 
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P2X power-to-X 

PV photovoltaics 

RE renewable energy 

SC smart charging 
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VRE variable renewable energy (electricity) 
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Due to the greenhouse-gas-induced climate change, there is a global pressure to 
decarbonise national and international energy systems. Carbon-neutral energy 
systems may be even considered a necessity when aiming to meet the targets of 
the Paris Climate Agreement of December 2015, aiming to keep the global tem-
perature increase well below 2 °C. According to a recent report by IPCC [1], lim-
iting global warming to 1.5 °C would require rapid and far-reaching energy tran-
sitions, implying deep emission reductions in all sectors and a wide portfolio of 
mitigation options. However, the current global actions towards a clean energy 
transition are not enough to meet the climate targets [2]. 

The European Union aims to be at the forefront of the global energy system 
transition and lead by example. Already in 2009, EU set a target to increase the 
share of renewables in final energy consumption to 20% by 2020, accompanied 
by individual binding targets for each member state [3], whereas by 2030, the 
share should increase to 32% according to the current (2018) EU-level target 
[4]. Furthermore, in December 2019 EU published its most ambitious climate 
programme yet: to become the first carbon-neutral continent by 2050 [5]. 
Achieving this would require, for example, strengthening the 2030 targets, de-
carbonising the energy production, and establishing a fully interconnected EU 
energy market. 

The Nordic countries are already far along the path to carbon-neutrality, and 
according to IEA and Nordic Energy Research, the Nordic countries have energy 
and climate policy agendas that are among the most ambitious in the world [6]. 
Finland indeed has its own ambitious climate targets, including banning the use 
of coal by 2030 and increasing the share of renewables to 50% by 2030 [7], and 
cutting CO2 emissions by at least 55% by 2035, becoming carbon-neutral by 
2035 and making power and heat generation emission-free by 2040 [8]. How-
ever, the exact pathway to these targets remains unclear. So far, the Finnish gov-
ernmental policies have been mainly based on forest biomass and nuclear 
power, as well as strengthening the forest carbon sinks, wind power, and de-
mand side flexibility [8]. 

There have been several studies on the future of Finnish energy system, focus-
ing on different perspectives and research questions. To name a few especially 
with a techno-economic energy system perspective, Zakeri et al. focused on 
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wind power integration in nuclear-heavy energy systems [9] and the limits of 
renewable integration in the Finnish energy system [10]. Rinne et al. analyse the 
potential of combined heat and power (CHP) in wind power integration [11], 
whereas Helin et al. analyse the future of CHP in the changing electricity market 
[12]. Olkkonen et al. focus on the demand response of heating [13], whereas 
Rasku et al. [14] take a more detailed look on the residential electric heating. 
Jääskeläinen et al. investigate the impact of a severe drought on energy security 
[15]. Kiviluoma [16] analysed wind power integration by increasing power sys-
tem flexibility, including heat-based measures and electric vehicles. On a 
broader scale, the future pathways of the overall Finnish energy system have 
been discussed by Lehtilä et al. [17], whereas Pursiheimo et al. [18] and Child et 
al. [19] focus on a 100% renewable Finnish energy system. This multitude of 
studies and research focuses demonstrates that the future of the Finnish energy 
system is an ongoing discussion, where various viewpoints and technological 
options are investigated. However, to the author’s best knowledge, there has not 
been many studies about potential, cost-optimized future pathways of the Finn-
ish energy system, while also considering system flexibility measures and future 
uncertainties. 

Sector integration [20], or sector-coupling, and system flexibility measures 
[21,22] are often mentioned in literature as key methods to integrate renewables 
and decarbonise the energy system. By analysing all sectors of an energy system, 
innovative solutions and synergies between the sectors may be found [20], 
whereas system flexibility refers to an energy system’s ability to respond to 
changing conditions in supply and demand, such as the variability of wind 
power production. In addition to this conceptual view of system flexibility, sys-
tem flexibility measures include a variety of technologies and concepts, for ex-
ample power-to-heat (P2H) in the form of heat pumps or electric boilers, power-
to-gas (P2G), thermal and electrical storages, and electric vehicles. On the Nor-
dic level [6,23], distributed and flexible energy systems, as well as sector-cou-
pling, wind power and bioenergy, are highlighted as key solutions in the transi-
tion to carbon-neutrality. 

Overall, the goal of this thesis is to support the Finnish policymakers in energy 
transition by providing wide analysis of the different strategies for a decarbon-
ised Finnish energy system, using techno-economic energy system modelling. 
In particular, the different potential strategies are considered in a holistic man-
ner, comparing and analysing various cost-optimal strategies for decarbonisa-
tion, including also system flexibility and resilience against uncertainties. Fur-
thermore, this thesis aims to provide new perspectives and knowledge to the 
ever-growing pool of energy system research, particularly in Finland. To utilise 
the full potential of system flexibility and sector-coupling, this thesis will con-
sider the whole Finnish energy system, instead of focusing only on a single sec-
tor, such as electricity. 
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The overall theme of this thesis is to explore the strategies for a decarbonised 
energy system in Finland. Previous studies of the Finnish energy system tend to 
focus on assumed future systems and simulation, but not commonly consider-
ing possible future pathways for the whole energy system with energy system 
optimization. On the other hand, the studies based on optimization do not often 
consider energy system operation on an hourly level, focusing more on repre-
sentative time slices of the year, or alternatively do not consider the whole en-
ergy system. In contrast, this thesis considers the strategies for a future Finnish 
energy system with optimization in order to build energy system scenarios that 
are not predefined by the authors, and with an hourly resolution to correctly 
take into account the detailed energy system dynamics, which is vital when con-
sidering variable energy sources such as wind power [21,24]. 

In addition, this thesis employs a holistic view of the whole energy system, 
including power, heat and fuel, as many studies tend to focus only on power, or 
power and district heating. Considering the energy system as a whole is vital 
when studying a carbon-neutral Finnish energy system, as it provides valuable 
insight into system-wide solutions such as sector-coupling, and because of the 
fact that only 44% of the greenhouse gas emissions of the energy sector are com-
ing from the energy industries (2018), the rest coming from e.g. transport, in-
dustry and residential sector [25]. By extending the analysis to these other sec-
tors, their primary energy consumption can be accounted for when calculating 
the total national CO2 emissions. 

The main research question that provides the framework for the entire thesis 
is what kind of a national energy system would meet the climate targets most 
cost-effectively and be the most resilient to uncertainties. A particular focus is 
given to the three main pillars of the Finnish low-carbon policies: forest bio-
mass, nuclear power, and wind power. Forest biomass and nuclear power can 
be considered lock-ins in the Finnish context, so the focus on biomass and nu-
clear power thus also represents the path dependence of the Finnish energy pol-
icies, i.e. the tendency of institutions to stick to certain ways due historical rea-
sons or beliefs [26,27]. In addition, the role of system flexibility measures as 
decarbonisation enablers is considered in the thesis, especially in connection 
with wind power. Since the topic is broad and can be viewed from different per-
spectives, this thesis divides the main theme into more manageable focal re-
search questions. Specifically, this thesis aims to find acceptable answers to the 
following research questions: 
 

RQ1. What could be the techno-economically best strategies for a decar-
bonised energy system pathway in Finland? 

RQ2. How can system flexibility measures help to integrate variable renew-
able electricity? 

RQ3. How would a decarbonised energy system react to future risks or  
uncertainties? 
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These research questions are selected to provide a comprehensive look on the 
strategies of decarbonised Finnish energy system pathways. As there are multi-
ple different pathways towards decarbonisation, RQ1 focuses on exploring the 
various strategies until the year 2050, with mainly the levels of nuclear power 
and biomass as the changing variables. Furthermore, as wind power and other 
variable renewable energy (VRE) will most likely be an essential part of a decar-
bonised energy system, RQ2 explores the system flexibility measures that help 
to increase the share of VRE-based electricity. In this regard, the thesis focuses 
on system-wide flexibility options, such as P2H and P2G, as well as storages and 
transport sector. Finally, as the future is not certain, RQ3 investigates the ability 
of future carbon-neutral pathways to react to disruptions and uncertainties, 
which is vital when assessing the different energy system options. 

The relationship between the publications and the research questions are pre-
sented in Table 1. Publications I, IV and V focus on the different strategies (RQ1) 
and risks (RQ3) for a Finnish energy system, whereas Publications II and III 
focus on the renewable energy integration with energy system flexibility 
measures (RQ2). Figure 1 illustrates the research narrative between the publi-
cations. Apart from the first Publication I, each publication builds upon the re-
sults of the previous publications, whereas Publication I is a direct continuation 
of a Master’s thesis [28]. 

Focus of the research questions in the publications.

RQ1 X X
RQ2 X X
RQ3 X X

Relationship between the publications. The connecting arrows represent the flow of
research ideas and questions.
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The research questions of the individual publications are presented in Table 2. 
The research narrative of the thesis starts with Publication I, which analyses the 
future Finnish energy system through scenarios including political disruptions 
in forest biomass and nuclear power. System flexibility measures are concluded 
to be a vital asset in the energy system transition, so this research avenue is ex-
plored further in Publication II, which investigates the potential of system flex-
ibility measures to improve wind power integration cost-effectively in the Finn-
ish energy system. Publication III continues the study of system flexibility 
measures and wind power integration by exploring an idea combining of power-
to-heat and planned curtailment. Meanwhile, the options for a decarbonised 
Finnish energy system pathway are examined in more detail in Publication IV, 
analysing an array of possible pathways. Finally, Publication V investigates the 
resilience of these decarbonised energy system pathways: how the different 
pathways would react to uncertainties in their underlying assumptions and in-
put data. The method of all publications is techno-economic energy system 
modelling and system optimization. 

Research questions in the individual publications of the thesis.

: Effect of major
policy disruptions in energy
system transition: Case Fin
land

What are the impacts on a future Finnish en
ergy system if there are disruptions in the nu
clear and biomass policies?

RQ1, RQ3

: Different flexi
bility options for better sys
tem integration of wind
power

To what extent could different flexibility
measures support costeffective wind power
integration in large scale in Finland?
Could CHP or the high share of nuclear power
form an obstacle to wind power integration?

RQ2

: Energy sys
tem impact of wind power
with curtailment: national
and cityscale analysis

Can a combined powertoheat and curtailment
strategy help to integrate wind power into the
Finnish energy system?

RQ2

: Analyzing
national and local pathways
to carbonneutrality from
technology, emissions, and
resilience perspectives –
case of Finland

How would a Finnish lowcarbon energy sys
tem pathway look like, including different levels
of nuclear power?
What are the effects of biomass limitations?

RQ1

: Analyzing the
effects of uncertainties on
the modelling of lowcarbon
energy system pathways

To what extent do uncertainties in input as
sumptions affect the performance of different
modelled lowcarbon energy systems?
Which of those uncertainties are the most sig
nificant for energy system modelling?

RQ3

 
This thesis is organised as follows. The first chapter presented a general back-
ground to the topic of this dissertation, and presented the objectives. Chapter 2 
gives a brief overview of the Finnish energy system to give context to the case 
studies in the publications. Chapter 3 describes the methodology and the energy 
system model used in this thesis. Chapter 4 covers the main content of the pub-
lications: background, case study and key results are presented separately for 
each publication. Chapter 5 presents a common discussion of the results and 
concludes the thesis. The publications which form the core of the thesis are in-
cluded as appendices. 
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This chapter aims to provide background for the research topics and objectives 
of the thesis, presenting the current situation and challenges of the Finnish en-
ergy system. In addition, the Nordic energy system is briefly discussed, as the 
Nordic countries are often considered together in the context of climate policies 
[6]. More detailed background for the individual research questions is given 
later in Chapter 4. 

Finland is a Nordic country with a cold climate and a limited amount of do-
mestic fossil energy resources. However, Finland is well-endowed with forest 
resources, leading to a strong forest industry [29]. Because of the energy-inten-
sive industries and the cold climate, Finland’s energy consumption per capita is 
high, above the OECD average and higher than in the other Nordic countries 
except for Iceland [6]. Finland’s CO2 emissions per capita are also higher than 
in the other Nordic countries [30]. However, Finland has also a high share of 
renewable energy use: in 2018 41% of the final energy consumption was renew-
able, and Finland exceeded its 2020 target of 38% already in 2014 [31]. The 
share of renewable energy is the second-highest among the EU countries (2018), 
topped only by Sweden [32]. Wood-based biomass, such as forest chips, black 
liquor and other by-products of the forest industry, is currently the main source 
of renewable energy, forming around 75% of the Finnish renewable energy 
sources (Figure 2a). The strong industry and its energy intensity are also appar-
ent in the final energy consumption (Figure 2c): half of all final energy is con-
sumed in the industrial sector, mainly in the forest, chemical and metal indus-
tries. Furthermore, the cold climate leads to one fourth of the total final energy 
being used in space heating; in the residential sector, over 80% of final energy 
consumption is heat [31]. 

The electricity sector in Finland, as well as in other Nordic countries, is already 
highly decarbonised (Figure 3). The Finnish power mix currently (2018) con-
sists of 25% nuclear power, 23% power import, 15% hydropower and 7% wind, 
and 79% of the power production is CO2-neutral (Figure 2b, see also Figure 4 
for the geographical distribution). On the Nordic level, the share of CO2-neutral 
production is even higher, 93% in 2018, mostly based on extensive hydropower 
resources, and wind and nuclear power. Sector-coupling is also present in the 
form of combined heat and power (CHP), which forms 24% of the Finnish elec-
tricity generation (2018) and is also common in Denmark and Sweden. The Nor-
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dic countries, apart from Iceland, have well-integrated electricity sectors to bal-
ance their production, as they participate in the common power market, Nord 
Pool. 

Decarbonisation is progressing also in the heating sector, though to a lesser 
extent than the power sector. The broad utilisation of district heating, together 
with CHP, can be considered a key enabler of the Nordic decarbonisation [6]. 
The share of fossil fuels in the Finnish district heating is steadily declining, but 
it is still over 50% (2018) [31]. Overall, district heating covers 38% of the total 
heat demand (2017), and in many cities the market share of district heating is 
over 90% [33].  

Finland provides an interesting case for future energy system pathways, since 
Finland’s energy system appears to be in the middle of a transition towards car-
bon-neutrality. The Finnish energy mix is already diverse and quite decarbon-
ised, providing a starting point for various approaches for carbon-neutral path-
ways. In addition, the Finnish energy system has a long tradition of sector-cou-
pling (e.g. CHP), giving an interesting premise for system-wide flexibility and 
VRE integration measures. The goals of the Finnish energy policies are ambi-
tious and clear; however, the pathway to reach those targets remains debated 
and unclear. 

What is challenging in the Finnish case, is that Finland’s energy strategies 
have certain lock-ins and path dependencies which influence future decisions. 
Due to past political decisions to build more nuclear power (Olkiluoto 3 and 
Hanhikivi 1), there is an inevitable lock-in to nuclear energy as nuclear power 
plants have long lifetimes [23]. A lock-in to biomass can also be observed due to 
the strong forest industry and the consequently high reliance on biomass as the 
main renewable energy source. However, forest management also has major im-
pacts on Finland’s carbon sinks, and forestry by-products will be needed for sev-
eral purposes: for power and heat production to replace fossil fuels, and for bio-
fuel production to decarbonise the transport sector. While the reliance on bio-
mass and nuclear is a confirmed strategy of the government [8], this approach 
might be compromised by delays in nuclear development or low availability of 
domestic biofuels or biofuel technologies which can meet sustainability criteria 
[29]. In addition, large amounts of installed power capacity are nearing the end 
of their technical lifetime, or have already been decommissioned to lack of eco-
nomic competitiveness [34], so the question arises, how that capacity will be 
replaced and how generation adequacy is ensured in future. Especially, the prof-
itability of CHP may be at risk in the future Nordic market, as the increasing 
share of VRE in electricity production shifts the trend to heat-only district heat-
ing solutions such as boilers and heat pumps [12]. 
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Finnish energy statistics in 2018: primary energy consumption, electricity supply,
final energy consumption by sector [31].

Electricity production in the Nordic countries in 2018, presented by fuel and by produc
tion type, based on [31,35–38].
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The geographical distribution of electricity production by type and electricity
consumption in 2018, data from [39]. “Thermal production” includes CHP and poweronly
production.
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Energy system models are often used for analysing carbon-neutral energy sys-
tem pathways, and they are commonly used to support energy policies and de-
cision-making. As the field of energy system modelling is vast and diverse, en-
ergy system models are generally categorised as optimization models, simula-
tion models, power system and electricity market models, and qualitative and 
mixed-method models [40]. In particular, simulation and optimization models 
are considered the two archetypes of energy system models, and they have dif-
ferent purposes and strengths [41]. The optimization approach aims to find op-
timal solutions and is thus suited for prescribing the optimal future, whereas in 
the simulation approach, user-specified systems are analysed, and it is thus 
suited for scenario comparison and open discussion [41]. To benefit from both 
types of modelling, a combination of energy system simulation and optimization 
is used in this thesis. 

This thesis employs a techno-economic approach to energy system transition 
and modelling. Another possible approach is a socio-technical approach [26], 
which is not addressed in this thesis. Traditionally, these two perspectives are 
distinct from each other: the techno-economic approach considers energy flows 
in a techno-economic system, whereas the socio-technical approach focuses on 
technologies and actors in their socio-technical context. However, including so-
cio-technical factors into quantitative modelling could enrichen the under-
standing of complex energy systems and increase realism [26]. 

This chapter presents the energy system models used in this thesis. All publi-
cations of the thesis use the same energy system model, with only minor modi-
fications depending on the case under study. For more details on the input data, 
e.g. the cost assumptions, the reader is referred to the actual publications. All
publications use similar input data, except for cost assumptions: the cost data
used in Publications I-III are updated for Publications IV-V. The case studies of
the individual publications are described later in Chapter 4.

The main model used in this thesis is a techno-economic energy system simula-
tion and optimization model. The model is originally implemented in Excel®, 
later also in MATLAB® (see Chapter 3.2), and developed by the author. The 
model can be classified as simulation-based optimization: the operation of the 
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energy system is simulated based on predefined rules, while the composition of 
the energy system is optimized. The main purpose of the model is to find cost-
optimized, realistic scenarios of the Finnish energy system, in order to study the 
feasibility of various energy system strategies for decarbonisation. The model 
has been first presented in [28]. 

The model is a national energy system model with a timestep of one hour and 
with a time horizon of one year. The model includes all aspects of the national 
energy system, including electricity, heat, and fuel. In addition, the demands of 
end-use energy sectors, such as industry, transport and residential sectors, are 
considered. Electricity and heat sectors are modelled with an hourly resolution 
to consider the dynamics and interactions between the sectors, while the fuel 
demands of the industrial and transport sectors are considered on an annual 
scale since fuels have an inherent storage functionality. The hourly scale was 
selected based on data availability, and also to balance the modelling accuracy: 
a high temporal resolution is vital when considering variable energy sources 
such as wind power [21,24,42], while sub-hourly (e.g. 5-minute) resolution may 
change the overall system costs by only 1% [43]. 

The model seeks for a cost-optimal solution of the energy system composition 
while securing the supply-demand balance. The cost optimization problem is 
defined as 

Total annual cost

Investment cost O&M
tech

Fuel cost
fuels

Net cost of power import Emission costs.

(1)

The optimization is subject to several conditions: 
1. Balance of final energy supply and demand;
2. Availability of renewable energy resources;
3. Energy system constraints, e.g., cross-border transmission capacities;
4. Environmental constraints, e.g., CO2 emission target.

The variables in the optimization are the amounts of the primary energy 
sources, including fossil and renewable energy sources, and the levels of differ-
ent energy conversion technologies, such as combined heat and power (CHP), 
separate production, and heat pumps (HP). In addition to the more traditional 
methods of electricity and heat production, the model also considers more ad-
vanced conversion methods providing system flexibility. These include 
1) power-to-X technologies (P2X), such as power-to-heat and power-to-gas, to
couple the power sector to the heat and fuel sectors, 2) biomass-to-liquid (BTL)
and gas-to-liquid (GTL) to provide fuel flexibility, and 3) smart charging (SC)
and vehicle-to-grid (V2G) to utilise the electric vehicle fleet in power balancing.
The hourly distribution of the conventional production, such as CHP and hy-
dropower, is based on historical production data to imitate a realistic hourly
distribution, whereas the operation of power-to-X and other advanced conver-
sion methods, as well as power import and export, is based on rules. This kind
of simplified production simulation by scaling historical data is here considered
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representative enough, since the purpose of the thesis was not to study the op-
eration of individual plants, but the overall feasibility of future energy system 
scenarios in a realistic manner, and a similar method has been used previously 
e.g. in [44]. As to the advanced conversion, the operational rules for the flexibil-
ity measures aim at balancing any unmet demands or mitigating excess power
production. Due to their major economic impact in Finland, forest industry and
the associated industrial CHP are considered separately in the model. More de-
tails on the operational aspects of the model can be found in Publications I and
II. The main optimization outputs are the primary energy composition, power
and heat production, energy system balances, and annual indicators, while the
main inputs are consumption data, historical temporal data, cost assumptions,
and system constraints. A schematic of the modelling approach is presented in
Figure 5.

The model uses 2013 as the reference year for input data. A more detailed de-
scription of the model’s input data can be found in the publications, most thor-
oughly in Publication I. Historical data of the reference year 2013 is readily 
available through national sources [31,39,45,46], and here it is used especially 
for detailed temporal data in the model. In addition to the historical data, the 
model also employs various estimates of future developments, as most of the 
studies in the thesis handle the future of the energy system, the target year being 
most often 2050. These future estimates are based on existing literature: cost 
estimates are mostly based on [10,47–49] for technologies and [6,31] for fuel 
prices, consumption projections are based on [17,50], and the levels of available 
renewable resources are based on [6,10,17]. An interest rate of 5% is used for 
investment costs. 

Schematic of the energy system model. Reproduced from Publication II under CCBY
NCND licence.
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For Publication V, the energy system model was updated to better suit the pur-
poses of the study. The updated model is implemented in MATLAB®, and de-
veloped by the author. The main reason for the update was the computational 
requirements of the research questions, to which the original model did not lend 
itself. Publication V includes a global sensitivity analysis, for which a high num-
ber of parameterised model iterations were needed. 

Compared to the original model, the energy system operation is simulated in 
more detail in the updated model. Otherwise, the model follows the same prin-
ciples. In the updated model, the hourly heat and power production is simulated 
based on merit order and predetermined rules. For each hour of the year, the 
heat and power production are determined according to the following proce-
dure: 

1. Production from non-dispatchable and “must-run” plants (here wind, 
solar, nuclear, industrial CHP, run-of-river hydro and residential fuel 
boilers); 

2. Heat production: enough plants are dispatched (CHP, heat-only boilers, 
P2H) to meet the heat demand. The order of the plants is based on the 
lowest marginal cost, though always starting with stored heat; 

3. Electricity surplus handling: surplus electricity is offered to different 
uses via sector-coupling, starting from P2H, charging electric vehicles 
and electrical storage, P2G, export, and finally, curtailment; 

4. Electricity production: in case of no surplus, enough plants are dis-
patched (hydropower, import, electricity-only plants) to meet the elec-
tricity demand. The order of the plants is based on the lowest marginal 
costs, with import regarded as a “virtual power plant”; 

5. Final balancing: if electricity demand is still not met, 1) P2H is removed, 
2) possible idle CHP is added, and 3) heat-only plants are used for bal-
ancing. Possible excess heat is stored. 

 
This sequential method of meeting electricity and heat demand based on the 
merit order is a simplified, but often-used method of national energy system 
modelling, resembling the procedures of e.g. [51,52] (using the widely recog-
nised EnergyPLAN model [53]) and [54]. Unlike the original model, the updated 
model uses 2016 as the reference year for input data due to data availability. 

The main idea behind the updated modelling approach is presented in Figure 
6. The updated energy system simulation model can be coupled both to optimi-
zation, mimicking the original model, and to sensitivity analysis. The optimiza-
tion is used to determine the optimal system capacities, and thus the energy 
system composition, by minimizing the total annual system cost (Eq. (1)). The 
sensitivity analysis is here conducted as a Monte Carlo simulation, in which the 
simulation model is repeatedly evaluated for different samples of the input data, 
here including cost, renewable resource availability, and consumption data, in 
order to study the model output variation. A more detailed schematic of the en-
ergy system simulation model is presented in Figure 7, whereas more details of 
the updated energy system model and methods can be found in Publication V. 



Methods

23 

Schematic of the updated modelling approach, illustrating the coupling of optimization
and sensitivity analysis to the updated energy system simulation model. Reproduced with per
mission from Publication V. © 2020 Elsevier Ltd.

Schematic of the updated energy system model. Reproduced with permission from
Publication V. © 2020 Elsevier Ltd.
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All energy system models include inherent uncertainty due their many assump-
tions. Therefore, the outcomes of every energy system model must be evaluated 
in light of their underlying assumptions. As all models have their strengths and 
weaknesses depending on their purpose, the features and challenges of different 
energy system models have been widely reviewed in literature, e.g. [40,42,55]. 
Furthermore, the best practices of energy system optimization models were for-
malised only recently [56]. The energy system model of this thesis follows one 
of the key principles of energy system modelling: making the analysis as simple 
as possible and as complex as necessary [56]. This principle understandably 
leads to trade-offs and limitations in the complexity of the model. Therefore, 
this subchapter aims to present the most important assumptions of the energy 
system model used in this thesis, which could be subject to future improvement. 

The main limitation of the energy system model is the lack of detailed spatial-
ity, especially the power grid. The whole country is modelled as a single node, 
excluding regional supply and demand, and power and heat flow restrictions 
within the national energy system. Including the power grid and regional spati-
ality in the analysis would be essential to reveal potential issues concerning 
power transfer and grid stability, especially in the case of wind power integra-
tion [57], and regional supply and demand balances. In addition, considering 
the transmission and distribution system adequacy is recommended for VRE 
integration studies [24]. However, modelling the national grid was outside the 
scope of the thesis. 

However, the cross-border transfer capacities between Finland and the neigh-
bouring countries are included, limiting the possible power import and export. 
Otherwise, the electricity market is not modelled: the Nord Pool electricity mar-
ket price is considered exogenous without any effects from changes in the Finn-
ish power mix, and the ability of the international market to export electricity 
or absorb Finnish export is not considered. These assumptions cause uncer-
tainty especially to the electricity market price and the international market’s 
balancing capabilities. Modelling the electricity market would necessitate more 
complexity in the modelling approach, and some approaches are presented in 
[12,58,59]. 

One further improvement to the model would be considering the power plants 
individually. However, aggregation of plants by fuel and type is common among 
energy system models, e.g. in the aforementioned EnergyPLAN [53]. Consider-
ing the fact that the Finnish energy system consists of over 400 individual 
power-producing plants [60] and over 700 heat-only plants [39], modelling a 
national energy system on a power-plant level would require major computa-
tional resources, while not necessarily providing major difference in the solu-
tions. Modelling individual power plants is more purposeful on a city level, for 
example the city of Helsinki [61]. 

The model outcomes are also susceptible to the assumed costs and other input 
data, and considering uncertainty is indeed included to the best practices of en-
ergy system modelling [56]. The uncertainty related to the future cost assump-
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tions is here mitigated by using commonly cited cost databases, such as the Dan-
ish Energy Agency [47], supplemented by e.g. Joint Research Centre’s (JRC) 
technology catalogue [48]. Furthermore, most publications of this thesis in-
clude sensitivity analysis on cost assumptions, especially nuclear investment 
costs and CO2 prices. The uncertainty of input assumptions is particularly ex-
plored in Publication V, being the main topic of the publication. 

The modelling of VRE, especially wind power, could also be improved. The 
model assumes a perfect foresight of a year, but to properly incorporate the un-
certainty of VRE, short-term forecasts for VRE production, as well as demand, 
would be recommendable [24], though some studies suggest that excluding 
forecast errors might not significantly change the modelling results [61]. In ad-
dition, hourly generation time series with geographical diversity and spanning 
multiple years would be recommended for wind power [24,57]. In this thesis, to 
emulate a realistic geographical coverage of wind power, the wind power pro-
duction time series is based on historical data from the whole Finland [39], 
which is further modified to reflect a higher level of wind power with wider ge-
ographical dispersion [9]. However, the energy system model of the thesis and 
its input data are limited to a single year, which may not adequately capture the 
weather-related uncertainties and risks. This modelling limitation also applies 
to the hydrological conditions (i.e. dry/wet years), the effects of which are stud-
ied e.g. in [15]. 

Finally, one possible improvement to the model is to consider the selection of 
available technologies. In this thesis, carbon capture and storage (CCS) is not 
included as an option for emission reduction, as it is not considered mature 
enough for Finnish markets. The availability of CCS causes disagreement among 
researches: some state that CCS is not suitable as a long-term solution for emis-
sion reduction [62], while on the other hand, the IEA and EU scenarios highlight 
its pivotal role [6,63]. The feasibility of CCS in the Finnish context has also been 
analysed in literature [64]. Similarly, power-to-gas (P2G) is an emerging tech-
nology, which has received increasing interest in the Finnish context [18,19,65]. 
Contrary to CCS, the P2G technology is included in this thesis, as its feasibility 
has already been demonstrated [66]. 
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This chapter presents the background, case studies and results of Publications 
I-V, followed by a summary of the results. One subchapter is dedicated to each
publication. Each subchapter begins by connecting the publication in question
to the previous results, thus describing the research narrative of the thesis.
Methodologically, Publications I-IV utilise the energy system model described
in Chapter 3.1, while Publication V utilises the updated energy system model of
Chapter 3.2. This chapter focuses on main results of each publication, whereas
common observations are discussed in Chapter 5. More detailed results can be
found in the actual publications.

Finland’s ambitious energy policies seem to rely mainly on traditional forest bi-
omass and nuclear power. The key question of Publication I are the effects on 
the energy system if any risks from these two main low-carbon policies materi-
alised. 

4.1.1 Background 

National and international energy strategies and scenarios usually rely on sim-
ilar technology options, such as energy-efficiency improvements, biomass, 
wind, nuclear power, and carbon capture and storage (CCS) [6,63,67]. New and 
disruptive technologies carry, by definition, a larger economic and technological 
risk than incumbent established technologies. Many scenarios, however, do not 
even consider such incumbent low-carbon technology pathways, or on the other 
hand, overlook the risks associated with these options, which may be notable, 
but of different type and often not easy to quantify, such as political risks. 

Finland’s 2016 energy strategy [7] relies heavily on traditional forest biomass 
and nuclear power as low-carbon energy sources, and their combined share 
would be 58% of the primary energy in 2030. In addition, Finland aims to halve 
oil use and phase out coal from the energy system. These policy choices, how-
ever, may encompass sizeable risks for a low-carbon energy transition. The ef-
fects of major disruptions in the availability of the two pillars, i.e. nuclear power 
and biomass, on the energy system have not received much attention. 
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Overall, the low degree of diversification, arising from the high shares of bio-
mass and nuclear, increases the overall risks [68]. Furthermore, Finland’s ex-
ceptionally high shares of bioenergy and nuclear power are rare among EU 
member states [32]. Secondly, the rapid coal phase-out, which has now been 
announced by several countries [69], can be viewed as challenging [70]. 

Thirdly, nuclear power is a very controversial political issue in Europe [71], 
and the perception of its sustainability varies from country to country [72]. This 
ongoing controversy results in a political risk, because the future role of nuclear 
power in energy policy seems to be very uncertain. Furthermore, nuclear power 
involves significant economic risks, as many nuclear power utilities are heading 
towards a financial crisis due to decreasing power prices, delayed construction 
times, and increasing competition from renewables [73].  

Fourthly, the question of forest biomass’s carbon-neutrality raises concerns 
[74–76]. The European Commission recently (November 2016) proposed a new 
directive for renewable energy sources [77], which provides a framework for bi-
omass sustainability. Currently, the energy use of bioenergy is viewed as carbon-
neutral, while its CO2 emissions are incorporated in the land-use changes (LU-
LUFC), which have not yet settled. Forests act not only as a major carbon stor-
age, but also as a sink and source of carbon, for which reason any disadvanta-
geous political interpretation may entail a huge risk [78]. 

4.1.2 Case study 

Publication I addresses the risks related to the Finnish energy strategy, in par-
ticular, the risks arising from the uncertainty of future nuclear power and the 
sustainability of biomass. If risks with these incumbent low-carbon policies ma-
terialised, what are the effects on the energy system and policies? What if no 
new nuclear power plants would be built, or forest biomass would be deemed a 
non-zero-emission resource? Publication I studies the future Finnish energy 
system with the model described in Chapter 3.1 under different policy risk 
realisations, while at the same time considering the future demand uncertainty 
and the effect of system flexibility options. 

The effects of the risks and uncertainties related to biomass and nuclear power 
are investigated through four scenarios for the Finnish energy system for years 
2030 and 2050, described in Table 3. The NoNUC scenario assumes that Olki-
luoto 3 is cancelled due to techno-economic reasons and Hanhikivi 1 due to geo-
political reasons. The NoWOOD scenario assumes that direct industrial wood 
residues (i.e. black liquor, sawdust) continue to be classified as a zero-emission 
resource, but the CO2 emissions from wood chips, firewood and wood pellets 
would be considered in the same way as fossil fuels. 

In addition, the uncertainty of future energy demand is considered through 
two consumption scenarios (High and Low), the Low scenario depicting the ef-
fect of strong energy efficiency measure. All scenarios aim also for the CO2 tar-
gets and other environmental targets of the national energy strategy [7]. 



Results

29 

Overview of the scenarios in Publication I.

REF Reference scenario 6 560/6 500 MW All wood CO2 neutral
NoNUC No new NPPs built 1 760/0 MW All wood CO2 neutral
NoWOOD Bioenergy use is not

fully CO2 neutral
6 560/6 500 MW Only industrial residues

CO2 neutral
BOTH NoNUC + NoWOOD 1 760/0 MW Only industrial residues

CO2 neutral

4.1.3 Results 

The results indicate that even with worst-case energy policy risks with nuclear 
and bioenergy, a feasible energy system solution can be found. The main results 
of the study are presented in Figures 8-12. All scenarios suggest feasible energy 
systems, and all scenarios meet the year 2030 targets for renewable energy use 
and energy self-sufficiency: the share of renewables of final energy consumption 
ranged between 50% and 65%, and self-sufficiency between 66% and 77% in 
2030 (targets 50% and 55%, respectively). However, all CO2 emission targets 
(-40% in 2030 and -80% in 2050) are reached only in the REF scenario (Figure 
9). This indicates that the domestic renewable resource base is not able to com-
pensate for all primary energy fall-out, as the reduction in available nuclear 
power and forest biomass is mostly replaced by fossil fuels (Figure 8). In most 
scenarios, the available renewable resources, such as wind and biomass, are uti-
lised up to their assumed potential, thus limiting the CO2 emission reductions. 

The dominant forms of electricity across the scenarios are nuclear power 
and/or wind power, complemented by CHP, hydro, and PV (Figure 10). Elec-
tricity imports from neighbouring countries seem to play a major role, if the de-
mand remains high (High consumption). The differences in heat supply in the 
scenarios (Figure 11) suggest that when there is ample electricity available from 
zero-emission sources, electrification of heating through electric boilers or heat 
pumps (i.e. P2H) would be preferred over the traditional CHP. The different 
sectors of the energy system (electricity, heat and fuel) are connected through 
intersectoral coupling (P2H and P2G), which helps to meet the carbon-free en-
ergy demand in the non-electricity sectors. All scenarios employ P2H because 
of the important role of heating in Finland, but P2G only to a varying degree. 

The annual system costs of REF are the lowest, followed by NoNUC, 
NoWOOD, BOTH, and BOTH+Wind1 (Figure 12). Both policy risks thus in-
crease costs: in 2050 on average 16% from NoNUC and 26% from NoWOOD. 
The differences in the costs mainly stem from the higher investment costs of 
nuclear and wind power, cost of electricity imports and, most significantly, from 
the cost of CO2 emissions (here 105 €/tCO2 in 2050 [67]). A sensitivity analysis 
on the carbon price, however, reveals that only the relative total costs would be 
affected by changing carbon price, as the strict emission goals set ensure that 
the renewable energy would be utilised up to its assumed maximum potential 
(here e.g. 40 TWh for wind power [17]). 

1 BOTH+Wind is a special case exploring the idea of a winddominated energy system. Here the techno
economic estimate for wind power (here 40 TWh [17]) is allowed to be exceeded, leading to a P2Greliant
energy system.
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To conclude, Publication I suggests that the policy risks with nuclear and bio-
energy would lead to higher system costs and CO2 emissions due to increased 
use of fossil fuels, as the renewable resources are not enough as compensation. 
Furthermore, the environmental targets could not be met if even one of the risks 
realised. Nevertheless, the scenarios provide solutions for the risks and uncer-
tainties with nuclear power and biomass sustainability. Possible solutions in-
clude utilising renewable resources up to their maximum economical potential, 
improving energy efficiency (High Low) and the flexibility possibilities from 
P2G, biofuel and gas-to-liquid conversion, and especially, P2H as part of general 
electrification of heating. Supporting different flexibility options, energy effi-
ciency, and expanding the renewable resource base could thus function as a 
back-up option for Finland in case of sudden energy policy disruptions with ex-
tensive use of nuclear power and bioenergy. 

Primary energy consumption in the scenarios of Publication I. The “Other BIO” category 
includes agrobiomass, waste and biogas, and the “Solar” category includes both solar PV and 
solar heat. Reproduced with permission from Publication I. © 2018 Elsevier Ltd.

CO2 emissions of the scenarios of Publication I, shown both as absolute and relative
scales. The bar represents the variation between High and Low consumption scenarios. Emis
sions without BIO sources Total emissions including BIO Total emissions after subtracting
the effect of forest sink. Reproduced with permission from Publication I. © 2018 Elsevier Ltd.
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Electricity production in the scenarios of Publication I. Reproduced with permission
from Publication I. © 2018 Elsevier Ltd.

Heat production in the scenarios of Publication I. Reproduced with permission from
Publication I. © 2018 Elsevier Ltd.
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Relative annual costs of the scenarios of Publication I, compared with the REF sce
nario. The shaded areas represent the variation between High and Low consumption scenarios,
with their average marked with a line. Reproduced with permission from Publication I. © 2018
Elsevier Ltd.

Inspired by the results of Publication I, which highlight system flexibility 
measures as an option to mitigate future policy risks, Publication II investigates 
the potential of various system flexibility measures to improve wind power in-
tegration cost-effectively in the Finnish energy system. 

4.2.1 Background 

Variable renewable electricity will play an important role in future energy sys-
tems [67]. However, the fluctuating nature of VRE will increase the mismatch 
between power supply and demand, imposing major challenges for both energy 
systems and markets. To efficiently integrate wind power in large scale into en-
ergy systems, additional system flexibility measures are needed [21]. Further-
more, considering the energy system as a whole and integrating power, thermal 
and transport sectors together could considerably improve the integration of 
large-scale VRE [20]. 

Though Finland’s decarbonisation strategy [7] focuses more on nuclear power 
and forest biomass and less on VRE, the share of wind power is also rapidly 
increasing [31]. Wind integration to nuclear and CHP intensive energy systems 
have already been discussed in literature. High shares of nuclear power, espe-
cially when beyond 50%, are shown to constrain wind power integration [9]. 
CHP with thermal storages could be an economical and technically easy option 
for balancing wind power [11], but many studies have shown that replacing CHP 
with a combination of power-to-heat (P2H) solutions (heat pumps and electric 
boilers) and heat storages could be economically feasible for wind power inte-
gration [9,49,61,79]. In addition, electric vehicles (EVs) [80] and load-shifting 
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[81] could provide additional system flexibility, especially in combination with 
P2H solutions [49]. 

4.2.2 Case study 

Publication II investigates to what extent different flexibility measures could 
support cost-effective wind power integration in large scale in Finland. In addi-
tion, the study considers whether combined heat and power presents an obsta-
cle to cost-effective wind power integration. Using the model described in Chap-
ter 3.1, the effects of several flexibility measures are studied, listed in Table 4. 

The reference case is Finland in 2030, based on the Finnish government’s Na-
tional Energy and Climate Strategy 2030 [7]. In addition to the flexibility op-
tions, the possible lock-in effect of CHP is investigated by calculating all cases 
with CHP being either a constant or a variable in the optimization. The other 
variables are the amount of wind power, fossil fuels, and conventional conver-
sion. However, the amount of fossil is limited up to the reference scenario to 
avoid replacing wind power with fossil fuels. The amount of nuclear power and 
biomass stay the same as in the reference. 

Flexibility cases in Publication II. In each case, the flexibility measure under study is
added as an available option in the energy system. Each option is limited by the amount of excess
electricity production. Each case is run twice, with CHP being either a constant or a variable in
the optimization.

No flexibility measures No P2X
Powertoheat P2H Both electric boilers (COP = 1) and heat

pumps (COP = 3, share limited).
Powertogas P2G
Smart charging of EVs Smart charging EV charging in advance with excess power
Vehicletogrid V2G Includes smart charging.
Biofuels B2B Biomasstobiofuel and gastoliquid
Thermal storage Heat storage
Electricity storage Elec storage
Curtailment Max. 5% of total annual wind production.
All, no P2G All above flexibility measures except for P2G.
All, with P2G All above flexibility measures.

4.2.3 Results 

The main results are presented in Figures 13-15. Wind production could be in-
creased up to one third of the total electricity production, while decreasing the 
annual system costs (up to 10%) and carbon emissions (up to 28%) at the same 
time (Figure 13). Among the different cases, wind power integration results in 
an 11-37% share of the electricity production. Allowing the curtailment of excess 
wind power seems to enable the highest wind power addition, as it can mitigate 
the problematic wind power peaks, but part of the added wind power is also 
exported. The wind self-use is 10-23% of the electricity consumption, assuming 
that excess wind power is prioritised in export. 

Wind power addition is similar in many flexibility cases. This could be because 
after a certain limit (+9 TWh), the export capacity would exceed at peak times. 
In the 2013 data, this export peak occurs on Midsummer night, when the overall 
electricity consumption is at its annual low and the heat demand is low, but it is 
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windy. Especially in times of low demand, the high share of nuclear baseload 
(26-83% of the hourly electricity demand, annual average 43%) seems to pose a 
limit for effective wind power integration. 

Wind power integration is mostly counterbalanced by increasing export and 
by decreasing conventional power production (Figure 14). Based on the changes 
in heat production in the different scenario cases (Figure 15), it seems that the 
order of preference in the heating solutions would be 1) heat pumps, 2) separate 
heat boilers, and 3) CHP, thus allowing efficient use of low-marginal-cost power 
sources (i.e. wind, solar, nuclear). 

The annual costs are lowest in the combination case (All, no P2G), followed by 
P2H and Curtailment. Similarly, the lowest CO2 emissions were in the combi-
nation cases and P2H. The cases with less CHP have higher amounts of wind 
power (avg. 20%), as well as lower annual costs (avg. 2%) and lower emissions 
(avg. 11%), than the cases with the reference level of CHP, suggesting that CHP 
might limit cost-effective wind power integration. 

To conclude, Publication II suggests that wind power could be cost-effectively 
integrated into the Finnish energy system in 2030. P2H and wind curtailment 
would be the most beneficial flexibility options of those chosen here. Power im-
port and export, i.e. the connection to Nord Pool, would also be essential in en-
abling these options. On the other hand, P2G and stationary electricity storage 
are implied not to be very cost-effective in wind power integration. Further-
more, CHP might limit the cost-effective wind power integration, as separate 
heat production and heat pumps are preferred to CHP in the cost-minimizing 
scenarios. However, the results concerning CHP are sensitive to the modelling 
assumptions, as CHP is here not flexible, and a more realistic and flexible CHP 
operation might even support wind power integration in certain conditions [11]. 
Most of all, the results indicate that viewing the energy system as a whole rather 
than separately indeed provides valuable insight for wind power integration. 

Effects of the different flexibility measures in Publication II. Powertoheat (P2H) and
curtailment are the most costeffective, though the cost differences are quite small, max. 10%
from the reference case (Finland 2030). The columns on the left (striped) refer to constant CHP,
and on the right to variable CHP. Reproduced from Publication II under CCBYNCND licence.
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Change in electricity production, compared with the reference (Finland 2030), with the
different flexibility measures in Publication II. The columns on the left (striped) refer to constant
CHP, and on the right to variable CHP. Reproduced from Publication II under CCBYNCND
licence.

Change in heat production, compared with the reference (Finland 2030), with the dif
ferent flexibility measures in Publication II. The columns on the left (striped) refer to constantCHP,
and on the right to variable CHP. Reproduced from Publication II under CCBYNCND licence.

Publication II suggested that power-to-heat and curtailment would be the most 
beneficial flexibility options for wind power integration in Finland. As a next 
step, Publication III explores an interesting idea to integrate wind power: the 
combination of power-to-heat and planned curtailment, exploiting the benefits 
of both methods. 
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4.3.1 Background 

The overall challenge of large-scale VRE integration is to make the best use of a 
variable and uncertain power source while maintaining the continuous balance 
between consumption and generation and a high level of reliability in the power 
system [82]. Here the key focus is on the challenge of matching the supply and 
demand of power, as the electricity system needs to be in balance at each point 
of time [83–87]. As most of the final energy in Finland is heat (e.g. over 80% of 
the residential final energy consumption is heat [31]), P2H may be particularly 
promising. This kind of sectoral coupling of power and heating has received in-
creasing interest in literature: P2H is shown to improve wind power integration 
for example in Denmark [88], Sweden [89], Finland [9], and the Nordic coun-
tries [90,91]. CHP can also be used for heat-based wind power integration [11], 
in particular when combined with heat pumps [61,92,93]. On the other hand, 
curtailment is also shown to improve wind power integration cost-effectively 
[94,95]. An interesting option would then be combining power-to-heat with 
planned VRE curtailment, which could make use of the curtailed VRE instead 
of simply discarding it, while at the same time providing important power man-
agement aid to the electricity system, e.g. mitigating the problems related to 
wind power peaks or oversupply. 

Publication III explores the idea of using curtailment and P2H for increasing 
the energy system flexibility with a high share of wind power. Here the term 
“curtailment” is considered to refer to any kind of reduction in wind power pro-
duction: directing intentionally curtailed wind power to P2H could help to bet-
ter integrate the wind power and prevent unnecessary wind power discard. Heat 
pumps are selected as the P2H technology, because their higher production ef-
ficiency leads to more noticeable effects in the energy system. 

4.3.2 Case study 

Publication III assesses the effects of three different curtailment strategies on 
the overall performance of the power system when increasing the amount of 
wind power, using the model described in Chapter 3.1. The reference case is Fin-
land in 2013, and three levels of wind power are assumed: 2013 level (0.8 TWh), 
20 TWh, and 40 TWh, corresponding to 0.9%, 24% and 48% of the yearly elec-
tricity use in Finland (84 TWh). Here, the optimization includes fossil fuels and 
conventional conversion (e.g. CHP), but excludes nuclear power and other re-
newables, which have fixed values. 

The three strategies for wind power curtailment are illustrated in Figure 16. 
Peak-shaving curtailment shaves a fixed percentage of the wind power peaks, 
avoiding problematic peak times. Wind-following curtails wind power with a 
fixed percentage, leading to constant reduction. Load-following curtails wind 
power above a fixed percentage of the actual electrical load, mitigating actual 
excess power production. Two curtailment rates, 10% and 30%, are used. 

The curtailed wind power is used to strengthen the sector-coupling by power-
to-heat: all curtailed wind is directed to additional heat pumps (COP = 3). As 
wind power is a renewable and zero-marginal-cost resource, it can be argued 
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that the heat produced by this “forced” heat pump operation offers a renewable 
and low-cost, albeit non-dispatchable, source of heat. However, it should be 
noted that this “forced” heat pump operation might not be the optimal solution 
compared to fully market-based curtailment and heat pump operation. This ap-
proach, however, provides insight into different wind curtailment strategies and 
the idea of pre-emptively directing part of wind power to the heat sector via P2H 
to improve wind power integration. 

Schematic illustration of the different wind power curtailment strategies in Publica
tion III using a curtailment rate of 30% as an example. Reproduced from Publication III.

4.3.3 Results 

The three different wind power curtailment strategies produce very different 
levels of curtailed wind (Table 5). The temporal profile of the national wind 
power production leads to very small total curtailment with Peak-shaving, sug-
gesting a highly peaked profile, whereas with Load-following, the curtailment 
is negligible especially with the lower wind power. Wind-following produces the 
highest amount of curtailment and, subsequently, heat with P2H.  

The primary energy composition (Figure 17) shows some changes in the fossil 
fuel composition due to the relatively low cost of coal. A sensitivity analysis 
shows that this increase in coal use is due to a low CO2 price, originally only 
8 €/tCO2 reflecting the 2013 level [67]. Furthermore, power export increases in 
all cases, suggesting that a high wind power addition may not always be cost-
effectively utilised in the national system due to the structure of fuel prices and 
system limitations, even with a P2H scheme for curtailed wind. As to the energy 
system composition, heat production with heat pumps naturally increase, 
mostly due to the P2H scheme, which in turn decreases the heat from heat-only 
boilers. However, the P2H scheme seems to have only a minor effect in mitigat-
ing excess electricity production: increasing the curtailment share from 0% to 
10% to 30% does not systematically decrease power export, which can be used 
as a measure of unsuccessful wind power integration. Finally, all cases have 
lower annual system costs than the reference (Table 6), suggesting that integrat-
ing wind power into the Finnish energy system may be cost-effective. However, 
the cost effect of the P2H-curtailment scheme and the different curtailment 
strategies remains ambiguous. 

The main conclusion of Publication III is that the integration of wind power 
involves complex energy system interactions and thus can produce unexpected 
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outcomes, and the impacts of wind power and curtailment need to be analysed 
case by case. Fuel prices, market conditions and energy system limitations 
among others may significantly affect the outcomes from introducing large wind 
power and curtailment schemes. Wind power might not always be effectively 
used domestically, even if planned curtailment and forced sector-coupling with 
P2H are involved, but rather exported. This is partly caused by a temporal mis-
match between the heat demand and the curtailment strategies, leading to inef-
fective utilisation of the heat produced by the P2H scheme, as well the current 
price of electricity which may motivate power export. Reverting the curtailed 
wind power to heating might require an increased CO2 price, which would make 
fossil-based production less attractive. 

Effect of the curtailment strategies on curtailed wind power production in Publication III,
expressed in % of initial wind power.

20 TWh 10 0.1 10 0
30 4 30 0.05

40 TWh 10 0.1 10 4
30 4 30 12

Change in the annual system cost from the wind curtailment strategies in Publication III
compared to the reference case (Finland 2013).

20 TWh 0 13
10 18 13 15
30 9 17 14

40 TWh 0 14
10 15 15 10
30 15 15 13

Change in primary energy compared with the reference (Finland 2013), with the dif
ferent curtailment strategies in Publication III. Reproduced from Publication III.
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Publication I presented options for the Finnish energy system with limitations 
on nuclear power and forest biomass, whereas Publication II implies that the 
level of nuclear power affects wind power integration. Publication IV expands 
the work further by presenting a more systematic analysis on different low-car-
bon energy system pathways. 

4.4.1 Background 

Carbon-neutral energy systems are a necessity when aiming to meet the targets 
of the Paris Climate Agreement of December 2015 [1]. IPCC and IEA [96] show 
in their future climate-energy scenarios that new and renewable energy tech-
nologies along with energy efficiency will play a major role in the upcoming sus-
tainable energy transition. Variable renewable energy offers a highly potential 
alternative for the future not just for power production, but for the whole energy 
sector. Coupling the different sectors of the energy system via power-to-X allows 
integrating more renewable electricity and has thus received great research in-
terest as part of the energy transition, particularly in connection with 100% re-
newable energy systems [20,97–99]. 

Overall, carbon-neutral energy system pathways have received increasing in-
terest in literature, e.g. for the United States [100], the United Kingdom [101], 
Switzerland [102], the Nordic countries [18] and the EU [99,103]. Pathways to 
a carbon-neutral Finland have also been previously analysed: for example, 
Lehtilä et al. [17] presented several pathways a low-carbon economy in Finland 
by 2050, whereas Child et al. focused on a 100% renewable energy system in 
Finland [19] and in the Åland islands [104]. However, these previous national 
studies have not considered energy system optimization while considering both 
a wide range of nuclear power and limitations of biomass use reflecting the un-
certain situation of bioenergy sustainability. 

4.4.2 Case study 

Publication IV analyses options for a carbon-neutral Finland in 2050 from the 
perspective of nuclear power, wind power, and bioenergy, as these may be the 
major future low-carbon options for Finland, using the energy system model 
described in Chapter 3.1. Carbon-neutrality is included in the optimization as a 
−95% CO2 emission reduction target (compared to the year 1990 with 
53.9 MtCO2), in addition to the cost minimization. However, it should be noted 
that with carbon sinks, this emission target would mean negative net carbon 
emissions. The Low 2050 consumption scenario from Publication I is assumed. 

Scenarios with six different levels of nuclear power in 2050 were analysed, 
ranging between 0 and 9 450 MW (67% of the assumed 2050 electricity de-
mand). The nuclear scenarios are based on combinations of existing, planned, 
and hypothetical nuclear units, listed in Table 7. The most extreme nuclear sce-
narios assume lifetime extensions of the existing Loviisa 1–2 and Olkiluoto 1–2 
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units, planned originally to be decommissioned by 2030. In addition, the issue 
of the biomass sustainability is considered by including two levels of forest bio-
mass: BIO norm follows the given potentials for renewable energy resources, 
whereas in BIO low, the level of non-industrial forest biomass use is limited to 
residential firewood only. Apart from the level of nuclear power, the rest of the 
primary energy mix and system composition is subject to optimization. 

Nuclear power scenarios for 2050 in Publication IV. “X” denotes inclusion in the scenario.

Loviisa 1–2 990 X
Olkiluoto 1–2 1 760 X
Olkiluoto 3 1 600 X X X X X
Hanhikivi 1 1 200 X X X X
Olkiluoto 4 2 1 500 X X X

Hanhikivi 2 2 1 200 X X

Loviisa 3 2 1 200 X X

4.4.3 Results 

The resulting energy systems are presented in Figures 18-20. The primary en-
ergy composition (Figure 18) illustrates clearly the main components of a pos-
sible (nearly) carbon-neutral Finnish energy system: nuclear power, VRE (es-
pecially wind), and biomass. The biomass is particularly prominent in the 
transport sector as biofuels, enabling elimination of oil. However, limiting the 
forest biomass availability (BIO low) causes the missing biomass to be replaced 
by natural gas, decreasing the share of renewables. The electricity production 
(Figure 19) shows a clear trade-off between two dominant forms of power pro-
duction (nuclear and wind power), which is in line with previous studies [9]. 
In addition, a higher level of wind power increases electricity import, suggesting 
that wind power integration demands more interaction with the international 
power markets to balance the supply and demand, whereas nuclear power in-
creases net power export, suggesting that the constant nuclear production does 
not always match the domestic consumption. Heat production (Figure 20) 
shows a clear trend towards electrification, while CHP-based production de-
creases. The electrification of heating is possibly due to the abundance of low-
carbon electricity and a limited supply of low-carbon fuels (i.e. biomass) for 
CHP. The −34% decrease in heat demand between 2013 and 2050 is based on 
the consumption scenario used in the study, assuming major energy efficiency 
improvements in new and old buildings. 

Finally, the CO2 emissions and annual system costs of the scenarios are pre-
sented in Table 8. Almost all BIO norm scenarios reach the given −95% emis-
sion reduction target. Limiting the forest biomass supply increases CO2 emis-
sions on average by 16 %-points due to the increasing amount of natural gas, 
thwarting the emission target. With the assumed cost data3, the different levels 

2 Based on tentative and hypothetical public discussion on future NPPs in Finland [135–137].
3 Here the assumed investment costs in 2050 are 790 €/kW for wind power [47] and 3 750 €/kW for 
nuclear power [48].
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of nuclear power seem to have little effect on the annual costs, as the difference 
between NUC 9450 and NUC 0 scenarios is only 12%. Compared to the refer-
ence case, the costs decrease on average 18% in BIO norm and 2% in BIO low. 

Overall, Publication IV highlights that wind power, nuclear power, and bio-
mass, coupled with power-to-heat and other flexibility measures, seem to be the 
key pillars in a carbon-neutral Finland, though nuclear power seems to limit 
wind power integration. The level of nuclear power seems to affect mainly the 
nuclear-wind balance, and consequently the levels of power import and heat 
electrification, but the annual system costs and CO2 emission are affected only 
to a minor extent. Even without any nuclear power, the results suggest that a 
cost-effective nearly carbon-neutral Finnish energy system could be possible. 
However, reaching a 100% renewable Finland might require additional 
measures, such as expanding the renewable energy resource base or utilising 
P2G, especially if forest biomass use is limited. 

Primary energy consumption in Publication IV, without (BIO norm) and with biomass
limitations (BIO low). The reference case (Finland 2013) is shown on the left. Reproduced from
Publication IV.

CO2 emissions and relative annual system costs in Publication IV. The CO2 emissions
are reported as the change from 1990 levels, while the annual system costs are reported with a
relative scale where 100 = costs of the national reference system (Finland 2013).

NUC 9450 −96 −79 79 94
NUC 6700 −96 −80 80 95
NUC 4300 −95 −80 80 97
NUC 2800 −95 −80 82 98
NUC 1600 −95 −79 84 100
NUC 0 −94 −78 88 105
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Electricity production in Publication IV, without (BIO norm) and with biomass limita
tions (BIO low). The reference case (Finland 2013) is shown on the left. Reproduced from Publi
cation IV.

Heat production in Publication IV, without (BIO norm) and with biomass limitations
(BIO low). The reference case (Finland 2013) is shown on the left. Reproduced from Publica
tion IV.

Publication IV analyses an array of options for low-carbon energy system path-
ways for Finland. However, these pathways include various assumptions in their 
input data, which are subject to uncertainties. Publication V investigates the im-
pact of those uncertainties on the performance of the modelled low-carbon en-
ergy system pathways. 
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4.5.1 Background 

Energy system modelling, particularly system optimization, often employs de-
terministic values for input parameters. This poses a risk for suboptimal deci-
sions or performance, as any uncertainty in the model’s input parameters may 
render the model’s output uncertain and unreliable [105,106]. If uncertainties 
in the modelling process are not addressed, it will be challenging to evaluate, 
how well the modelled energy system pathways would meet their given environ-
mental or economic targets if the input parameters transpired to be different 
from the expected. 

Including uncertainty in energy system modelling has received increasing in-
terest in literature, and there are several different approaches, including sto-
chastic optimization [107–109], policy or technology uncertainty analysis 
[107,110] or Monte Carlo methods [111,112]. One of the most commonly used 
methods for uncertainty analysis is local sensitivity analysis, in which the im-
pact of the assumed key input parameters is investigated one parameter at a 
time. However, this method cannot properly capture the impact of the whole 
parameter space and the outcome of the study may be limited. Publication V 
applies a form of global sensitivity analysis, in which all parameters are varied 
simultaneously using Monte Carlo methodology: the simulation model is re-
peatedly evaluated for different samples of the input data to analyse the output 
variation. 

The main research question of Publication V is to what extent uncertainties 
affect the performance of a modelled energy system. In particular, the perfor-
mance of various future low-carbon energy system pathways will be compared 
to better understand the resilience of different types of energy systems against 
uncertainties. Here, the uncertainties in cost, consumption and renewable re-
source potential are considered. It is also analysed how the existing energy sys-
tem assets would stretch to accommodate future uncertainties. Furthermore, 
the uncertainties which are the most relevant for energy system modelling will 
be identified. 

4.5.2 Case study 

Publication V focuses on analysing various low-carbon energy system pathways 
for Finland in 2050, as well as the present energy system as a reference (Finland 
in 2016). The future energy system pathways (Table 9) differ in the amounts of 
nuclear and wind power, import capacity and biomass utilisation, based on the 
scenarios in Publication IV. The scenarios on the transboundary power trans-
mission capacity are added to analyse the energy system resilience in case of a 
lower international power trade capacity. The analyses are done with the model 
described in Chapter 3.2. 

The following uncertain input parameters are included in the study, as their 
uncertainties are hypothesised to be highly relevant for future energy system 
performance: 1) level of consumption, 2) renewable resource potential, and 
3) cost data in 2050, in total 36 parameters. The uncertainty range of future
consumption is a continuous range between two extreme scenarios based on



Results

44 

Publication I: High 2050 and Low 2050. For the renewable resource potential, 
the uncertainty of sustainable biomass use and wind power production (in the 
form of the capacity factor) are considered here. For the cost data, uncertain 
cost ranges are assumed for fuel costs, investment costs, electricity market price 
and CO2 emission cost. After the Monte Carlo uncertainty analysis, the most sig-
nificant input parameters are determined with a simple correlation analysis: the 
significance of each input parameter is evaluated by calculating the correlation 
coefficients between the input parameter variation and selected model outputs. 

Scenarios in Publication V.

4

NUC 6700 EXC 6760 6 700 6 760 / 6 760 
NUC 4300 EXC 6760 4 300 6 760 / 6 760 
NUC 2800 EXC 6760 2 800 6 760 / 6 760 
NUC 1600 EXC 6760 1 600 6 760 / 6 760 
NUC 0 EXC 6760 0 6 760 / 6 760 
NUC 2800 EXC 5800 2 800 5 800 / 5 460 
NUC 2800 EXC 5100 2 800 5 100 / 3 620 
NUC 2800 EXC 6760 BIO low 2 800 6 760 / 6 760 Nonindustrial forest bio

mass limited to residen
tial firewood.

Reference 2016 2 760 5 100 / 3 620 

4.5.3 Results 

Firstly, the low-carbon energy system pathways, which will be subject to the un-
certainty analysis, are obtained by cost optimization using deterministic median 
values of the uncertain input parameter ranges. Though the model is slightly 
updated, these deterministic energy system pathways closely resemble the ones 
presented in Publication IV, and thus not elaborated further here. For more de-
tails, the reader is referred to the Supplementary Information of Publication V. 
However, the impact of power exchange capacity is unique to Publication V: de-
creasing exchange capacity decreases wind power capacity (up to -16%, as ex-
port capacity decreases by 46%), highlighting the importance of cross-border 
transmission capacity for effective wind power integration. 

The response of the reference energy system (Finland 2016) to the future 2050 
uncertainties is presented in Figure 21. Of the overall indicators, CO2 emissions 
shows the most variation, followed by the annual cost. However, the security of 
supply seems to be inadequate, as seen in the non-zero level of power and heat 
not supplied, indicating that the current energy system is not resilient enough 
to accommodate future energy consumption. With the input variation, the error 
in the power supply may be even a thousand times higher than the current level 
of 4.4 ppm [113]. 

4 The transmission capacity scenarios are based on the existing 2016 capacities (5100 / 3620 MW), as
sumed 2030 capacities (5800 / 5460 MW), and assumed 2050 capacities (6760 / 6760 MW). The as
sumed future values are based on the future plans of the Finnish TSO Fingrid [138] and own assump
tions.
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As to the low-carbon energy system pathways, Figure 22 presents the variation 
of two key indicators: CO2 emissions and annual cost. All scenarios exhibit 
higher median CO2 emissions than in the original deterministic scenarios, 
though the emission distribution is uneven. Furthermore, all scenarios have 
higher costs than in the optimization with deterministic input values. This high-
lights the relevance of including input variation in modelling-based decision-
making to avoid suboptimal decisions: deterministic input values seem to result 
in too low cost and thus unreliable estimates as the modelled scenarios are ex-
posed to input parameter variation. In addition, cost and emission comparison 
between the scenarios seems to be virtually impossible, as the ranges signifi-
cantly overlap with each other. Furthermore, almost all scenarios have both 
power and heat supply error (Figure 23), so no scenario seems to stand out as 
the most resilient to future input variations regarding the security of supply. 
These supply errors occur mainly because the energy system optimization with 
the deterministic consumption does not account for any spare production ca-
pacity. 

Finally, the most significant uncertainty factor seems to be the level of con-
sumption for all indicators selected for the correlation coefficient analysis (CO2 
emissions, annual costs, share of renewables, and errors in power and heat sup-
ply). Other influential parameters are wind power capacity factor, CO2 price, 
and the potentials of wood and agro-biomass. The influence of most of the other 
parameters is very weak, suggesting that the variation in the output values is 
affected mainly by a handful of input parameters. 

Overall, Publication V suggests that uncertainty and variation in the input of 
energy system models have a significant impact on the performance of the mod-
elled energy systems. In particular, the level of projected consumption seems 
highly relevant. The yield of wind power also affects all the main indicators of 
the modelled energy systems, as wind power is often an integral part of low-
carbon scenarios, e.g. through sector-coupling. Furthermore, the influence of 
the wood and agro-biomass potentials on the CO2 emissions is particularly im-
portant for the case of Finland, as the Finnish energy policies rely heavily on the 
biomass use. 
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The reference energy system’s (Finland 2016) response to modelling uncertainties in
Publication V. The legend of these socalled “violin plots” is presented in the lower right corner. 
Reproduced with permission from Publication V. © 2020 Elsevier Ltd.

Publication V’s lowcarbon energy system scenarios’ response to modelling uncer
tainties in terms of CO2 emissions and annual system costs. See legend in Figure 21. Re
produced with permission from Publication V. © 2020 Elsevier Ltd.
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Publication V’s lowcarbon energy system scenarios’ response to modelling uncer
tainties in terms of power and heat supply errors, measured as the share of missing supply
in total annual consumption. See legend in Figure 21. Reproduced with permission from Publica
tion V. © 2020 Elsevier Ltd.

Finland has ambitious climate targets, including banning the use of coal by 
2030, cutting CO2 emissions by at least 55% by 2035, becoming carbon-neutral 
by 2035, and making power and heat generation emission-free by 2040. So far, 
the policies have been mainly based on traditional forest biomass and nuclear 
power. These policy choices, however, encompass risks for a low-carbon energy 
transition. Relying on few dominant energy sources (nuclear power and forest 
biomass) may cause issues in meeting the CO2 targets in case of unseen policy 
disruptions in their availability (Publication I). Alternative solutions would in-
clude energy system flexibility measures, especially sector-coupling, which help 
to utilise other renewable energy options such as wind power.  

To better integrate wind power into the energy system, power-to-heat and 
power curtailment seem to be the most efficient flexibility measures (Publica-
tion II). Furthermore, CHP and nuclear power could form a barrier to cost-ef-
fective wind power integration, further highlighting that viewing the energy sys-
tem as a whole provides valuable insight for wind power integration. However, 
these results may be sensitive to the modelling assumptions of CHP. An inter-
esting option to integrate VRE would be to combine power-to-heat and curtail-
ment, exploiting the benefits of both methods (Publication III). However, the 
results indicate that simply increasing the amount of wind power and curtail-
ment, and implementing a predetermined power-to-heat conversion scheme 
may not automatically lead to emission or cost reductions, but additional 
measures would be needed. 

Regardless of the difficulties, near carbon-neutral energy system pathways 
seem possible for Finland (Publication IV). Wind, nuclear, and biomass coupled 
to power-to-heat and other flexibility measures could provide even cost-effec-
tive solutions. Nuclear and wind power, however, seem to be to some extent ex-
clusionary. Reaching a 100% renewable Finland may require additional 
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measures, such as expanding the renewable energy resource base or utilising 
power-to-gas, especially if forest biomass use is limited. In addition, relying on 
dominant low-carbon electricity sources (nuclear or wind) seems to cause CHP 
drop dramatically, caused by an abundance of low-carbon electricity compared 
to the limited supply of low-carbon fuels. Generally, the results suggest that 
electrification of heat production could be an effective way to reduce CO2 in the 
Finnish energy system. 

The cost and CO2 effectiveness and resilience of any modelled low-carbon en-
ergy system pathway, however, are also affected by the many uncertainties in 
the model’s input data (Publication V). It appears that in the Finnish case, the 
projected energy consumption would be the most important uncertainty factor 
in the modelling, followed by the yield of wind power and the potential of bio-
mass. However, no single low-carbon energy system configuration stands out as 
the most resilient to future uncertainties. The results indicate that addressing 
uncertainties will be highly relevant for energy system modelling when pursuing 
decarbonisation. 
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The overall theme of this thesis is to explore the strategies for a decarbonised 
energy system in Finland, and the main research question is what kind of a na-
tional energy system would meet the climate targets most cost-effectively and 
be the most resilient to uncertainties. The main methodology of the thesis is 
studying possible energy system pathways by constructing and analysing cost-
optimized energy system scenarios with techno-economic energy system mod-
elling. The next subchapters summarise the findings regarding each focal re-
search question presented in Chapter 1.2. 

5.1.1 Strategies for a decarbonised energy system (RQ1) 

Publications I, IV, and partly V, focus on exploring the various strategies for a 
decarbonised energy system in Finland. The main focus here is to study the bal-
ance between the three main pillars of the Finnish energy strategies [7]: forest 
biomass, nuclear power and wind power. The scenarios in Publication I and IV 
thus consider the future 2050 energy system pathways with different levels of 
nuclear power and biomass. Hydropower is naturally also an important renew-
able source, but its share is not expected change radically in the future. 

The results indicate that feasible energy system solutions could be found with 
several different levels of nuclear power (0 – 9 450 MW) and biomass (with or 
without wood chips and other non-industrial forest biomass). However, wind 
power and nuclear power seem to be exclusionary: a high level of nuclear power 
seems to prevent cost-effective wind integration to some extent, which is in line 
with [9,49]. High levels of nuclear and wind power also seem to require more 
interaction with the international power market, the amount of power exchange 
being 1-2 times the current level. On the other hand, the availability of sustain-
able biomass seems to mostly affect the level of fossil use, leading to higher CO2 
emissions if the biomass availability is low. Low biomass availability coupled 
with strict CO2 targets might also make previously uneconomic options, such as 
power-to-gas or extensive wind power, more attractive. 

The power production in a decarbonised system is dominated by nuclear and 
wind power, whereas the situation with heat production is more complicated. 
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Publications I, IV and V indicate a clear trend of heat electrification: CHP pro-
duction decreases in favour of heat pumps and electric boilers, as well as heat-
only boilers as the back-up option. This trend is likely to be caused by the abun-
dance of decarbonised electricity, which renders CHP-based heat less profitable, 
as well as the limited supply of sustainable fuel (i.e. biomass) for CHP. 

As to the fuel sector, biofuel production from biomass is indicated to be a cru-
cial asset in a decarbonised energy system. This thesis considers the transport 
and industrial sectors through their annual fuel demands, in order to take their 
energy consumption into account in the national CO2 emissions. Though the 
transport sector here includes electric vehicles, their share is modest, and elec-
tricity forms 12-14% of the annual transport energy demand depending on the 
consumption scenario used. In the decarbonised scenarios, the transport and 
industrial fuel supply relies mostly on biomass and 2nd generation biofuels. 
Some P2G is also present in most scenarios to provide fossil fuel replacement, 
but not in a dominant role. 

The effect of cross-border exchange capacity is also briefly analysed in Publi-
cation V: the optimal energy system composition remains largely the same ex-
cept for wind power, which decreases with decreasing exchange capacity. This 
result further justifies the observation that cost-effective wind power integra-
tion would require intensive trading with an international electricity market due 
to its variability. 

As to the performance of the different energy system pathways, the level of 
nuclear power seems to have only a little effect on the annual system costs or 
CO2 emissions. However, the effect on the annual costs is highly dependent on 
the assumed nuclear investment costs (3 750 €/kW in 2050 [48], see also p. 40) 
and modelling assumptions. This result could still suggest that different levels 
of nuclear power might be equally optimal solutions for decarbonisation in 
terms of emissions and costs. 

The main conclusion regarding RQ1 is that there are indeed many different 
optimal decarbonised energy system pathways for Finland. Common denomi-
nators for all scenarios seem to be a high level of decarbonised electricity pro-
duction (nuclear and wind power, also solar power to some extent), the conse-
quent electrification of heat production, active international power exchange, 
and fossil fuel replacement with biomass and biofuels. 

5.1.2 VRE integration with system flexibility measures (RQ2) 

Publications II and III investigate cost-effective wind power integration into the 
Finnish energy system with various system flexibility measures. The focus is to 
study how and to what extent could system flexibility measures enable wind 
power addition to the current (2013) and future (2030) energy system. 

One of the main conclusions regarding RQ2 is that cost-effective wind power 
integration into the Finnish energy system could be possible. Of the various flex-
ibility measures studied here, P2H with heat pumps seems to be the most suit-
able for wind power integration, as well as allowing wind power curtailment at 
generation peak times. Thermal storages or electric vehicles could also support 
wind power integration, though not as the only solution. On the other hand, P2G 



Discussion and conclusions

51 

and electric storages do not seem to be very cost-effective solutions to wind 
power integration. 

Several systemic hindrances for wind power integration are also discovered. 
The results suggest that CHP might constrain cost-effective integration of wind 
power as P2H would allow more efficient wind power utilisation, though this 
result may be sensitive to the applied modelling method of CHP. Nuclear power 
is also found to hinder wind power integration: a high nuclear baseload might 
not leave much room for any additional electricity production, least so for vari-
able wind power, leading to systemic congestion and export. 

Another important conclusion from the results is that considering the whole 
energy system, rather than focusing on each sector separately, can provide val-
uable insight for wind power integration. Focusing on the power sector alone 
might not reveal the possibilities and issues of the other sectors, such as sector-
coupling to heat production. Furthermore, wind power integration involves 
complex interactions: unexpected outcomes may be produced, and some 
measures might not even work efficiently. For example, a temporal mismatch 
between the excess wind power and heat demand can hinder effective P2H uti-
lisation. 

5.1.3 Resilience against future risks and uncertainties (RQ3) 

The thesis also analyses the resilience of decarbonised energy systems against 
political disruptions (Publication I) and uncertainties in consumption, costs and 
renewable resources (Publication V). 

Publication I concludes that an energy system reliant on nuclear power and 
biomass would not successfully handle major disruptions in their availability, 
though feasible energy system solutions could be found. If nuclear power would 
be phased out due to political decisions, or forest biomass would be deemed 
non-renewable, the CO2 emission targets could not be met as the other renewa-
ble resources would not be enough as compensation with the present potential 
estimates. However, it should be noted that these conclusions depend on the 
maximum potential of renewables. For example, the impact of a “no nuclear” 
policy is less pronounced Publication IV which allowed more wind power addi-
tion, as the proposed value for the maximum sensible wind power installation 
in Finland has been increasing during the thesis process. 

However, Publication I also suggests possible solutions for improving the en-
ergy system’s resilience against sudden disruptions, including increasing and 
diversifying the renewable resource base, utilising sector-coupling and other 
system flexibility measures, and improving energy efficiency. The impact of de-
creasing consumption is further demonstrated in Publication V: the level of con-
sumption is found out to be the most uncertain factor regarding e.g. CO2 emis-
sions, and power and heat supply adequacy. The results imply that reducing 
consumption could be an effective solution to improve energy system resilience. 

The resilience of optimized low-carbon energy system scenarios against future 
uncertainties is also investigated. However, Publication V concludes that no sin-
gle system configuration stands out as the most resilient to future variation in 
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terms of security of supply, nor CO2 emissions or annual costs. Here the config-
urations mainly differ in the levels of nuclear power. This outcome is in line with 
the conclusions of RQ1, suggesting that different levels of nuclear power might 
be equally optimal solutions for decarbonisation from a pure techno-economic 
perspective, in terms of emissions, costs and resilience. However, this conclu-
sion is highly dependent on the modelling assumptions: here the power market 
modelling does not consider the international market’s ability to absorb Finnish 
power export, which may cause especially the nuclear power export to be too 
profitable and thus indirectly decrease the costs of nuclear power. Furthermore, 
the results also indicate that addressing uncertainties is highly relevant for en-
ergy system modelling when pursuing decarbonisation. 

The findings of this thesis seem to be in line with previous research. The pre-
sented decarbonised pathways closely resemble the scenarios of Pursiheimo et 
al. [18], Child et al. [19], as well as Koljonen et al. [114], though [18,19] have a 
stronger focus on P2G and less on nuclear power, and [114] employ more con-
servative estimates of the wind power potential. According to the recent 
study [114], carbon-neutrality in Finland could be reached by 2035 with differ-
ent pathways, and most of them rely on nuclear power, moderate amounts of 
wind and solar power, and a favourable definition of forest carbon sinks. How-
ever, some of these pathways also include currently unavailable CCS and nu-
clear CHP. 

The results of the thesis also suggest a replacement of CHP by heat pumps due 
to techno-economic reasons, which is in line with several previous studies, e.g. 
[9,61,115]. Heat pumps are also already present outside the academia, e.g. in the 
strategies of the city of Helsinki [116]. However, this development would be in 
contrast with the common view of CHP’s favourable qualities, such as high effi-
ciency and sector-coupling possibilities, as well as the traditional importance of 
CHP in the Finnish energy system. A decrease in the CHP capacity might also 
carry significant impacts on energy security and generation adequacy, though 
major negative impacts would seem to be avoidable [117]. However, if CHP 
would remain in the Finnish power mix, its main option for decarbonised fuel 
would be biomass, which has its own issues with sustainability, availability, and 
transport. 

Most of the energy system pathways presented in the thesis also rely on func-
tioning international electricity trade. However, as discussed in Chapter 3.3, the 
model used in this thesis does not properly consider the ability of the interna-
tional markets to respond to the Finnish export and import demands. Therefore, 
the presented scenarios may be too optimistic in this regard, and the technically 
possible levels of wind and nuclear power may be lower in reality. Nevertheless, 
the results indicate that high amounts of both nuclear and wind power require 
active cross-border trading: nuclear power would rely on power export to bal-
ance the excess production, whereas a wind-dominated power system would 
have both import and export. While strengthening the transmission grid helps 
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to improve VRE integration [6,58], with rising shares of VRE throughout the 
Nordic region, the question arises whether the cross-border market can accom-
modate the increasing demand for balancing production [118–120]. 

From a techno-economic standpoint, the thesis concludes that there could be 
multiple, equally optimal decarbonised energy system pathways with different 
levels of nuclear power. However, it should be emphasised that the cost-opti-
mality of the scenarios depends on the assumed investment costs of nuclear 
power. In addition, increasing nuclear power involves major legislative consid-
erations and changes in the power system. On the other hand, the presented 
pathways include very high levels of wind power, up to 50 GW, which is over 20 
times higher than the currently (2019) installed capacity [31]. This wind power 
potential, which is based on [6], may be unachievable in reality. However, de-
spite the presented pathways’ susceptibility to assumptions and the implied 
trade-off between a high nuclear baseload and wind power integration, the sce-
narios of the thesis suggest that both nuclear and especially wind power could 
be key enablers for decarbonisation. 

The thesis also implies that diversity could be beneficial when pursuing energy 
system decarbonisation and to improve resilience. According to literature, di-
versification is one of the most popular energy system strategies against an un-
known future [121]. From a socio-political perspective, it could thus possibly be 
useful to avoid unfavourable lock-ins that might hinder diversity, and recognise 
possible path dependences. Path dependences are present for example in the 
political debates about peat, where the societal benefits of peat are contradicted 
by its environmental impacts [122], and nuclear power, where the discussion is 
divided into two camps with different arguments [123]. On the other hand, pure 
cost-minimization as a strategy might also carry some issues, as it might not 
lead to an energy system that is sufficiently resilient against shocks [121]. Some 
of the issues of pure cost-optimization are also implied in the thesis in Publica-
tion III: in the presence of a low CO2 price and no specific ban on coal use (case 
Finland in 2013), the cost-optimal solution seemed to be increasing the use of 
coal despite its emissions, which would be against the current political strate-
gies [8]. 

From a technical perspective, the potential of new technologies could also be 
worth exploring further. The future pathways presented in the thesis are, after 
all, dependent on the availability of new technologies, and some of the emerging 
technologies are not explored within the thesis. In Finland, there are already 
multiple pilot projects about emerging technologies, such as P2G combined with 
CCS [124], deep geothermal heat [125], and nuclear cogeneration [126]. How-
ever, completely relying on emerging technologies could also include risks. For 
example, P2G is not yet a fully mature technology [127]. Furthermore, 2nd gen-
eration biofuels have only recently been commercialised, such as Neste’s renew-
able diesel based on waste and residues [128], whereas commercial lignocellu-
losic biofuel production is still scarce [129,130], though existing, such as UPM’s 
renewable diesel from tall oil [131]. All technologies, current and existing, might 
also face social acceptance barriers, including wind power [132], solar power 
[27], and forest biomass in the form of biodiversity issues [78]. 
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This thesis has focused on studying the future energy system with the help of 
system optimization. However, optimization reveals only the theoretically opti-
mal solution. In order to translate the findings of this thesis into the real-life 
energy transition, many other aspects need to be considered. First and foremost, 
the actions required to transform the current situation into the envisaged future 
system would be vital to study further. These include studying the investment 
decisions of the relevant actors, such as energy companies and system opera-
tors, as well as the best policies, incentives and other political actions to support 
the transition. In addition, the social aspect of the energy transition would be 
an important topic of future research. Especially interesting would be to study, 
how people could change their behaviour concerning energy use, as energy con-
sumption is implied to be a major factor for the success of the environmental 
targets. 

Another avenue of research would be to improve the spatiality of research, as 
this thesis focuses only on the Finnish energy system on the national level. Ma-
jor power system transition, such as increasing the share of wind power, could 
put a stress on the transmission capabilities of the national grid [42,133,134]. 
To correctly model the impacts of major power system changes and analyse pos-
sible issues on grid stability, the spatiality of production and demand within 
Finland would need to be considered. On the other hand, Finland is a part of the 
Nordic power system, and the scenarios of this thesis seem to rely on successful 
international trade. Including market optimization to simulate the Nordic en-
ergy market would thus be recommendable to bring more realism to national 
energy system modelling, though it would also bring more complexity into the 
modelling. However, increasing spatiality may also as a trade-off lead to simpli-
fications on other modelling aspects, such as excluding fuel and heat sectors, so 
expanding the model boundaries should be done with caution. 



55 

[1] IPCC. Global warming of 1.5°C. An IPCC special report on the impacts of global
warming of 1.5 °C above pre-industrial levels and related global greenhouse gas
emission pathways, in the context of strengthening the global response to the
threat of climate change. 2018. https://www.ipcc.ch/sr15/ (accessed January
28, 2019).

[2] IEA. World Energy Outlook 2019. Paris: International Energy Agency; 2019.
www.iea.org/weo (accessed December 17, 2019).

[3] European Parliament and the Council. Directive 2009/28/EC of the European
Parliament and of the Council. Off J Eur Union 2009;L140:16–62.

[4] European Parliament and the Council. Directive (EU) 2018/2001 of the
European Parliament and of the Council on the promotion of the use of energy
from renewable sources. Off J Eur Union 2018;L328:82–209.

[5] European Parliament and the Council. Communication on The European
Green Deal. 2019. https://ec.europa.eu/info/publications/communication-
european-green-deal_en (accessed December 17, 2019).

[6] IEA, Nordic Energy Research. Nordic Energy Technology Perspectives 2016.
Paris: International Energy Agency; 2016. https://www.iea.org/etp/nordic/
(accessed May 25, 2016).

[7] Finnish Ministry of Employment and the Economy. Government report on the
National Energy and Climate Strategy for 2030. 2017.
http://urn.fi/URN:ISBN:978-952-327-199-9 (accessed January 4, 2017).

[8] Prime Minister’s office. Inclusive and competent Finland – a socially,
economically and ecologically sustainable society: Programme of Prime
Minister Antti Rinne’s Government. 2019. http://urn.fi/URN:ISBN:978-952-
287-760-4 (accessed June 20, 2019).

[9] Zakeri B, Rinne S, Syri S. Wind Integration into Energy Systems with a High
Share of Nuclear Power—What Are the Compromises? Energies 2015;8:2493–
527. doi:10.3390/en8042493.

[10] Zakeri B, Syri S, Rinne S. Higher renewable energy integration into the existing
energy system of Finland – Is there any maximum limit? Energy 2015;92, Part
3:244–59. doi:10.1016/j.energy.2015.01.007.

[11] Rinne S, Syri S. The possibilities of combined heat and power production
balancing large amounts of wind power in Finland. Energy 2015;82:1034–46.
doi:10.1016/j.energy.2015.02.002.

[12] Helin K, Zakeri B, Syri S. Is District Heating Combined Heat and Power at Risk
in the Nordic Area?—An Electricity Market Perspective. Energies 2018;11:1256.
doi:10.3390/en11051256.

[13] Olkkonen V, Ekström J, Hast A, Syri S. Utilising demand response in the future
Finnish energy system with increased shares of baseload nuclear power and
variable renewable energy. Energy 2018;164:204–17.
doi:10.1016/j.energy.2018.08.210.

[14] Rasku T, Kiviluoma J. A comparison of widespread flexible residential electric
heating and energy efficiency in a future nordic power system. Energies
2019;12. doi:10.3390/en12010005.

[15] Jääskeläinen J, Veijalainen N, Syri S, Marttunen M, Zakeri B. Energy security
impacts of a severe drought on the future Finnish energy system. J Environ
Manage 2018;217:542–54. doi:10.1016/j.jenvman.2018.03.017.

[16] Kiviluoma J. Managing wind power variability and uncertainty through
increased power system flexibility. Doctoral thesis, VTT, 2013.
http://urn.fi/URN:ISBN:978-951-38-8006-4.

[17] Lehtilä A, Koljonen T, Airaksinen M, Tuominen P, Järvi T, Laurikko J, et al.



References

56 

Low Carbon Finland 2050 -platform: Energy system pathways towards a low 
carbon society [in Finnish]. Espoo: VTT Technical Research Centre of Finland; 
2014. http://www.vtt.fi/inf/pdf/technology/2014/T165.pdf (accessed February 
18, 2016). 

[18] Pursiheimo E, Holttinen H, Koljonen T. Path toward 100% renewable energy 
future and feasibility of power-to-gas technology in Nordic countries. IET 
Renew Power Gener 2017;11:1695–706. doi:10.1049/iet-rpg.2017.0021. 

[19] Child M, Breyer C. Vision and initial feasibility of a recarbonized Finnish 
energy system. Renew Sustain Energy Rev 2016;66:517–36. 
doi:10.1016/j.rser.2016.07.001. 

[20] Mathiesen BV, Lund H, Connolly D, Wenzel H, Østergaard PA, Möller B, et al. 
Smart Energy Systems for coherent 100% renewable energy and transport 
solutions. Appl Energy 2015;145:139–54. doi:10.1016/j.apenergy.2015.01.075. 

[21] Lund PD, Lindgren J, Mikkola J, Salpakari J. Review of energy system 
flexibility measures to enable high levels of variable renewable electricity. 
Renew Sustain Energy Rev 2015;45:785–807. doi:10.1016/j.rser.2015.01.057. 

[22] Pursiheimo E, Holttinen H, Koljonen T. Inter-sectoral effects of high renewable 
energy share in global energy system. Renew Energy 2019;136:1119–29. 
doi:10.1016/j.renene.2018.09.082. 

[23] Lund PD, Skytte K, Bolwig S, Bolkesjö TF, Bergaentzlé C, Gunkel PA, et al. 
Pathway Analysis of a Zero-Emission Transition in the Nordic-Baltic Region. 
Energies 2019;12:3337. doi:10.3390/en12173337. 

[24] IEA Wind. Recommended Practice 16: Wind/PV Integration Studies, Ed. 2. 
2018. https://community.ieawind.org/publications/rp. 

[25] Statistics Finland. Greenhouse gases 2019. 
http://www.stat.fi/til/khki/2018/khki_2018_2019-12-12_tie_001_en.html 
(accessed January 28, 2020). 

[26] Bolwig S, Bazbauers G, Klitkou A, Lund PD, Blumberga A, Gravelsins A, et al. 
Review of modelling energy transitions pathways with application to energy 
system flexibility. Renew Sustain Energy Rev 2019;101:440–52. 
doi:10.1016/j.rser.2018.11.019. 

[27] Haukkala T. Does the sun shine in the High North? Vested interests as a barrier 
to solar energy deployment in Finland. Energy Res Soc Sci 2015;6:50–8. 
doi:10.1016/j.erss.2014.11.005. 

[28] Pilpola S. Finnish energy system modelling: renewable energy integration and 
future scenarios. Master’s thesis, Aalto University, 2016. 
http://urn.fi/URN:NBN:fi:aalto-201602161350. 

[29] IEA. Energy Policies of IEA Countries: Finland 2018 Review. 2018. 
https://webstore.iea.org/energy-policies-of-iea-countries-finland-2018-review 
(accessed November 13, 2018). 

[30] IEA. Key World Energy Statistics 2019. n.d. https://www.iea.org/reports/key-
world-energy-statistics-2019 (accessed February 18, 2020). 

[31] Statistics Finland. Energy table service 2019. 
https://pxhopea2.stat.fi/sahkoiset_julkaisut/energia2018/start.htm (accessed 
December 12, 2019). 

[32] Eurostat. Database 2017. http://ec.europa.eu/eurostat/data/database 
(accessed January 17, 2017). 

[33] Euroheat & Power. District Energy in Finland 2019. 
https://www.euroheat.org/knowledge-hub/district-energy-finland/ (accessed 
December 13, 2019). 

[34] Jääskeläinen J, Zakeri B, Syri S. Adequacy of power capacity during winter 
peaks in Finland. 2017 14th Int. Conf. Eur. Energy Mark., IEEE; 2017, p. 1–6. 
doi:10.1109/EEM.2017.7981883. 

[35] Statistics Sweden. Annual energy statistics 2019. http://www.scb.se/en0105-en 
(accessed December 10, 2019). 

[36] Danish Energy Agency. Annual and monthly statistics 2019. 
https://ens.dk/en/our-services/statistics-data-key-figures-and-energy-
maps/annual-and-monthly-statistics (accessed December 11, 2019). 

[37] Statistics Norway. Electricity 2019. https://www.ssb.no/en/energi-og-
industri/statistikker/elektrisitet (accessed December 10, 2019). 



References

57 

[38] Icelandic National Energy Authority. Energy Statistics 2019. 
https://orkustofnun.is/orkustofnun/utgafa/orkutolur/ (accessed December 11, 
2019). 

[39] Finnish Energy Industries. Electricity and district heating statistics 2017. 
https://energia.fi/en/news_and_publications/statistics (accessed February 23, 
2017). 

[40] Pfenninger S, Hawkes A, Keirstead J. Energy systems modeling for twenty-first 
century energy challenges. Renew Sustain Energy Rev 2014;33:74–86. 
doi:10.1016/j.rser.2014.02.003. 

[41] Lund H, Arler F, Østergaard PA, Hvelplund F, Connolly D, Mathiesen B, et al. 
Simulation versus Optimisation: Theoretical Positions in Energy System 
Modelling. Energies 2017;10:840. doi:10.3390/en10070840. 

[42] Helistö N, Kiviluoma J, Holttinen H, Lara JD, Hodge BM. Including 
operational aspects in the planning of power systems with large amounts of 
variable generation: A review of modeling approaches. Wiley Interdiscip Rev 
Energy Environ 2019:1–34. doi:10.1002/wene.341. 

[43] Deane JP, Drayton G, Ó Gallachóir BP. The impact of sub-hourly modelling in 
power systems with significant levels of renewable generation. Appl Energy 
2014;113:152–8. doi:10.1016/j.apenergy.2013.07.027. 

[44] Olauson J, Ayob N, Bergkvist M, Carpman N, Castellucci V. Net load variability 
in the Nordic countries with a highly or fully renewable power system. Nat 
Energy 2016;1:1–14. doi:10.1038/nenergy.2016.175. 

[45] Nord Pool Spot. Historical market data 2017. 
http://www.nordpoolspot.com/historical-market-data/ (accessed February 20, 
2017). 

[46] Finnish Meteorological Institute. Observation data 2017. 
https://en.ilmatieteenlaitos.fi/download-observations#!/ (accessed May 15, 
2019). 

[47] Danish Energy Agency. Technology Data 2018. https://ens.dk/en/our-
services/projections-and-models/technology-data (accessed November 27, 
2018). 

[48] Publications Office of the European Union. ETRI 2014 - Energy Technology 
Reference Indicator projections for 2010-2050. 2014. doi:10.2790/057687. 

[49] Kiviluoma J, Meibom P. Influence of wind power, plug-in electric vehicles, and 
heat storages on power system investments. Energy 2010;35:1244–55. 
doi:10.1016/J.ENERGY.2009.11.004. 

[50] Finnish Ministry of Employment and the Economy. National Energy and 
Climate Strategy: Background report [in Finnish]. 2013. http://tem.fi/energia-
ja-ilmastostrategia (accessed November 29, 2016). 

[51] Lund H, Münster E. Modelling of energy systems with a high percentage of 
CHP and wind power. Renew Energy 2003;28:2179–93. doi:10.1016/S0960-
1481(03)00125-3. 

[52] Zakeri B. Integration of variable renewable energy in national and international 
energy systems. Doctoral thesis, Aalto University, 2016. 
http://urn.fi/URN:ISBN:978-952-60-6999-9. 

[53] Lund H. EnergyPLAN documentation, version 12 2015. 
https://www.energyplan.eu/training/documentation/ (accessed February 22, 
2017). 

[54] Söder L. Simplified analysis of balancing challenges in sustainable and smart 
energy systems with 100% renewable power supply. Wiley Interdiscip Rev 
Energy Environ 2016;5. doi:10.1002/wene.194. 

[55] Connolly D, Lund H, Mathiesen B V, Leahy M. A review of computer tools for 
analysing the integration of renewable energy into various energy systems. 
Appl Energy 2010;87:1059–82. 

[56] DeCarolis J, Daly H, Dodds P, Keppo I, Li F, McDowall W, et al. Formalizing 
best practice for energy system optimization modelling. Appl Energy 
2017;194:184–98. doi:10.1016/j.apenergy.2017.03.001. 

[57] Holttinen H, Kiviluoma J, Levy T, Jun L, Eriksen PB, Orths A, et al. Design and 
operation of power systems with large amounts of wind power: Final summary 
report, IEA WIND Task 25, Phase four 2015-2017. 2019. 



References

58 

https://www.vtt.fi/inf/pdf/technology/2019/T350.pdf (accessed February 18, 
2020). 

[58] Zakeri B, Virasjoki V, Syri S, Connolly D, Mathiesen BV, Welsch M. Impact of 
Germany’s energy transition on the Nordic power market – A market-based 
multi-region energy system model. Energy 2016;115:1640–62. 
doi:10.1016/j.energy.2016.07.083. 

[59] Virasjoki V. Optimization Models for Assessing Energy Systems in Transition. 
Doctoral thesis, Aalto University, 2019. http://urn.fi/URN:ISBN:978-952-60-
8693-4. 

[60] Finnish Energy Authority. Power plant register 2017. 
https://energiavirasto.fi/en/electricity-and-natural-gas-market (accessed 
February 23, 2017). 

[61] Mikkola J, Lund PD. Modeling flexibility and optimal use of existing power 
plants with large-scale variable renewable power schemes. Energy 
2016;112:364–75. doi:10.1016/j.energy.2016.06.082. 

[62] Lund H, Mathiesen BV. The role of Carbon Capture and Storage in a future 
sustainable energy system. Energy 2012;44:469–76. 
doi:10.1016/j.energy.2012.06.002. 

[63] European Commission. Energy Roadmap 2050. 2012. doi:10.2833/10759. 
[64] Lehtilä A, Koljonen T. Potential deployment of CCS in Finland under low 

carbon scenarios. VTT Technical Research Centre of Finland; 2016. 
[65] Ikäheimo J. Power-to-gas plants in a future Nordic district heating system. 

Energy Procedia 2017;135:172–82. doi:10.1016/j.egypro.2017.09.500. 
[66] Bailera M, Lisbona P, Romeo LM, Espatolero S. Power to Gas projects review: 

Lab, pilot and demo plants for storing renewable energy and CO2. Renew 
Sustain Energy Rev 2017;69:292–312. doi:10.1016/j.rser.2016.11.130. 

[67] IEA. IEA Energy Technology Perspectives 2015. Paris: International Energy 
Agency; 2015. 

[68] deLlano-Paz F, Martínez Fernandez P. Addressing 2030 EU policy framework 
for energy and climate: Cost, risk and energy security issues. Energy 
2016;115:1347–60. doi:10.1016/j.energy.2016.01.068. 

[69] Sandbag Climate Campaign, Europe Beyond Coal. Solving the coal puzzle: 
Lessons from four years of coal phase-out policy in Europe. 2019. 
https://beyond-coal.eu/solving-the-coal-puzzle/ (accessed February 18, 2020). 

[70] Lund PD. Implications of Finland’s plan to ban coal and cutting oil use. Energy 
Policy 2017;108:78–80. doi:10.1016/j.enpol.2017.05.043. 

[71] van de Graaff S. Understanding the nuclear controversy: An application of 
cultural theory. Energy Policy 2016;97:50–9. doi:10.1016/j.enpol.2016.07.007. 

[72] Gralla F, John B, Abson DJ, Møller AP, Bickel M, Lang DJ, et al. The role of 
sustainability in nuclear energy plans—What do national energy strategies tell 
us? Energy Res Soc Sci 2016;22:94–106. doi:10.1016/j.erss.2016.09.003. 

[73] Schneider M, Froggatt A. The World Nuclear Industry Status Report 2016. 
2016. http://www.worldnuclearreport.org/ (accessed January 17, 2017). 

[74] Koponen K, Sokka L, Salminen O, Sievanen R, Pingoud K, Ilvesniemi H, et al. 
Sustainability of forest energy in Northern Europe. Espoo: VTT Technical 
Research Centre of Finland; 2015. 
http://www.vtt.fi/inf/pdf/technology/2015/T237.pdf (accessed May 31, 2016). 

[75] VTT Technical Research Centre of Finland. Growth by integrating bioeconomy 
and low-carbon economy. Scenarios for Finland until 2050. 2018. 
http://www.vtt.fi/inf/pdf/visions/2018/V13.pdf (accessed October 31, 2019). 

[76] Soimakallio S, Saikku L, Valsta L, Pingoud K. Climate Change Mitigation 
Challenge for Wood Utilization—The Case of Finland. Environ Sci Technol 
2016;50:5127–34. doi:10.1021/acs.est.6b00122. 

[77] European Commission. Proposal for a Directive of the European Parliament 
and of the Council on the promotion of the use of energy from renewable 
sources. 2016. https://eur-lex.europa.eu/legal-
content/EN/TXT/?uri=CELEX:52016PC0767 (accessed December 5, 2016). 

[78] Sokka L, Sinkko T, Holma A, Manninen K, Pasanen K, Rantala M, et al. 
Environmental impacts of the national renewable energy targets - A case study 
from Finland. Renew Sustain Energy Rev 2016;59:1599–610. 



References

59 

doi:10.1016/j.rser.2015.12.005. 
[79] Münster M, Morthorst PE, Larsen HV, Bregnbæk L, Werling J, Lindboe HH, et 

al. The role of district heating in the future Danish energy system. Energy 
2012;48:47–55. doi:10.1016/j.energy.2012.06.011. 

[80] Salpakari J, Rasku T, Lindgren J, Lund PD. Flexibility of electric vehicles and 
space heating in net zero energy houses: an optimal control model with thermal 
dynamics and battery degradation. Appl Energy 2017;190:800–12. 
doi:10.1016/j.apenergy.2017.01.005. 

[81] Salpakari J, Mikkola J, Lund PD. Improved flexibility with large-scale variable 
renewable power in cities through optimal demand side management and 
power-to-heat conversion. Energy Convers Manag 2016;126:649–61. 
doi:10.1016/j.enconman.2016.08.041. 

[82] Holttinen H. Wind integration: Experience, issues, and challenges. Wiley 
Interdiscip Rev Energy Environ 2012;1:243–55. doi:10.1002/wene.18. 

[83] Koltsaklis NE, Dagoumas AS, Panapakidis IP. Impact of the penetration of 
renewables on flexibility needs. Energy Policy 2017;109:360–9. 
doi:10.1016/j.enpol.2017.07.026. 

[84] Auer H, Haas R. On integrating large shares of variable renewables into the 
electricity system. Energy 2016;115:1592–601. 
doi:10.1016/j.energy.2016.05.067. 

[85] Kondziella H, Bruckner T. Flexibility requirements of renewable energy based 
electricity systems – a review of research results and methodologies. Renew 
Sustain Energy Rev 2016;53:10–22. doi:10.1016/j.rser.2015.07.199. 

[86] Bessa R, Moreira C, Silva B, Matos M. Handling renewable energy variability 
and uncertainty in power systems operation. Wiley Interdiscip Rev Energy 
Environ 2014;3:156–78. doi:10.1002/wene.76. 

[87] Flynn D, Rather Z, Ardal A, D’Arco S, Hansen AD, Cutululis NA, et al. 
Technical impacts of high penetration levels of wind power on power system 
stability. Wiley Interdiscip Rev Energy Environ 2017;6:e216. 
doi:10.1002/wene.216. 

[88] Hedegaard K, Mathiesen BV, Lund H, Heiselberg P. Wind power integration 
using individual heat pumps - Analysis of different heat storage options. 
Energy 2012;47:284–93. doi:10.1016/j.energy.2012.09.030. 

[89] Schweiger G, Rantzer J, Ericsson K, Lauenburg P. The potential of power-to-
heat in Swedish district heating systems. Energy 2016;137:661–9. 
doi:10.1016/j.energy.2017.02.075. 

[90] Kirkerud JG, Bolkesjø TF, Trømborg E. Power-to-heat as a flexibility measure 
for integration of renewable energy. Energy 2017;128:776–84. 
doi:10.1016/j.energy.2017.03.153. 

[91] Meibom P, Kiviluoma J, Barth R, Brand H, Weber C, Larsen H V. Value of 
electric heat boilers and heat pumps for wind power integration. Wind Energy 
2007;10:321–37. doi:10.1002/we.224. 

[92] Levihn F. CHP and heat pumps to balance renewable power production: 
Lessons from the district heating network in Stockholm. Energy 2017;137:670–
8. doi:10.1016/j.energy.2017.01.118. 

[93] Dimoulkas I, Amelin M, Levihn F. District heating system operation in power 
systems with high share of wind power. J Mod Power Syst Clean Energy 
2017;5:850–62. doi:10.1007/s40565-017-0344-6. 

[94] Brouwer AS, van den Broek M, Zappa W, Turkenburg WC, Faaij A. Least-cost 
options for integrating intermittent renewables in low-carbon power systems. 
Appl Energy 2016;161:48–74. doi:10.1016/j.apenergy.2015.09.090. 

[95] Brandstätt C, Brunekreeft G, Jahnke K. How to deal with negative power price 
spikes?—Flexible voluntary curtailment agreements for large-scale integration 
of wind. Energy Policy 2011;39:3732–40. doi:10.1016/j.enpol.2011.03.082. 

[96] IEA. World Energy Outlook 2017. Paris: International Energy Agency; 2017. 
[97] Papaefthymiou G, Dragoon K. Towards 100% renewable energy systems: 

Uncapping power system flexibility. Energy Policy 2016;92:69–82. 
doi:10.1016/j.enpol.2016.01.025. 

[98] Jacobson MZ, Howarth RW, Delucchi MA, Scobie SR, Barth JM, Dvorak MJ, et 
al. Examining the feasibility of converting New York State’s all-purpose energy 



References

60 

infrastructure to one using wind, water, and sunlight. Energy Policy 
2013;57:585–601. doi:10.1016/j.enpol.2013.02.036. 

[99] Connolly D, Lund H, Mathiesen BV. Smart Energy Europe: The technical and 
economic impact of one potential 100% renewable energy scenario for the 
European Union. Renew Sustain Energy Rev 2016;60:1634–53. 
doi:10.1016/j.rser.2016.02.025. 

[100] Frew BA, Becker S, Dvorak MJ, Andresen GB, Jacobson MZ. Flexibility 
mechanisms and pathways to a highly renewable US electricity future. Energy 
2016;101:65–78. doi:10.1016/j.energy.2016.01.079. 

[101] Barton J, Davies L, Dooley B, Foxon TJ, Galloway S, Hammond GP, et al. 
Transition pathways for a UK low-carbon electricity system: Comparing 
scenarios and technology implications. Renew Sustain Energy Rev 
2017;82:2779–90. doi:10.1016/j.rser.2017.10.007. 

[102] Volkart K, Weidmann N, Bauer C, Hirschberg S. Multi-criteria decision 
analysis of energy system transformation pathways: A case study for 
Switzerland. Energy Policy 2017;106:155–68. doi:10.1016/j.enpol.2017.03.026. 

[103] Capros P, Paroussos L, Fragkos P, Tsani S, Boitier B, Wagner F, et al. European 
decarbonisation pathways under alternative technological and policy choices: A 
multi-model analysis. Energy Strateg Rev 2014;2:231–45. 
doi:10.1016/j.esr.2013.12.007. 

[104] Child M, Nordling A, Breyer C. Scenarios for a sustainable energy system in the 
Åland Islands in 2030. Energy Convers Manag 2017;137:49–60. 
doi:10.1016/j.enconman.2017.01.039. 

[105] Lund H, Sorknæs P, Mathiesen BV, Hansen K. Beyond sensitivity analysis: A 
methodology to handle fuel and electricity prices when designing energy 
scenarios. Energy Res Soc Sci 2018;39:108–16. doi:10.1016/j.erss.2017.11.013. 

[106] Trutnevyte E. Does cost optimization approximate the real-world energy 
transition? Energy 2016;106:182–93. doi:10.1016/j.energy.2016.03.038. 

[107] Seljom P, Tomasgard A. The impact of policy actions and future energy prices 
on the cost-optimal development of the energy system in Norway and Sweden. 
Energy Policy 2017;106:85–102. doi:10.1016/j.enpol.2017.03.011. 

[108] Mavromatidis G, Orehounig K, Carmeliet J. Design of distributed energy 
systems under uncertainty: A two-stage stochastic programming approach. 
Appl Energy 2018;222:932–50. doi:10.1016/j.apenergy.2018.04.019. 

[109] Nielsen MG, Morales JM, Zugno M, Pedersen TE, Madsen H. Economic 
valuation of heat pumps and electric boilers in the Danish energy system. Appl 
Energy 2016;167:189–200. doi:10.1016/j.apenergy.2015.08.115. 

[110] Fais B, Keppo I, Zeyringer M, Usher W, Daly H. Impact of technology 
uncertainty on future low-carbon pathways in the UK. Energy Strateg Rev 
2016;13–14:154–68. doi:10.1016/j.esr.2016.09.005. 

[111] Mavromatidis G, Orehounig K, Carmeliet J. Uncertainty and global sensitivity 
analysis for the optimal design of distributed energy systems. Appl Energy 
2018;214:219–38. doi:10.1016/j.apenergy.2018.01.062. 

[112] Pye S, Sabio N, Strachan N. An integrated systematic analysis of uncertainties 
in UK energy transition pathways. Energy Policy 2015;87:673–84. 
doi:10.1016/j.enpol.2014.12.031. 

[113] ENTSO-E. Nordic and Baltic Grid Disturbance Statistics 2017. 2017. 
https://www.fingrid.fi/en/grid/electricity-system-of-finland/supply-security-
of-electricity/reports/ (accessed August 28, 2019). 

[114] Koljonen T, Aakkula J, Honkatukia J, Soimakallio S, Haakana M, Hirvelä H, et 
al. Carbon-neutral Finland 2035 - Scenarios and impact assessments [in 
Finnish]. 2020. https://www.vtt.fi/inf/pdf/technology/2020/T366.pdf 
(accessed February 5, 2020). 

[115] Rämä M, Wahlroos M. Introduction of new decentralised renewable heat 
supply in an existing district heating system. Energy 2018;154:68–79. 
doi:10.1016/j.energy.2018.03.105. 

[116] City of Helsinki. Carbon-neutral Helsinki 2035. 2018. 
https://www.hel.fi/static/liitteet/kaupunkiymparisto/julkaisut/julkaisut/HNH
-2035-toimenpideohjelma.pdf (accessed November 12, 2019). 

[117] Helin K, Jääskeläinen J, Syri S. Energy Security Impacts of Decreasing CHP 



References

61 

Capacity in Finland. 2018 15th Int. Conf. Eur. Energy Mark., vol. 2018- June, 
IEEE; 2018, p. 1–5. doi:10.1109/EEM.2018.8469786. 

[118] Graabak I, Jaehnert S, Korpås M, Mo B. Norway as a Battery for the Future 
European Power System—Impacts on the Hydropower System. Energies 
2017;10:2054. doi:10.3390/en10122054. 

[119] Göransson L, Lehtveer M, Nyholm E, Taljegard M, Walter V. The Benefit of 
Collaboration in the North European Electricity System Transition—System 
and Sector Perspectives. Energies 2019;12:4648. doi:10.3390/en12244648. 

[120] Askeland K, Bozhkova KN, Sorknæs P. Balancing Europe: Can district heating 
affect the flexibility potential of Norwegian hydropower resources? Renew 
Energy 2019;141:646–56. doi:10.1016/j.renene.2019.03.137. 

[121] Nahmmacher P, Schmid E, Pahle M, Knopf B. Strategies against shocks in 
power systems – An analysis for the case of Europe. Energy Econ 2016;59:455–
65. doi:10.1016/j.eneco.2016.09.002. 

[122] Lempinen H. “Barely surviving on a pile of gold”: Arguing for the case of peat 
energy in 2010s Finland. Energy Policy 2019;128:1–7. 
doi:10.1016/j.enpol.2018.12.041. 

[123] Ylönen M, Litmanen T, Kojo M, Lindell P. The (de)politicisation of nuclear 
power: The Finnish discussion after Fukushima. Public Underst Sci 
2017;26:260–74. doi:10.1177/0963662515613678. 

[124] Vázquez FV, Koponen J, Ruuskanen V, Bajamundi C, Kosonen A, Simell P, et 
al. Power-to-X technology using renewable electricity and carbon dioxide from 
ambient air: SOLETAIR proof-of-concept and improved process concept. J 
CO2 Util 2018;28:235–46. doi:10.1016/j.jcou.2018.09.026. 

[125] St1. Deep Heat project 2020. https://www.st1.eu/geothermal-heat (accessed 
February 7, 2020). 

[126] Leurent M, Jasserand F, Locatelli G, Palm J, Rämä M, Trianni A. Driving forces 
and obstacles to nuclear cogeneration in Europe: Lessons learnt from Finland. 
Energy Policy 2017;107:138–50. doi:10.1016/j.enpol.2017.04.025. 

[127] Fendt S, Buttler A, Gaderer M, Spliethoff H. Comparison of synthetic natural 
gas production pathways for the storage of renewable energy. Wiley Interdiscip 
Rev Energy Environ 2015;5. doi:10.1002/wene.189. 

[128] Neste Oyj. Renewable fuels 2020. 
https://www.neste.com/companies/products/renewable-fuels (accessed 
February 21, 2020). 

[129] Jåstad EO, Bolkesjø TF, Trømborg E, Rørstad PK. Large-scale forest-based 
biofuel production in the Nordic forest sector: Effects on the economics of 
forestry and forest industries. Energy Convers Manag 2019;184:374–88. 
doi:10.1016/j.enconman.2019.01.065. 

[130] Mustapha WF, Bolkesjø TF, Martinsen T, Trømborg E. Techno-economic 
comparison of promising biofuel conversion pathways in a Nordic context – 
Effects of feedstock costs and technology learning. Energy Convers Manag 
2017;149:368–80. doi:10.1016/j.enconman.2017.07.004. 

[131] UPM Biofuels. Renewable traffic fuels n.d. 
https://www.upmbiofuels.com/traffic-fuels/ (accessed February 21, 2020). 

[132] Jung N, Moula ME, Fang T, Hamdy M, Lahdelma R. Social acceptance of 
renewable energy technologies for buildings in the Helsinki Metropolitan Area 
of Finland. Renew Energy 2016;99:813–24. doi:10.1016/j.renene.2016.07.006. 

[133] Lemström B, Kiviluoma J, Holttinen H. Impact of wind power on regional 
power balance and transfer. 2009. 
http://www.vtt.fi/inf/pdf/workingpapers/2009/W122.pdf%0A%0A (accessed 
May 16, 2016). 

[134] Holttinen H, Meibom P, Orths A, Lange B, O’Malley M, Tande JO, et al. 
Impacts of large amounts of wind power on design and operation of power 
systems, results of IEA collaboration. Wind Energy 2011;14:179–92. 
doi:10.1002/we.410. 

[135] Teollisuuden Voima Oyj. Construction of the Olkiluoto 4 nuclear power plant 
unit in Olkiluoto - General description [in Finnish]. 2014. 
https://www.tvo.fi/uploads/julkaisut/tiedostot/TVO_Yleispiirteinen_selvitys_
su_120614_web.pdf (accessed January 23, 2019). 



References

62 

[136] Tekniikka & Talous. Rosatom wants another reactor for Hanhikivi – “Usually 
there must be two units in a nuclear power plant” [in Finnish]. Tek Tal 2015. 

[137] Fortum Power and Heat Oy. Application for a principle decision concerning the 
construction of a nuclear power plant unit - Loviisa 3 [in Finnish]. 2009. 
https://www.hel.fi/static/helsinki/paatosasiakirjat/Kh2009/Esityslista23/liitt
eet/Periaatepaatoslupahakemus_5.2.2009.pdf (accessed January 23, 2019). 

[138] Fingrid Oyj. Main grid development plan 2017–2027. 2017. 
https://www.fingrid.fi (accessed January 28, 2019). 

 
 




	Aalto_DD_2020_084_Pilpola_verkkoversio_KORJATTU



