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This thesis assesses possible developments for the Finnish energy system in attempts to align
with the European Union and national carbon neutrality and reduction goals and aims of the
ACE LIFE project to support carbon neutrality development in Finland. This thesis will first
explore the important facets of the Finnish energy system concerning the heat, power,
transportation, and industrial sectors. This thesis also explored the potential and avenues for
developing small modular nuclear reactors, green hydrogen, biogas, battery storage,
prosumers, and other Power-to-X pathways in the Finnish energy system. The generation of
specific energy scenarios was developed utilizing the EnergyPLAN software to generate
seven future scenarios containing different renewable development pathways. It was
condensed into accelerated climate efforts and TEM groupings with a scenario based on
2022, used as a reference scenario. An island scenario, with no imports and all demands met
by domestic production, was also constructed. The results generated from each scenario
showed that current Finnish policies, projected fuel and energy demands, and actual
availability of carbon sinks will prevent the full realization of a carbon-neutral Finland by
2035 and that only via more accelerated climate efforts, such as a greater deployment of
solar, onshore and offshore wind, and battery and other storage solutions is carbon neutrality
in Finland achievable and cost-competitive when compared to current energy system costs.



ACKNOWLEDGEMENTS

I would like to thank Michael Child for being such a supportive mentor and supervisor
during this thesis work! I would like to thank Jouni Havukainen for also being an excellent
and supportive thesis supervisor during this work! I would like to thank the ACE Life

project for the funding and research support required to complete this master’s thesis work.

LIFE22-IPC-FI-ACE LIFE. Co-funded by the European Union.
Views and opinions expressed are however those of the
authors only and do not necessarily reflect those of the
European Union or CINEA. Neither the European Union nor
the granting authority can be held responsible for them.




SYMBOLS AND ABBREVIATIONS

Units

e Electric units

GW Gigawatt

GWh Gigawatt hour

€/MWh Euros per megawatt hour
MW Megawatt

MWh Megawatt hour

$/MWh United States dollars per megawatt hour
m? Meters cubed

th Thermal unit

TWh Terawatt hour

Wh/kg Watt hour per kilogram
Abbreviations

AAHP Air-to-air heat pump

ABB Asea Brown Boveri

ACE Accelerated climate efforts
ASHP Air-source heat pump
AWHP Air-to-water heat pump

BF Number of blocks of flats or apartment units
BWR Boiling water reactor

CB Current number of buildings
CCS Carbon capture & storage



CF

CHP

CO,

DEA

DH

DR

DSM

DwH

EPR

EU

EV

ExHP

FCR-D

FCR-N

FE

FIN

FR

GSHP

H>

HH

HOB

HP

HVDC

IAEA

Number of constructed flats or apartments
Combined heat and power

Carbon dioxide

Danish Energy Agency

District heating

Demand response

Demand side management

Current and future number of one and two-dwelling homes
Evolutionary power reactor

European Union

Electric vehicle

Exhaust air heat pump

Frequency containment reserve for disturbance
Frequency containment reserve for normal operation
Final energy

Finland

Future number of residential homes
Ground-source heat pump

Hydrogen

Individual household heat

Heat-only boilers

Heat pump

High-voltage direct current

International Atomic Agency



LCOE

LFP

LUKE

NCB

NECP

NG

NPV

OLB

p2p

PE

PHS

PP

PtX

PtG

PV

PWR

SMR

SMES

STES

SULPU

TEM

TES

TVO

V2G

Levelized cost of electricity
Lithium-iron-phosphate

Natural Resource Institute Finland
Number of newly constructed buildings
National energy and climate plan
Natural gas

Net present value

Number of other large buildings
Peer-to-peer

Primary energy

Pumped hydro storage

Power plant

Power-to-X

Power-to-gas

Photovoltaic

Pressurized water reactor

Small modular reactor

Superconducting magnetic energy storage
Seasonal thermal energy storage
Finnish Heat Pump Association

The Ministry of Economic Affairs and Employment
Thermal energy storage

Teollisuuden Voima Oyj

Vehicle-to-grid



VVER Water-water energetic reactor



Table of contents

Abstract

Acknowledgments

Symbols and abbreviations

Contents
I INErOAUCHION .ottt ettt st sb et et e bt e be st esbeenneas 9
2 The Finnish ENErgy SYSIEML......cc.eciiiiiiiiieiieiieeiieiie ettt eseeeeveeseveeaeeseneenneens 10
2.1 The FINNiSh POWET SECTOT.....ccuviiiiiieeiiie ettt e saveeeareeens 10
2.1.1 The role of hydro and potential of pumped hydro storage ..............ccccueeuenneee. 13
2.1.2  CHP and condensing pOWETr PIants ............cceevveereeriueereenieeriieneeeieesneesveenenes 15
2.1.3  Growth in RE sources and technologies ............cccceeevieriiniiiniieniieieeie e 19
2.1.1 The growing presence Of PrOSUMETS .........cceereierieerieeriienieeeeeneeeieeseeeaeenenes 23
2.1.2  The presence of NUCIEAr ENETEY ......cccueeriiriiiiiiieiieeieeeee e 25
2.1.3  The viability 0f SMRS....cc.coiiiiiiiiiiiiieecie et e 27
22 The REAL SECTOT ...cuveeuieiieiieie ettt ettt st e e 29
2.2.1 The growth of heat pumps and other alternative heating methods................... 32
2.2.2  Thermal €nergy StOTAZE .....cccuereeruerruirienieeierienteete ettt 36
23 The tranSPOTt SECLOT ......coueiiiriiriiiieeiteete ettt 37
2.3.1 Growth of renewables and decarbonization efforts in the transport sector .....40
3 Bioenergy and the Decline of Finnish Carbon Sinks ...........ccccoevviiiiniiiiniiiiiieeiee 45
4  Batteries, H2, PtX, and other Renewable SOIUtions..........ccccccoovvveeiieeiiieeceiiieeeeee. 48
5 Finnish and EU Energy Policies and their Impact on the Finnish Energy System ...... 53
5.1 Relevant EU POLICIES .....couiiiuiiiiiiiieiiieiiececeeeteeee e 53
5.2 Finnish energy policies, obligations, and goals ..........cccceeevveeriieeeiieenciie e, 54
53 Additional Finnish policies and emission reduction potentials and trends.......... 59
0 MEROMAS ..ot 63
6.1 ENer@yPLAN ...ttt e e et e et e e e e e et e e e e 63
6.2 Development of each scenario and critical assSumptions ............cceeeeveeeeveeennnennns 66
6.3 Construction of overall demands, future capacities, and V2G capacities ........... 69
6.4 CHP and total DH production decline, creation of the heating network, DH, and

individual heating costs, condensing PP, and shadow scenarios ..........c..ccccceevicnieenenne 74



T RESUILS ot ettt et 79
8  Analysis of Results and DiSCUSSION.........cccvieiriiieiiiieciieeeiie et 89
(107061 13 510 o PSSR 97
RETETEICES ...ttt ettt et ettt st e b enne s 98
Appendices

Appendix 1. Overview of thermal plant and storage costs in millions of euros per defined

unit

Appendix 2. cost of renewable energy technologies and other solutions in million euros per

unit of production or capacity

Appendix 3. Cost of fuels and fuel handling, the carbon content of fuel, and variable

operation and maintenance costs for key energy technologies in euros per output
Appendix 4. Number of heating units and connected demand
Appendix 5. To Total heating costs for each heating unit in M€

Appendix 6. cost of heating units and systems per number of units or TWh of production



1 Introduction

This thesis aims to identify the possible technical developments of the Finnish energy system
to meet future and critical emission reduction requirements under Finnish and European
Union (EU) law and commitments and develop a carbon-neutral energy system by 2035 and
CO; emission-free, excluding emissions from waste to energy facilities, energy system by
2040. The issue of building a sustainable and zero-emitting Finnish energy system is ever
critical given the ever-increasing threat of climate change, increasingly stringent emission
regulations, and national climate goals. It also serves as a reference for other northern
countries seeking to decarbonize their energy systems. This thesis will especially focus on
important sectors and aspects of the Finnish energy system and effort-sharing sector, which
can be modeled using EnergyPLAN, an advanced energy system analysis computer model
(Lund, et al, 2021). The EnergyPLAN tool was used to develop specific energy scenarios,
with a reference scenario based on the year 2022 being created first, and subsequent

scenarios set in the years 2030, 2035, and 2040 being later built and refined.

Previous research concerning the Finnish energy system focused on specific aspects of said
energy system and its ability to evolve into a 100% renewable energy system. Child & Breyer
(2016a) analyzed the role of storage in a 100% renewable energy system. Researchers at
Aalto investigated renewable energy transitions in Finland and Italy (Wang, et all, 2018),
while Pilpola & Lund (2018) studied the risks of specific policies on low-carbon energy
pathways.

Previous research has not assessed the possibility of generating an emission-free Finnish
energy system by 2040 and a carbon-neutral energy system by 2040. Past research
concerning the Finnish energy system has also not examined the viability of small modular
nuclear reactor incorporation into the Finnish energy system. This work is vital for testing
the cost and technical viability of a carbon-neutral and emission-free Finnish energy system
by 2035 and 40, which is critical to Finnish climate goals. This thesis will first describe the
Finnish energy system, bioenergy uses and carbon sink availability, hydrogen, battery
storage, and other renewable solutions for the energy system, identify key EU and Finnish
policies, define the key methods, and finally detail and describe the key results obtained and

their relative significance.
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2 The Finnish Energy System

In this section, the Finnish energy system will be defined, as well as the most important
components and facets of said systems. The power, heat, and transport sectors serve as
important components of Finland's energy system and are areas that can be represented in
EnergyPLAN. The challenges present in the current Finnish energy system concerning the
production of carbon emissions will also be identified and assessed in this section. The
transport and heating section will be relevant in this sector given its relevance in the effort-
sharing sector and effort-sharing regulation established by the EU, which also includes
agriculture, waste management, such as emissions from landfills, building specific heating,
such as emissions from oil-based heating, machinery, fluorinated or f-gas based emissions,

and small industries and enterprises.

2.1 The Finnish power sector

The Finnish power sector is vital in the insurance of the proper functioning of the Finnish
energy system and nation as a whole. Moreover, it ensures the delivery of electricity to
Finnish residents and important sectors such as industry. The current power sector consists
of several vital energy technologies, with nuclear power from Finland’s five nuclear power
plants (PP) acting as a constant and critical source of emission-free electricity, representing
around 29.7% of electricity generated as of 2023 (Official Statistics of Finland, 2024a).
Wind and solar technologies are an ever-growing fraction of the power sector in Finland and
are critical to a future renewable energy system. The growth of wind and solar has been
aided by several Finnish policies and support schemes including a feed-in tariff system,
which assured a production price of 83.5 €/ MWh for wind producers, which is further
detailed in later sections of this thesis (Fingrid, 2009). The Finnish power sector currently
lacks major storage technologies, such as electric battery storage, pumped hydro storage,
and other storage solutions, which could act as short- and long-term energy storage. The lack
of storage solutions present in the Finnish power sector and larger Finnish energy system is
a significant issue for a future renewable energy system due to the increasing variability of

power generation formed by an expected increasing reliance on and incorporation of
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renewables, which requires storage or other solution to fill in the gaps and cover demand,
especially in peak demand hours (Giinther, 2023). Another significant challenge in the power
sector concerning emissions is fossil fuels used in combined heat and power (CHP) facilities
and condensing PP, which is being tackled via investing in renewable fuels and solutions,

such as large heat pumps.

To better illustrate the Finnish power sector, a breakdown of prominent electricity generation
technologies present in the Finnish energy system and their share in generation and important

consumption sectors is shown in Table 1.

Table 1: Description of Finnish energy generation and consumption (Official Statistics of Finland, 2024a)

Supply GWh o
Muclear power 2y PLD 29,7
Hydro power 13 337 16,3
Wind power 11 560 14,2
Solar power 392 0,5
Met imports 12 518 15,3
Other heating power 19 611 24,0
Total 81660 100
Total consumption GWh o
Industry and construction 36 116 iy, 2
Households and agriculture 25 8963 29,3
Services and public consumption 18 764 23,0
Transmission and distribution losses 2 816 3.4
Total 81660 100

Both industrial and district heating CHP plants in Finland also play a significant role in
generating both critical power and heat for the Finnish energy system as detailed in the other
heating power category in Table 1. In the Finnish power sector, condensing PP run as a
reserve to regulate the overall power system, maintain a consistent frequency, and have a
much lower capacity than CHP systems. As presented in the above table, Finland relies on
its neighbors for electricity imports to meet overall consumption and for exporting electricity

during covered demand periods. Finland’s main exporting partner is Estonia, while its
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central importing partner is Sweden, which is especially prominent after Finland ended its
electricity trade with Russia following the 2022 Russian invasion of Ukraine. In total, after
summing together the maximum capacities shown in Fingrid’s, Finland’s central electricity
network operator, electrical system status page, the capacity of interconnections between
Finland and its neighbors equals around 3,596 MW, with 2,480 MW of capacity existing
between Finland and Sweden, a capacity of 1,016 MW between Finland and Estonia, and a
small connection of 100 MW between northern Finland and Norway (Fingrid, 2024a). The
interconnections between Finland and its neighbors, excluding Russia, will increase in the
coming decade, with 800 MW of additional capacity to be added between Finland and
Sweden via the construction of an electricity line titled “Aurora” which will finish
construction and expand overall transmission capacity by 2026 (AFRY, 2023). Figure 1
describes the various Finnish interconnections with its neighbors and the upcoming ‘Aurora’

line.

Imports and
production surplus
in Northern Finland

Cross-section
Central Flnlar‘ld

-
-
-
--

coastal Line b

River Llrle \
‘

'\.

— === Deficit in
----- Critical north—south cross-section Southern Finland

in transmission capacity
Planned or under construction
Completed transmission connection

Figure 1: Description of current and under construction or planned Finnish electricity grid interconnections
(Official Statistics of Finland, 2024c¢)
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As detailed in the above figure the main consumers of electricity and overall energy in the
Finnish energy system are the industrial and construction sectors, which is highly reflective
of the industrialized nature of the Finnish nation and thus special focus should be placed on
effectively electrifying and decarbonizing each sector and introducing hydrogen and other
Power-to-X (PtX) pathways and products to decarbonize key industries such as the steel and
chemical industries. Overall, the Finnish power sector has several consumption centers and
power generation technologies and facilities that act as a stabilizing, regulating, and
balancing forces, which ensure a consistent supply of electricity, with hydropower serving

an especially vital role in providing balance for the power sector.

2.1.1 The role of hydro and potential of pumped hydro storage

Hydropower in Finland plays a stabilizing and regulating role in the Finnish energy system,
which is regulated and controlled by price signals originating from the electricity market and
seasonal impacts on the availability of water in the reservoirs of hydropower facilities. These
reservoirs are emptied to move turbines within the plant and subsequently produce
electricity. In Finland, roughly 137 hydro plants are currently operating with a total capacity
of around 3,171 megawatts (MW) based on Finnish Energy Authority and IRENA data
(IRENA, 2023, 10; Energy Authority, 2023). The range of hydro PP in Finland is also
significant, with a low value of 0.75 to a high of 192 MW for a large Fortum hydro facility
in Imatra (Fortum, 2024a). Two-thirds of Finland’s hydro capacity can be classified as
reservoir hydropower, while the remaining are smaller run-of-river facilities, which operate
around the flow of a river (Karhinen & Hannu, 2017). A key aspect of hydropower in Finland
is the limited ability of reservoir hydro facilities to alter their production in a short period,
overnight or night to daytime, which can allow the stabilization of the power sector and
electricity output during periods of high demand and lower electricity production from
sources such as wind (Karhinen & Hannu, 2017). In anticipation of periods of high demand
and lower electricity output, reservoir hydro facilities, if there is enough water available, can
increase their electricity production to meet the high demand and aid in lowering the
electricity price or vice versa when there is an overproduction of electricity by wind, nuclear,
and other electricity sources. The seasonal impacts on hydropower production can also be
quite substantial, such as during a dryer season when, due to lower amounts of precipitations,

a decrease in water levels can occur, which causes hydro PP to have a lower capacity to
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produce clean electricity and aid in providing supply during periods of peak demand and

alleviating electricity prices.

An inverse of the previously mentioned scenario can also occur, and an overproduction of
hydro-based electricity can occur and create a negative electricity price. The creation of a
negative electricity price occurred in Finland during the winter of 2022, which was primarily
due to the melting of ice layers resulting in an overproduction of meltwater (Yle News,
2023a). This, in turn, caused a subsequent creation of floods and an overproduction of hydro-
based electricity, which surpassed the demand (Yle News, 2023a). Based on the merit order
of electricity generation used to help determine electricity prices in the Nord Pool electricity
market, this led to negative electricity prices (Yle News, 2023a). The overproduction of
clean hydro-based electricity induced by spring flooding can be hard to regulate and control
given such an overproduction of water which must be utilized by both run or river and
reservoir facilities that can only hold a certain amount of water in their reservoirs or have a
certain level of pondage. The role of hydropower as a stabilizing and regulating agent and
somewhat flexible source of electricity in the Finnish power sector will continue to be
prominent in the coming decades, especially given the high variability of wind and solar
power production. However, given increasing environmental considerations and the high
level of sustainable hydropower already utilized, substantial increases in hydro capacity is
unlikely in the coming year and decades. A key question remains around electricity pricing
and the role of hydro in producing low to even negative electricity prices during periods of
flooding and how the electricity pricing system should be altered or maintained to account

for that ever-present phenomenon which future researchers should investigate.

The role of storage is another key question in Finland’s future energy system and pumped
hydro storage (PHS) could play an important role in a future Finnish energy storage mix. As
a storage solution, PHS can provide a high efficiency ranging from 70-85%, a long service
life, minimal storage losses, and a large installation capacity, but requires a substantial
investment and a long payback period, a long planning and construction period, and requires
heavily specific environmental factors needed for proper lower and upper reservoirs needed
to facilitate water transfer and generate electricity (Zvirgzdins & Linkevics, 2020). PHS can
also be used to provide electricity during periods of high demand and high electricity prices
by pumping up water from the lower to the upper reservoir during night periods when

electricity prices are generally low and during daytime push water stored in the upper
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reservoir to the lower reservoir and subsequently through a turbine to generate electricity
and thus serve as a way of balancing load and be used to provide economic benefits based
on the hourly price of electricity (Zvirgzdins & Linkevics, 2020). Finland currently has no
significant PHS, however, Pohjolan Voima, a major Finnish energy company, is aiming to
produce a PHS plant with a capacity of 500 MW in the northern Kemijéirvi region, which
while being only one plant demonstrates at least some interest in PHS within Finland
(Pohjolan Voima, 2024). Given the availability of lakes and spaces for water storage, PHS
seems like an optimal solution to Finland’s lack of storage solutions and can provide a longer
period of storage than stationary batteries. However, several obstacles are present for the
technology. An article assessing drivers and barriers to PHS found that lack of roads and
transmission lines and other supporting infrastructure, unsupportive topography such as lack
of height between an upper and lower reservoir, and high costs such as capital and
maintenance costs may be distinct barriers to PHS deployment (Ali, et al, 2021). Given the
previously mentioned barriers, lack of significant interest and projects by key energy
companies and governmental agencies, growing demand for batteries, and interest in power
to gas and hydrogen solutions, extensive PHS, which overcomes battery, gas, thermal, and

even hydrogen storage in Finland is highly unlikely.

2.1.2 CHP and condensing power plants

CHP in Finland serve as a vital source of both electricity and heat, especially as CHP
facilities serve as key production centers in Finland’s district heating and electric system,
which serves many residential homes and buildings throughout Finland. In Finland, 50% of
all buildings, 54% of residential buildings, 84% of office buildings, 69% of public service
buildings, and 58% of commercial buildings utilize district heat and thus demonstrates the
prominence of CHP facilities in electricity and especially heat supply to buildings (Finnish
Energy Industries, 2023b). CHP provides a key pillar of baseload electricity and heat
generation, which will likely still be required even if a growing share of buildings rely on
heat pumps and a more decentralized form of heat generation, especially concerning
detached homes. Figure 2 gives a good representation of fuels utilized to produce both
district heat and CHP electricity in 2022, and more importantly, demonstrates the continued
presence of fossil fuels in said production which serve as one key hurdle to achieving

emission reduction goals.
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Natural gas
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Figure 2: Fuels utilized to produce district heat and CHP electricity (Finnish Energy Industries, 2023a). Note

that comma is used by the source as the decimal place.

In Finland, the number of CHP plants is roughly equal to 129 plants divided into 69 industrial
CHP and 60 district heat CHP plants with capacities of around 3,125.7 and 3,565.16 MW
respectively (Energy Authority, 2023). As previously mentioned, the continued reliance on
coal and other fossil fuels in Finnish CHP plants represents a continued area of concern to
achieving emission reduction goals, especially as it concerns the 2030 50% emission
reduction goal for the service-sharing sector and requires continued investments in
alternative emission-free fuels such as biomass, synthetic gas generated from power-to-gas
(PtG) processes, etc. CHP power generation capacity for both district heating and industrial
has been relatively stable in capacity over time. However, fuel used in said generation has
drastically shifted with 36% and 27% of electricity produced from coal and peat, and natural
goal in 2011 to only 19.8% and 3.8% of said electricity being produced from each fuel in
2022 (CODE 2, 2014). CHP in Finland also belongs to and helps provide essential heat and
electricity to industrial actors, with the Finnish forest industry playing a critical role, given
its production of significant biomass-based fuels, products, and by-products such as black
liquor, which requires a rather large energy consumption (CODE 2, 2014). The continued
role of the forest and chemical industry in Finland as major actors in industrial CHP will be

key to driving new biomass-based fuels, large heat pumps, waste heat, and gasification



17

processes needed to produce renewable syngas to decarbonize the CHP facilities still
operating on fossil fuels. As wind and other renewable sources of cheap electricity
generation grow the electrical capacity of CHP plants will further diminish based on and
require further investments in storage solutions as CHP facilities provide a baseload of
electricity that is relatively easy to start up, and thus stored electricity can serve as a method
of meeting hourly demands previously covered by CHP and syngas based condensing PP. A
key question around the economic viability of CHP facilities in the face of declining
electricity prices should also be investigated as new economic models for CHP production

will likely be needed.

The condensing PP in Finland are important in the Finnish energy system due to their ability
to act as a reserve form of power, which can be especially vital during down periods in
electricity production from other sources caused by maintenance needs, faults, low wind, or
other causes, and more importantly as a source of frequency regulation. An extremely
relevant trend in condensing power operation and production is the ever-decreasing fall in
the capacity of condensing plants, as alternative energy sources, such as wind power, have
grown. As demonstrated in Figure 3 the capacity of condensing PP in peak load periods or
periods of high electricity demand, faced a severe decline since 2008 and fell from a capacity
of 2,865 MW in 2008 to 600 MW in 2023 during peak load periods (Finnish Energy
Industries, 2024d).
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Figure 3: Overview of Finland’s condensing PP decline (Finnish Energy Industries, 2024c¢)

Many condensing PP are placed in a reserve list of PP which are only used in cases of
emergency or during extreme events when electricity generation sources, such as nuclear
PP, are offline. Fingrid maintains 927 MW of reserve PP and 120 MW of leased reserve PP
(Fingrid, 2024b). There also exists a frequency containment reserve for normal operation
(FCR-N) and a frequency containment reserve for disturbance (FCR-D) (Fingrid, 2024b).
FCR-N acts to maintain the standard electricity network frequency between 49.5 to 50.5 Hz
and FCR-D is meant to prevent a frequency deviation beyond the standard 49.5 to 50.5 Hz
range when the frequency deviates outside the standard range (Fingrid, 2024b). Fingrid can
buy both FCR-N and FCR-D reserves from the hourly and yearly domestic electricity
market, Estonian high-voltage direct current (HVDC) links, and other Nordic countries
(Fingrid, 2024b). Due to the Russian invasion of Ukraine and subsequent EU sanctions,
purchases from the Russian market have ceased (Fingrid, 2024b). The FCR-D and FCR-N
demonstrate that condensing PP, while diminished in overall capacity, are still vital to
maintaining the frequency of the electricity network necessary for the continued functioning
of said network and will face even greater declines in the coming decades as renewable
energy sources grow. A key question concerns what their overall status will be in a future

Finnish renewable energy system. In a future Finnish energy system condensing PP could
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potentially serve as a cheaper and quicker starting method of providing baseload to cover
low periods and renewable production compared to battery storage solutions, and if run on

PtG-based syngas can provide emission-free power.

2.1.3 Growth in RE sources and technologies

The potential for different renewables to be integrated into the Finnish energy system is more
limited than in other corners of the world, which may have stronger tidal, wave, geothermal,
and other emerging forms, and renewable energy sources. A plentiful amount of wind energy
and abundant but seasonally limited yearly available solar energy does exist in Finland,
however, and will provide essential energy generation needed to ensure an emission-free
emission energy system and assist in meeting Finland’s 2035 carbon neutrality goal. Both
solar and wind have seen rapid surges in installations and subsequent electricity generation
in recent years. The rapid expansion in wind capacity development is shown in Figure 4 and
demonstrates wind power generation capacity growth from 2007 to 2023, with a vast

majority being onshore wind installations (Finnish Energy Industries, 2024d).
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Figure 4: Wind power growth and installed capacity in Finland (Finnish Energy Industries, 2024d)
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Another key takeaway from Figure 4 is the recency of the immense growth of wind power
generation since 2007, with a significant increase only commencing in 2015 and especially

beyond 2020.

In Finland, there are 1601 wind turbines in operation, with 212 turbines consisting of 1278
MW of capacity built in 2023 and a total production of 14.467 TWh of electricity (Finnish
Wind Power Association, 2023). The greatest concentration of wind installations is in
northwestern Finland with North Ostrobothnia holding 609 wind turbines and 39% of total
wind capacity, with minimal capacity present in eastern Finland (Finnish Wind Power
Association, 2023). A significant factor in the rapid expansion of wind power in Finland was
the feed-in tariff, initially introduced at the beginning of this chapter, which allowed wind
power to become more cost-competitive with traditional fossil fuel-based energy generation
technologies, such as coal-fired condensing PP. The feed-in tariff was established in 2011
and ensured electricity producers with wind turbines above a capacity of 0.5 MW received
a guaranteed price of 83.5 €/ MWh of electricity produced for 12 years (O’Dwyer, 2011).
The guaranteed price provided in Finland’s previous FIT scheme for wind is essential as it
maintains a consistent price for electricity produced by wind farms that is cost-competitive
with traditional power-producing technologies and more importantly, allows newly built
wind farms to maintain a consistent revenue necessary for covering investment costs and
overall generating financial stability. The feed-in tariff scheme was eventually replaced by
a competitive tendering system in 2018, which awarded a specific level of support or
premium to an electricity producer to generate renewable energy, with the given premium
being highly flexible and based on comparing the area average market price of electricity to
a reference price, until the annual capacity, in TWh, was fulfilled (Roschier, 2024). A review
of renewable electricity feed-in tariffs in European Union nation-states implied that the
specific design of a FIT scheme and market conditions in a nation is more important than
the pure enactment of a poorly designed FIT scheme that does not understand and meet the
specific situation of a country or a region, and emphasizes the importance of well-designed
policy solutions in effectively promoting renewable energy-based technologies and solutions

(Jenner, et al, 2013).

A characteristic of global wind development has been increasing hub height and a greater
wind turbine radius, which is done to increase energy generation from each turbine. A larger

rotor diameter of a wind turbine ensures a greater area is swept and thus more wind is
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captured, and more electricity is produced (Hartman, 2023). The growth in hub height,
distance from the ground to the middle of a turbine’s rotor, is the result of capturing a greater

wind speed which increases as altitude increases (Hartman, 2023).

Offshore wind is another promising technology for the successful decarbonization of the
Finnish energy sector, which the Finnish government is investing in. The Finnish
government is currently planning to invest 43 billion euros by 2030 in offshore wind
generation, which is only second to onshore wind concerning clean energy investment, while
also setting non-binding targets of 1, 5, and 12 GW of offshore wind capacity installations
by 2030, 35, and 40 (Ministry of Economic Affairs and Employment, 2023). Offshore wind
has distinct advantages and disadvantages compared to onshore wind generation with some
key advantages being the ability to generate a greater amount of electricity due to greater
wind speeds, which at 10 km off the coast are 25% higher than onshore wind speeds and
more consistent and reliable winds provide a greater amount of hours each turbine can
capture wind and generate electricity or better defined as the capacity factor (Wang, et al.
2015; Cevasco. et al. 2021). Offshore wind turbines also have distinct disadvantages, which
can promote onshore wind as a more effective form of harnessing wind energy, with one
disadvantage being the higher cost. This is best summarized in the levelized cost of
electricity (LCOE), which according to a 2020 report by the European Commission is
estimated to range from 41 to 89 €/ MWh for onshore wind, with 75% below 66 €/ MWh, and
ranged from 57 to 106 €/ MWh for offshore wind, with most LCOEs below 100 euros per
MWh in EU nations in 2018 (Badouard, et al, 2020). The previously mentioned costs, while
only accounting for the year 2018 still demonstrate the cost difference between onshore and
offshore wind which is still present to this day and thus reemphasizes the cost advantage
onshore has over offshore wind. The greater costs of offshore wind are heavily connected to
the costs of cabling, the construction of a marine foundation, and other costs associated with
building a structure vital for offshore wind development (Soares-Ramos, et al, 2020).
Offshore wind can also be exposed to severe weather conditions and connected wind speeds,
which have a higher presence in ocean environments, and can lead to severe damage or
destruction of turbines, subsequently enhance repair and maintenance costs and disrupt vital
power generation (Wang, et al. 2015). Offshore wind may also disrupt aquatic organisms
and keystone habitats and thus future wind installations should feature extensive
environmental impact assessments to mitigate potential harm (Finnish Wind Power

Association, 2024a). Given the Finnish government's desire to utilize both offshore and
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onshore wind potential, and the large availability of Finnish coastal and land areas, wind
power in Finland will experience continuous and consistent growth in the coming years, and

act as the keystone technology central to decarbonization efforts alongside solar.

Solar energy development in Finland has been much less aggressive, when compared to
onshore wind, with less than 1000 MW currently installed as of 2023. Solar development in
Finland has grown significantly in the last few years with a capacity of 9 MW in 2013 to 591
MW in 2022 (IRENA, 2023). While this capacity is still low, a large growth is expected in
the coming decade as well as a diversification of solar technologies utilized. Governmental
and local support for solar will lead to a large growth in the capacity of solar PV, which is
justified by projections stating the installed capacity to be equal to around 2,800 MW by
2030, which is a roughly four-fold capacity increase compared to 2022 (Ministry of
Economic Affairs and Employment, 2023). Solar capacity currently installed in Finland is
mostly isolated to rooftop installations with very little being large-scale utility solar. The
lack of utility and larger presence of rooftop solar emphasizes the growing role of prosumers
in the Finnish energy system and the large role rooftop solar will play in a future renewable-
based energy system. About four-fifths of current solar in Finland is classified as rooftop
installations, mainly designated to commercial and residential roofs, which is likely to
decrease in the future as large-scale utility solar farms start to increase in installed capacity
and become a greater part of the overall energy system (YLE, 2023b). One ongoing large-
scale utility solar project is the Simo PP, which will be built by the renewable energy investor
Exilion in the spring of 2024 and is expected to have a capacity of 70 MW and produce
approximately 65,000 MWh of electricity (Exilion Tuuli, 2024). The Simo solar PP will also
be classified as a hybrid plant and run in connection with Exilions wind PP and an energy
storage solution, which will allow the efficient delivery of electricity and ensure the
compensation of lost wind power during days with decreased wind production with solar
electricity, especially during summer, and vice versa (Exilion Tuuli, 2024). The inclusion of
an energy storage solution in the Simo solar PP also emphasizes the importance of generating
a consistent amount of stored energy and overall storage solutions, such as large-scale or
industrial battery storage, to compensate for decreased periods of wind and solar production
and ensure the consistent supply of electricity needed for households, commercial buildings
and other vital sectors of the Finnish energy system and economy. The development of the
Simo PP and other industrial or large-scale utility solar projects, such as the potential 100

MW solar power project being planned in south Ostrobothnia by EPV Energy, demonstrates
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the increase of large-scale solar PV installations in the future and the shifting dynamics and
composition of solar PV installations in Finland (EPV, 2023). The large and recent
advancement of solar energy is detailed in Figure 5, with an overall energy generation from

2011 to 2021.
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Figure 5: Overview of the growth of solar PV in Finland (Official Statistics of Finland, 2024f)

As shown in Figure 5 the growth of solar energy in Finland has been incredibly recent with
a large growth only starting to emerge in 2015, which demonstrates Finland’s slowness in
incorporating solar energy and the large investments needed and recently incorporated to
advance its deployment on both a large utility and individual scale. Even if more limited
than wind energy, solar energy will continue to play a critical role in decarbonizing the power
sector, with increasing efficiency improvements and decreasing costs adding additional
support and providing an opportunity for individual households and businesses to sell their

solar-produced electricity to the grid and thus ensure the growth of prosumers.

2.1.4 The growing presence of prosumers

An increasingly relevant and new component of the Finnish energy system is prosumers.
Prosumers can be defined as households, businesses, or those who can produce and consume

their own energy, and also have abilities to store or sell their excess. In Finland, prosumers,
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for example, can utilize rooftop solar PV, which will continue to grow in the coming years,
for their energy needs, sell excess electricity back to the grid or store said electricity in
batteries for later use. The rise of prosumers is also reflective of a paradigm shift in energy
systems as the growth of decentralized power generation is an ever-growing reality, which
must, to ensure a properly balanced energy system, work alongside more centralized forms
of power generation, such as CHP plants. The growth of prosumers also emphasizes that
households and businesses can now meet some of their energy needs via investing and
implementing solar PV and other farms of small-scale power generation and thus
reemphasizes the growing distribution of energy generation and proactive approach said
prosumers have in generating their own power. The development of an active role for
prosumers from the traditionally passive role they used to embody can be beneficial, such as
enhancing and providing flexibility for the electricity grid, via selling electricity to the grid
during periods of low energy production, which does not meet demand (Parra-Dominguez,
et al, 2023). However, prosumers usually prioritize comfort over providing flexibility and
thus proper compensation models should be introduced which give prosumers a financial
benefit for providing flexibility, which can also be complemented with automation to
enhance flexibility and alleviate effort required of prosumers (Parra-Dominguez, et al,
2023). A potential method for incorporating prosumers and allowing effective and efficient
trading of electricity is peer-to-peer or P2P networks, where prosumers can trade with fellow
prosumers, retailers, or regular consumers, and through the use of stationary batteries and
other forms of electric storage and pooling of other prosumers can have the possibility of
enabling flexibility, demand response (DR), and demand side management (DSM) (Parra-
Dominguez, et al, 2023). Demand response can be defined as the alteration of electricity use
by a piece of equipment or anything that reduces end-user demand for electricity due to
variations in the price of electricity over time or to receive payments meant to induce lower
electricity use at times of high wholesale market price or when the reliability of the electricity
system is threatened as defined by the U.S. Federal Energy Regulatory Commission (Parra-
Dominguez, et al, 2023). It is vital because it can allow the reduction of peak demand and
help balance the grid, which can be seen when an aggregation of prosumers occurs, and a
subsequent decrease in each household’s load profile follows (Parra-Dominguez, et al,
2023). DSM is especially vital as it can encourage an end-user of energy to become more
energy efficient via efficient lighting and other methods that reduce their energy

consumption to reduce overall demand, and thus prosumer networks that aid in enhancing
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DSM can be especially helpful for balancing the electricity grid (Parra-Dominguez, et al,
2023).

A collection of prosumers can also act in a cooperative manner and form energy
communities, which if operated under P2P interactions help neighbors aid in meeting each
other’s energy needs that could potentially help redefine electricity as a common good,
which is co-produced and thus help generate a more equitable energy transition (Parra-
Dominguez, et al, 2023). To incorporate as many households, support programs and grants
should be implemented to give poorer areas and communities access to P2P prosumer
networks and connected infrastructure needed, such as solar PV panels, which can aid in
reducing energy poverty, cost, and other barriers, and help generate self-supporting energy
communities. Energy communities can also be seen as aggregators that allow a fair and
equitable distribution of electricity which during periods of need can be given back to the
grid to help meet demand (Parra-Dominguez, et al, 2023). Overall, as solar PV installations
on residential, industrial, and commercial rooftops grow the concept of the prosumer will
play an ever-growing role in the Finnish energy system and further decentralize energy
production and if energy communities become prominent help redefine the concept of

electricity as a common good and help provide a more just energy transition.

2.1.5 The presence of nuclear energy

Nuclear energy in Finland has a complex and storied history while providing a steady
baseload of electricity generation, which will become even more beneficial in the future as
condensing PP and CHP capacities are slated to decline and a steady form of electricity

generation is needed to balance out intermittent wind and solar generation.

As previously mentioned, Finland has five nuclear PP in operation, with the newest plant,
Olkiluoto 3, establishing a grid connection in 2022 and entering complete operation in April
2023 with a capacity of 1600 MW (World Nuclear Association, 2023). Two other nuclear
PP projects, Olkiluoto 4 and Fennovoima, were approved for development in 2010 but were
ultimately abandoned (World Nuclear Association, 2023). The German energy company
E.ON and different Finnish enterprises established the Fennovoima nuclear project, which
was to be constructed by the Finnish-German company Fennovoima (Jensen-Eriksen, 2022).

The approval of the Fennovoima project was heavily influenced by Mauri Pekkarinen, a
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centre party politician and minister of economic affairs, who, by his own comments and
press reports, received lobbying undertaken by Finnish companies located in northern
Finland, which is an area with strong centre party support (Jensen-Eriksen, 2022). The
impacts of lobbying by Finnish companies in the Fennovoima case represent the significant
presence of industrial and business actors in Finnish energy development, the history of
nuclear power in Finland, and the desire for cheap electricity by industrial and business
actors. After the economic impacts following the 2008 financial crisis on Finnish forest
industries, which since 2006 had suffered continuous decreases in their profits, and other
industrial actors, several of these actors had to pull out of the Fennovoima project (Jensen-
Eriksen, 2022). After the 2012 Fukushima nuclear reactor accident, E.ON pulled out of the
project (Jensen-Eriksen, 2022). The Russian state company Rosatom, following the pullout
of several stakeholders in the Fennovoima project, acquired a 34% share in Fennovoima and
subsequently became responsible for significant funding of the project and the supplying of
the reactor and nuclear fuel, which caused fears of increased Finnish energy dependency on
Russian nuclear technology (Jensen-Eriksen, 2022). The Russian invasion of Ukraine in
2022 eventually caused the complete cancellation of the Fennovoima project. The Olkilouto
4 project was canceled by Teollisuuden Voima Oyj (TVO), a consortium of Finnish
industrial actors, due to substantial costs and ongoing delays and problems present in the
Olkilouto 3 project (Jensen-Eriksen, 2022). The history of the Olkilouto 4 and Fennovoima
nuclear plant projects demonstrates the high costs and delayed development time that can
occur in large-scale nuclear energy projects, the significant role of Finnish industrial and
business actors in Finnish energy development, and the prominent role external world events
can have on energy development. An analysis of nuclear power construction projects by
Pereira-Portugal, et al. (2018) concluded ¥ of the analyzed projects showed a delay in the
time between the start and completion of nuclear projects, which led to an escalation of
overnight construction costs (Portugal-Pereira, et al. 2018). Average overnight construction
costs of new nuclear reactors are higher than nuclear reactors built in the early years of the
nuclear energy era and thus suggest nuclear energy in the modern era is costly and takes too
long to implement, as seen in the considerable delay in the Olkilouto 3 project, which
originally planned to begin operation in 2009 (Portugal-Pereira, et al. 2018). The high costs
and long construction times, which vary per region, of nuclear energy paint a pessimistic
future for the technology, and thus is a central reason why growing attention is being paid to

small modular reactor (SMR) technologies, explored in the next section of this thesis. Table
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2 details Finland’s five nuclear reactors and their net capacities, construction start, grid

connection establishment, model, and reactor name.

Table 2: Overview of existing nuclear PP in Finland (World Nuclear Association, 2023)

Nuclear plants in Finland

Reactor Name Model Reactor Type Net Capacity (MWe) Construction Start First Grid Connection
Loviisa 1 VVER V213 PWR 507 1971-05 1977-02
Olkiluoto 1 ABB-ll, BWR-2500 BWR 890 1974-02 1978-09
Olkiluoto 2~ ABB-ll, BWR-2500 BWR 890 197511 1980-02
Olkiluoto3 ~ EPR PWR 1,600 2005-08 2022-03
Loviisa 2 VVER V-213 PWR 507 1972-08 1980-11

The continuation and capacity upgrading of Finland’s Olkiluoto 1, and 2 nuclear PP is likely
to occur and cause the continuation of said plants till 2048 or 2058 from the original end of
operation date of 2038 and result in a capacity upgrade of 80 MW for each plant (TVO,
2024). Finland’s two Loviisa nuclear PP will also continue operation till 2050, with no
capacity upgrade planned currently (Fortum, 2023b). Given the extension of operation for
four out of five of Finland’s nuclear PP, with an extension of Olkiluoto 3 currently unknown,
nuclear energy will continue to play a vital role in Finland’s national energy system.
However, construction of a new large-scale nuclear plant is unknown, and it seems unlikely

that new power nuclear plant capacity will be operational before 2040.

2.1.6 The viability of SMRs

A topic concerning nuclear energy and the future of said technology serving as a key to
transitioning the Finnish energy system away from fossil fuels is SMRs. SMRs are defined
as having a lower capacity than traditional nuclear reactors and can range in capacity up to
300 MW, according to the International Atomic Agency (IAEA) (Esam & Hussein, 2020).

SMRs have been a focus in recent years as they in concept provide carbon-neutral power to
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isolated or remote communities, provide energy security and self-sufficiency, have a smaller
size which allows components to be transported via rail or heavy-duty vehicles, and a degree
of modularity or the fact several subsystems can be built off-site and later combined on-site
to form a reactor (Esam, 2020). This can be combined with other reactors to increase overall
capacity and thus meet greater energy needs and provide lowered costs compared to larger
reactors (Esam, 2020). There is an interest in Finland for SMRs from Finnish research,
industrial, and governmental actors such as Helen and Steady Energy, who through a letter
of intent plan to use SMRs for heat production via the procurement of ten 50 MW reactors
(Helen, 2023). The Finnish government also plans to secure financial and other resources
for nuclear energy regulation and the development of SMRs in the 2024 budget and beyond
according to Juho Korteniemi, deputy director general of nuclear energy and fuels in a 2023

column (Korteniemi, 2023).

As this thesis also looks to investigate the possibility of carbon-neutral technologies to meet
carbon neutrality and reduction goals, an analysis of its viability is required. As previously
stated, one proposed benefit of SMRs is their lower costs, a statement proving to be
increasingly questionable as various projects face cost overruns and larger-than-expected
LCOEs, as seen in the recent news surrounding the NuScale project in Utah. NuScale, in
coordination with the Utah Associated Municipal Power Systems, has been developing an
SMR project with six reactors totaling a capacity of 462 MW, which were to feed power to
several towns in Utah (Gardner & Mishra, 2023). However, several of those towns pulled
out of the project as costs rose, with the LCOE increasing from 58 $ to 89 $/MWh, (Gardner
& Mishra, 2023). The substantial increase in cost and subsequent project termination
associated with the NuScale project in Utah demonstrated the unstable costs associated with
SMR development and the overall uncertainty in the technology’s financial stability. This is
a major challenge the technology currently does not seem to have an apparent solution for
and reduces its potency as carbon-neutral energy technology, which Finland aims to invest
in. An article assessing the production costs and the relative uncertainty of predicting said
costs of 19 SMR concepts found that the analyzed SMR concepts are not economically
favorable or present a greater alternative compared to existing renewable energy
technologies, even when utilizing the most supportive values originating from analyzed
literature and a majority cannot deliver a positive net present value (NPV) (Steigerwald, et
al, 2023). The previously mentioned article also demonstrated that sodium-cooled fast

reactors SMRS had a significantly higher LCOE than other analyzed technologies with a
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range between 805 $/MWh and 7519 $/MWh. of electricity (Steigerwald, et al, 2023). A
high-temperature reactor SMR had a smaller LCOE, which was more aligned with other
energy technologies at 99 to 158 $/MWh, (Steigerwald, et al, 2023). However, this was still
higher than wind energy and solar PV for utility and community rooftops, which were 26 to
50, 30 to 41, and 59 to 91 $/MWh. of electricity (Bjorn Steigerwald, et al, 2023). The
previously mentioned variability in cost based on reactor design does point to the highly
diverse technical opportunities for SMR technology. However, it also solidifies the higher
costs and economic uncertainty associated with SMR technology that does not paint an

optimistic future for the technology.

Another significant drawback of SMRs is their relative lack of maturity and number of
installations, with only two projects currently operating, twvo SMRs operating on a floating
nuclear PP in Russia, and a 200 MW SMR located in China’s Shangdon province, which
makes their standardization and relative provability limited (Gordon, 2022). It appears that
SMR technology continues to face growing costs, delays, lack of maturity and lack of
installed capacities, especially concerning electricity generation. At the same time, as other
renewable technologies such as solar PV, wind, and batteries, continue to see cost declines
and greater maturity, the decision to invest in said technology seems difficult to justify for
Finland in the face of greater potential in solar PV, wind, hydrogen and connected PtX
pathways, stationary batteries, and other renewable solutions, which are vastly more mature

and can be utilized and built up rapidly to meet CO, emission reduction goals.

2.2 The heat sector

The heat sector in Finland is a major source of energy consumption, given the harsh winters
and related heat demand for both space heating and industrial process heat present in the
nation. This will require significant investments in renewable fuels and technologies to meet
national and EU climate goals and carbon reductions. The heat sector consists of various
actors, such as district heating (DH) companies, households, industry, and other components
that require and produce heat, and must be maintained to ensure proper heat balance in the
Finnish energy system. Finnish households, industries, and commercial and other buildings

present in the Finnish building stock represent the largest consumers of heat in Finland.
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Significant producers of heat in Finland are the many DH companies and DH heat itself is a
critical form of heat production for various Finnish buildings, prominent in large buildings,
such as apartments. This is shown in the CHP and condensing PP section of this thesis, which
indicates utilization of a variety of different fuels and varying customer bases. There are 109
district heating and 77 wholesale companies, or companies that deliver district heat to
companies, operating in Finland as of 2022 (Finnish Energy Industries, 2023a). These vary

according to customers and the municipalities they serve (Finnish Energy Industries, 2023a).

The greatest producer of district heat in terms of total supply is Helen Oy, which serves the
Helsinki region. The significant production of district heat by Helen and other Helsinki
region district heat companies demonstrates the great role of urban centers in heat demand,
which will play an even greater role in the future as population dynamics reflect a population
shift towards urban centers from less populated or rural areas. In Finland, the population of
urban municipalities and densely populated municipalities will increase by nine and four
percent respectively, while the countryside will see a reduction in population amounting to
around five percent, which reemphasizes the ever-growing prominence of urban centers and
said population dynamics on the functioning of the Finnish energy system, especially as it

concerns local heating and energy systems (Paiho & Saastamoinen, 2018).

In total, 2.9 million Finnish inhabitants received district heat as of 2022, with dwelling
homes, industry, and other building units representing 46%, 13%, and 41% of the building
volume covered by DH, respectively (Finnish Energy Industries, 2023a). This equaled a total
volume of 1,030 million m* of building volume (Finnish Energy Industries, 2023a). The
length of the overall district heating network is around 160 thousand kilometers as of 2022,
which was a 140 km increase compared to the previous year (Finnish Energy Industries,
2023a). Other heat demands not covered by district heat production are served by individual

home boilers, heat pumps, industrial processes and other forms of decentralized heating.

In 2022, industrial heat production amounted to 47.5 TWhe, with renewable fuels, such as
black liquor, and other wood-based fuels producing 37.171 TWhy, (Official Statistics of
Finland, 2023e). Fossil fuels such as peat, coal, natural gas (NG), and oil produced 7.923
TWhu of industrial heat in 2022, which demonstrates the large presence of biomass and
other renewable wood-based fuels in satisfying industrial heat demands and marginal but
still problematic utilization of fossil fuels (Official Statistics of Finland, 2023e). The largest

consumer of industrial heat was the forestry industry, which aligns with general industrial
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energy consumption patterns with forestry consuming a total of 58% of final energy
consumption followed by metal, chemical, food and beverage, and other industries at 14, 17,

4, and 7 percent, respectively, as of 2022 (Motiva, 2024)

The Finnish residential and service sectors are also significant consumers of heat and Figure
6 demonstrates the composition of the Finnish residential and service sector heat market in
2016 (Paiho & Saastamoinen, 2018).
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Figure 6: Composition of the Finnish residential and service sector heat market in 2016 (Paiho &
Saastamoinen, 2018)

The main energy demands in households are space and water heating, which represent a total
consumption of 42.746 and 10.036 TWh, respectively, and a combined share of around
81.6% of total household energy consumption, as of 2022 (Official Statistics of Finland,
2023b). The large dominance of heat demand in overall household and building energy
demand demonstrates the importance of the heat sector in the Finnish energy system and the
vital need to ensure the effective removal of high-emitting fossil fuel-based heating methods

as buildings will continuously hold a significant heat demand.

The main fuel source for DH production in 149 Finnish municipalities is biomass or other
source of carbon-neutral heat production, while 21 rely on peat, 4 on hard coal, and 2 on
unknown fuels, according to Finnish Energy Industries (Finnish Energy Industries, 2023a).
The positive news of the large presence of carbon-neutral fuels in CHP facilities does not

negate the persistent presence of fossil fuels used in some district heating systems, especially
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when factoring in that, while CHP supplies the majority of the district heat supply, around
37% of non-recovery heat and heat pump heat production also arises from separate thermal

facilities, which also utilize peat, coal, and oil as fuels (Finnish Energy Industries, 2024c).

The continued presence of fossil fuels in CHP, home, and other building heating, especially
in older heating systems, represents the major obstacle to reducing emissions in the heat
sector. To further reduce fossil fuels used in district heat and overall heat production,
alternative emission-free solutions are being invested in, such as heat pumps, utilization of
waste heat from data centers, power to gas-based syngas, and other solutions essential,
alongside stronger support schemes, for the transition of the Finnish heating system away
from fossil fuels. Transportation, like heat, requires significant renewable investments and

is a substantial part of this thesis work.

2.2.1 The growth of heat pumps and other alternative heating methods

While the district heating sector is a vital source of heat supply for Finnish households, and
overall building stock belongs to commercial, industrial, and other actors, there has been a
growth in more decentralized and emission-free sources of heat production mentioned in the
previous section, such as heat pumps. The increase in heat pump adoption in Finland has
been increasing dramatically within the last decade with nearly 120,000 heat pumps sold in
2022, with a significant percentage of said heat pumps being air-to-air heat pumps,

represented in Figure 7 (SULPU, 2024).
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Figure 7: Number of air-to-air (AAHP), exhaust air (ExHP), air-to-water (AWHP), and ground-source (GSHP)
heat pump installations within Finland (SULPU, 2024)

The growth of heat pump sales in Finland, demonstrated in Figure 8, shows while heat pump
installation growth is not linear, the presence of heat pumps in Finland is rather significant
and represents a growing trend of alternatives to traditional district heating systems. The
notable aspect of heat pump adoption in Finland is the lack of targeted incentives provided
by specific government support for heat pump purchases, which demonstrates the influence
of SULPU and the desire of Finnish citizens for efficient and affordable heating systems.
The benefits of heat pumps are numerous, with several critical benefits being ease of
installation, especially air-to-air heat pumps, high efficiency with 3 to 4 kWh of heat
produced per kWh of electricity supplied, and low investment costs, with the Finnish heat
pump association finding annual savings of 250 euros for air-to-air heat pump connected
costs versus electricity or oil-based heating, with ground-source heat pumps (GSHP)

producing a greater savings (Lorek, et al, 2015).

The efficiency of heat pumps is especially critical as an increase in energy efficiency in
building heating, such as more efficient heating via heat pumps, can enable the increase in
energy-efficient homes necessary to meet carbon reduction goals. Heat pumps can also
utilize intermittent renewable energy generation, which as demonstrated in Australia, where

heat pumps in combination with household solar PV systems can utilize electricity produced



34

by the solar PV systems to produce heat and store a surplus of said heat in connected thermal
storage (Wang, et al, 2021). A heat pump can also provide space cooling, via reversing its
refrigerant flow or a four-stage cycle involving compression and following condensation
(Wang, et al, 2021). Thereby, heat is transferred to the sink, such as a hot water tank, from
the refrigerant, and then undergoes expansion and evaporation so that the refrigerant’s
temperature and pressure are reduced and finally vaporized by absorbing heat from a source,
such as air, water, or the ground, which can help meet cooling needs during hot Finnish
summers (Wang, et al, 2021). Heat pump costs are also highly dependent on climate
conditions, local policies, location, and other factors such as market price, and in cases where
heat pumps may be a more expensive heating option, their improved operating costs, system
performance, and environmental characteristics, especially concerning CO2 emissions, may

compensate for the greater initial costs over time (Wang, et al, 2021).

In a comparison of all heating technologies, air source heat pumps (ASHPs) are an
economically viable replacement for coal-fired boilers for space heating due to their low
initial and operating cost, high energy efficiency, and lowest capital costs of all heat pumps
analyzed, which is likely a key driver for their current large adoption rate in Finland (Wang,
et al, 2021). Some drawbacks of air-to-air heat pumps are their potential declines in heating
capacity and coefficient of performance (COP) in cold climates and the ability of frost to
appear on the evaporator at low ambient temperatures, which can prove to be problematic in

Finland’s cold environment (Wang, et al, 2021).

GSHPs on the other hand could prove to be a more beneficial heat pump for Finnish
buildings as they maintain a higher COP and energy savings than ASHPs and are more
suitable to cold environments due to a more consistent temperature held in the ground
throughout the year (Wang, et al, 2021). GSHPs with heat recovery, an installed heat
recovery device connected to the heat pump, can prove to be especially beneficial in cold
climates, with an analysis of GSHPs with different heat recovery ratios finding that GSHPs
with increased heat recovery ratios led to greater reductions in soil temperature increases,
with a soil temperature increase of 3.05 C for a heat recovery ratio of 0% and a soil
temperature increase of 0.34 C for a heat recovery ratio of 53%, which leads to consistent
and improved GSHP performance (Zhao, et al, 2018) The reason why soil temperature
increases or soil thermal balance is important to the operation of a GSHP is that disruptions

in said balance can alter the operation performance of GSHPs and cause cold accumulation
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in heat-dominated buildings and heat accumulation in cooling-dominated buildings (Zhao,
et al, 2018). The GSHP also has distinct disadvantages such as high installation costs and
land requirements, and potential leakage of refrigerant and antifreeze solutions (Wang, et al,
2021). All heat pumps have distinct advantages and disadvantages and installation of heat
pumps in buildings is heavily based on localized variables such as climate, location, land
availability, and other factors. However, given the cold climate of Finland and the greater
performance of GSHPs, heavy focus should be placed on increasing GSHP installations as
compared to the current high installations of air-to-air heat pumps, which mainly act as a

complementary form of heat production.

Large heat pumps that can be integrated into DH systems can serve as a key technology in
decarbonizing the Finnish heat sector and help propel the dependence of local DH networks
away from fossil fuels. Large heat pumps can produce various benefits, such as the ability
to utilize low-temperature waste heat in DH systems, which could prove extremely beneficial
in incorporating waste heat from data centers and other sources to provide emission-free
heat, while transitioning DH systems away from fossil fuels and preventing the wasting of

heat sources (Kontu, et al, 2019).

The ability of heat pumps to utilize waste heat is important in Finland as the country seeks
to increase its utilization of waste heat, especially from data centers, in DH in the coming
years (Ministry of Economic Affairs and Employment, 2023). Large heat pumps can also
act in coordination with CHP and heat storage to utilize excess electricity produced in
intermittent renewable energy-based electricity generation and aid in enabling the
integration of storage and sources of electricity production (Kontu, et al, 2019). Other
advantages of incorporating heat pumps into DH systems are increasing DH system
flexibility, protecting the DH system from market risks, diversifying the production mix,
quick start-up times, low start-up costs, and decreasing local emissions as fossil fuel-based
heating systems are replaced (Kontu, et al, 2019). A study assessing the viability of large
heat pump integration into Finland’s modern DH system without compromising the
profitability of said DH system found that the potential of heat pumps in DH systems in
Finland is around 10-25% of DH sales, with the largest potential in small DH systems when
specifically replacing fossil-fuel heat only boilers (HOBs) (Kontu, et al, 2019). Large heat
pumps can also serve variant roles based on the size of a DH or district heating and cooling

system, such as in small systems where heat pumps provide a continuous base load of heat,
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while in medium and large systems supporting and maximizing CHP production and
optimizing the whole system based on varying electricity prices respectively (Kontu, et al,

2019).

Some restrictions are also present for large heat pump integration in DH systems such as a
lack of space, uncertainty of the heat source, and high temperature of DH water compared
to HP output temperatures (Kontu, et al, 2019). Severe risks may also be present when a DH
system partners with an industrial actor that provides industrial waste heat as a source for
the heat pump, and actors who may suddenly become bankrupt or go out of business,
requiring additional heating methods in the DH system and long-term contracts or
agreements (Kontu, et al, 2019). Large heat pumps may not be the wisest investment for
every DH system and CHP facility, such as a district heating and cooling system based on a
waste-to-energy plant or a middle-sized DH system with a bio-fueled CHP, where HP
integration and investment may not be profitable due to few usage hours (Kontu, et al, 2019).
Overall, large heat pumps will play a critical role in decarbonizing DH systems in Finland,
and each DH system will require specific renewable-based decarbonization solutions that
understand the economic status of said DH system and what solutions will be the most

efficient and cost-effective.

2.2.2 Thermal energy storage

Heat storage or thermal energy storage (TES) is also an essential technical solution for the
Finnish heating system that, while currently has minimal coverage, will need to be expanded
in upcoming years to effectively decarbonize said system as it can provide carbon-free heat
during high-demand periods and act as a seasonal or longer-term storage. Seasonal thermal
energy storage (STES) is especially beneficial as it provides a means to store heat produced
in the summer for later use in cold winters, which is a core characteristic of the Finnish
climate and thus provides a highly beneficial way of providing heat during peak demand
periods and flexibility (Kauko, et al, 2022). A STES project in Vantaa, FI, tilted Varanto,
when fully constructed will be the world’s largest STES and more importantly enable the
formation of a hybrid district heating system, which can utilize excess or waste stored in
STES and via a smart control system choose the smartest heat generation method at a given

time (Vantaan Energia, 2024). The Varanto project emphasizes the growing importance of
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waste heat capture and smart energy control systems and STES that produces more efficient
and intelligent heating systems and networks. Thermal energy storage can come in many
forms such as sensible heat, molten salt energy, cryogenic, and other energy storages that
have varying energy densities, efficiencies, and other aspects that define their effectiveness

as a storage solution (Kebede, et al, 2022).

The large variety of thermal storage technologies ensures effective storage solutions for
variant environments, serving as a substantial benefit as distinct storage solutions may fit
better in different locations. For communities and neighborhoods, borehole TES is a suitable
and popular heat storage solution due to its scalability and applicability in a greater range of
geographic locations and its ability to store heat at a higher temperature than aquifer TES
(Kauko, et al, 2022). An additional benefit of heat storage technologies is their relative
maturity compared to battery storage solutions and their current use in district heating within
Finland, which adds additional benefits as experience in heat storage integration is present
within Finland (R@mi, et al, 2024). As Finland’s energy system is becoming more
renewable-based and thus intermittent, thermal energy storage can provide seasonal storage
that can fulfill numerous energy needs and prove essential to a future renewable-based
energy system, which will require additional solutions in other high-emitting sectors such as

transport.

2.3 The transport sector

The Finnish transport sector is by far the most carbon-intensive and necessary to decarbonize
sectors in Finland and represents a key area of focus regarding Finnish national policy. Road
transport represents the largest emitting faction of the Finnish transport sector, more
specifically passenger vehicles and trucks carrying freight. The final energy consumption of
the Finnish transport sector, when only considering domestic transport and not international
aviation, was 45.5 TWh in 2022 (Official Statistics of Finland, 2023c). As shown in Figure
8, energy consumption in the transport sector has significantly increased since 1971 and
reached a peak in 2007 at around 52.5 TWh of energy, which has since gradually lowered to
the 2022 value of 45.5 TWh when only considering domestic consumption (Official
Statistics of Finland, 2024b).
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Final energy consumption by sector by Year. B Transport, Quantity (GWh).
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Figuree 8: Final energy consumption in the Finnish transport sector (Official Statistics of Finland, 2024b)

The transport sector is also projected to see diminishing consumption after 2025 as energy
and fuel efficiency increases and public transport and ridesharing use will likely increase
(Ministry of Economic Affairs and Employment, 2023a). The projected decrease in energy
consumption is important in emission reduction goals because it enables a reduction in
emissions, especially when tailored with increases in renewable energy utilization, and

ensures more effective energy modeling of future energy scenarios.

As mentioned previously, the greatest source of transport sector emissions is the road sector,
with a total level of emissions amounting to 94% of total transport emissions in 2021, while
the remaining emissions originated from domestic aviation, waterway, and rail transport
(Official Statistics of Finland, 2023d). In road transport emissions, passenger vehicles, heavy
vehicles such as freight trucks or vehicles that comprise heavy traffic, and other forms of
road transport, contributed to 53%, 37%, and 10% of those emissions, respectively (Official

Statistics of Finland, 2023d).

The largest contributor to emissions from the road, marine, and aviation transport sectors is
the fuel utilized to power the vehicles that comprise said sector, with many vehicles still
reliant on fossil-intensive fuels, such as diesel. In the Finnish transport sector, diesel and

gasoline consumption amounted to 81,700 terajoules and 44,052 terajoules out of a total
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consumption of 150,872 terajoules or a total percentage of 83.3%, and renewable fuels, such
as biodiesel, biogasoline, biogas, and electricity, had a consumption percentage of 16.6%,
with the remaining miniscule percentage belonging to NG in 2022 (Finnish Information
Centre of Automobile Sector, 2024b). The heavy reliance on fossil-based fuels is a critical
problem for Finnish carbon neutrality goals and requires significant investments in
renewable fuel-based vehicles such as EVs. Figure 9 demonstrates fuel consumption patterns

in the Finnish transport sector and more importantly the growing penetration of renewables.

Fuel consumption in road transport
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Figure 9: Energy consumption in Finnish road transport in terajoules (Finnish Information Centre of

Automobile Sector, 2024b)

A special note taken from Figure 9 is the significant growth of biodiesel represented by the
light blue bars and growth in biogasoline represented by the green bars, which shows the
Finnish government's desire for biofuels to decarbonize the transport sector and initiatives
by UPM and other Finnish fuel developers to develop new biofuels and fossil-based fuel
alternatives. The marine and aviation sectors also play an important role in the Finnish
economy and transport sector, requiring new renewable fuel investments, such as PtX-based

kerosene, fuel efficiency improvements, and other decarbonization efforts.
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Overall, the biggest challenges to decarbonizing the transport sector in Finland are the low
presence of EVs and connected charging infrastructure, lack of public transportation and
cycling options in certain areas, and reliance on CO»-intensive fuels by Finnish vehicles. The
combatting of transport-related emissions is being done by investments in renewable fuels
and incentives for purchasing EVs and other renewable fuel-based vehicles leading to a
greater reduction in CO»-intensive fuel use, which may and must be further increased to meet

the vital goal of Finnish carbon neutrality by 2035.

2.3.1 Growth of renewables and decarbonization efforts in the transport sector

To effectively decarbonize the transport sector, the sector’s reliance on COz-intensive fuels
must be eliminated, and thus efforts have been pushed to replace said fuels with renewables,
such as biodiesel and electricity for battery-powered vehicles or EVs. One critical growth
has been in biodiesel, with large manufacturers such as UPM producing large quantities of
the fuel. Since 2015 the UPM Lappeenranta biorefinery plant near the Kaukas pulp and paper
plant has produced wood-based biodiesel, BioVerno, and naptha (IEA, 2021). The advantage
of UPM’s BioVerno biodiesel and other advanced or second-generation biofuels is the use
of residues as the main feedstock in the production of each fuel, such as wheat straw from
wheat and in BioVerno’s case crude tall oil, which is a residue of pulp production (UPM,

2024).

The use of residues in second-generation biofuels is a significant advantage given no
additional water and land is needed to produce said residues and ongoing production does
not necessitate an increase in the extraction of residue sources such as wood, which is not
found in first-generation biofuels. Conversely, these are derived from food crops, and thus
require the cultivation of land, and may compete with food production, which poses several
societal and ecological issues (Preshanthan, 2021). The use of biofuels in the Finnish
transport sector will increase in the coming decade as it plays a critical role in decarbonizing
the transport sector under the current Finnish energy policy. However, to regrow forests and
other carbon sinks, greater electrification of the Finnish transport sector, PtG, and use of

electrofuels should be conducted.

An analysis of studies investigating, via energy economic modeling, the future of biofuels

in the transport sector by Skytte & Bramstoft Pedersen (2018) found the role of biofuels to
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be critical in the medium term while longer-term modeling found electricity or hydrogen to
be more favorable. An analysis of the impact of biofuels vs electricity in a 2050 decarbonized
Finnish transport sector, found that EVs with a high share in the transport sector produced
the least cost solution for a decarbonized transport sector, when factoring in the studies given
assumption, such as assumed CO> price projections from IEA’s 2013 NETP project, while
the biofuel based scenario produced the highest annual system cost when compared to a
business as usual or CNS scenario. Notably, bioenergy demand in the bioenergy scenario

exceeds available resources (Skytte, & Pedersen, 2018).

The exceeding of bioenergy resources in the decarbonized Finnish transport study
demonstrates the danger of over-relying on biomass for producing carbon-neutral fuels and
the need for electrification to reduce reliance on bioenergy to reduce transport emissions
without exceeding critical biomass resources, which as previously mentioned can serve as
essential carbon sinks. Another important consideration is the costs of biodiesel vehicles and
EVs, which was a defining component of determining the total system costs of a bio or EV-
based transport system in the 2050 Finnish transport decarbonization study. System costs
should be minimized as far as possible via R&D investments, support schemes, and other
interventions, to produce a cost-effective transport system that supports consumers and other
actors in Finland. Overall, biofuels will play a critical role in decarbonizing the Finnish
transport sector, especially under current governmental policies and initiatives, but to protect
key sources of biomass such as forests, which act as vital carbon sinks, alternative options

such as electrofuels and EVs should be funded and fully explored.

The growth of EVs has also been a prominent aspect of renewable developments in the
Finnish transport sector and began to appear only in the 2010s. As shown in Figure 10, the
number of electric vehicles and plug-in hybrids has only emerged in the Finnish transport
sector in recent years, with only 23 EV passenger cars present in Finnish traffic in 2010,
increasing to 83,765 EV passenger cars present in 2023 (Finnish Information Centre of

Automobile Sector, 2024a).
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Growth in electric and plug-in hybrid vehicles
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Figure 10: Overview of electric vehicle penetration in the Finnish transport sector (Finnish Information Centre

of Automobile Sector, 2024a)

The number of EVs present in modern Finnish transport may seem significant compared to
the number of EVs present in 2010. However, the value is still less than 1% of the total
vehicles registered in Finland in 2023, with a total of 4,452,250 vehicles registered with a
large majority represented by passenger vehicles, heavy vehicles or lorries, and vans at
3,718,279, 176,238, and 528,029 total vehicles, respectively (Official Statistics of Finland,
2024¢). This signifies the still considerable work required to electrify and thus decarbonize

the Finnish transport sector (Finnish Information Centre of Automobile Sector, 2024a).

EVs in the transport sector can also serve as a source of flexibility in the transport sector,
through vehicle-to-grid or V2G connections, where electricity can be stored in an EV battery
and sent back to the grid through a charging connection. A V2G connection can act as a
smart charging system that usually consists of three components, plug-in connection
equipment, which is where electricity flows and is critical for enabling a V2G connection,
communication and control devices or devices that establish a connection between grid
operators and the condition of an EV’s battery, and a metering device for measuring the
input and output flow of electricity within the connection (Bibak & Tekiner-Mogulkog,
2021). The presence of a smart charging system for both grid-to-vehicle and vehicle-to-grid

is critical for enabling effective charging and discharging that allows flexibility and enables
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vehicles to receive and send electricity during periods that support the electricity grid, or
when there is excessive cheap electricity for charging or electricity being sent from the grid
and lack of electricity, during low wind and solar periods, for sending electricity to the grid.
A critical part of V2G connections is an incentive pricing scheme, which allows EV users to
gain a financial incentive and overall profit for sending their electricity to the grid, and which
could function in that users discharge and sell their electricity during higher demand and
connected price periods and buy cheaper electricity during high availability or off-peak

periods (Bibak & Tekiner-Mogulkog, 2021).

V2G connections can provide numerous benefits such as peak demand leveling and shaving
and ensuring continuous standard frequency or balancing power generation and demand,
which will be necessary for Finland as PP and CHP production continues to fall and
renewable integration increases (Bibak & Tekiner-Mogulkog, 2021). Another advantage of
V2G connections is the ability to reduce operation and maintenance costs found in
maintaining PP that stabilize the frequency of an electricity grid and, depending on the
pricing plan, provide a beneficial financial incentive for EV users (Bibak & Tekiner-

Mogulkog, 2021).

Conversely, several significant obstacles remain for V2G connections and systems, with one
serious issue being anxiety among EV owners regarding privacy and security concerns.
Owners may worry that grid operators, which have a mutual connection with large
collections of EVs in a V2G smart system, have access to information such as a home
address, places most frequented and other personal information (Bibak & Tekiner-
Mogulkog, 2021). A privacy plan or policy could be established to lessen an owner’s fear of
personal information violations in a V2G smart charging system. However, a bigger issue
remains in the incentive and discharging scheme, which if not extremely profitable and
convenient for EV users is not a viable solution for many consumers who prefer a
convenient, beneficial, and secure service. Other disadvantages include possible battery
degradation induced by frequent discharging and charging, high investment cost, and the
uncertainty of daily distances driven, battery sizes, and other factors (Bibak & Tekiner-
Mogulkog, 2021). The general lack of plan concerning smart V2G systems in Finland, and
likely consumer reluctance and hesitancy towards V2G charging without a pricing or privacy
plan, are key obstacles in Finland that will make a significant presence of V2G connections

in Finland unlikely. Finnish EV owners who are solar PV prosumers may also seek to
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maximize their own personal gains by storing their own energy in their car batteries for later
use rather than contribute to a system that maximizes gains of the grid or society as a whole.
The aforementioned behavior also demonstrates the difference in behaviors between
different V2G operators that will have distinct impacts on the V2G system and grid. A V2G
system if implemented correctly and with a correct pricing and privacy system could provide
numerous supports detailed in this section while producing a much more flexible and

strengthened Finnish energy system that reduces condensing PP need.
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3 Bioenergy and the Decline of Finnish Carbon Sinks

Bioenergy is a critical component of the Finnish energy system, and as demonstrated
throughout this thesis is used in industry, heat, and power production, and as input for the
production of biofuels. A critical aspect and question surrounding the overall bioenergy use
in Finland is the sustainable limit and more importantly how continued biomass use and
extraction especially by the forest industry is preventing the effective growth of carbon sinks

needed to reach carbon neutrality.

As a land teeming with large swaths of forests and other biomass sources, Finland has an
extensive opportunity to produce bioenergy, which is demonstrated by the significant
presence of the forestry industry and biomass-related heat and power production as well as
plans to expand biodiesel and biogas production and utilization. In total, biomass
consumption in Finland amounted to around 102 TWh, which was represented by nearly 40
TWh of black liquor, 46 TWh of wood fuels utilized in industrial and energy production,
and 16 TWh of other combustion of wood on a small scale such as sauna heating, home

heating, and other small utilizations as of 2022 (Official Statistics of Finland, 2024f).

The wide utilization of wood fuels and side streams, black liquor, which surpasses coal, peat,
oil, and NG consumption, which are at consumption levels of around 23, 10, 74, and 11
TWh, respectively, reemphasizes the strong presence of bioenergy within Finland and the
importance of the Finnish forest industry in providing black liquor and other biomass-based
industrial side stream and by-product fuels (Official Statistics of Finland, 2024f). A
provisional review of wood consumption by the Natural Resources Institute of Finland
(LUKE) found that in 2023, 75.3 million cubic meters of roundwood, industrial logs, pulp
wood, and imported wood chips and sawdust were processed by the forest industry, with the
majority of said roundwood being produced domestically at 61.2 million cubic meters, while
imports accounted for 3.3 million cubic meters (LUKE, 2024a). This value is a minuscule
amount of total production, which emphasizes the impact of the cessation of Russian wood
imports on total wood production, following the Russian invasion of Ukraine (LUKE,

2024a).

An increase in the incineration of roundwood, up by 6% from 2022, for energy generation

was also seen in Finland during 2023, which totaled 14.1 million cubic meters and was



46

divided into 6.5 million cubic meters for small-scale generation of energy in households and
7.6 million cubic meters for generation of electricity and heat from heating and PP (LUKE,
2024b). The production and consumption of forest industry by-products and residue, which
included recycled wood and pellets, forest chips made from forest residues, and other by-
products, also saw a roughly eight percent decrease compared to 2022 (LUKE, 2024b). The
increase in roundwood for energy generation is an important reflection of the shifting use of
bioenergy in CHP facilities: cities like Helsinki are planning to focus on replacing old fossil-
based CHP systems, and bioenergy will continue to play a critical role in Finland’s energy

system.

An even more critical aspect of bioenergy utilization in Finland is its impact on carbon sinks,
which represent the core pillar Finland relies on to reach its 2035 carbon neutrality goal and
respective emission reduction goals. Finland’s emission reduction and carbon neutrality
goals are hinged around the adequate presence and growth of carbon sinks or forests or other
areas that can capture CO; (Ministry of Economic Affairs and Employment, 2023). The
Finnish government projects carbon sinks to reach around 22 million tons of CO; equivalent
capture by 2035, which matches and captures an equivalent number of emissions from the
energy, agriculture, waste, and other emitting sectors (Ministry of Economic Affairs and
Employment, 2023). As seen in the TEM scenarios for 2035 and 40, detailed in the NECP
draft update (2023), Finland is predicting a reduction in energy system-based emissions to
around 13 and 10 million tons of COz-equivalent for 2035 and 40, respectively, which when
aligned with predicted carbon sinks creates carbon neutrality. A recent report by LUKE,
however, shows a harrowing and negative outlook for Finnish sinks, with a current
projection of total sink potential amounting to around nine million tons of CO; equivalent
by 2030 and 2035, which makes current measures entirely inadequate for meeting carbon

neutrality (LUKE, 2024a).

The reduction of carbon sinks demonstrated by LUKE is largely due to an assumed
continuation and even possible increase in logging and overall wood extraction via the forest
industry and other actors due to a growth in domestic wood demand and updated soil-based
CO; emissions originating from drained peatland forests (LUKE, 2024a). However,
additional sinks can be added via sink enhancements not originally detailed in the land use
sector climate plan (LUKE, 2024a). The clear sink reductions, not predicted to occur in 2035,

demonstrate the need for accelerated climate effort scenarios to adequately meet emission
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reductions and thus the overall importance of this thesis work and increased reductions in
emissions in the energy system it is aiming to meet via the incorporation of storage and

renewable energy technologies.
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4 Batteries, Hydrogen (H,), PtX, and other Renewable Solutions

Several key renewable energy technologies, storage solutions, and concepts can serve as key
pillars to generating emission-free or carbon-neutral energy systems, with several included
in each energy scenario produced through this master’s thesis project. This section will
discuss batteries, hydrogen, PtX pathways, such as electrofuel and gas generation via power
to gas (PtG), and renewable solutions that enable the formation of a carbon-neutral to

emission-free Finnish energy system.

Stationary battery storage can serve as a key solution for providing electricity during down
periods of renewable energy production and acts as a short-term storage solution with hourly
charging and discharging. Such storage can meet electricity demand during periods of low
renewable energy generation and help reduce peak demands in electricity as businesses and
households can utilize batteries to provide electricity and not rely purely on the grid. Battery
storage has numerous electrochemical configurations with varying efficiencies, lifetimes,
and other important aspects that define their effectiveness. One common battery solution is
Lithium-ion batteries with high energy and power densities, a relatively high round-trip
efficiency between 85-95%, service life between five to 15 years, and a low self-discharge
rate of 0.1 to 0.3% (Kebede, et al, 2022). Lithium-ion batteries are also given their high
specific energy and power, which results in a lightweight property causing the battery to be
more suitable for lightweight applications (Kebede, et al, 2022). Other battery configurations
include lead-acid, sodium-sulfur, sodium nickel chloride, flow, nickel metal hybrid, and
nickel-cadmium batteries which hold varying efficiencies, service lives, and other important

characteristics, that define their viability as storage solutions (Kebede, et al, 2022).

Among electrochemical battery solutions defined previously, sodium sulfur batteries emerge
as an interesting and emerging technology, which contains a round trip efficiency between
80 and 90%, specific energy between 150- and 240-Watt hours per kilogram (Wh/kg), self-
discharge rate near 0%, and other important characteristics (Kebede, et al, 2022). Due to
high specific energy, they can be useful for high specific energy demanding applications
(Kebede, et al, 2022). Sodium nickel chloride, nickel-cadmium, and lead-acid batteries are
generally more suitable for and found in stationary applications and have high specific

energy ranging from 30 to 120 (Wh/kg), service life between five to 20 years, round trip
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efficiency between 70 and 90%, and other characteristics that define their application
(Kebede, et al, 2022). Flow batteries, such as Zinc bromine, have advantages in stationary
storage applications due to high service life, 15 years; low self-discharge rate, near zero; and
fast response characteristics, which could provide an alternative to Lithium-ion battery

storage solutions (Kebede, et al, 2022).

An emerging factor around lithium-ion batteries is the reduction of costs, which, due to
sharing a large proportion of electrochemical storage projects and integration into various
markets for incorporation into EVs and industrial storage, have experienced an 85% decline

in price when considering battery packs (Kebede, et al, 2022).

A key concern surrounding Lithium-ion batteries is their utilization of materials such as
cobalt, which has numerous human rights violations connected with its extraction, especially
considering countries such as the Democratic Republic of the Congo. As batteries will serve
as a key storage solution in Finland that will require complementation with longer-term
storage solutions, Finland along with other nations should consider alternative electro-
chemical configurations and storage solutions which reduce human rights impacts. One
example is super conducting magnetic energy storage (SMES), which stores energy in a coil
as a magnetic form and discharges said energy via power converters and has a high
efficiency, power density, low degradation, and high service life (Kebede, et al, 2022). The
cons include high self-discharge rates, magnetic effects creating environmental impacts,

high costs, and high sensitivity to temperatures (Kebede, et al, 2022).

Lithium-iron-phosphate (LFP) serves as an alternative to traditional lithtum-ion batteries
that, while lacking cobalt, contain half of the energy density of cobalt and nickel-based
batteries, which currently limits its overall potential (Trafton, 2024). A lithium-ion battery
solution recently developed by MIT researchers serves as a promising and more sustainable
battery solution and includes an organic materials-based cathode, which replaces cobalt or
nickel typically utilized for the cathode, can be produced at a cheaper cost than cobalt
batteries, and has a comparable storage capacity, similar electricity conduction rate, and
faster charging rate than cobalt batteries (Trafton, 2024). Overall, battery and other forms of
short-term storage will be required to produce a more flexible energy system, that meets
peak demands in low periods of wind and solar production and Finland should investigate
alternative battery storage solutions that lesson reliance on cobalt and other forms of scarce

metals, whose extraction relates to distinct human rights violations.
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H; is also a key area of interest concerning Finnish carbon-neutrality goals especially as it
concerns decarbonization of the steel industry, as a source of export in a greater EU hydrogen
value chain, and as a potential storage solution. In Finland, 99% of hydrogen, 140,000 to
150,000 tons annually, is produced from fossil fuels converted via steam reforming or partial
oxidation, while less than one percent is created via direct electrolysis (Koivunen, et al,
2023). Oil refining and biofuel production consumes the most hydrogen produced in Finland,
88%, while hydrogen peroxide production on an industrial scale and the mining industry
consumes the remaining hydrogen share at seven and five percent, respectively (Koivunen,

et al, 2023).

A major area of potential utilization of green hydrogen is the steel industry, which currently
consumes only a few hundred tons to largely prevent steel oxidation, and heavily relies on
coal (Koivunen, et al, 2023). H> produced from renewable electricity-powered electrolyzers
can act in combination with electric arc furnaces, where hydrogen is first used to reduce iron,
and said iron is then transferred to an electric arc furnace to produce steel, which, given no

fossil fuels are involved, is an emission-free process (Koivunen, et al, 2023).

To promote carbon neutrality and reduce emissions in sectors associated with hydrogen
utilization, several projects are currently underway or in the feasibility analysis stage, with
one vital project being the SSAB HYBRIT project, which aims to convert steel production
in SSAB steel factories to carbon-neutral by utilizing hydrogen and electricity, which is
especially important considering the SSAB Raahe steel factory represents the largest single
source of GHG emissions in Finland (Koivunen, et al, 2023). The increased utilization of
hydrogen within steel production in Raahe is also significant as only three steel mills exist
in Finland, with two utilizing an electric arc furnace and one a blast furnace (Koivunen, et
al, 2023). Other initiatives and projects such as Nordic Ren-Gas Oy has signed cooperation
with several municipal power companies to produce hydrogen and methane for use for
example in heavy transport, and the ‘SHARC’ project, under feasibility assessment, which
aims to incorporate electrolysis and carbon capture and storage (CCS) solutions to reduce

emissions from hydrogen production (Koivunen, et al, 2023).

The incorporation of green hydrogen into several processes utilizing fossil fuel-based
hydrogen, while significant, does not limit the potential utilization of hydrogen, especially
when considering PtX pathways and as a seasonal storage solution. H> can be stored as

compressed gas, or liquid form, with multiple storage options in storage tanks to salt caverns,
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depleted NG or oil reservoirs, and water aquifers, which excluding tank storage were
identified by the IEA as the best options for large-scale and long-term storage (Elberry, et
al, 2021, 2). A study assessing seasonal hydrogen storage in Finland’s electricity system
found that incorporating said storage led to CO2 emission declines, which also concludes

higher cost for the hydrogen storage scenario (Elberry, et al, 2021, 11).

Many large-scale hydrogen storage projects will likely require geological storage, such as
salt caverns, which may not be available in every country and thus is location-dependent.
Whereas in areas without such geological storage, above-ground compressed hydrogen
storage tanks are most apt for quantities of less than 10 tons, and not large-scale storage
(Moran, et al, 2024, 1094). Other disadvantages of larger-scale underground hydrogen
storage are the lack of uniform regulations, codes and standards, and technical limitations
for some storage projects, which also combine with the lack of technical maturity of
hydrogen storage compared to gas and thermal energy storage (Moran, et al, 2024, 1094).
H storage in Finland could act as a key way of utilizing excess electricity production to
enable seasonal storage. However, such storage is dependent on the finding of suitable
storage locations and solutions, and decreasing costs, which may not be achievable for an
immediate storage solution. Thus, while hydrogen storage could play a role in a future
renewable Finnish energy system, gas and thermal energy storage may be more beneficial
storage solutions for the near and intermediate term as they provide cheaper costs and greater

technical maturity.

As green hydrogen is produced from electrolyzers, said hydrogen can also be utilized to
create products via PtX pathways and aid in decarbonizing several key Finnish sectors. One
important PtX pathway is the production of gas via PtG processes, or a range of processes
that involve combining hydrogen and CO., such as methanation occurring within the
methanator unit, which combines CO> and compressed hydrogen to produce methane and
heat (Ilaria, et al, 2022, 8). Both products can be extracted and utilized. PtG can be a
beneficial source of flexibility for the Finnish energy system as it can be used to utilize
excess electricity production and provide gas output for storage, which can be later used in
periods of low electricity production to cover demand peaks. Fuels such as e-methanol e-
ammonia and other e-fuels can be produced via PtX pathways and serve as key fuels in
decarbonizing heavy, marine, and aviation transport, and like with PtG, utilizes excess

electricity production involved in a renewable energy system to reduce curtailment and
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provide greater flexibility. Other renewable solutions could also include algae cultivation for
biofuel development and or CO> capture. However, demonstrations of financial feasibility
and technical maturity are still required for said technology and thus if proven financially
and technically feasible may be an option for Finland as it sits next to the Baltic Sea. Overall,
Finland has several possible renewable energy technologies and storage solutions that will

be either hindered or elevated by future EU and Finnish climate and energy policies.
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5 Finnish and EU Energy Policies and their Impact on the Finnish
Energy System

Several Finnish and EU policies and goals act as a guiding force for the Finnish energy
system to meet future carbon reduction and neutrality goals, such as the fit for 50 EU package
and the Finnish national 2035 carbon neutrality goal. This section will properly detail several
Finnish and EU policies and goals that will serve as a guiding light for the Finnish energy
system to meet its future emission reduction and renewable energy goals and possible policy
improvements to meet said goals. This section will also detail future emission projections,
detailed in Finland’s climate policy and national energy and climate plant (NECP), and how

well they align with Finnish decarbonization goals.

5.1 Relevant EU Policies

Several relevant EU policies have a distinct and noticeable impact on Finnish climate and
energy policies, as Finland is a member of the EU, and thus understanding some of these
policies can give an insight into the future of Finnish energy and climate change-related
policies. One significant EU policy measure is the Fit for 55 package, which requires EU
member states to enhance their installation and overall utilization of renewable energy
technologies to reduce net greenhouse gas emissions by 55% by 2030 compared to 1990
levels (European Council, 2024a). The goals set in the Fit for 55 package are binding under
the European climate law and focus on reducing emissions in hard-to-decarbonize sectors,
such as transport, buildings, agriculture, and waste (European Council, 2024a). Thus, if
member states properly meet their set objectives aligned with the Fit for 55 package, the EU
and its member states could drastically reduce emissions (European Council, 2024a). An
important component of the Fit for 55 package is the revision of the effort-sharing regulation
(ESR), which aims to reduce emissions by 40% by 2030 in road transport, agriculture,
buildings, small industries, and waste, and targets high emitting and fossil intensive sectors,
covering 60% of EU emissions (European Council, 2024a). Overall, the Fit for 55 package

is a vital emission reduction package, and legally obliges Finland, along with other member
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states, to meet certain emission reductions and thus guides and enforces Finnish climate

change policy.

Another package, implemented by the EU, is the REPowerEU plan, which was brought upon
due to the Russian invasion of Ukraine and builds upon the Fit for 55 package (European
Council, 2024b). The REPowerEU plan sets specific objectives including energy savings via
boosting energy efficiency in buildings and reducing energy demand, diversifying the energy
supply via boosting electricity storage and increasing production of sustainable biomethane
and green energy, and accelerating the rollout of renewable energy (European Council,
2024b). The REPowerEU plan is especially vital as it has accelerated the EU and thus
Finnish renewable energy policy and demonstrates how world events can drastically alter a

national or a collection of national policies.

The REPowerEU plan and Fit for 55 package are expansions and revisions of the Renewable
Energy Directive (RED II), which initially set that 32% of its energy consumption originate
from renewable sources by 2030, and was later changed due to the increasing threat of
climate change and energy issues instigated by cutoff from Russian energy sources due to
the nation’s invasion of Ukraine lead to greater targets provided in REPower EU (Widuto,
2023). Overall, the EU is a critical source of guidance and support for Finnish national
energy and climate policy, and any future alterations in EU policy, especially in the
previously mentioned policies, will have a significant effect on Finnish policy and its efforts

to achieve carbon neutrality and envision a carbon-neutral energy system.

5.2 Finnish energy policies, obligations, and goals

One critical emission reduction aim or initiative necessary to meet future carbon reductions
is the 50% emission reduction goal in the Finnish effort-sharing sector from 2005 levels,
which would mean a reduction in emissions from 34.4 million tons of CO2 equivalent to 17.2
million tons of CO2 equivalent (Ministry of the Environment, 2022). To help meet the 50%
emission reduction goal, annual emission allocations are set in a downward trajectory meant
to reach the obligation by 2030, with a value of 26.6 million tons of CO equivalent in 2023,
23.9 million tons of CO; equivalent in 2025, to the desired target in 2030 (Ministry of the
Environment, 2022). Several policy measures are needed to meet the 50% carbon reduction

goal, with one critical policy being the Act on Promoting Use of Biofuels in Transport or the
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Act on Promoting the Use of Renewable Fuels in Transport, which establishes obligations
for the use of biofuels in transport (Ministry of the Environment, 2022). The act’s most vital
aspect is establishing a legally binding target of 34% of all fuels consumed in road transport
to be biofuels by 2030, which will help reduce emissions from said road transport sector by
3 million tons of CO; equivalent (Ministry of Economic Affairs and Employment, 2023).
Other additions in the transport sector include the promotion of infrastructure for electricity
and biogas used in the transport sector, which is essential to transitioning the Finnish car
fleet from diesel and other fossil fuel-consuming vehicles to EVs and biomethane-powered
vehicles (Ministry of Economic Affairs and Employment, 2023). A central measure to
properly decarbonize the Finnish transport sector is the increased adoption of EVs, aided by
several Finnish policy measures and goals, such as purchase subsidies and alterations in
taxation policy. Some purchase subsidies geared at transitioning the transport sector include
a purchase subsidy for electric vehicles, originally established in 2018 for vehicles priced at
50,000 euros or below a purchase subsidy for buying gas-powered trucks, and a subsidy for
electric and gas-powered vans (Ministry of Economic Affairs and Employment, 2023; Yle
News, 2022). A taxation change targeted at EVs was the abolishment of the car tax on
January 1st, 2022, a temporary reduction of the taxable value of zero and low-emission
company cars, and a temporary taxation exemption of the charging benefits of electric

vehicles at workplaces (Ministry of Economic Affairs and Employment, 2023).

To meet its carbon reduction goals, the electrification of the Finnish car fleet, the primary
source of transport sector emissions, is critical, and considerable policy measures should be
taken to make EVs and their purchase as beneficial to consumers and the general Finnish
population as possible. The subsidy and taxation policies introduced so far to increase EV
and renewable fuel vehicle utilization in Finland, while beneficial, are still not strong
enough, and more enhanced policy initiatives, such as higher tax exemptions, more diverse
and supportive purchase support schemes, vehicle purchase obligations, and enhanced
infrastructure development and investment, are needed to effectively establish more

renewable powered vehicles in the Finnish vehicle stock.

Riteman & Lieven. (2019) analyzed EV support policies and programs, monetary measures
such as purchase subsidies, traffic regulations such as fee-free or reduced fee parking, and
infrastructure measures such as subsidies for private or public charging point installations,

all had a positive influence on shares of EVs in the overall vehicle market. The same article
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also demonstrated the proven success of monetary measures and the development of
charging infrastructure and the importance of collaborative policy development and overall
systems that prevent core stakeholders such as the automotive industry and connected lobby
groups from blocking key EV and renewable-powered vehicle policies, as seen in Brazil,
where greater EV penetration is actively prevented by the Brazilian automotive industry
(Rietmann, Lieven, 2019). Other transport-related support schemes in Finland include
energy efficiency improvements and investments, such as an investment program for
walking and cycling, governmental grants for public transport, and EU-level emission

trading in road transport (Ministry of Economic Affairs and Employment, 2023).

Another sector of Finnish policy targets emissions from heating for buildings or building-
specific emissions, which, given the immense energy demand presented by the heat sector
and especially buildings, is critical to meeting emission reduction targets. The
implementation of measures concerning oil use in buildings has been especially focused on,
with a focus on phasing out oil-based heating and promoting renewable heating options. The
Act on the Promotion of Biofuel Oil is one policy that sets increased requirements for the
use of biofuel oil in heating, mobile machinery, and other key areas, with a gradual increase
in use established within the act, which will set the use of biofuel oil at 10% in 2028 to
continue effective abandonment of typical high emitting oil in heating and other machinery

that utilizes oil (Ministry of the Environment, 2022).

Additional support programs meant for building-specific emissions include grants to phase
out oil-based heating in residential homes and properties, with a subsidy of 4,000 euros
provided to Finnish households for the removal of an oil heating system in a detached or
semi-detached house and subsequent replacement with district heating, geothermal heat
pump, or air-water heat pump system (Ministry of the Environment, 2022). A 2,500-euro
grant is also available for detached or semi-detached households to replace their oil-based
heating system with a renewable-based heating system (Ministry of the Environment, 2022).
Current governmental programs are also promoting Investment subsidies for heating
agricultural homes and buildings, and specific support is being generated towards the
utilization and construction of agricultural heating plants and driers that utilize renewable
energy (Ministry of the Environment, 2022). The oil replacement subsidy was extended to

NG-based heating systems in the summer of 2022 (Ministry of the Environment, 2022).
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The investments in building-level emission reductions are essential to decreasing emissions
to the necessary level, and due to the increasing use of heating pumps and renewable heating
options, said investments seem to be concentrating on the source of building-level emissions,
which is oil and NG-based heating, with coal nearly non-existent in building based heating.
The subsidies for phasing out NG and oil have been extremely successful, with owners of
24,101 detached housing with oil heating systems receiving a positive subsidy decision, and
889 detached homeowners with a NG heating system receiving a positive decision, out of
28,357 and 951 detached homeowners, respectively, that applied (Ministry of Economic
Affairs and Employment, 2023). The ongoing success of the subsidies meant to replace oil
and NG-based heating systems highlights the motivation of homeowners to own efficient
and renewable heating systems, which, when coupled with favorable economic support
tailored towards and favoring individuals, can provide an effective renewable transition in

building-specific heating.

A support scheme for converting tractors running on traditional fossil fuel to biogas is also
available to lower emissions from the agricultural sector, with a subsidy that covers 35% of
eligible costs for the conversion. Other agricultural support schemes include an investment
subsidy for more efficient storage, treatment, and utilization of manure and investments in
energy efficiency and renewable energy technologies and solutions such as biogas plants,
which can utilize manure as a feedstock to produce biogas via aerobic digestion. Under The
Climate Plan for the Land Use Sector, initiatives aimed at agricultural peatland are
complemented and supported with direct support for converting agricultural land into
wetlands and prohibit the area from being used for future agricultural production. The
agricultural sector is a much more difficult sector to regulate given many of its emissions
come from biogenic sources, and thus measures such as changing feeding practices for dairy
cows to reduce enteric-based emissions from livestock, enhancing carbon sequestration
within soil via soil improvers, reduction of food waste, promotion of carbon markets, and
other measures are aimed at reducing and targeting specific biogenic sources of CO> and

CH4 (Ministry of Economic Affairs and Employment, 2023)

The industrial sector is a heavily emitting sector of the Finnish economy, which requires
substantive policy initiatives to transition away from using fossil fuels in various industrial
processes. A measure for lowering emissions for industrial oil use is the promotion of the

removal and replacement of oil-fired boilers by boilers fired with a lower-emitting or
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climate-neutral solid fuel and increasing taxation on heating fuels (Ministry of Economic

Affairs and Employment, 2023).

The 2014 Energy Efficiency Act enshrines an obligation that large enterprises carry out an
energy audit every four years, which is composed of an assessment of a company’s units and
identify avenues for energy savings (Ministry of the Environment, 2022). This can aid in
reducing overall energy demands for industrial actors not covered under the emissions
trading system and especially those under the emissions trading system where the most
potential in emission reductions exist (Ministry of the Environment, 2022). A voluntary
energy audit program is present for small and medium-sized enterprises, which is subsidized
by the Ministry of Economic Affairs and Employment, and all practical tasks are carried out
by Motiva and involve analyzing on-site energy consumption via surveys and finding
opportunities for energy savings (Ministry of the Environment, 2022). The critical need for
reducing emissions in Finnish industry requires intensive investments in new technologies,
utilization of waste heat, alternative fuels and energy sources such as hydrogen for steel,
biofuels, and electrification, and investments in research and development and
implementation concerning carbon capture utilization and storage, as supported by the 13
low carbon roadmaps prepared by vital industrial actors, such as the forest industry, chemical
industry, and other industrial sectors which require decarbonization (Ministry of the

Environment, 2022).

A core piece of legislation essential to Finland’s decarbonization goal is the ban on coal used
in heat and electricity production by May Ist, 2029, under the National Energy and Climate
Strategy. The ban on coal is estimated to reduce CO; emissions by one million tons a year
and also reduce sulfur dioxide and heavy metals emissions, which will aid in reducing
harmful health impacts connected to power and heat generation and aid in transitioning to a
more sustainable Finland and Finnish energy system, (Ministry of Economic Affairs and

Employment, 2019.)

Overall, Finland has implemented various policy initiatives to reduce emissions and meet
several carbon reduction and neutrality goals. However, stronger initiatives will likely be

needed to ensure the effective meeting of carbon neutrality by 2035.
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5.3 Additional Finnish policies and emission reduction potentials and trends

Additional Finnish policies meant to enhance emission reductions have been adopted and if
successfully carried out and funded by the government can aid in further emission reduction
targets necessary to reduce the emission levels of the effort-sharing sector by half by 2030
compared to 2005 values. One additional measure is the establishment of a fossil-free
transport roadmap or resolution on the reduction of greenhouse gas emissions in domestic
transport, which aims to halve greenhouse gas emissions from transport by 2030 compared
to 2005 values and establish an emission-free transport system by 2045 (Ministry of the

Environment, 2022).

The roadmap to fossil-free transport operates in three phases, with the first phase consisting
of subsidies and incentives meant to mitigate the emissions from transport, such as purchase
supports for EV and gas-powered cars, investments for relevant infrastructure such as
charging stations and other supports whose costs, will occur in 2022-2026 and, if fully
funded, will lead to a reduction of 0.5 million tons of CO> equivalent (Ministry of the
Environment, 2022). Phase two of the roadmap to fossil-free transport includes non-fully
analyzed impacts such as increases in remote work, which may reduce transport emissions
(Ministry of the Environment, 2022). Phase three involved the Finnish government
reconvening in the spring of 2022 to evaluate current emission reduction measures and
decide on any additional measures needed to meet emission reduction goals in the transport
sector (Ministry of the Environment, 2022). Altogether, additional measures introduced in
the roadmap to fossil-free transport are not as extensively detailed as transport measures
detailed in the previous section and may be inadequate, especially if the current

administration decides to reduce funding for said initiatives.

The amended Land Use and Building Act is another key piece of legislation that requires
that a minimum of 38% of the heat and electricity purchased for a building must be
renewable energy, which in practical terms means building supervision authorities that
permit the use of buildings will no longer give a permit to buildings whose primary source
of energy is fossil-based. The amended Land Use and Building Act is meant for new
buildings and buildings undergoing large-scale repairs and overall is a necessary piece of
legislation, which enforces the implementation of renewable energy in building-specific

energy production. Most of the Finnish acts mentioned in this section are under the Climate



60

Change Act, which ensures the proper monitoring and planning of climate policy and
initiatives, acts as an overall framework, and sets objectives for the national climate policy
(Ministry of the Environment, 2022). All of these are vital to creating a carbon-neutral

Finland.

The most vital factor of each policy is its relative impact on CO> emissions, which should
enable the greatest reduction in CO; emissions to align with national CO; emission reduction
and carbon neutrality goals. In the transport sector, the Act on Promoting the Use of Biofuels
in Transport, which is estimated to produce, along with binding CO; limits for car
manufacturers set by the EU, a three million ton reduction in CO2 emissions by 2030 and is
a vital aspect of Finland’s transport decarbonization plans (Ministry of the Environment,
2022). The additional transport measures detailed previously, such as investments for
walking and cycling, subsidies for public charging and public transport, purchase supports
for EVs, and other measures, are estimated to increase the overall reduction of emissions to

3.6 million tons of CO2 equivalent by 2030 (Ministry of the Environment, 2022).

The expected transport emissions with current measures and expected additional measures
place transport emissions at 7.5 million tons of CO; equivalent by 2030, with an additional
one million tons of CO2 equivalent reductions needed to properly meet the national goal of
halving transport-related CO> emissions by 2030 (Ministry of the Environment, 2022). The
current inadequacy of transport-related policies to reduce emissions demonstrates the urgent
need for stronger policies and initiatives to decarbonize the transport sector, such as greater
EV purchases and connected investment in infrastructure and research and development
concerning charging points, electro and biofuels, EV batteries, and other policies which
provide a stronger incentive for consumers to purchase and utilize public transportation and

renewable powered vehicles.

For building-specific emissions, the grants and policies towards removing and replacing oil-
based heating systems will further reduce the 0.8 million tons of CO» equivalent from the
use of oil heating systems, especially given the Finnish government hopes to start phasing
out oil heating completely by the 2030s (Ministry of the Environment, 2022). The positive
information concerning building-specific emissions is that building heating systems are
becoming more renewable, as seen in the large increase in heat pumps and energy efficiency
improvements in new buildings and renovations, and thus emission trends for building-

specific emissions are likely to meet emission reduction targets.
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The emissions from the agricultural sector also will have a slight decrease due to existing
emission reduction policies, as mentioned previously, and emissions are projected to fall
from the 2019 value of 6.40 million tons of CO, equivalent to 6.04 million tons by 2050
(Ministry of the Environment, 2022). The small decline in CO2 emissions from agriculture
represents a troubling signal for Finland’s carbon reduction and neutrality goals since greater
emission reductions from the agricultural sector or energy system are needed given the
reduction of carbon sinks described earlier. The emission reduction potentials and pathways
for agriculture cannot be modeled in EnergyPLAN, the modelling tool used in this study,
but additional emission reduction measures should be explored to meet critical CO2 emission

reduction goals.

In terms of industrial emissions, current measures will lead to a reduction in emissions, and
overall, when considering all current measures for different aspects of the effort-sharing
sector, will generate a total reduction, which will cause the effort-sharing sector to emit 22.8
million tons of COz equivalent by 2030 and thus additional measures will and must be
generated to reach the desired target of 17.2 million tons of CO; equivalent (Ministry of the
Environment, 2022). The current measures and additional actions and measures needed and
their impact on CO; emission reductions are detailed in Figure 11 and effectively

demonstrate the scope of work required to meet emission reduction goals.
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Figure 11: Emission reduction potentials based on current strategies and the need for additional measures with

commas denoting decimals due to original source’s incorporation (Ministry of the Environment, 2022)
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As demonstrated above, significant additional measures are still needed to reduce emissions
to meet Finland’s goal of carbon neutrality, and serious investments and policy initiatives
will need to be constructed by the government and future administrations in the coming
years, especially when considering the reduction in available carbon sinks. This thesis,
therefore, seeks to develop scenarios that demonstrate accelerated climate efforts for
comparison with existing scenarios produced by the Finnish Ministry of Environment and
Ministry of Economic Affairs and Employment, and that consider the latest information on

factors that constrain or direct developments for the future energy system.
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6 Methods

In this thesis, several cost, energy demand, and overall assumptions were conducted, and
several different calculations were performed to estimate important components such as
V2G storage capacity, and DH-connected costs. This section will first detail the energy
modeling tool utilized to build each energy scenario, and then the subsequent assumptions,

costs, and overall sources incorporated to craft each scenario.

6.1 EnergyPLAN

The main tool needed for delivering the results necessary to verify the possibility of
establishing a carbon-neutral and low-emitting energy system and thus the main question
established in this thesis and comparing energy scenarios based on accelerated climate
efforts and current Finnish energy policies and initiatives was an energy modeling and

energy system simulation tool.

In this thesis, EnergyPLAN was the software and modeling tool utilized to develop different
energy scenarios for a future Finnish energy system and to model a reference scenario based
on 2022. EnergyPLAN is a modeling software developed by researchers at Aalborg
University in Denmark, which operates with a one-hour temporal resolution for a full year
to simulate high renewable energy-based energy systems (Lund, et al. 2021). EnergyPLAN
also performs hourly balancing of district heating and cooling, hydrogen, NG, and other
important sources of primary energy consumption and the energy system, which is extremely
helpful in ensuring the proper refinement of the model and how different aspects of the

energy system are interacting and acting (Lund, et al, 2021).

The defining trait of EnergyPLAN is that it serves as an assistive tool that allows one to form
a basis or foundation for potential development pathways for a future energy system and the
tool's overall purpose is not to predict to a high degree of accuracy a future energy system
(Lund, et al, 2021). The role of EnergyPLAN as an assistive tool is vital because it defines
the limitations of EnergyPLAN and how ultimately it is a guiding tool for developing future

energy systems and not a determinant of said systems and thus should be combined with
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other materials and tools to make informed decisions about future energy system

developments.

Another core feature of the EnergyPLAN software is its ability to integrate different sectors
of the energy system, which enables the embedding of renewable energy into the energy
system (Ostergaard, et al. 2022, 1). EnergyPLAN’s overall design allows a complete
painting of an energy system, which enables a more optimized solution, integrates renewable
energy, and coordinates renewable energy production with smart grids to utilize said
production for other purposes such as heat production via heat pumps, electrofuel
production, and other important purposes (Lund, et al, 2021). The utilization of smart grids
is especially relevant for renewable energy-based systems as said systems will need to
electrify different sectors of the energy system and thus require electricity to be distributed
to different sectors, along with ensuring proper coordination between production and storage

solutions to ensure energy system balance.

Given that EnergyPLAN is a simulation model, it comes embedded with pre-coded priorities
that handle the behavior of all units present in the program at each time step and thus prevents
a more dynamic simulation of the energy system, which for example can model the
simultaneous import and export of electricity (Ostergaard, et al, 2022). A 2015 study by P.A.
Ostergaard found that EnergyPLAN had been utilized 95 times to stimulate case studies, and
this has only increased since EnergyPLAN continues to be a popular model for simulating

renewable-based energy systems (Dstergaard, et al, 2022).

EnergyPLAN is also a software that is being continually developed, with early models of
the software including large-scale heat pumps and thermal storage but lacked important
aspects of further renewable energy integration in the transport sector, such as electrofuels,
and biofuels, which were incorporated in later iterations of the software (Ostergaard, et al,
2022). The continuous improvements made in EnergyPLAN, which represent the software’s
adaptive nature, is a strength of the software that will allow it to be continuously seen as a
key modeling software utilized the development of energy scenarios. The basic overview of
the EnergyPLAN model, which defines the flow of different components of an energy
system and how they fulfill important demands such as electricity, heat, and transport is

shown in Figure 12.
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Figure 12: overview of the EnergyPLAN software and its energy flows (Lund, et al, 2021, 6)

As defined in Figure 12, flows are an essential component of EnergyPLAN and allow one
the full overview of how different sectors of the energy system interact with one another and
what inputs and outputs of the energy system are critical in meeting vital demands and
ensuring the adequacy of heat and electricity supplies to all actors involved in each energy
system. However, EnergyPLAN, like every other energy planning model, has distinct
limitations that make modeling certain aspects of an energy system difficult, such as the ease
of recognizing complex electricity import or export pathways. EnergyPLAN will allow
recognition of multiple trade partners, but assigning a capacity that differs for import and
export (e.g. 1000 MW for import and 500 MW for export) is not possible. This is relevant
for Finland, which has multiple import and export lines of varying capacities. Alongside

utilizing version 16.2 of EnergyPLAN, several critical assumptions were made within this

thesis work.
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6.2 Development of each scenario and critical assumptions

Three scenarios based on the current Finnish energy policy and projections by the Finnish
Ministry of Economic Affairs and Employment (TEM) were developed and titled FIN or
Finland 2030, 2035, and 2040 (Ministry of Economic Affairs and Employment, 2023). Three
accelerated climate effort (ACE 2030, ACE 2035, ACE 2040) scenarios were also built in
this thesis work and operated in the same periods as the TEM scenarios to model more
aggressive energy scenarios and developments within the Finnish energy system, which
aimed to create an emission-free energy system, excluding waste to energy emissions, by
2040. An energy island scenario for the year 2040, where Finland would meet all energy
needs based on domestic production and thus receive zero imports was also modeled. A key
delineator between the ACE and FIN scenarios was green hydrogen utilization and greater
electrification of the transport and industrial sectors, which in the ACE scenarios would have
greater electrification and renewable energy technology installations, especially concerning
solar and wind technologies, to meet emission reduction goals and result in greater
reductions of DH in the Finnish heat system. The TEM scenarios used in this thesis were
developed based on projections designed by the Finnish government and detailed in the draft
update for Finland’s integrated national energy and climate plan and other governmental
projections, with slight adaptions made to ensure an adequate functioning energy system in

EnergyPLAN.

Fingrid’s electricity system vision 2023 served as a source to justify higher electrification in
the ACE scenarios (Fingrid, 2023). Fingrid's electricity system vision 2023 detailed different
energy system scenarios, which all envisioned higher electrification than TEM scenarios due
to a growth in the electrofuels and battery industries, data centers, and hydrogen for domestic
use and as an export to other nations, and thus aligns with higher green hydrogen and
electrification used in the ACE scenarios. In the ACE scenarios, an export of hydrogen and
electrofuels was not assumed, contradictory to the Fingrid scenario, thus a smaller electricity
demand was utilized compared to the electricity demand values incorporated into the Fingrid

scenarios.

A foundation or current energy scenario encompassing the current Finnish energy system
was established, as detailed at the beginning of this section, to build a comparative baseline

needed for the future modeling of the Finnish energy system. The 2022 baseline scenario
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was based on current energy system information collected from Statistics Finland (Official
Statistics of Finland, 2024¢), Finnish Energy Industries (2024b), IEA (2023), Energy
Authority (2024), and the Finnish Wind Power Association (2024b). The baseline line
scenario in energy modeling is especially valuable because it enables one to identify critical

energy trends and verify whether an energy system can be successfully modeled.

The data contained within the Technology Data for Generation of Electricity and District
Heating (2024c), Technology Data for Individual Heating Plants (2024d), Technology Data
for renewable fuels (2024e), Technology Data for Energy Storage (2024b), and Technology
Data for Transport Energy (2024f) catalogues produced by the Danish Energy Agency
(DEA) (2024a) served as vital sources used to build cost assumptions for each scenario. The
Cost Development of Low-Carbon Energy Technologies report produced by the JRC
(Tsiropoulos, et al, 2018a) was also utilized to determine the capital investment cost or
capex, lifetime, and operation and maintenance costs or opex for the run of river hydro plants
incorporated in 2020, 2030, and 2040. Other cost sources utilized in developing each
scenario, included the EnergyPLAN cost database 4.0 (2018), IEA’s nuclear power and
security energy transitions (2022), and a JRC science for policy report tilted Li-ion batteries

for mobility and stationary storage applications (Tsiropoulos, et al, 2018b).

The 2022 baseline scenario, 2030 scenarios, 2035 scenarios, and the 2040 and island
scenarios utilized the 2020, 2030, 2035 (when available, otherwise 2030 cost assumptions
were used for 2035), and 2040 cost assumptions. The cost assumptions embedded in each
scenario are critical as they define the most cost-intensive aspects of each energy scenario,
which serve as a signal for further refining and finalizing each energy scenario to optimize
costs. An important facet of the cost utilized for each scenario was that they were heavily
based on assumptions and current trends detailed by the DEA, JRC, and EnergyPLAN. Thus,
future costs may be reduced or greater than the costs detailed in each scenario. This also
emphasizes the greater technical focus of each scenario and the point to emphasize technical
solutions that are not cost-prohibitive, to create a carbon neutral and emission-free future
Finnish energy system. Greater cost declines might be witnessed in solar PV and wind as
both technologies will see large growths in installed capacities, and costs concerning
hydrogen storage, carbon recycling, and other more immature technologies may be larger as
those technologies face fewer installations and thus have relatively unproven learning curve

related cost reductions, which have been shown in wind and solar PV. The choice to use the
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DEA as a primary reference was since their cost assumptions are assumed to be more
representative of actual costs in the entire Nordic region even though they at times differ
from global averages. In most cases, DEA cost assumptions are higher than other reported
global averages, generally due to higher balance of system costs in the Nordic region for

many technologies.

A necessary inclusion in each scenario were hourly distribution files, which EnergyPLAN
utilized to determine hourly distributions of electricity, heat consumption and production,
electricity consumption for EVs, gas imports and exports, and production profiles of wind,
solar, hydro, and other renewable and other energy technologies. For heat consumption, a
distribution file based on Helen’s 2022 open data catalogue, which detailed the hourly output
of district heating from 2015 to 2023 Excel file present in that catalogue (Helen, 2024). The
hourly district heating production data for 2022, produced by Helen, was utilized to generate
a distribution file for Finnish heat demand due to its representation of hourly heat demand
for a year that was assumed to be similar across Finland and thus serve as an appropriate
baseline for relative heat demand and its distribution throughout the year. Not every part of
Finland has an identical heat demand, but due to Finland’s geographical position, the relative
hourly heat demand profile should be similar enough for the use of Helen's district heating
file as the basis for hourly heat demand. Also, there is no completely holistic heat demand
hourly distribution file that exists for Finland, as DH and heating networks in Finland are

local.

The distribution files used for solar PV, district heating and industrial CHP, nuclear power,
offshore and onshore wind, and run of river hydro were based on the hourly electricity data
Excel file for 2022 produced by Finnish Energy Industries which details the hourly
production of each technology for the entire year in MWh (Finnish Energy Industries,
2024a). EnergyPLAN also requires an import and export file needed to quantify the hourly
net import or export of electricity, which was produced by summing the hourly electricity
exports and imports defined in Finnish Energy Industries 2022 hourly electricity data file in
an Excel spreadsheet with hours with a negative value representing an export and a positive
value defining an import. In the FIN and 2022 scenarios, a defined net import or export value
was incorporated in the net import/export column in EnergyPLAN to quantify total annual

imports or exports.
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All ACE scenarios utilized a zero fixed import/export value as EnergyPLAN generated
hourly imports when required to meet demands, thus the scenarios were designed to meet or
fall below the future transmission capacity value of 4396 MW, defined as “Import Electr” in
EnergyPLAN, for interconnections between Finland and its major electricity trading
partners. EnergyPL AN also required an external electricity market to determine the least-
cost solutions to meet critical demands, such as charging demands for EVs and providing an
optimized and least-cost solution to electricity distribution and production. The external
electricity market used in the FIN, ACE, island, and baseline scenarios was constructed by

designing an hourly electricity price for Finland’s largest electricity trade partner, Sweden.

The external electricity market distribution file used in each energy scenario was constructed
by isolating the 2022 hourly wholesale electricity price values presented in Ember’s (2024)
European wholesale electricity price data collection and, more specifically, Sweden’s
wholesale electricity price Excel file held in said collection. For the future FIN and ACE
scenarios, most 2022 distribution files were used, with an exemption being for nuclear
power, as the use of the 2022 distribution file would severely reduce nuclear production out
of line with estimated future production due to the inconsistent operation of Olkilouto 3
during 2022, capacity increases for the Olkilouto 1 and 2 plants and more consistent output
from Olkilouto 3 would cause a higher than current production by around 10 TWh. To create
a more accurate future nuclear distribution a constant distribution was used in its place, with
a caveat of around 85% of capacity being used to account for maintenance and other

interruption periods.

6.3 Construction of overall demands, future capacities, and V2G capacities

To successfully implement and fully realize each energy scenario, an annual demand value
for electricity, heat, transport, and industry was required by EnergyPLAN. The electricity
demand values utilized in each TEM and ACE scenario were based on the Finnish
government draft update and Fingrid’s electricity system vision documents mentioned in the
previous section, equalling 92 (TEM 2030) , 94 (TEM 2035), 96 (TEM 2040), 96 (ACE
2030), 121 (ACE 2035), and 125 TWh, with the ACE 2040 and Island scenarios holding an
identical demand of 125 TWh (Ministry of Economic Affairs and Employment, 2022;
Fingrid, 2023). A 10% flexible daily electricity demand was assumed for both TEM and
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ACE scenarios, while an additional 10% flexible weekly electricity demand was assumed
for the ACE scenarios. The transport and heat demands were assumed to be identical in the
TEM and ACE scenarios according to each year, with 2030, 2035, and 2040, holding heat
values of 56, 51, and 45 TWh and transport values of 47.8, 43, and 36 TWh (Ministry of
Economic Affairs and Employment, 2023). The transport and heat demand values were
based on projections detailed in the draft update for Finland’s integrated national energy and
climate plan, with critical assumptions in that document being energy efficiency
improvements in buildings and vehicles, increased use of public transport and EVs, removal
of old building stock and old fossil-based heating methods, such as oil heating, automation
services to regulate energy use and other factors. A critical assumption also made for the
ACE scenarios and the Island scenario was a reduction in total vehicles originating from
greater increased use of public transport and ridesharing, and greater use of electrofuels due

to increased excess electricity production in ACE scenarios and the Island scenario.

Fuel demands were also essential for building each energy scenario, and each fuel demand
was based on data obtained from Finnish Energy Industries (2024b), IEA (2023), Statistics
Finland (2024e), and the draft update for Finland’s integrated national energy and climate
plan (Ministry of Economic Affairs and Employment, 2023). The energy use in
manufacturing datasheet made by Statistics Finland (Official Statistics of Finland, 2023e) ,
IEA’s (2023) 2020 energy statistics data browser, Statistics Finland (Official Statistics of
Finland, 2023b) energy consumption in households 2022 data table, Statistics Finland
(Official Statistics of Finland, 2023c) energy consumption in transport datasheet, and the
draft update for Finland’s integrated national energy and climate plan (Ministry of Economic
Affairs and Employment, 2023) served as the key sources used to generate oil, coal, peat,
NG, jet, diesel, and other fuels utilized in the commercial, residential, transport, and
industrial sectors in the baseline scenario, with the IEA serving as a source of trying to locate
missing commercial, fishing, and other sectorial and industrial data not found in Statistics

Finland and the 2020 IEA datasheet. IEA data for 2022 was not available.

The future fuel projections for the FIN scenarios were based on the primary energy supply
figure detailed in the draft update for Finland’s integrated national energy and climate plan,
with minor modifications such as accounting for rail-based electricity in transport and
maintaining obligations such as the 34% biofuel obligation by 2030. Fuel demands for the

ACE scenarios and Island, excluding hydrogen for the ACE scenarios, were based on
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reductions necessary to achieve emission targets and were assumed to be lower than in the

FIN scenarios due to higher electrification, especially concerning transport and industry.

Fuel distributions for CHP, condensing power, separate thermal, and boilers were also
needed in EnergyPLAN to determine the proper yearly fuel utilization of each plant, and
distributions for the baseline scenario were acquired from the production of electricity and
heat 2022 datasheet produced by Statistics Finland. Future fuel distributions for the ACE
and Island scenarios were assumed to have greater incorporation of syngas from PtG and
gasification processes, and an accelerated removal of oil, peat, and coal-based consumption,
with the 2035 FIN scenario having a 25% utilization of biomass in condensing PP vs the

ACE 2035 scenario, which had no biomass utilization in condensing PP.

H; utilization in each scenario set (FIN or ACE) was also critical and slightly varied between
each scenario set with the ACE scenarios holding a hydrogen demand of 13.55, 30.12, and
27.5 TWh for 2030, 35, and 40, respectively, while the TEM hydrogen demands totaled 6,
9.08, and 13.36 for 2030, 35, and 40, respectively. The key justification for hydrogen
demand was a report published by the Finnish government, which detailed hydrogen
demands within Finland with key factors being industry, especially steel, and hydrogen and
electro fuel exports. Within the ACE scenario hydrogen demand in industry was assumed
slightly higher than the TEM scenarios due to assumed greater other use of hydrogen within
Finnish industry. However, both scenario sets assumed much greater hydrogen utilization
for steel reduction, aligned with carbon neutrality goals within the steel industry, and other
industrial processes requiring steel. As ACE included a greater utilization of electrofuels to

help regrow carbon sinks, hydrogen demand in transport was greater.

Biogas demand and utilization also differed between scenarios, with said demand being
based on the national biogas roadmap composed by REGATRACE and Suomen Biokierto
& Biokaasu ry, which defined a technical-economic potential of 15 TWh for biogas
production, with 10 TWh originating from residuals, by-products and other agricultural and
industrial sources, including a significant amount from agricultural sources, and 5 TWh from
new gasification and PtG processes (Suomen Biokierto & Biokaasu ry, 2021). Overall, for
the ACE scenarios, 4 TWh to 10 TWh of biogas were assumed from wet biomass originating
from agricultural sources, with 2030 producing 4 TWh and 2035, 2040, and Island producing
10 TWh. The TEM scenarios held a linear growth in biogas production with 2030, including
4 TWh, 2035, 7 TWh, and 2040 10 TWh. Biogas production originating from biomass
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gasification was assumed to grow from 2 TWh in 2030 to 5 TWh by 2040 in the ACE
scenarios and Island scenario, with a value of 3.5 TWh in 2035. A lower amount of
gasification was assumed in the TEM scenarios, with 1, 2, and 3 TWh of production in 2030,
35, and 40. Sources included in the gasification estimates are manure, grasslands, biowaste
from food industries and other agricultural and industrial sources, with most household
biowaste assumed to be put towards compost generation (Suomen Biokierto & Biokaasu ry,
2021). PtG was assumed as a separate process to biogas production and gasification

processes.

Table 3: electricity, heat, transport, and hydrogen demand and consumption, biogas production, biomass
gasification, and total, industrial, and fuel use in TWhe, TWhu, or TWh

Category 2022 FIN 2030 | ACE FIN ACE FIN ACE Island
2030 2035 2035 2040 2040 scenario

Basic electricity | 81.68 92 92 94 121 96 125 125

consumption

(TWhe)

Heat demand | 75.6 56 56 51 51 45 45 45

(TWhu)

Transport 67 67 74 67 78 64 78 78

demand (bkm)

Fuel Total use

(TWhuw)

Coal and Peat 39.71 4.32 3 1 0 0 0 0

Oil 68 45.57 35.54 26 0 18 0 0

NG 9.09 21.79 15.75 20.75 17.86 20.9 0.36 -10.72

Biomass 93.32 122.16 96.08 118.04 107.04 119.22 99.48 98.48

Nuclear 73.41 105.26 105.26 105.26 105.26 109.1 109.1 109.1

Fuel Industry

Coal/Peat 11.87 4 3 1 0

Oil 18.06 12 9 10 0

NG/Grid gas 7.376 7 6 8.6 10 7 10 10

Biomass 51.1 59 49 55 47 52 47 47

H: 0 3,6 3.7 6.09 6.25 8.58 9 9

Total 88.406 85.6 80.7 80.69 63.25 76.58 66 66

Fuel Transport

Jet fuel 6 7 7 7 0 4 0 0

Diesel 24.221 12.5 10 5 0 0 0

Petrol 12.626 9.3 6.1 4 0 2 0 0

NG 0.044 0.9 1.9 1.9 0 1.4 0 0

H> 0 0 0 0 0 0 0 0

Electricity 0.4 2.2 4 5 7 7 11 11

electro fuels 0 2 8 5 19 6 14 14

Biofuels 6.291 13.9 10.8 15.1 17 13.6 11 11

Total 49.582 47.8 47.8 43 43 36 36 36
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Future predictions and current estimations of production and capacity for different energy
technologies and connected technologies for hydrogen, electro, liquid fuel, and syngas were
needed to build each scenario within EnergyPLAN. The capacity and production belonging
to renewable energy technologies utilized in the baseline, ACE, Island, and FIN scenarios
were based on IRENA’s (2023) renewable energy statistics sheet, and Finnish Energy
Industries (2024a) 2022 electricity balance, the draft update for the NECP (Ministry of
Economic Affairs and Employment, 2023), AFRY’s (2023) resource adequacy assessment
until 2033 report, and assumptions, such as greater rooftop adoption of solar and wind
project completion in the ACE scenarios compared to the FIN scenarios, necessary to
achieving proper emission reductions. The projected renewable technology energy
capacities in the TEM scenarios were developed to align as close as possible to the
production values detailed in the historical development of renewable energy detailed in the
draft update for the NECP, with AFRY’s resource adequacy assessment serving as another
source of support mainly concerning wind. Fingrid’s (2023) electricity system vision and
wind power projects in Finland slides provided by the Wind Power Association of Finland
(2024), also served as sources of future capacity verification and support, especially
concerning electricity in transport. This had a higher electrification rate due to greater EV
purchases and ownership and was slightly higher than what Fingrid projected. Storage
capacities were more difficult to acquire for FIN scenarios and were assumed to be lower
than in the ACE scenarios, with electrolyzer capacity being assumed to grow 1,000 MW to
2,600 from 2030 to 2040 compared to the ACE scenarios where capacity in 2030 was 4,000
and 13,600 in 2040 and 14,000 in the Island scenario to meet required emissions reductions

and stay within transmission capacity (Sivill, et all, 2022).

V2G was also an important storage solution utilized by EnergyPLAN, and for this thesis
work, V2G utilization was assumed to be higher in the ACE scenarios. The number of
electric vehicles was first determined by utilizing the number of existing EVs in the 2022
Finnish vehicle stock (Finnish Information Centre of Automobile Sector, 2024a) and current
EV purchases planned by the Finnish government by 2030 for the FIN 2030 scenarios
(Ministry of Economic Affairs and Employment, 2023). The future EV presence for the
remaining FIN and ACE scenarios and the Island scenario was then determined via assuming
greater increases in electrification and lowering of total vehicles in the ACE scenarios to
account for assumed greater public transport use, energy efficiency, and lowering of

transport demands detailed in the draft update for the NECP (Ministry of Economic Affairs
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and Employment, 2023, 119). Overall, the total number of electric vehicles was assumed to
grow from 900,000 in ACE 2030 to 2.9 million in 2035 and 3.3 million in ACE 2040 and
island scenario, while in the FIN scenarios total electric vehicles in 2030 equaled 748,265 to
2.1 million by 2040. Once the total number of EVs was calculated, a 71.2 kWh average
battery value was assumed to determine the total storage capacity for smart charging vehicles
capable of participating in two-way charging (Electric Vehicle Database, 2024). Total
storage capacity was then determined by multiplying the average battery value by the
number of EVs by the percentage of EVs capable of engaging in smart charging which was
assumed to grow by 10% for each TEM scenario with a starting percentage of 20% for 2030,
while in the ACE the growth was the same but a starting value of 30% was utilized. The
grid-to-vehicle connection was then calculated by dividing the storage capacity converted to
MWh, for each year by assuming an energy-to-power ratio (E/P) of 8 hours. The capacity of
the vehicle-to-grid connection was then determined by multiplying the grid-to-vehicle
connection by the assumed percentage of smart charging cable vehicles utilizing vehicle-to-
grid discharging, which for the FIN scenarios was assumed 10% for 2030, 20% for 2035,
and 30% for 2040, while for the ACE scenarios, the percentage was an additional 10% for

each respective year.

6.4 CHP and total DH production decline, creation of the heating network, DH,

and individual heating costs, condensing PP, and shadow scenarios

A critical assumption in each scenario was a decline in CHP and overall DH production,
which was assumed to have a greater decline in the ACE and Island scenarios compared to
the FIN and which is supported by AFRY’s resource adequacy assessment until 2033 report,
which contributes CHP decline to decommissioning of coal CHP and increase in heat pump
and other carbon neutral heating technologies within residential and other buildings (AFRY,
2023). This assumption is incorporated in the thesis work as well. In the ACE scenarios, the
share of space heating demand covered by DH was assumed to decline from 43.2% in 2030
to 40.1 % in 2040, while in the FIN scenarios, the share was 46.1% in 2030 and 45% in
2040, with the justification being greater adoption of heat pumps and alternative heating
solutions for detached homes and some apartments and large buildings. After determining

the relative share of individual heat pumps, oil, NG, biomass and coal boilers, and electric
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heating for each scenario, costs for each of those technologies were created. The cost per
unit for individual ground source heat pumps, boilers, and electric heating was split into
large and individual categories for homes and larger complexes and apartments and
originated from the DEA, Datasheet for individual heating plants (2024b), and Datasheet for
transport of energy (2024e). The next critical step to determine overall large and individual
heating costs was to determine the number of buildings per each scenario year, which was
completed by taking the projected UN World Population Prospects 2022 webpage (UN,
2024). This showed Finland’s population peaking around 2035 at around 5.6 million
inhabitants, and Statistics Finland’s Buildings and gross floor area by Information, Intended
use of building (Classification of Buildings 2018), Area, Year and Heating fuel/ source of
heat data sheet.

The first step was to determine the number of one-dwelling and two-dwelling buildings.
DwH = CB + ((FR = 0.5) * 0.55 * years) (1)

where

DwH = Current and future number of one and two-dwelling homes

CB = Current number of one and two-dwelling homes

FR = Future number of residential homes

years = number of years till the desired year

0.5 and 0.55 shown in equation 1 above, represent the assumed, based on their numerical
share in total residential homes, percentages of one and two-dwelling homes composing
residential homes and the decommissioning of future homes. After finding one and two-

dwelling homes the number of blocks of flats was determined via the below equation.
BF = CB + (CF x years) (2)
where
BF = number of blocks of flats or apartment units
CF = number of constructed flats or apartments

CF was the critical component for the above equation, which was determined by subtracting

the recently constructed residential flats or apartments by the number of remaining
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residential buildings, which was the combined number of terraced homes, one dwelling
homes, and large community buildings. The number of recently constructed large
community buildings was assumed to be 100 due to their low percentage of residential
composition and terraced was 500 or the remaining difference between total residential
buildings and one-dwelling, block of flats, and community buildings. The remaining
buildings, such as commercial, warehouses, and others, were determined via the below

equation.
OLB = CB + (NCB — 10) 3)
where
OLB = number of other large buildings
NCB = number of newly constructed buildings

The additional 10 subtracted in the above equation is to account for building
decommissioning and overall, for the buildings several critical assumptions such as similar
decommission rates for other large buildings and consistent construction patterns, may not
be completely accurate to the actual number of future residential and other buildings present
in Finland. After finding the number of buildings for 2030, 35, and 40, the number of blocks
of flats and other large buildings were combined into a large building category, while the
number of terraced and one and two-dwellings were combined into an individual building

category.

The large and individual buildings along with the DH share for each year between each
scenario set were then utilized to find the total district heating connections by multiplying
the total number of buildings, the number of large and individual buildings, via the DH
shares for each scenario. The large building DH connections were found by multiplying total
DH connections by 0.8, with the core assumption being that 80% of large buildings would
hold a DH connection, and the individual connections were found by finding the difference
between total DH connections and large DH connections. The number of individual boilers
and heating units for individual and large buildings was then calculated by finding the
difference between the number of total buildings and DH connections. The share of
individual and large, NG, oil, and biomass boilers, heat pumps, and electric heating units
was then calculated by multiplying the total number of units via the total heat demand for

each year and scenario by the demand provided by each unit type. The total additional costs
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for the DH network and individual and large heating units were then calculated by
multiplying the cost per unit obtained from the DEA by the number of DH connections, and

individual and large heating units.

Condensing PP capacity was also different for each scenario and in the TEM scenarios
condensing PP were assumed to decrease in capacity as the electricity system became more
renewable energy-based, and was supported by overall declines in Condensing PP use in
Finland, show in Figure 3, and AFRY’s resource adequacy assessment until 2033 report
(AFRY, 2023). Condensing PP in the ACE and Island scenarios was assumed to increase
due to the need for electricity generation in high-demand periods, where renewable energy
and storage production are inadequate and to stay within transmission capacity for the ACE

scenarios and rely on zero imports in the Island scenario.

Table 4: Installed capacity of key technologies and processes in MWe

Technology | Installed
Capacity
MWe
2022 FIN ACE FIN 2035 | ACE 2035 | FIN 2040 | ACE 2040 Island
2030 2030 scenario
Wind 5,556 8,456 15,246 10,500 25,588 11,500 28,500 32,850
onshore
Wind 43 700 5,000 1,700 9,100 2,500 9,800 12,300
offshore
Solar PV 591 2,800 8,200 4,200 22,000 6,000 26,500 28,500
Hydro - Run 3,170 3,300 3,300 3,300 3,300 3,300 3,300 3,300
of river
CHP - 3,565 3,000 2,800 2,800 2,800 2,481 2,800 2,800
District
Heating
Condensing 597 590 500 400 7,330 400 6,580 7,157
Nuclear 4,346 4,346 4,346 4,346 4,346 4,554 4,554 4,554
PP total 17,87 23,192 39,392 27,246 74,464 30,74 82,034 92,061
Electrolyzer 0 975 4,000 1,950 8,000 2,600 13,600 14,000
capacity
Total 48,265 748,265 | 900,000 | 1,548,000 | 2,500,000 | 2,150,000 | 3,300,000 | 3,300,000
number of
EV

Given the ACE scenarios and the Island scenario contained limited import or export value,

EnergyPLAN distributed hourly import and export values when electricity was required and
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overproduction via renewables occurred. To fully define the actual excess and critical excess
electricity production, define the actual payment made exporting electricity, and remove the
bottleneck payment encountered by not inserting a defined import and export value, a few
equations and logic statement were utilized in Excel sheets for each ACE scenario and Island
scenario, and which were titled shadow scenarios. For a generation of actual electricity
exports, a logic statement was utilized for each scenario and capped electricity exports at the
transmission capacity value of 4396 MW, for hours where production overshoots said
capacity. In hours where electricity exports were beyond transmission capacity for the ACE
scenarios and island scenario, actual critical excess (CEEP) was defined as subtracting actual
excess electricity production by actual electricity exports. For both actual electricity exports
and CEEP the values for each hour were summed to determine a yearly value, which was
later divided by one million to convert from MWh to TWh. Actual export payments were
then calculated for each hour via isolating hours where exports exceed transmission capacity
via an IF statement and multiplying the actual electricity exports by the system price and
export payments defined by EnergyPLAN per hour and dividing results by 1,000,000 to
convert to a million euros per TWh. The import and export payments were then summed

together for each ACE and island scenario to determine the actual electricity exchange costs.

The reason why these extra calculations were done and shadow scenarios created was due
to a limitation of EnergyPLAN. When there is excess electricity production, EnergyPLAN
will export electricity instead of utilizing it in electrofuel production. It is only when excess
electricity production exceeds the export transmission line capacity that it will define it as
critical excess and then seek to utilize it domestically through the strategies chosen within
the tool. By setting the transmission line capacity to 0, it was possible to ‘trick’ EnergyPLAN
into allocating all excess production as critical excess and therefore utilize it domestically.
However, this required the post-processing of data described above to adjust overall costs

appropriately and reflect the reality that was intended.
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7 Results

In both the ACE and FIN scenarios, several critical results were observed to verify the
hypothesis of this thesis and the creation of a carbon-neutral and zero-emitting energy
system, excluding waste-based emissions, by 2035 and 2040. A comparison of energy

demands is first displayed below in Figure 13 to indicate the level of overall transport,
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Figure 13: Final energy consumption for transport, non-electricity industry, heat, and electricity in TWh

electricity, heat, and industrial demands excluding electricity that defined each scenario,
which showed a clear increase in basic electricity demand for the ACE scenarios compared
to the TEM scenarios and a clear decline in industrial fuel demand reflective of assumptions
made in the thesis work. Primary energy (PE) and final energy (FE) define the total energy

demand and the energy actually consumed by end users respectively. The next set of critical
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results showcased the differences in installed capacities of critical renewable energy
technologies, which varied greatly between the ACE and FIN scenarios and showed the large
increase in renewable energy technology needed to meet emission targets, especially
concerning wind, which requires more than 25 GW by 2035 for onshore and 9 GW for
offshore. This greatly exceeds the FIN capacities by more than 10 GW for onshore and 5
GW for offshore. Solar also sees an exceptional difference between the FIN and ACE

scenarios. Figure 14 demonstrates each set of installed capacities for each energy scenario.
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Figure 14: Installed capacities of key energy technologies in Mwe

Electricity consumption was also a crucial aspect of the project results, which differed

greatly per scenario group and is detailed in Figure 15.



81

240

H V2G losses

H PtG (H,)
190
PtG (CH,)
Transport

140
l H District cooling

N Individual heating

920

Electricity Consumption (TWhe/a)

® Heat pumps - CHP

4 .
0 Total consumption

(households and
industry)
Flexible demand

[ . . — [ |
-10 2022  FIN 2030 ACE 2030 FIN 2035 ACE 2035 FIN 2040 ACE 2040 Island
scenario

Figure 15: Electricity consumption for critical technologies and processes measured in TWhe per year

The above figure also clearly details the importance of electricity for hydrogen. transport,
and other energy technologies, and shows a clear increase in ACE scenarios due to the higher
need for electricity to decarbonize the energy system. A clear distinction in production from
each renewable energy technology, CHP technologies, imports of electricity, curtailment of
electricity production was also found in each scenario, which is detailed in Figure 16 and
reemphasizes the importance of renewables such as solar PV, and onshore and offshore wind
in the ACE scenarios as they produce more than 130 TWh of electricity annually by 2035,

and continues in the 2040 scenario and expands in the Island scenario.
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measured in TWhe per year

Other vital generation technologies also define heat generation in each scenario, which is
critically different for each scenario set and defines important growths such as increased
waste heat utilization and declining CHP-based DH heat production. This is detailed in

Figure 17, with waste heat utilization being especially prominent in the ACE scenarios.
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Fuel consumption was also a defining aspect of each scenario, with fuel consumed in
industry and transport being vital and are defined in Figures 18 and 19, given their critical

sectors that detail a significant amount of energy consumption.
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Figure 18: Industrial fuel consumption measured in TWhy, per year
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Figure 19: Fuel consumption in transport measured in TWhy, per year

A clear outcome of relevance in both Figures 18 and 19 is the complete elimination of oil
and reduction of biomass use within industry in the ACE scenarios in Figure 18 and the
removal of traditional fossil fuels and increased electrofuel use in the ACE scenarios, which
were key decisions made to reduce emissions and biomass consumption. Several other forms
of consumption exist within each energy scenario, which vary greatly based on the scenario

set and year. Figure 20 defines the primary energy consumption of each scenario.
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Figure 20: Primary energy supply for each scenario measured in TWhg, per year

The overall energy consumption, capacities of energy technologies, and production detailed
in each scenario are significant in representing key details different in each scenario.
However, costs are critical to representing valuable price differences between each scenario
and validating the feasibility of each future energy scenario. Figure 21 details the fuel,
emission of CO., fixed operation, marginal operation, investment costs, and electricity
exchange costs, given their importance in defining the core costs present in each energy
system. The variable costs-other detailed in Figure 21 incorporate both marginal operation

and electricity exchange costs.
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Figure 21: Overview of annual costs for each energy scenario measured in million euros per year.

A clear distinction between the ACE and FIN scenarios was the greater annualized costs
representing the higher installed capacities of renewables and electricity exchange and
marginal operation costs associated with higher electricity production. The annualized
investment costs defined in each scenario can also be distilled based on their source. Figure
22 details the costs of the energy technologies, processes, and storage solutions that represent

the greatest cost for each energy scenario.
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Figure 22: Total annual costs for each energy technology, storage solution, and processes defined as millions

of euros per year
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The overall goal of this project was to produce successful emission reductions scenarios,
which Figure 23 details. Carbon sinks acting as a key to reaching carbon neutrality with

LUKE defining key net sinks as forest and wood products (LUKE, 2024b.)

Emission trends
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Figure 23: Total Finnish emissions and sink captures for each scenario measured in million tons of CO>
equivalent (LUKE, 2024b; Ministry of Economic Affairs and Employment, 2023)

These results demonstrate several key outcomes that require further examination and
highlight the overall complexity and flexibility required for a renewable-based energy

system.
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8 Analysis of Results and Discussion

From the results obtained from this thesis work, several clear outcomes concerning costs and
utilization of several technologies within each scenario can be seen. One clear and important
outcome concerning costs is that compared to the current energy system, the ACE 2035
scenario is cost-competitive and even on par, which indicates achieving carbon neutrality in
Finland is not a cost-restrictive measure. The given cost and energy assumptions could turn
out to be inaccurate to an actual Finnish 2035 energy system. However, the clear cost-
competitive nature of the ACE 2035 scenarios shows that a clear development of a carbon-
neutral energy system would not be cost-prohibitive, and steps should be taken to ensure
Finland develops a carbon neutral system that can act as a core pillar of the EU’s carbon
neutrality development. A clear driver in cost reductions as detailed in Figure 21 is fuel costs
as the ACE scenario utilizes more electricity in transport and industry, reducing fuel needs.
PtG utilization is also stronger in the ACE scenarios as syngas created from PtG processes
is used in condensing, CHP, and separate thermal plants at a greater rate than the FIN
scenarios, which have greater biomass consumption. As shown in Figure 22, the clear drivers
in annualized investment costs for the ACE scenarios are clean energy technologies, such as
on and offshore wind and storage solutions, which however may see an even greater cost

reduction as more deployments of installed capacities occur.

As declines in prices can be expected for critical renewable energy technologies as their
deployment increases, another key pillar supporting a cost-competitive renewable energy
system in Finland is large renewable energy technology deployments, which can create a
greater reduction in fuel costs and thus support a more affordable energy system. The cost-
competitive nature of a future renewable energy system and price declines for renewable
energy technologies are supported by researchers at Oxford University, who in a recent
article demonstrated that a fast transition to clean energy is cheaper than a slow or no
transition at a global level, and transitioning to a decarbonized energy system would be
expected to save the world at least 12 trillion dollars, via cost forecasting for key renewable

energy technologies (Way, et al, 2022).

Two critical factors in the Oxford study are a rapid decline in renewable energy costs due to

rapid upscaling in installations, which has been supported by a greater decline in costs
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concerning renewable energy than has been predicted by previous cost models (Way, et al,
2022). A reduction of fuel costs as greater replacement of fossil fuel energy technologies by
renewables is also demonstrated in the study (Way, et al, 2022). The importance of the rapid
deployment of clean energy technologies is critical as it realizes cost savings due to cheaper
energy sooner by the large increase in progress concerning green technologies, such as solar
PV and onshore wind, and solidifies the concept of the learning curve, which sees declines
in technologies as a function of installed capacity increase (Way, et al, 2022). Overall, the
Oxford study supports the concept of a renewable energy system with fast deployments of
renewable energy technology and energy transition generating cost savings for future energy
systems and underlines a clear outcome for this thesis’s results, which is the cost-competitive
nature of a carbon neutral and renewable energy-based system. A study by Child & Breyer
(2016) also demonstrated a cost-competitive future renewable energy-based energy-based
system, with their given cost assumptions, which similar to assumptions used in this work
may be inaccurate to actual future costs. Pilpola & Lund (2018) also found that a wind-
dominated energy system could be cost-competitive when removing the availability of
nuclear and bioenergy as said energy system only had a 5% increase in cost compared to a
scenario where both nuclear power and bioenergy are unavailable, and a lesser amount of
wind energy is utilized. As costs remain highly uncertain for the future certain trends around
decreasing renewable costs are emerging and as demonstrated by the previous two studies,
a highly renewable energy system could prove to be cost-competitive and thus beneficial to

a Finnish government aiming to decarbonize its energy system.

Pilpola & Lund (2018) also demonstrated that PtX conversions increase energy system
flexibility and enable effective utilization of variable renewable electricity sources, which
aligns with the EnergyPLAN results produced from this thesis work, with a distinct
prominence in the ACE and Island scenarios. Pilpola & Lund (2018) also found that in each
of their scenarios, power to heat was utilized, which reflects the cold climate of Finland,
which requires heating to meet high demand through a large portion of the year and aligns
with the results shown in Figures 15 and 17. As seen in Figure 17 CHP production had a
distinct decline, especially concerning district heating, which aligns with a article by Pipola,
et al, (2019) that found CHP shares sharply drop due to electrification of heating, while still
be required to run due to high temperature heat requirements and overall reflects a possible
alteration of utilization of CHP as enough electricity is provided by wind and other sources

in high renewable energy scenarios.
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CO; emission declines were a critical aim of this thesis work and project, which as detailed
in Figure 23 were greater in the ACE scenarios compared to the FIN scenarios. The
generation of greater CO» reductions is verified in Wang’s and other Alto researchers (2018)
article, which showed a decrease in CO> emissions aligned with carbon roadmaps for Finland
and Italy for a renewable energy-based energy system. Wang, et al, (2018) also confirmed a
highly renewable energy system may not lead to large decreases in total energy consumption,

which also aligns with this study’s results as shown in Figure 13.

The clear variances in installed capacities shown in Figure 14 demonstrates the need for
much greater installations of renewable energy technology capacities for the creation of a
carbon-neutral and emission-free, excluding waste-to-energy-based emissions, Finnish
energy system. The development of renewable energy technologies indicated in the FIN
scenarios shows the Finnish government’s over-reliance on carbon sinks, which, due to the
strong presence and activity of the forestry industry and the need for biomass across different
sectors of the Finnish economy, will not be as abundant or capture the estimated amount of
COz equivalent by 2035. An analysis of the Finnish Forest Industry role in mitigating climate
change, found that a drop in forest industry CO; emissions could lead to a 2 to 4% decrease
in total Finnish CO» dependent on the scenario and renewable energy and energy efficiency
incorporated (Lipidinen & Vakkilainen, 2021). Lipidinen & Vakkilainen (2021) also found
that complete removal of COx due to technical challenges, such as fossil fuels used as a
supporting fuel during start-ups and exceptional situations may be difficult and thus
decarbonization for the forestry industry may be slowed. Plants may also face high expenses
for the expansive modification of their energy systems, which may slow down
decarbonization and require stronger support schemes or governmental policy (Lipidinen &
Vakkilainen, 2021). Lipidinen & Vakkilainen (2021) also found that in four of their scenarios
biomass consumption will surpass sustainable biomass harvesting and emphasizes the
importance of the future development of the forest industry that emphasizes residual use and
maintenance of the sustainable use of biomass. As a nation looking to maximize its green
hydrogen production potential, the estimated available capacity of electrolyzers detailed in
the FIN scenarios must be met and require further investment and a roadmap for the
generation of installed capacities, which Finland has not thoroughly detailed in its NECP
(Ministry of Economic Affairs and Employment, 2023)
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Another key aspect of renewable energy technology development in Finland is the
availability of minerals and connected equipment, which if faced with shortages could lead
to the development renewable energy-based energy systems and technologies. As
consumption of lithium, cobalt and other critical raw materials needed for renewable energy
technology development is expected to skyrocket in the coming years and decades
availability of said materials may be limited (Hyvonen, et al, 2023). As declining resource
quality, water scarcity, geographical concentration and other challenges will pose serious
challenges to the extraction of raw materials and thus development of important renewable
energy technologies (Hyvonen, et al, 2023). The potential shortage of critical raw materials
also emphasizes the importance of finding new energy solutions that utilize materials and
minerals with lower scarcity and human rights violations and negative impacts. Hyvonen, et
al, (2023) modelled several different energy scenarios and found that in a scenario with
limited raw materials and import bottlenecks lead to a large increase in biomass utilization,
decreased wind production, increased net emissions, and significantly reduced carbon sinks.
The impacts of reduced mineral availability shown by Hyvonen, et al, (2023) demonstrate
the importance of international cooperation and mineral availability on renewable energy
system development and the need for greater funding in new renewable energy innovations
that reduce critical raw material dependence. The manufacture of key renewable energy
components and technologies is also highly location dependent, with 89% of solar PV
components and 70% of solar PV assemblies located in China (Hyvonen, et al, 2023). The
previously mentioned geographical dependence also highlights the importance of
maintaining international trade and cooperation, need for greater Finnish or European
renewable energy manufacturing, and the potential impact of global conflicts and connected

trade reduction on renewable energy system development.

Storage is also a key aspect of this thesis work, which differed per each scenario and whose
behavior has been demonstrated through the hourly results produced from EnergyPLAN.
Two dominating storage and renewable technologies utilized in each scenario were V2G and
PtG, which had clear discharges during high-demand periods in the winter and charging
during high production periods, showing how excess renewable electricity production can
be used to fill storage solutions and generate products such as syngas and H, which can
produce essential products and provide critical seasonal storage. The need and

complementary role of storage solutions is supported by Child, et al. (2017) who found the
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high integration of renewable energy sources requires complementary storage solutions to

meet low production periods of renewables.

CHP and waste heat were utilized quite differently within EnergyPLAN as CHP was mainly
utilized in periods with high heat demands, which were specifically January, February, and
November, and also lower electricity production periods, where less electricity can produce
heat from HPs and other power-to-heat processes. This demonstrates the prioritization of
electricity and carbon neutral heat solutions by EnergyPLAN. Waste heat also had a quite
higher utilization as presented in Figure 17, which highlights the large viability of waste heat
utilization in Finland as a key driver of decarbonization within the heat sector, supported by
increases in planned waste heat utilization from data centers. The generation of a no-import
and energy island scenario also showed, that while more expensive, creating a Finnish

energy system that meets demands via domestic production is possible.

A clear differentiation between each scenario set was biomass consumption, which was
lower in the ACE scenarios and represented a key means to stabilize and regrow carbon
sinks. Within the ACE scenarios, biomass consumption peaked in 2035 at 105 TWh, while
in the FIN scenarios peak consumption occurred in 2035 at 125 TWh, which enforces the
increasing role of electrofuels used in the ACE scenarios to reduce biofuel demand and
greater electrification within industry to reduce biomass demand. The decreased utilization
of biomass in the ACE scenarios is extremely crucial as it allows Finland to regrow its carbon
sinks, especially concerning forest land, that can capture greater amounts of CO> that can
solidify Finland as a sustainable user of biomass. As detailed by Child and Breyer (2016b)
the sustainable level of biomass utilization can be defined at 145 TWhy, or as defined by
LUKE (2023) 80.5 Million m® of commercial timberwood and energywood harvested. As
detailed in Figure 20, all scenarios fall below 145 TWhg, of biomass consumption, however,
the lower biomass utilization in the ACE and Island scenario, solidify the previous statement
around regrowth of carbon sinks and allow Finland to produce an energy system less reliant
on biomass. The increased role of electrofuels was as discussed previously one of the critical
drivers of decreased biomass use in the ACE scenarios, which are especially beneficial in
the high renewable production scenarios as excess electricity can be utilized for both storage
and powering of electrolyzers to generate Hz used to produce electro-fuels and thus reduce

the need for curtailment and critical excess electricity production.
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EnergyPLAN also has distinct limitations that prevent a fully accurate description of a future
renewable energy system. One core disadvantage within EnergyPLAN is its grouping of
local heating systems into one single heating system, which is not reflective of the Finnish
heating system that consists of local heating networks for areas such as Helsinki and cover
only those areas and do not interact with other heating networks (Child, Breyer, 2016a). As
seen in EnergyPLAN’s hourly results, thermal energy storage was utilized rather minimally
for large portions of the year, with only high heat demand periods, specifically in January
and February, seeing storage discharge, which was rather significant. Areas in Finland,
especially large urban centers like Helsinki with greater heat demand, will likely operate
their heat storage and heat generation technologies differently, considering the different mix
of DH and individual heating technologies in each system, making EnergyPLAN’s
representation of heat production and demand not completely accurate. A modeling tool that
could generate individual nodes or networks for heating or breaking down Finland into
variant regions with similar heating, residential, and industrial characteristics would be more
appropriate for properly simulating the Finnish heating network and should be conducted in

further studies.

Another distinct limitation in EnergyPLAN was reflected in how the software utilizes
different technologies during various portions of the year, which likely will not reflect reality
well. The use of V2G and stationary batteries is a clear representation of EnergyPLAN’s
limitations as it prioritizes V2G during periods where electricity production from
renewables; is low and then after full V2G utilizes battery storage, which it then refills in
high renewable energy technology production and low demand periods, such as August,
when solar PV and wind production are relatively high, especially solar PV. As some users
of V2G will provide electricity to the grid when said electricity is needed and thus create

greater flexibility, other users will only provide it when economically beneficial.

Stationary battery use will likely be slightly different as is presented in EnergyPLAN as
some users will utilize home batteries to lower electricity demand, trade via P2P networks,
or sell during economically beneficial periods. A study by Child, et al. (2017), demonstrated
similar behaviors by EnergyPL AN, where V2G was used as daily electricity storage, battery
storage remained fully charged or discharged during a significant portion of the year with

only five full load cycles, and other storage options such as gas storage, which as seen in this
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thesis work fills as excess electricity production is consumed by PtG processes to produce

syngas incorporated into gas storage.

The generation of import and export pathways for electricity was another critical limitation
of EnergyPLAN, which will likely require different modeling tools or combining
EnergyPLAN with variant modeling software. Condensing PP utilization was also extremely
high in periods such as November, when production from renewables is relatively low,
which may point to a prioritization of condensing PP in specific periods by EnergyPLAN
over other solutions such as CHP, which may not reflect the actual behavior of quick start-

up technologies in a future renewable energy system.

Another important outcome from this thesis work was the complementary role of solar PV
and wind, which provide additional generation in low production periods, such as solar PV
covering lost wind demand during summer periods and vice versa for winter periods. The
complementary nature of solar PV and wind is demonstrated in an article by Child et al. that
emphasizes the complementary nature and flexibility provided by renewable energy
technologies and storage solutions, such as gas storage filled by PtG processes (Child, et al,
2017). The greater flexibility and complementary nature of renewable energy technologies
and storage solutions are critical as they provide a stable energy system, which can fully
replace fossil fuels and cover shortages in production that can’t be filled by electricity

imports.

Another limitation in the methodology in this research was the decline in DH, which was
assumed higher in the ACE scenarios as distributed and individual heating solutions emerged
and could force DH companies to improve their services to retain customers. As shown in
(Appendix 4), total DH connections seem to increase as DH demand lowers, which shows a
problem within the methodology used, such as overestimated DH connections or total
number of buildings, and thus future studies should look to devise an improved methodology

useful for predicting DH declines or future development within Finland.

Overall, the research results from this thesis work presented a cost-competitive carbon
neutral and emission-free Finnish energy system demonstrated in Figures 21 and 23, which
show a high complementation of renewable energy technologies and storage solutions and
produces a high degree of flexibility. EnergyPLAN had distinct limitations that lowered the

reliability of this analysis. However, a carbon-neutral energy system was achieved, with
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clear reductions in DH and biomass use and higher incorporations of carbon-neutral heating,
storage, and energy generation technologies, which can allow Finland to become a pioneer
in sustainable energy system development. The results confirm that accelerated climate

efforts are technically possible and economically feasible.
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Conclusion

In this research, the creation of a carbon-neutral, emission-free, excluding waste-to-energy-
based emissions, and non-importing and self-sustaining Finnish energy system in 2035 and
2040 was achieved in EnergyPLAN. Another key outcome of this research was the high
degree of flexibility, relatively low level of critical excess electricity production, and the
connected use of storage solutions and electrolyzers, to fortify said flexibility found in the
ACE and Island scenarios. Another key finding was the cost-competitiveness of a carbon-
neutral and emission-free Finnish energy system, which was on par with the current energy
system's annual costs. The cost-competitiveness and relative level of flexibility and
renewable energy integration in the ACE scenarios demonstrate the achievability and
benefits of a renewable energy system that requires significantly greater renewable energy
investments and can achieve Finland’s goal of carbon neutrality and serve as a guiding
system for other EU member states. This research emphasizes the flexibility and
complementation provided by solar PV, wind, and PtG demonstrated by Child & Breyer
(2016a) as well as Pilpola & Lund (2018).

EnergyPLAN served as the key modeling tool for the FIN, ACE, and Island scenarios and
came with numerous limitations such as utilizing one import or export pathway, coalescence
of local heating networks into one unit, and somewhat inaccurate patterns of use for V2G
and other production and storage technologies. Costs utilized in each scenario may also be
somewhat inaccurate to actual future costs, especially concerning renewable energy
technologies and storage solutions, which may have a lesser or greater value as perfectly
predicting future costs is extremely difficult. Additional topics that would be of interest to
analyze concerning the Finnish energy system, include the economic viability of CHP plants
when faced with decreasing electricity prices, the role of storage solutions such as stationary
batteries and gas storage to provide energy access to rural and or poor communities, and the
regulatory adaptions and grid improvements needed to incorporate prosumers and V2G

connections within the Finnish energy system.

This research demonstrates the achievability of creating a carbon-neutral and emission-free
Finnish energy system, which can guide policymakers and researchers to develop policies

and support mechanisms necessary to generate said systems.
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Appendix 1. Overview of thermal plant and storage costs in millions of euros per defined

unit (Danish Energy Agency, 2024c; EnergyPLAN, 2018; IEA, 2022)

Cost category | Unit Finland Finland Finland
Thermal Plants 2020 2030 2040
Large heat pump
for DH and CHP Capex Million €/MWe 0.14 0.12 0.11
Compr. HP 10
MW. excess heat | Lifetime Years 25 25 25
Opex fixed % of investment 0.30 % 0.35% 0.35 %
Variable costs | €/ MW, 0.35 0.4 0.41
Ccop 5.1 5.3 5.4
Large CHP plant | Capex Million €/ MWe 2.15 2.1 2.1
Lifetime Years 25 25 25
Opex fixed % of investment 1.63 % 1.63 % 1.63 %
Variable costs | €/mwne 3.28 3.21 3.21
Efficiency 0.9 0.9 0.9
DH/CHP boiler Capex Million €/MW _th 0.06 0.05 0.05
Lifetime Years 25 25 25
Opex fixed % of investment 3.46 % 4.04 % 4.04 %
Variable costs | €/MWh th 1.17 1.06 1.06
Efficiency 100 % 100 % 100 %
Electric Boiler
DH/CHP Capex Million €/MW, 0.07 0.06 0.06
Lifetime Years 25 25 25
Opex fixed % of investment 0.015 0.015 0.015
Variable costs | €MW, 1.63 % 1.81 % 1.81 %
Efficiency 99 % 99 % 99 %
Condensing PP
(average) Capex Million €/Mwe 1.93 1.9 1.9
Lifetime Years 40 40 40
Opex fixed % of investment 1.63 % 1.63 % 1.63 %
Efficiency 99 % 99 % 99 %
OCGT Capex Million €/Mwe 0.48 0.47 0.47
Lifetime Years 25 25 25
Opex fixed % of investment 1.79 % 1.75 % 1.75 %
Variable costs | € MWh 4.79 4.79 4.79
Efficiency 40 % 41 % 41 %
CCGT Capex Million €/Mwe 1.38 1.27 1.27
Lifetime Years 25 25 25
Opex fixed % of investment 2.25% 232% 2.32%
Variable costs | €/MWh 4.68 4.67 4.67
Efficiency 48 % 50 % 50 %




Million €/ TWh,

Waste CHP plant | Capex input 246.42 215.62 215.62
Lifetime Years 20 20 20
Opex fixed % of investment 0.51 % 0.52 % 0.52 %
Efficiency 20 % 21 % 21 %
Nuclear Capex Million €/Mwe 6.6 5.1 5.1
Lifetime Years 40 40 40
Opex fixed % of investment 3.50 % 3.50 % 3.50 %
Efficiency 0.33 0.33 0.33




Appendix 2. cost of renewable energy technologies and other solutions in million euros per
unit of production or capacity (Danish Energy Agency, 2024¢; Danish Energy Agency,
2024e¢; EnergyPLAN, 2018; Tsiropoulos, et al, 2018a; Tsiropoulos, et al, 2018b; Danish
Energy Agency, 2024b)

Cost category | Unit Finland Finland Finland

Renewable Energy 2020 2030 2040
Onshore wind Capex Million €/MWe 1.11 1.15 1.11
Lifetime Years 27 30 30
Opex fixed % of investment 1.48 % 1.45 % 1.41%
Offshore wind Capex Million €/MWe 2.12 1.8 1.68
Lifetime Years 27 30 30
Opex fixed % of investment 2.36 % 217 % 2.02 %
Solar PV - industrial Capex Million €/ MWe 0.56 0.38 0.32
Lifetime Years 35 40 40
Opex fixed % of investment 2.02 % 2.50 % 2.53 %
Solar PV - commercial Capex Million €/ MWe 0.87 0.57 0.46
Lifetime Years 35 40 40
Opex fixed % of investment 1.22 % 1.56 % 1.74 %
Solar PV - residential Capex Million €/MWe 1.24 0.84 0.7
Lifetime Years 35 40 40

Opex fixed % of investment 1.08 % 1.27 % 1.37 %

Hydropower - Run of the
river Capex Million €/MWe 3 2.99 2.99

Lifetime Years 60 60 60
Opex fixed % of investment 0.50 % 0.50 % 0.50 %

Biomass gasification

plant Capex Million €/ MW _th 1.17 1.3 1.3
Lifetime Years 20 20 20
Opex fixed % of investment 1.52 % 1.47 % 1.47 %
Efficiency 0.75 0.77 0.77
Biodiesel plant Capex Million €/MW th 1.08 0.99 0.95
Lifetime Years 25 25 25
Opex fixed % of investment 12.04% | 13.13% | 13.68 %
Efficiency 77.27% | 7843 % | 78.43 %
Biopetrol plant Capex Million €/ MW _th 0.77 0.74 0.71
Lifetime Years 25 25 25
Opex fixed % of investment 8.44 % 8.78 % 9.15%
Efficiency 5542% | 55.95% | 55.29 %
Biojetpetrol plant Capex Million €/MW th 1.02 0.86 0.8
Lifetime Years 25 25 25

Opex fixed % of investment 3.73 % 4.42 % 4.75 %
Efficiency 84.72% | 84.72% | 84.72 %




CO: hydrogenation plant

(P2G) Capex Million €/ MW _th 0.6 0.3 0.2
Lifetime Years 25 25 25
Opex fixed % of investment 4% 4% 4%
Efficiency 0.63 0.63 0.63
SOEC Electrolyser Capex Million €/ MWe 1.8 0.775 0.65
Lifetime Years 25 25 25
Opex fixed % of investment 12 % 12 % 12 %
Efficiency 66 % 70 % 71 %
Hydrothermal
Liquifaction Capex Million €/ MW _th 2.34 1.75 1.31
Lifetime Years 20 20 20
Opex fixed % of investment 3.83 % 5.11 % 5.11 %
Efficiency 86.32% | 86.32% | 86.32%
Million €/TWhg,
Biogas plant Capex input 195.64 176.19 176.19
Lifetime Years 20 20 20
Opex fixed % of investment 11 % 13 % 13 %
Efficiency 100 % 100 % 100 %
Biogas upgrading Capex Million €/ MW _th 0.21 0.17 0.14
Lifetime Years 20 20 20
Opex fixed % of investment 17.04 % 17.04% | 17.81 %
Efficiency 99 % 99 % 99 %
Gasification gas
upgrading Capex Million €/MW th 0.21 0.17 0.14
Lifetime Years 20 20 20
Opex fixed % of investment 17.04% | 17.04% | 17.81%
Efficiency 99 % 99 % 99 %
Million
CO; capture (DAC) Capex €/MtCO»/y 547.9 342.5 239.7
Lifetime Years 25 25 30
Opex fixed % of investment 3.96 % 4.00 % 3.81 %
Liquid fuel synthesis Million
CO, Capex €/MtCO,/y 2.5 2.5 1.9
Lifetime Years 25 25 25
Opex fixed % of investment 8 8 4
Million
JP synthesis Capex €/MtCO»/y 0.81 0.81 0.75
Lifetime Years 25 25 25
Opex fixed % of investment 4.4 4.4 5
Industrial CHP elec Capex Million €/TWh/y 0.81 0.81 0.75
Lifetime Years 25 25 25
Opex fixed % of investment 4.4 4.4 5
Industrial CHP heat Capex Million €/ TWh/y 0.81 0.81 0.75
Lifetime Years 25 25 25
Opex fixed % of investment 4.4 44 5




Storage systems

Million
Heat storage CHP Capex €/GWh th 3 3 3
Lifetime Years 40 40 40
Opex fixed % of investment 0.29% 0.29% 0.29%
Million
H2 storage Capex €/GWh th 61 48 29
Lifetime Years 25 30 30
Opex fixed % of investment 4% 4% 4%
Million
Grid gas storage Capex €/GWh th 0.24 0.24 0.24
Lifetime Years 50 50 50
Opex fixed % of investment 2.60% 2.60% 2.60%
Lithium ion stationary Capex Million €/GWh e 820 380 282
Lifetime Years 20 25 30
Opex fixed % of investment 1.52% 1.52% 1.52%




Appendix 3. Cost of fuels and fuel handling, the carbon content of fuel, and variable
operation and maintenance costs for key energy technologies in euros per output

(EnergyPLAN, 2018)

Fuel

Coal/Peat €/GJ 35
0il €/GJ 17
Diesel €/GJ 20.9
Petrol €/GJ 20.8
Jet fuel €/GJ 20.8
NG €/GJ 10.4
Biomass (weighted average) €/GJ 10
Uranium (Including handling) €/GJ 1.5

Fuel handling (storage. distribution and refining)

Coal to central CHP and PP €/GJ 0.05
Fuel oil to central CHP and PP €/GJ 0.29
Fuel oil to industry and DH €/GJ 1.78
Diesel for transportation €/GJ 3.85
Petrol / Jet fuel for transportation €/GJ 4.67
NG to central CHP and PP €/GJ 0.21
NG to industry and DH €/GJ 0.94
NG for transportation €/GJ 4.04
Biomass to conversion plants €/GJ 1,186
Biomass to central CHP and PP €/GJ 0.68
Biomass to industry and DH €/GJ 0.55
Biomass to individual households €/GJ 4.34
Biomass for transportation (biogas) €/GJ 0

Carbon content in the fuels

Coal / Peat kg CO2eq/GJ 98.5
Oil kg CO2eq/GJ 72.9
NG kg CO2eq/GJ 56.9
Waste (related to inorganic portion) kg CO2eq/GJ 325
CO:2 Price €/t CO2eq 60
Solid biomass kg CO2eq/GJ 0

Varaible Operation and Maintenance Costs

DH and CHP systems

Boiler €/MWh 0.9
CHP €/MWh 29
Heat Pump €/MWh 0.45

Electric heating €/MWh 0.4




PP

Hydropower €/MWh 1.19
Condensing €/MWh 2.9
Geothermal €/MWh 15
GTL M1 €/MWh 1.8
GTL M2 €/MWh 1,008
Storage

Electrolyser €/MWh 0
Pump €/MWh 0
Turbine €/MWh 0
V2G Discharge €/MWh 0
Hydropower pump €/MWh 1.19




Appendix 4. Number of heating units and connected demand (Danish Energy Agency,
2024d; Danish Energy Agency, 2024f; Official Statistics of Finland, 2024c; Official
Statistics of Finland, 2024d; UN, 2024; Finnish Energy Industries, 2023a; Ministry of
Economic Affairs and Employment. 2023.)

Number in millions (Unless otherwise denoted)
TEM ACE TEM ACE TEM ACE
2022 | 2030 2030 2035 2035 2040 2040
Population 5.5 5.5 5.6 5.6 5.6 5.6 5.5
Total buildings 1.54 1.54 1.56 1.56 1.58 1.58 1.6
Individual dwellings 1.25 1.25 1.27 1.27 1.28 1.28 1.29
Larger buildings and
dwellings 0.29 0.29 0.29 0.29 0.3 0.3 0.31
Total district heating
connections 0.693 | 0.7084 0.6708 0.702 0.6478 0.711 0.64
Individual dwelling DH
connections 0.461 0.476 0.439 0.470 0.408 0.471 0.392
Larger building and
dwelling DH connections | 0.232 0.232 0.232 0.232 0.240 0.240 0.248
District heating grid
demand (TWh) 28.33 25.81 24.17 23.04 21.04 20.08 18.05
Number of individual
boilers and heating units 0.79 0.77 0.83 0.80 0.87 0.81 0.90
Individual oil 0.09 0.04 0.02 0.00 0.00 0.00 0.00
Individual gas 0.02 0.03 0.03 0.03 0.00 0.00 0.00
Individual biomass 0.22 0.24 0.24 0.24 0.25 0.24 0.25
Individual ground source
heat pumps 0.16 0.23 0.29 0.30 0.35 0.36 0.43
Individual electric
heating | 0.30 0.24 0.26 0.23 0.28 0.21 0.22
Number of larger boilers
and heating units 0.06 0.06 0.06 0.06 0.06 0.06 0.06
Large oil 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Large gas 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Large biomass 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Large ground source heat
pumps 0.01 0.02 0.02 0.02 0.02 0.03 0.03
Large electric heating 0.02 0.02 0.02 0.02 0.02 0.02 0.01
Total individual heat
demand (TWh) 38.85 30.19 31.83 27.95 29.96 2491 26.95
Individual oil (TWh) 4.21 1.46 0.74 0 0 0 0
Individual gas (TWh) 1.11 1.21 0.98 0.89 0 0 0
Individual biomass
(TWh) 10.88 9.29 9.29 8.43 8.43 7.45 7.45
Individual heat pumps
(TWh) 8 9 11 10.61 12 11 13
Individual electric heat
(TWh) 14.66 9.24 9.82 8.03 9.53 6.46 6.5




Appendix 5: Total heating costs for each heating unit in Million €

Total heating costs (M€)

TEM ACE TEM ACE TEM ACE
2022 | 2030 2030 2035 2035 2040 2040

Individual

dwelling DH

connections 1,000.37 981.38 903.93 968.20 | 840.068 927.87 772.24
Larger building

and dwelling
DH connections | 2,858.24 | 2,716.72 2716.72 | 2716.72 | 2810.40 | 2673.60 | 2,762.72
District heating
grid costs 4,532.80 | 4,129.60 | 3,867.20 | 3,686.40 | 3,366.40 | 3,212.80 | 2,888.00
Cost of
individual
boilers and
heating units

Individual oil 478.80 202.02 104.35 0 0 0 0
Individual gas 87.92 115.03 94.94 94.50

Individual

biomass 1,073.87 | 1,102.17 | 1,123.22 | 1,117.16 | 1,136.27 | 1,064.59 | 1,092.26
Individual

ground source

heat pumps 2,357.40 | 3,011.90 | 3,751.50 | 3,966.13 | 4,562.46 | 4,429.85 | 5,371.34
Individual
electric heating 800.90 606.13 656.48 588.39 710.24 509.82 526.30
Cost of larger
boilers and
heating units

Large oil 204.90 86.95 41.80 0 0 0 0
Large gas 45.57 61.14 46.96 48.57 0 0 0
Large biomass 1,429.38 | 1,493.85 | 1,416.88 | 1,464.20 | 1,413.10 | 1,428.39 | 1,364.30
Large ground

source heat

pumps 2,449.59 | 3,014.42 | 3,494.47 | 3,838.47 | 4,189.75 | 4,272.65 | 4,822.84
Large electric

heating 2,401.14 | 1,852.38 | 1,867.22 | 1,738.82 | 1,991.57 | 1,544.20 | 1,484.00




Appendix 6: Cost of heating units and systems per number of units or TWh of production

(Danish Energy Agency, 2024d; Danish Energy Agency, 2024f)

Cost assumption Cost Unit Finland | Finland | Finland
ostassumptions category 2020 | 2030 2040
Individual boiler Million €/1000
(20kW Oil) Capex units 5.6 54 52
Lifetime Years 20 20 20
Opex fixed | % of investment | 3.12% | 3.09 % 3.02%
Efficiency 0.92 0.93 0.94
Individual boiler Million €/1000
(14kW NG) Capex units 3.9 3.71 3.53
Lifetime Years 20 20 20
Opex fixed | % of investment | 4.66 % | 4.71 % 4.66 %
Efficiency 97 % 98 % 99 %
Individual boiler (10 Million €/1000
kW Biomass) Capex units 4.86 4.63 4.40
Lifetime Years 20 20 20
Opex fixed | % of investment | 7.70% | 7.84 % 7.89 %
Efficiency 82 % 86 % 88 %
Individual heat inverter Million €/1000
(Air-Air; 6.5 kW) Capex units 1.70 1.60 1.54
Lifetime Years 12 12 12
Opex fixed | % of investment | 8.82% | 6.21 % 6.30 %
cop 4.85 5.30 5.50
Individual heat pump
(Ground-Water: 7 Million €/1000
kW th) Capex units 14.51 13.06 12.4
Lifetime Years 20 20 20
Opex fixed | % of investment | 1.98% | 1.53 % 1.56 %
copr 3.45 3.65 3.8
Individual electric heat Million €/1000
(3 kW _th) Capex units 2.69 2.56 2.43
Lifetime Years 30 30 30
Opex fixed | % of investment | 0.89 % | 0.90 % 0.91 %
Efficiency 100 % | 100 % 100 %
Large boiler (400 kW Million €/1000
Oil) Capex units 32.60 31.00 29.50
Lifetime Years 20 20 20
Opex fixed | % of investment | 3.19% | 341 % 3.62%
Efficiency 92 % 93 % 94 %
Large boiler (400 kW Million €/1000
NG) Capex units 27.50 26.30 25.20
Lifetime Years 25 25 25
Opex fixed | % of investment | 2.42% | 2.49 % 2.49 %
Efficiency 100 % | 100 % 100 %




Large boiler (400 kW Million €/1000
Biomass) Capex units 88.00 83.70 79.60
Lifetime Years 20 20 20
Opex fixed | % of investment | 1.71% | 1.79 % 1.82 %
Efficiency 85 % 90 % 90 %
Large heat pump
(Ground-Water: 320 Million €/1000
kW th) Capex units 205.10 | 174.34 161.26
Lifetime Years 20 20 20
Opex fixed | % of investment | 1.05% | 1.21 % 1.28 %
cop 3.20 3.40 3.55
Large electric heat (160 Million €/1000
kW th) Capex units 109.71 | 104.35 99.24
Lifetime Years 30 30 30
Opex fixed | % of investment | 0.04 % | 0.04 % 0.04 %
Efficiency 100 % | 100 % 100 %
District heating grid Capex Million €/TWh 160 160 160
Lifetime Years 40 40 40
Opex fixed | % of investment N/A N/A N/A
District heating
substation - Individual
direct 12 kW Capex €/unit 2170 2060 1970
Lifetime Years 25 25 25
Opex fixed | % of investment | 2.26 % | 2.33 % 2.28 %
District heating
substation - Large
direct 400 kW Capex €/unit 12320 | 11710 11140
Lifetime Years 25 25 25
Opex fixed | % of investment | 0.72% | 0.76 % 0.77 %




