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ABSTRACT 

(Eeva-Lotta Apajalahti and Timo Hyppänen) 

Finland is committed to aim for a carbon-neutral energy system by 2023. The transition is in 

progress with increasing shares of various forms of low-carbon production and significant 

reductions in the share of energy production from coal and natural gas, for example. Finland 

has traditionally been strong in the use of renewable energy thanks to wood-based fuels 

availability. However, a significant part of the energy is still produced from fossil fuels in 

Finland. 

The energy system has been in constant evolution throughout history. Recently, climate change 

mitigation has made carbon neutrality the single biggest goal in energy system development, 

which has a major impact on current decision-making. In addition to carbon neutrality, the 

change must consider two other particularly important and ongoing societal objectives such as 

security of supply and service of the energy system, and cost-effectiveness. 

The future energy system will be affected by many expectations and parallel developments. 

These include the arrival of new energy sources on the market and their integration into the 

system, the progress of electrification, the development of energy technologies and changes in 

cost-efficiency, the growing importance of energy storage, the carbon capture development, 

and plans for the hydrogen economy. There are numerous possible directions for development, 

and they are not mutually exclusive. However, it creates science-based, urgent information 

needs and challenges for energy system decision-making. As decisions have to be taken that 

simultaneously create the conditions for the achievement of several objectives, partly cross-

impacting each other. 

This report offers a clear and comprehensive overview of energy system status in Finland 

including the main trends. The report provides basic general information of the different types 

of energy production, energy storage, energy efficiency and savings as well as the entire energy 

system, including system integration. In addition, the aim is to present basic information of the 

different types of energy production, the current state of the energy system and future trends. 

The report is intended for all those who are interested in the trends in the energy system and 

aims to present relatively complex entities in an understandable way and to provide an 

overview of the factors involved in the development of the energy system. The report has been 

written by 19 experts in their field from the Faculty of Energy Systems at LUT University. 

The report starts with a summary of the views of public organisations on future trends and 

scenarios for energy systems. The most relevant of these are the views and scenario calculations 

of the Intergovernmental Panel on Climate Change (IPCC), the EU, the Nordic Council of 

Ministers' organisation called Nordic Energy Research (NER) and the Finnish Climate and 

Energy Strategy. The views contain the same basic elements related to energy systems and also 

partly contain many different future scenarios. For example, the evaluation models reviewed 

by the IPCC include more than 2 500 scenarios. 

The report presents basic information on the technologies and characteristics of all the main 

energy production methods in Finland, considering the sustainability of the production method 

and the different needs of society. In addition, reports covers topics such as energy system 

integration costs, hydrogen economy, carbon capture and utilisation, energy storage and 

carriers, energy efficiency, energy savings and consumption flexibility. The intention is to 



provide the reader as comprehensive a basic understanding as possible of the main technologies 

of the energy system and the most important elements of its development. 

Besides presenting the different forms of energy production and the main technologies, the 

report also considers the energy system as a whole and the various priorities for the future. The 

current state of the energy system is examined in particular for electricity and heat and also 

briefly for industry and transport. The report also is discussed the significance and role of the 

three main energy sources in the development of the national energy system. In Finland, the 

main energy sources for the energy system development are variable renewable energy, nuclear 

power and biomass. In addition, the report provides information on important elements of 

system integration, such as sector integration, system infrastructure, the functioning of the 

energy market and system-level investments, and export opportunities related to carbon 

neutrality expertise in Finland. 

The main issues of the energy system development are currently related to variable renewable 

energy, especially wind power in Finland. It plays an important role in transforming energy 

consumption in many sectors towards carbon neutrality and will grow significantly in the 

coming years. As the wind dependent and variable production share increases, ensuring 

operational reliability will require significant structural changes and system development to 

maintain a balance between production and consumption under all conditions. The main tools 

to achieve these purposes include energy storage in different time periods, weather-

independent and controllable forms of energy production, power reserves, consumption 

flexibility and integration between different sectors. This report aims to provide the basic 

information needed to understand the whole picture and its various components. 
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FOREWORD 

(Olli Pyrhönen) 

Our current lifestyle and well-being have evolved favourably due to affordable energy 

produced from fossil fuels. However, in the past decades, the harmful effects of using fossil 

fuels to our environment and the global climate have become apparent. At the same time, the 

need has arisen to change the direction of energy policy around the world so that greenhouse 

gas emissions (GHG) are drastically reduced. Finland is one of the countries that is striving for 

a carbon neutral society.  

Political debate has high hopes for new energy technologies. In the last two decades, renewable 

energy (RE) technology and production have developed faster than expected. However, the 

majority of the world’s energy consumption is still based on fossil fuels such as oil, gas and 

coal. Replacing these with carbon-free energy sources is an enormous task that will require a 

long transition period and massive funding. In addition to climate and environmental aspects, 

the energy system transition must consider its economic impact and reliability throughout the 

transition. 

Societies' energy systems are built on both public and private investments. The energy system 

is a system that sustains society and cannot develop solely by market conditions. Political 

decisions and legislation are needed to set targets and boundary conditions. Politicians have a 

great responsibility for the energy future. 

The energy system is complex and technically demanding entity. New technologies and 

sectoral integration between different industrial activities add more complexity. Sometimes, 

the energy policy debate misses the bigger picture by focusing on individual technologies rather 

than seeing the forest for the trees. 

This report aims to describe different energy technologies and their potential uses as well as 

challenges as part of the future energy solutions for Finland. The narrative has been chosen to 

give an adequate understanding of the subject, even without an education in the field of energy. 

A wide range of experts from the Faculty of Energy Systems at LUT University have 

contributed to the report. The aim of the report is not to guide technology solutions in a 

particular direction, but to provide facts about different solutions. 

We hope the report will support the political and social debate on considering the carbon neutral 

energy future of Finland. 
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1 INTRODUCTION 

(Timo Hyppänen and Eeva-Lotta Apajalahti) 

The Government has been preparing Finland's Climate and Energy Strategy from 2020 

onwards, in line with the Government Programme. This strategy includes an analysis of the 

actions and impacts of climate and energy policy. The strategy is driven by many things such 

as the EU's 2030 climate and energy targets, the Carbon Neutral Finland 2035 target in the 

Government Programme and the need for updates of the National Energy and Climate Plan 

(NECP). In particular, the energy transition to mitigate climate change, as conditions and 

technology evolve, is in a constant state of change. Therefore, energy strategy and systems also 

need to be developed in future Government Programmes. Similarly, in society, the different 

stakeholders need to consider the changes and opportunities in their energy plans and potential 

investments. 

The green transition is the key pillar of the sustainable growth agenda of energy system in 

Finland. Its purpose is both to accelerate the reduction of emissions and to support national 

carbon neutrality and circular economy objectives. The aim is also to raise the level of energy 

system technology and expertise in Finland, promote business, improve energy efficiency and 

accelerate the transition to fossil-free transport and heating. The programme includes different 

issues including solar power, offshore wind, biogas and waste heat recovery projects. In 

addition, traditional forms of energy production are still part of the energy system. The nuclear 

power share is growing as the new unit at Olkiluoto generates electricity for the grid. The fossil 

fuels share is declining but is still significant. The abundance of bioenergy is a specific national 

feature of Finland. 

 

The energy system as a whole is very complex, with a wide range of technical elements and 

concepts that are difficult to understand without deeper insight. The situation is further 

complicated by the differences in the timing of energy production and consumption, and by the 

need to compensate for the rapid fluctuations in production that are increasing in the energy 

system. There is a wide range of needs at different levels for information and insights on energy 

systems and solutions for different situations. 

The role of universities is to influence society, in addition to teaching and research. To 

accomplish this mission, LUT University has produced this energy report, which presents the 

main topics related to energy systems. The report is the result of a large group of researchers 

and research groups working across a wide range of different subjects in the field of energy 

systems, who follow, research and develop technical solutions in their respective fields, based 

on scientific knowledge. In this report, the researchers aim to present the concepts, technical 

options, and their characteristics in their field of expertise in a general and concise way, so that 

the reader can form a clear idea of a single topic or an entity with a reasonable amount of effort. 

The structure of the report helps to explore a topic in more detail, with the support of experts 

from different disciplines. 

In Europe, energy issues were placed in a new light after Russia invaded Ukraine in February 

2022. From the perspective of the energy system in Finland, the war in Ukraine and the 

sanctions against Russia affect oil, natural gas and coal, as well as electricity and biofuels 

imported from Russia to Finland, and also the Fennovoima nuclear power plant project. 

However, it is still too early to tell how the situation will change the energy transition that is 

already in progress. The global Ukrainian situation is likely to accelerate the phase out of fossil 

fuels. On the other hand, it is motivation for creating a significant energy shortage in Europe, 



which will also affect the Finnish energy system in various forms. The situation brings 

additional challenges, but perhaps also, to some extent, new opportunities. However, this report 

focuses on the ongoing transformation of the energy system in Finland and on the technical 

options for achieving the objectives of Finland's Climate and Energy Strategy, rather than on 

the concrete effects of the war in Ukraine on the Finnish energy system. The ways of phasing 

out fossil fuels are broadly the same, despite the war in Ukraine. Therefore, the report content 

can mainly be considered as general information about energy technology, which is 

independent of the operational environment and examines the options available to Finland to 

achieve carbon neutrality. 

 

The report aims to describe energy technology solutions from perspectives and needs that are 

related to decision-making on technology options and to achieving the objectives of Finland's 

Climate and Energy Strategy. The key aspects of the energy system include carbon neutrality, 

economy, technology maturity, sustainability, emissions, security of supply and service, self-

sufficiency, security, risks, national export potential and various social factors. The report 

focuses on the Finnish energy system, including the emissions trading sector, heat and 

transport. The report dose not include discussion of land use, concrete scenarios for the future 

of the energy system. Thus, the report does not have one clear timeframe, but ranges from the 

current situation to 2050, depending on the context. 

 

This report is divided into three main chapters. Chapter 2 mainly presents the views of public 

organisations on the development of energy systems at regional, national, Nordic, European 

and global level. Chapter 3 describes the individual elements and characteristics of the energy 

system transformation towards carbon neutrality, including electricity and heat generation and 

other technologies relevant to the functioning and development of the energy system. Chapter 

4 focuses on the energy system as a whole and the most important factors for its functioning in 

the transition towards carbon neutrality. 

 

2 CLIMATE NEUTRALITY  

(Esa Vakkilainen and Svetlana Proskurina) 

 

Currently globally energy sector is main based on the fossil fuels (coal, natural gas and oil) 

consumption (Figure 1). It is expected that renewable fuels (wind, solar, bioenergy) will have 

the largest chare the future (Figure 2) (IEA WEO, 2021).  



 

Figure 1: Global energy system in 2021 (IEA WEO, 2021).  

 

Figure 2: Global energy system in 2050 (IEA WEO, 2021).  

More and more countries set targets to be climate neutral which means produce zero GHG 

emissions (Figure 3). In 2020, commitment of emission reduction covered approximately 47% 

of total global emissions. China set a target to reach carbon neutrality by 2060. Japan and the 

Republic of Korea aim to reach this target by 2050. The EU aims to decrease GHG emissions 

55% by 2030 and carbon neutrality by 2050 (REN 21 GSR, 2021).  



 

Figure 3: Countries with selected climate changes policy in 2021 (REN21 GSR, 2021).  

One of the measurement to reach carbon neutrality is the renewable energy increase. Mostly 

all Member States (MS) of the EU increased RE share and reached own local RE target. In 

2007, the EU set a target of rising the RE share in gross final energy consumption (GFEC) of 

the EU to 20% by 2020 and every MS set own local RE share target. Currently, the share of 

RE is about 23% in the EU. Mostly all EU MS reached own local targets (Figure 4).  It is 

expected that the share of renewable energy in GFEC will be at least 32% by 2030 in the EU. 

In 2021, this target was increased to at least 40% of RE in the overall energy mix by 2030 in 

the EU in response to cutting GHG emissions by at least 55% (compared to 1990) by 2030 

(European Commission, 2023). It means that each MS is responsible for increasing the use of 

renewable energy and focus on GHG emission reduction in the country. As can be seen from 

Figure 4, after Sweden, Finland is the leading country in RE share in GFEC, mostly thanks to 

large bioenergy development.  



 

Figure 4: Share of renewable energy in gross final energy consumption (in %) in 2020 and 

target by 2020.  

 

3 VIEWS ON THE FUTURE OF THE ENERGY SYSTEM  

(Esa Vakkilainen and Timo Hyppänen) 

 

This chapter presents different views of the energy system development at national, Nordic 

and, European and global levels. In recent years, an enormous number of scenarios and 

prospects for the energy system future have been presented in differently delimited forms. They 

mainly contain the same basic technical elements, but their emphasis varies significantly from 

scenario to scenario. There are many uncertainties about future solutions, and many scenario 

developers have proposed several alternative paths in order to take them into account. This 

chapter briefly looks at the main views on energy system orientations expressed by public 

organisations. 

 

2.1  International views 

2.1.1 IPCC 

The Intergovernmental Panel on Climate Change (IPCC) is an internationally accepted 

authority on climate change where leading experts gather and assess information and views on 

climate change. The latest Third Assessment Report of the IPCC's Sixth Assessment Report on 

ways to mitigate climate change was published in April 2022 as a summary for political 

decision-makers (IPCC 2022).  

The sub-report explores possible roadmaps for meeting the Paris Agreement targets to keep the 

global average temperature rise well below two degrees compared to pre-industrial time. The 

report also investigates actions to limit warming to less than 1.5 degrees. The IPCC report states 

0,000

10,000

20,000

30,000

40,000

50,000

60,000

70,000

EU

B
el

gi
u

m

B
u

lg
ar

ia

C
ze

ch
ia

D
en

m
ar

k

G
e

rm
an

y

Es
to

n
ia

Ir
el

an
d

G
re

ec
e

Sp
ai

n

Fr
an

ce

C
ro

at
ia

It
al

y

C
yp

ru
s

La
tv

ia

Li
th

u
an

ia

Lu
xe

m
b

o
u

rg

H
u

n
ga

ry

M
al

ta

N
e

th
e

rl
an

d
s

A
u

st
ri

a

P
o

la
n

d

P
o

rt
u

ga
l

R
o

m
an

ia

Sl
o

ve
n

ia

Sl
o

va
ki

a

Fi
n

la
n

d

Sw
ed

en

2020 2020 target



that current actions of Nationally Determined Contribution (NDC) programmes about emission 

reductions, are insufficient to limit global warming to 1.5 degrees and that urgent actions are 

needed to mitigate climate change. To reach the target, the peak of GHG emissions must reach 

by 2025 at the latest and then must be reduced by 43% by 2030. 

Technically, the 1.5-degree target is still considered to be achievable. The report discusses and 

presents more than 2 500 different alternative routes and combinations of technical solutions. 

They include a separate category for scenarios with 1.5 target can be achieved. Figure 1 shows 

the impact of different scenarios on emissions trends in this century. The need for rapid changes 

to the existing national programmes (the NDC range in the figure 5) is clearly visible in the 

figure 5. 

 

Figure 5: Scenario results from the IPCC report about emissions trends in this century (IPCC 

2022). The blue area contains the results for scenarios that have a high probability of limiting 

warming to 1 degree. The orange area shows the scenarios based on the national program 

actions announced at COP26 by 2021. 

 

 

Figure 6 shows the average sectoral contributions to emission reductions of the carbon neutral 

scenarios. The reductions are divided into direct emissions from fuel consumption and indirect 

emissions from industrial processes, energy production, transmission and distribution. 

  



 

Figure 6: Average sectoral contributions to emission reductions of carbon neutral scenarios 

(IPCC 2022). 

 

Reducing GHG emissions means major changes in the energy sector. According to the 

scenario, a carbon neutral energy system includes significant elements as follow:  

• To substantially reduce the use of fossil fuels in so-called unabated technologies, 

where carbon dioxide emissions from their use are not captured and stored through 

CCS (Carbon Capture and Storage) technology. 

o Similar wording was also presented as an outcome of COP26. 

o The question has been raised as to whether the target should be extended to 

power plants where more than 90% of CO2 emissions can typically be 

captured by CCS technology. 

• Use of zero emission technologies in electricity generation 

• Large-scale electrification of the energy system, including energy end-use 

• Use of sustainable biofuels and low-emission hydrogen as well as its derivatives in 

applications that are difficult to electrify 

• Saving energy and increasing energy efficiency 

• Improving the operational integration of the energy system 

• Removal of carbon dioxide from the atmosphere to compensate remaining emissions 



o The main ones are considered to be the removal of carbon dioxide directly 

from the atmosphere and the indirect capture of carbon dioxide, that has been 

captured in biomass, from the gas produced during bioenergy production. 

The report also includes the following aspects related to the energy system:  

• Falling prices for wind, solar and energy storage have improved the economic 

attractiveness of low carbon options.  

• Covering the entire energy system with renewable energy is challenging. In particular, 

the high share of renewable energy creates challenges that require a wide range of 

options to solve them. Among others, these include: 

o systems integration 

o interconnection between consumption sectors 

o energy storages 

o smart grids 

o consumption management 

o sustainable biofuels 

o hydrogen production and hydrogen derivatives by electrolysis 

o other technologies required for the changing energy system 

• Carbon abatement technologies costing less than USD 100/tCO2 could reduce global 

emissions by at least half of 2019 levels by 2030. 

2.1.2 EU 

EU Member States (MS) have committed to carbon neutrality by 2050. However, some MS 

want a stricter policy and some MS want more soft policy. The EU has published a baseline 

scenario for the "Green Deal" in 2021. It should be noted that the EU cannot direct its member 

countries, but this scenario is used as a tool. It is also likely that future political decisions will 

tighten the emissions cap on fossil fuels. 

According to the report, the EU expects industrial energy use to be electrified, coal and oil 

usage will stop, but natural gas usage to remain significant. This situation is expected to change 

considerably as the situation in Ukraine evolves and the EU cuts off energy supplies from 

Russia. 



 

Figure 7: Electricity production by source (European Commission 2021). 

 

2.1.3 Nordic countries 

Nordic Energy Research (NER) produced a prediction of energy production based on three 

different scenarios for the Nordic countries in 2021 (Wråke 2021). The modelling is done by 

VTT. The share of wind power is growing fastest (Figure 8). 

 

Figure 8: Nordic Energy Research scenarios for 2050. Carbon Neutral Nordic (CNN), Nordic 

Powerhouse (NPH) Climate Neutral Behaviour (CNB)  (Wråke et al. 2021). 

 

In all three scenarios, the use of fossil fuels will be marginal in 2050. According to NER, hydro, 

nuclear, bio and wind are the most important energy sources of the future. The projections 

expect that electric fuel production (P2X) and geothermal heat will become new energy 

sources.  



2.2  National views 

The main focus of the Finland's Climate and Energy Strategy is to reduce GHG emissions and 

move towards carbon neutrality. Figure 9 shows the development of GHG emissions in Finland 

by sector since 1990. The carbon dioxide equivalent used in the figure describes the combined 

warming effect on climate of several greenhouse gases in addition to carbon dioxide when the 

emissions are adjusted to match the calculated effect of carbon dioxide. In 2020, total annual 

emissions were 48.1 million tonnes of CO2eq of which the energy sector will account for the 

majority, 34.6 million tonnes of CO2eq. Thus, developments energy sector and the energy 

system are essential for achieving carbon neutrality. 

 

Figure 9: GHG emissions and removals in Finland by sector and sum of all sectors (SVT 

2021). 

 

As part of Finland's Climate and Energy Strategy, model calculations have been made on the 

development of the energy system and GHG emissions in Finland. The calculations can be 

found in the report of the so-called HIISI project, published in December 2021, and have been 

prepared by VTT based on the TIMES energy system model. (Lehtilä et al. 2021.) The analyses 

are based on two scenarios, WEM (With Existing Measures) and WAM (With Additional 

Measures). The WEM is a reference scenario based on the current policy environment (policy 

actions and decisions until 31.12.2019). The WAM scenario includes the new policy actions 

and instruments. With the stronger policies and instruments of the WAM scenario, it is 

considered possible to achieve carbon neutrality by 2035, but this requires a consistent and 

long-term climate and energy policy. In addition, VTT (Koljonen et al. 2022) has published a 

HIISI report in February 2022, which presents estimates of the adequacy of the government's 



climate and energy policy decisions, taking into account a number of new climate commitments 

made by the government in September 2021 (figures 10 and 11). 

 

Figure 10: Final energy consumption by WEM and WAM scenarios (Koljonen et al. 2022). 

 

Energy consumption in Finland is predicted to decline, as required by the EU. Peat and coal 

are expected to be rapidly phased out from energy production by 2030. While oil use is 

expected to fall by a third by 2050, there will be no major changes in the use of natural gas. 

The use of woody biomass and black liquor will increase slightly, by some tens of percent. 

Wind and solar energy production will multiply. The share of heat pumps is a new growth area. 

 

Figure 11: Electricity supply by WEM and WAM scenarios (Koljonen et al. 2022). 

Electricity imports will decrease as Finland's own production increases. Without new 

decisions, nuclear energy production will start to decline as plants are decommissioned in the 

2040s and 2050s. Hydro and bioelectricity production will remain more or less unchanged, 



while wind and solar power will grow significantly. The report notes that the competitiveness 

of wind power has evolved rapidly in recent years. It is difficult to predict where new 

investments in wind power will be targeted in the Nordic market. Thus, the results are also 

uncertain in these scenarios. In the longer term, the most significant technological opportunity 

identified is the potential to exploit carbon capture and storage (CCS) technology and 

associated negative emissions production. In the WAM scenario, they can come into use in 

general only after 2035. 

The evolution of the emission allowance price is identified as a major uncertainty in the 

scenario building process. In the HIISI scenarios, the price of emission allowances is assumed 

to rise from the level of the next few years (30-50 €/tCO2) to a much higher level (100 €/tCO2) 

in 2050. On the other hand, the emission allowance price was already at this level in early 2022. 

The scenarios are based on the European Commission's calculation guidelines for the initial 

assumptions of the modelling. 

The Government has also published a separate report on the potential of the hydrogen economy 

in Finland in March 2022 (Sivill et al. 2022). The report identifies the need to ensure the 

conditions for industrial investment in the hydrogen economy and the deployment of hydrogen 

solutions. The hydrogen economy is also seen as an opportunity for the Finnish export industry, 

supported by the specific characteristics of Finland, such as low-carbon electricity generation 

capacity, large additional building potential for wind power and a strong electricity grid. These 

features can be exploited in the production of hydrogen and electric fuels, both for domestic 

demand and export. In addition, Finland has a large forest industry with considerable potential 

to produce carbon neutral carbon dioxide, for example for hydrocarbon-based electric fuels. In 

the longer term, Finland has the potential to produce hydrogen and carbon neutral electric fuels 

well above current industrial and transport needs. Therefore, the production of carbon-neutral 

fuels and related technology also has the potential to grow its own export industry. 

 

4 ENERGY SYSTEM OPTIONS 

This chapter describes the characteristics of the energy system, including the forms of 

electricity and heat production and other key technologies. 

In energy production, it is important to realise that electricity and heat are not equivalent in 

terms of useful energy, as electricity can be used as mechanical energy with an efficiency of 

up to 97% and converted entirely into heat. The conversion of heat into electricity is limited by 

the efficiency of the used energy conversion process, which can be even less than 10% at low 

temperatures and at best less than 65%. Furthermore, heat cannot be transferred over long 

distances similar electricity due to the cost of pumping the medium and increased heat losses. 

The energy efficiency of combined heat and power plants is superior compared to separate 

production of the same capacity. Typically, more than 85% of the energy in the fuel is 

recovered as electricity and heat in cogeneration plants, compared to less than 60% for power 

and heat-only plants alone. 

Heat can also be produced using electricity by heat pumps, which can harness energy from the 

ground, air or other low-temperature sources. The amount of heat produced is higher in relation 

to the electrical energy used, so heat pumps can reduce conventional household heat production 

by even more than 60% using renewable or waste energy. 



3.1 Impact of electricity generation on climate change and health 

(Jouni Havukainen and Esa Vakkilainen)  

Figure 8 summarises the GHG emission impacts of electricity generation from several different 

sources, with ranges for different technologies. Emissions from electricity produced with fossil 

fuels consist mainly of emissions from combustion. The construction of energy production 

plants is the main source of emissions in renewable energy production. Thus, as production 

increases, emissions from the construction of plants decrease. In addition, if the capacity factor 

and life expectancy increase, life-cycle emissions can be significantly reduced. For waste 

incineration and biogas production, life-cycle direct emissions are included, but not the fact 

that methane emissions from landfill gas generation are avoided if waste is not landfilled.  

 

Figure 12: Summary of GHG emissions from electricity generation (CCS=carbon capture and 

storage) (Arvesen and Hertwich 2012; Asdrubali et al. 2015; Bruckenr et al. 2014; Ecoinvent 

2019; Hertwich et al. 2015; Spath et al. 1999; Sphera 2021; UNECE 2021; Van Der Giesen et 

al. 2017; Whitaker et al. 2012; Ovaskainen 2017) 

 

Different forms of electricity generation have different health impacts (Figure 12). The 

production of fuels used in power plants causes health impacts, for example in mines. Fuels 

affect health in the form of dust, metals and radiation. Different forms of energy production 

also cause pollution. In addition, human-induced climate change has adverse effects on the 

health of the population.  



 

Figure 13: Health impacts of electricity generation, vertical axis combined lifetime impact, 

years per TWh (UNECE, 2021). 

 

It is clear from figure 9 that fossil energy sources cause significant harm to health. Energy 

sources with low emissions, such as wind, solar, hydro and nuclear power, have significantly 

less impact on health (UNECE 2021). 

3.2 Costs 

(Timo Hyppänen and Jouni Ritvanen)  

This chapter discusses the costs of the energy system as a background to the individual energy 

production methods. The content is also essentially linked to the system level, which is 

discussed in more detail in chapter 4. In particular, the system integration costs are strongly 

linked to the balance between energy production and consumption that presented in chapter 4. 

The costs of the energy system will change in many ways. As variable renewable energy 

increases and fossil energy decreases, the structure of both the production methods and the 

energy system as a whole will change. The costs of the system can be considered at two levels: 

the cost level of the individual forms of production and the cost level of the energy system. 

Partly, these interact with each other: for example, increasing the share of variable renewable 

energy will increase integration costs of the system for maintaining security of supply and 

balancing energy production and consumption, among other things (see chapter 4.3 for more 

details). The costs of electricity generation are examined mainly in the next section, but a 

similar cost structure is to some extent also associated with heat production when the energy 

system is electrified. 

3.2.1 LCOE costs of electricity generation methods 

A levelised cost of electricity (LCOE) is commonly used to estimate the costs of electricity 

generation from different generation methods. It represents the value of the unit cost of 

electrical energy over its productive lifetime and includes capital costs, fixed and variable 

operating and maintenance costs, and fuel costs. The unit used is €/kWh or €/MWh. 

Despite the clarity of the calculation principle, the use and comparison of LCOE values is often 

difficult because the conditions for each production method vary from one region to another. 

In addition, there are differences between the different analyses depending on the assumptions 



and initial data used. The LCOE cost data provided by electricity producers for their power 

purchase agreements are often unclear as to which calculation parameters (e.g. capital costs, 

interest rates, capacity factors, estimated lifetime of plants) have been used. Therefore, 

particular care must be taken when using individual values to compare different production 

methods or when applying them to another individual plant of the same production method. In 

more comprehensive LCOE cost analyses, a typical cost range for a production method is often 

presented, and the technical output data can be used to select the cost range that is suitable for 

the specific application.  

Some public authorities, private sector operators and international organisations regularly 

publish LCOE values for different production methods. For the reasons described before, there 

are differences in the individual values, but the broader picture still seems fairly coherent. 

Several analyses show that the cost of renewable energy has fallen significantly over the last 

20 years. It is already in some cases lower than the cost of fossil energy production. This can 

also be noticed in Figure 14 (IPCC 2022). 

 

Figure 14: Falling unit costs of renewable energy (IPCC 2022). 

LCOE costs for different electricity generation methods from both global and local 

perspectives have been presented in several sources (IEA 2020, Hirth et al. 2015, Timilsina 

2020, BEIS UK 2020, IRENA 2021, EIA 2022, Lazard 2021). The unit USD/MWh is usually 

used in the presentations. For example, figure 11 shows the IEA's LCOE values for 2020, 

including cost data from 243 plants in 24 countries. LCOE values vary by region, and the 

presentation also describes separately average values for European plants. 

The common understanding from the cost analyses is that: 

• The cost of variable renewable energy (wind, solar) has fallen. It is becoming generally 

recognised that many renewable forms of energy production, especially onshore wind, 

have lower costs than fossil fuel-based plants. 

• Nuclear power is recognised to remain the cheapest low-carbon and if necessary 

dispatchable form of electricity generation when considering the costs associated with 

the lifetime extension and operation of nuclear power plants (figure Nuclear, LTO, 

long-term operation). Figure 15 separately estimates the price of a new nuclear power 

plant with LCOE costs higher than the cost of extending the lifetime of an existing 

plant.  

• Under suitable conditions, large hydropower reservoirs can produce controllable 

electricity at LCOE costs equivalent to nuclear power that have extended lifetimes. 



• In some regions, gas-fired power plants may be partially competitive, but their LCOE 

costs depend heavily on the price of gas and carbon emissions in the individual region. 

Production costs for fossil fuel-fired coal and gas plants are generally no longer very 

competitive, and rising carbon prices in emissions trading are further weakening their 

position. The emission costs of fossil energy can be reduced by carbon capture and 

storage, but investment in these is only considered economically feasible when the 

emission price reaches 50-70 €/tCO2. 

• Bioenergy, which is important for Finland, has not been included in several global 

comparisons. The cost analysis of its electricity generation is influenced by the 

calculation values chosen to value the electricity and heat contribution of the plants. 

Timilsina (Timilsina 2020) has estimated in the cost summary of the World Bank 

Development Group's Global LCOE Review that the average LCOE cost of bioenergy 

is 81 USD/MWh. For example, comparing this value with the values in figure 15 is 

complicated by the very large range of variation in the costs. Bioenergy can also be 

used in consumption balancing, which may help its competitiveness when considering 

the costs of the energy system as a whole. 

 

 

 

 

 

 

 

 

 

 

3.2.2 System costs 

LCOE costs are a commonly used, simple and also transparent method for estimating the costs 

of individual forms of production, as long as the calculation data is described with the estimate. 

However, it does not consider the differences between individual systems and markets, which 

have a significant impact on the competitiveness of technologies. These system-specific 

characteristics interact with the characteristics of production forms, such as variability of 

production, contribution to changes in consumption, response time, cost structure and role in 

the energy system. Therefore, LCOE costs also do not consider costs that affect the energy 

system that arise from individual forms of production. 

Figure 15: LCOE costs for different production methods in 24 countries and median LCOE 

costs for European production methods (IEA 2020). 



Electricity generation from variable renewable energy is always not reliable. This requires a 

backup plan, such as other controllable generation, energy storage or consumption flexibility, 

to ensure the required continuous generation. In addition, rapid changes in renewable energy 

production need to be balanced. In order to take these factors and their costs into account, some 

methodologies are needed to analyse the integration costs and to consider them together with 

the LCOE costs. This gives an overview of the costs and competitiveness of different forms of 

production from the perspective of the energy system as a whole (BEIS UK 2020, Hirth et al. 

2015, IEA 2020, Timilsina 2020). 

The treatment of integration costs is not entirely uniform across studies, but they can be divided 

into three categories, for example (Hirth et al. 2015), as shown in figure 16. 

• Profile costs are caused by the variation in production over time. The costs arise from 

the cost of balancing production and consumption, and from the difference between the 

market value of variable production and the average electricity price. 

• Balancing costs arise from differences between predicted and actual production. The 

costs are mainly due to increased requirements of maintaining the stability of the 

electricity system. 

• Grid costs are related to the location of generation plants in relation to electricity 

transmission and distribution. Costs arise from the development of the electricity grid 

and, over long distances, from transmission losses. 

 

Figure 16:1 Integration costs divided into three categories: profile costs, balancing costs and 

grid costs (Hirth et al. 2015). 

 

Only in recent years that integration cost thinking has been introduced into cost analyses. As 

the share of renewable energy has increased, so has the awareness of its importance and 

characteristics. The estimation of integration costs has been still in a development phase. So 

far, there are only individual, partly preliminary integration cost analyses and no uniform 

method for estimating these costs has emerged. 

The costs estimation of future energy systems is even more difficult than LCOE values because, 

in addition to the different parameters and initial value options, it is necessary to develop a 

methodology for estimation and also to assume a concrete form for a future energy system with 

a large number of different options. For example, the IPCC 2022 analyses examines more than 



2 500 future scenarios. As the energy transition progresses, there will be a particular need to 

incorporate into the system all the technical and economic mechanisms that will enable energy 

production to always meet demand. 

Hirth et al. (2015) review integration costs of the system based on more than 100 published 

studies. They have estimated that when the share of wind energy in the energy system increases 

to 30-40%, the average integration cost would be 25-35 €/MWh. The price would be in the 

range of the lowest LCOE costs already presented for wind power (see figure 12). These 

estimations are system-specific and still contain significant uncertainties but are also too large 

to be ignored. On the other hand, at small wind power production volumes, the integration costs 

are barely noticeable. 

Similar results are also presented in other sources (e.g. IEA 2020, BEIS 2020). For example, 

fast responding gas-fired power plants are considered to have low integration costs, even 

though the LCOE unit costs are high. Overall, forms of generation suitable for balancing and 

regulating consumption, such as low-carbon bioenergy and nuclear power, are reasonably 

cheap in terms of integration costs. Although nuclear power has not been economical to 

regulate according to electricity consumption in the current Finnish energy system. There is a 

fairly uniform understanding of integration costs and their importance at a general level, but 

their assessment is still fragmented and not uniform. 

3.2.3 Summary of the energy system cost under Finnish conditions 

The unit costs of different forms of electricity generation vary depending on the region, time, 

conditions and the calculation values used. Therefore, at a general level, average production 

costs or cost ranges are usually considered. Internationally compiled cost estimates have been 

presented above, and the conclusions drawn from them are broadly valid also for Finnish 

conditions.  

Crucially, the unit cost of wind power has fallen. In many cases wind power has become the 

cheapest option for adding new generation. While the production costs of new nuclear power 

plants are higher on average, the electricity production costs of extending the lifetime of 

existing nuclear power plants are low. Thus, it is very economical to operate nuclear power 

plants that have already been invested in it. In Finland, the investment costs of bioenergy vary 

more from plant to plant, with average costs not reaching the affordability levels of wind power 

or already existing nuclear power. 

Interesting that the direct unit costs of the different forms of production are only part of the 

total costs of the energy system. In particular, a significant increase in the share of variable 

renewable energy raises the integration costs described above. Although, the integration costs 

can be substantial, their estimates are so far uncertain and the methods for estimating them are 

still evolving.  

In order to cover the integration costs of the Finnish energy system and estimate their 

magnitude, a more comprehensive longer-term study should be carried out to develop the 

national energy system, considering the cost impact of solutions alongside sustainability and 

operational reliability.  



3.2.3 Emissions trading 

One factor affecting the cost of energy production is the emissions trading mechanism. The 

aim of emissions trading is to keep total GHG emissions from industrial and energy production 

installations and internal EU aviation below a set limit. The aim of emissions trading is to 

reduce GHG emissions from the use of fossil fuels by prioritising the cheapest and lowest 

emitting options over the most expensive and high emitting ones. Emissions trading guides the 

implementation of GHG emission reduction activities that cost less than the price of an 

emission allowance. Allowances are calculated in tonnes of carbon dioxide (tCO2).  

The evolution of allowance prices is shown in figure 17. As can be seen, an unexpectedly strong 

upward price trend was happened from 2021 onwards. Such changes are difficult to predict and 

therefore complicate the estimation of life cycle costs and decisions about technology 

investments. Projections of high emission prices may encourage the development and 

deployment of too expensive emission reduction technologies, but on the other hand they have 

a significant impact on the outcome of future energy system scenarios. The impact of an 

allowance on the cost of fossil fuel-based energy depends on the specific emissions of the 

production method. For example, an emission price of 50 €/tCO2 would have an additional 

cost impact of about 20 €/MWh on the production costs of a modern natural gas power plant. 

 

Figure 17: Emissions allowance price developments from 2010 to 2022. (Data: Carbon 

emissions futures, investing.com) 

3.3 Fossil energy 

(Esa Vakkilainen) 

The energy that we use is divided into two categories. Sustainable energy does not increase the 

amount of carbon dioxide (CO2) in the atmosphere. Instead, the use of fossil energy releases 

carbon that is sequestered underground for long periods, and most of it ends up in the 

atmosphere, causing warming. Finland has committed to limiting global warming in the Kyoto 

and Paris agreements, among others, and therefore the use of fossil fuels must be reduced. The 

use of fossil energy in Finland has actually decreased in the 2000s (Tilastokeskus 2022).  



 

Figure 18: Total energy consumption in Finland in 1970-2020 (Tilastokeskus 2022). 

 

3.3.1 Coal 

The industrial revolution required the use of machine power. This became possible by learning 

how to build coal-fired steam boilers. The production of electricity and heat from coal has long 

been common in Finland. 

Greenhouse gas emissions: Coal is a fossil fuel. It produces high levels of GHG emissions of 

450-1700 gCO₂-eq/kWhe.  

Summary: The use of coal for energy has long been declining and will end in Finland when 

the Helsinki metropolitan area decouples from it by 2030. Of course, coal is also used for non-

energy purposes, for example to refine iron from ore. 

3.3.2 Oil 

The large-scale use of oil started about a hundred years ago. Its popularity was dented by the 

oil crisis of the 1970s, when producing countries sharply increased prices. More than half of 

the oil is used for transport, and under 20% is consumed by the chemical industry. It is used as 

heating energy in both buildings and industry, for example in lime kilns in pulp mills and in 

steel processing.  

Greenhouse gas emissions: Oil is a fossil fuel. Oil produces fewer GHG emission than coal, 

but still amounts to a high of 430-1200 gCO₂-eq/kWhe. 

Summary: The main solutions for reducing oil use concern transport.  

3.3.3 Natural gas 

The use of natural gas in Finland began in the 1970s with the completion of the pipeline system. 

Natural gas is mainly used in industry. 



Greenhouse gas emissions: Natural gas is a fossil fuel. It produces fewer GHG emissions than 

coal and oil, but still amounts to a high of 350-890 gCO₂-eq/kWhe. 

Summary: The use of natural gas for energy has faded because of its high price. Biogas and 

gases produced by electricity are alternatives to fossil natural gas.  

3.3.4 Peat 

Peat is not a fossil fuel because peat reserves are only ten thousand years old at most. However, 

in EU emissions accounting, peat is treated as a fossil fuel. 

Greenhouse gas emissions: Peat produces even more GHG emissions than coal (1100-1300 

gCO₂-eq/kWhe). 

Security of supply and self-sufficiency: The use of peat contributes to rural employment and 

exploits domestic energy sources, but is a major source of GHG emissions.  

Summary: Due to emissions trading costs, the use of peat in energy production is declining in 

Finland and is predicted to end around 2030.   

 

3.4 Biomass 

(Tapio Ranta)  

The forest industry is the largest producer of wood-based energy through the waste sludge and 

by-products of the pulp industry. Solid wood chips are the most popular solid biofuel for energy 

production, mainly in district heating and industrial heat production as well as on a smaller 

scale in regional district heating production. Biomass that is harvested from forests is mainly 

used for industrial purposes, but in the circular economy, industrial side streams are the main 

source of renewables in Finland (LUKE 2021).   



 

Figure 19: Use of raw wood in Finland in 2020 (LUKE 2021).2 

GHG emissions: Forest biomass is a renewable fuel with carbon dioxide emissions of around 

1-3 gCO2/kWh at the power plant site (Giuntoli et al. 2017). Thus, the life cycle emissions of 

combined production (electricity and heat) are 10-25 gCO2/kWh. Forest biomass is classified 

as renewable and sustainable if it meets the EU RED II sustainability criteria. Biomass can then 

be used to produce electricity and heat in plants over 20 MW without being classified as a fossil 

fuel. The sustainability criteria will be updated within the framework of the RED III Directive. 

In the updated proposal, the use of wood and stumps that can be processed would be banned in 

energy production, as would the use of biomass in condensate plants. Biomass is the only 

energy source that can provide a carbon sink (see CCS). 

Level of technology: Biomass conversion technologies are very mature and commercialised 

technologies for electricity and heat production. The most significant commercialisation 

potential relates to new biomass-based refined products. Finland is a world leader in combined 

heat and power (CHP). Cogeneration has advantages. For example, the energy content of the 

fuel is utilised as efficiently as possible. Large fluidised bed boilers can burn several fuels of 

varying size and moisture content simultaneously with high efficiency and low emissions. 

Wood-based and other biomass fuels account for almost half of district heating and the 

associated electricity generation. The share will increase as peat and coal are partly replaced 

by biomass. 

Security of supply and self-sufficiency: Energy wood is not grown separately in Finnish 

forests, but it is a by-product of logging, forest management and the forest industry. More than 

half of the wood is used for energy and the rest for non-energy products in Finland. However, 

the sustainable potential of increasing woody biomass in energy production is limited and 

linked to the future development of forest use and the forest industry. The technical and 

economical potential would allow doubling the current harvesting, but as a regional fuel, the 



variability of its availability significantly limits the expansion of its use, especially in southern 

and western Finland. This has led to the import of biomass, especially to the coastal plants. 

The competitiveness of biomass-based cogeneration depends on the development of the price 

of electricity and biomass fuel. The biomass price development has been more moderate than 

the price of imported fuels. The current fuel tax and allowance price do not directly affect the 

price of fuel. Sustainable use of wood for energy is considered carbon neutral. Thus, the 

replacing imported fossil fuels such as oil, coal and natural gas, as well as domestic peat, with 

biomass will reduce GHG emissions. Also, domestic wood energy creates jobs, incomes, 

export and tax revenues for country and improves the security of supply of energy production. 

Nowadays, the sourcing of forest chips directly employs around 1 600 people and doubles that 

number in terms of multiplier effects. This corresponds to the employment impact of peat 

production a few years ago. 

Export potential: The biomass production chain from harvesting to heating or power plant, 

small boiler or means of transport requires a wide range of technologies. Over the years, 

Finland has developed extensive world-class expertise in bioenergy. Examples include biomass 

harvesting and transport equipment, fluidised bed boilers, wood-based biofuel refineries and 

biomass measurement technology. The combined value of production and exports of bioenergy 

technology and service companies abroad is over 400 million euros and is expected to grow 

significantly in the coming years. Finland is a leading exporter of technology related to 

bioenergy production.  

3.5 Nuclear power 

(Juhani Hyvärinen) 

Overview: Nuclear power is a secure, resource-efficient and cost-effective way to generate 

electricity and heat for the energy system. In Finland, the nuclear power plant units in operation 

range from 500 to 1600 MWe and produce electricity from 90-95% of full capacity. The 1200 

MWe nuclear power plant produces 10 TWh of electricity per year. New nuclear power plants 

can be adjusted to +/- 80 MWe/minute, but the low production costs of nuclear power have so 

far made it cheap to run them at full power. A 1000 MWe power plant consumes 22 tonnes of 

fuel per year and produces the same amount of long-lived nuclear waste. Small-scale nuclear 

power would also be suitable for district heating, in the 20-200 MWth size range. 



 

Figure 20: Nuclear power plant in Loviisa (World Nuclear association, 2023). 

GHG emissions: The lifetime carbon dioxide emissions of nuclear power are approximately 

4-45 gCO2/kWhe. The deployment of Finnish nuclear reactors in the early 1980s reduced 

emissions from electricity generation instantly by about 300 gCO2/kWh. Nuclear fuel is on the 

global market, so uranium and fuel manufacture can be bought from anywhere in the world. 

 

Level of technology: The technology for large nuclear power plants has long been mature and 

commercially available in both the West and the East. Small nuclear power, with unit sizes of 

20-300 MWe, is reaching commercial maturity. The technology readiness level is TRL 8. 

Security of supply and self-sufficiency: The production of a nuclear power plant cannot be 

managed from the outside. Fuel is loaded into the reactor every 1-2 years, so the reactor itself 

is also a huge fuel safety stock. However, nuclear fuel for Finland has to be bought from abroad. 

Natural uranium has to be processed before it can be used in a reactor.  

 

Economy and employment: Nuclear power plants are built as large units with a direct 

investment cost of 2500-5000 €/kWe depending on the operating environment. Fuel and 

maintenance costs typically account for less than 20% of production costs. Because of the low 

cost of fuel, it is most economical to run nuclear power at full power. A large nuclear power 

plant permanently employs around 300 people per unit when in operation.  

Sustainability and environmental impacts: The nuclear industry itself is responsible for the 

safe disposal of its waste: the means and facilities already exist in Finland. The most significant 

environmental impact is waste heat, which is twice the amount of electric power. A 1000 MWe 

nuclear power plant needs about 100 hectares of land. Nuclear energy has been identified as an 

environmentally acceptable option in the EU's funding classification system. 

Safety, risks, harms and regulations: Statistically, nuclear power is one of the least 

dangerous energy sources (Ritchie et al. 2020). Nuclear power plants are strictly regulated and 

monitored (Government, Radiation and Nuclear Safety Authority). Safety planning is more 



thorough and the environmental impact is better understood than in other energy technology 

solutions. The proven consequences of accidents at nuclear power plants are limited to their 

surroundings. 

Export potential: Finland has the potential to export nuclear knowledge to the world. In terms 

of technologies, export opportunities mainly concern waste management procedures.  

Social factors: Large nuclear power plants have been placed in different parts of Finland to 

ensure that electricity can be transmitted cost-effectively on the grid. Small nuclear power 

allows for a more balanced decentralisation of nuclear energy production. 

Summary: Nuclear power has proved to be successful in significantly reducing the use of 

fossil fuels. In Finland, carbon dioxide emissions from electricity generation decreased by 

about 300 gCO2/kWh when nuclear power was introduced in the early 1980s (Tilastokeskus 

2019). Currently, in Finland emissions are typically below 100 gCO2/kWh, while in Germany 

they are around 300 gCO2/kWh. Nuclear power is an efficient way to produce energy, which 

is resource-efficient, environmentally friendly and economical for the energy system as a 

whole. Due to the health risk posed by radioactive radiation, more attention is paid to the safety 

and failure management of nuclear power plants than to the health impact of other energy 

sources.  

 

3.6 Hydropower 

(Esa Vakkilainen)  

Hydropower is a traditional form of energy where the hydrostatic head difference is converted 

into energy. In Finland, hydropower was built especially after the Second World War. The 

hydropower potential in Finland has been exploited and no significant additional construction 

sites are available, once the nature conservation aspect is taken into account. For nature 

conservation reasons, it is likely that small hydropower will be dismantled in large quantities 

over the next decade. If the dismantling involves by far the largest amount of hydropower, i.e. 

less than 0.5 MWe, it will not be of major importance for the Finnish energy system.  

 



 

Figure 21: Fortum / Pyhäkoski hydropower plant, Oulujoki, Finland (Fortum, 2020).  

Greenhouse gas emissions: The carbon dioxide emissions from hydropower are 4-79 gCO₂-

eq/kWhe.  

Security of supply and self-sufficiency: Almost a billion euros worth of electricity is 

generated from hydropower each year. It is 100% domestic and can be produced within the 

storage and reservoir control capacity of the basins. The value of hydropower is emphasised as 

the need for regulating power increases.  

Summary: Hydropower has always acted as a regulating power for the Finnish electricity 

system. As the share of renewable energy increases, this role will become more important, even 

if hydropower is only a partial solution of the overall system due to its limited capacity. In 

particular, it should be ensured that the largest rivers (i.e. the largest energy production) remain 

available for hydropower. 

 

3.7 Wind power 

(Petteri Laaksonen) 

Overview: Wind power is based on the movement of air caused by solar radiation and the 

rotational motion of the Earth, and the capture of the kinetic energy from this movement. In 

2022, based on current technology, the maximum unit power of wind turbines in widespread 

use is 8 MW, with a total height of around 300 meters. Based on the production costs calculated 

from the development projects, onshore wind power is the cheapest form of production in terms 

of unit costs when implemented with current technology in Finland and the other Nordic 

countries.  

With technological progress, production costs continue to fall. The investment cost of onshore 

wind power is around 1 200 €/kWe, including foundations, substation, turbines, construction 

work and connection point. The amount of wind power generated varies depending on weather 



conditions, which needs to be considered in the energy system. When weather conditions allow, 

wind turbines can contribute to the rapid up and down-regulation. However, up-regulation is 

possible only if the power plant is operated under power limitation. 

Wind power generation can be predicted quite accurately two to three days ahead, thanks to 

current meteorology. Expanding wind power generation over a larger geographical area would 

also balance production and reduce the need for regulation. The risk of interference to the radar 

systems of the Defence Forces significantly limits the development of wind power on the coast 

of the eastern Gulf of Finland, South-East Finland and eastern Finland. In Estonia, for example, 

it has been decided to invest in new radars in the coming years to release most of the Estonian 

region for wind power without height restrictions (Tuuleenergia 2022). 

 

Figure 22: Glennmont's Piiparinmaki project is the largest operational wind farm in Finland 

(Windpower, 2022) 

GHG emissions: Carbon dioxide emissions from wind power are 2-75 g/kWhe and consist 

mainly of emissions from the construction, assembly, transport and maintenance of the plant.  

Level of technology: Onshore wind power is a proven technology and widely available on the 

market (TRL9). As the size of wind turbines increases, their yield and peak operating time also 

improve, because the speed and steadiness of the wind increases with the hub height and the 

effect of ground friction is reduced. Also, fixed-based offshore wind power has achieved 

technical maturity (TRL9). Floating offshore wind turbines for deep sea applications are at 

TRL 6-7, which means that they are either prototypes or products with limited sales. 

Security of supply and self-sufficiency: Wind power production is decentralised production. 

Distances between individual turbines are around 1-2 kilometres, and farms are located tens of 

kilometres apart. Distributed wind generation significantly improves security of supply of 

electricity generation compared to centralised units. The plants do not need fuel, and 

maintenance is done locally. 



Economy and employment: The economic and regional impacts of wind power construction 

are significant. In addition to the employment and economic impact of the investments, the 

maintenance and servicing activities will create permanent jobs: about one job for every turbine 

built.  

Safety and risks: Compared to other forms of energy production, wind power production is 

risk-free by all measures. There are no emissions, and no fuels are used in the production 

process.  

Export potential: Finland exports a significant amount of wind turbine gearboxes, electrical 

generators, power electronics and other equipment. However, the real export potential comes 

from green hydrogen products and technologies based on electricity from wind power.  

Summary: Wind power is a form of energy production with very low carbon emissions and 

has the potential to exploit the strategic opportunity of the hydrogen economy. Wind power is 

emission-free, fast to build and has low investment risks. Fingrid estimates, based on its 

connection inquiries (Fingrid 2022). 16 000 MW of new wind power capacity will be added to 

Finland by the end of the 2020s, in addition to the current 2 000 MW. In total, this capacity 

would generate around 63 TWh of electricity, assuming a capacity factor of around 40%. This 

would represent almost 80% of Finland's electricity production in 2020. In total, Fingrid has 

received almost 150 000 MW of inquiries for connection to the grid, the majority of which 

concern onshore wind power. It is unclear in what timeframe and how much of the inquiries 

could lead to the implementation of the projects, but if all projects were implemented, they 

would generate around 500 TWh of electricity per year. 

The potential for offshore wind is probably at least 60 TWh. Offshore wind is about twice as 

expensive as onshore wind, so offshore wind investments are slower to take off without 

subsidies and have a link to Europe's demand for hydrogen and electricity. Despite this, 

investments are also planned for the Baltic Sea region. 

3.8 Solar energy 

(Jero Ahola) 

In Finland, solar energy can be used directly in the production of both solar electricity and heat. 

Over the last decade, technological advances in photovoltaic technology and mass production 

of components have drastically reduced the cost of producing solar electricity. At the same 

time, the use of heat pump technology for heating and cooling buildings has become more 

common. These changes together have made solar thermal collectors economically difficult to 

justify compared to photovoltaics.  



 

Figure 23: Solar PV on the roof of LUT University.  

GHG emissions: The carbon dioxide emissions from solar electricity are low, varying in 

individual cases by 7-120 gCO₂-eq/kWh. Emissions are on average lower in large systems (>1 

MW) and in systems designed for electricity generation. 

Level of technology: Solar photovoltaics is an electricity generation technology that can be 

integrated into buildings, implemented in different sizes and is applicable in urban 

environments. The reference price for electricity produced from photovoltaics as part of a 

property is the total price of electricity at the site of use instead of the price of energy alone. 

Selling production that exceeds your own consumption to an energy company is possible when 

you conclude a contract not only to buy electricity, but also to sell it. In practice, almost all 

energy companies buy electricity from small-scale producers. In Finland, the production of 

solar electricity per installed kilowatt is around 800-1000 kWh/kWp,a, depending on the 

installation site and the year. This corresponds to a capacity factor of 9-11%.  

At the end of 2020, Finland had more than 300 MW of grid-connected PV (IEA PVPS 2021). 

The majority of the panels are installed in buildings. Solar power in Finland has been increasing 

at a rate of around 80-90 MW in recent years. At the end of 2021, there were an estimated 

40 000 solar power plants connected to the electricity grid in Finland. A leap in annual installed 

photovoltaic capacity is expected when the first tens of megawatts of ground-mounted power 

plants are built in Finland. This has already happened in Denmark and Sweden. In 2021, 

Denmark and Sweden installed 1200 MW and 700 MW respectively (SolarPower Europe 

2021).  

Summary: The costs of producing solar electricity have fallen significantly in recent years, as 

they have for wind power. However, they are on average higher than wind power. The 

production costs are lowest for larger ground-mounted power plants. Solar power integrated 

into buildings is slightly more expensive but avoids the cost of electricity transmission. Solar 

power production varies according to weather conditions, both on a daily and seasonal basis, 



which must be considered in an energy system where, on the one hand, solar power balances 

the annual variation in wind power production. 

3.9 Energy recovery from waste 

(Mika Horttanainen)  

Energy recovery from waste includes the incineration and thermal gasification of mixed 

combustible waste, the production of biogas by digestion of biodegradable waste and the 

production of bioethanol and biodiesel from biodegradable waste by various methods for 

transport fuel use. In energy production, the share of waste is relatively small. However, energy 

recovery from waste has an important role in reducing landfilling and the associated GHG 

emissions and other environmental impacts. 

Waste incineration or thermal gasification is needed to recover mixed waste and various 

rejected materials from recycling as energy, after the technically, economically and 

environmentally maximum proportion of material has been extracted for recycling. Thermal 

methods are suitable for mixed waste containing non-biodegradable (e.g. mixed plastics) and 

slowly biodegradable materials (e.g. mixed wood, textiles, cardboard). The high temperature 

and the complete degradation of the organic matter result the destruction of pathogens and 

organic toxic compounds in the waste. In Finland, waste incineration and gasification plants 

are mainly combined heat and power plants, where the energy content of waste is converted 

into energy with a high efficiency (80-95%). 

 

Figure 24: Vantaa Energy Waste-to-Energy Plant, Finland (Afry, 2023) 

There are ten incinerators in Finland. They mainly are incinerating mixed municipal waste, 

with a total capacity of about 1.6 million tonnes of mixed waste per year. Their occupancy rate 

has been around 90%. In addition, there are 24 incineration plants with waste co-incineration 



permits in Finland. They mainly burn SRF (solid recovered fuels) made from combustible 

waste from retail, industry and construction. They have an incineration capacity of around 0.9 

million tonnes per year. Waste incineration produces about 1 TWh of electricity per year (about 

1.2% of Finland's electricity consumption) and about 3.7 TWh of heat per year (equivalent to 

about 10% of district heat production). Considering the EU targets for waste recycling, the 

potential of waste incineration is already more or less fully exploited or will have to be reduced 

to some extent in the future in Finland. Finland has developed and manufactures technologies 

suitable for the energy recovery of high-efficiency waste by incineration. The most notable of 

these are fluidised bed incineration and mechanical pre-treatment technologies.  

Sustainability and environmental impact 

Waste incineration can significantly reduce GHG emissions, toxic air emissions, water 

emissions and odours from landfilling of non-recyclable waste. Although waste incineration 

generates GHG emissions from burning fossil materials, it also reduces emissions of methane 

from landfill and replaces other fuels and the emissions from their combustion. Therefore, the 

overall impact of waste incineration on GHG emissions is significantly lower than direct 

emissions to air (720-980 gCO2/kWh of electricity, (Sphera 2021)). In life cycle studies, the 

total emission impact ranges from -1800 gCO2/kWh to 360 gCO2/kWh, when emission 

reductions at landfills are considered. Waste incineration also reduces dioxin emissions, as 

studies show that landfill incineration produces many times more dioxin emissions per year 

than incineration of similar amounts of waste (Dwyer and Themelis 2015). 

The production of biogas from waste has very few harmful environmental impacts. Biogas 

production produces GHG emissions of 160-290 gCO2/kWh including treatment processes. 

Biogas production also reduces methane emissions from waste disposal. The biogas production 

process is considered in statistics as a material recovery use, as often more than 90% of the 

waste treated becomes a soil conditioner as a final product. 

In terms of environmental impact, the production of bioethanol from waste materials is quite 

comparable to the production of biogas. If waste materials are used in the production process, 

there are no problematic environmental impacts. The sludgy end product of the fermentation 

process can be used for biogas production or refined into compost. Bioethanol and biodiesel 

can also be produced from crops cultivated for this purpose and also suitable for food, in which 

case the sustainability of production may be questionable. A major feedstock for large-scale 

biodiesel production has been palm oil fatty acid distillate, and its use has raised sustainability 

issues related to rainforest clearing. 

3.10 Geothermal heat and ground source heat 

(Tero Tynjälä) 

Heat from the ground can be divided into geothermal energy, which originates from the hot 

core of the Earth, and energy from the surface layers of the Earth, which is solar energy stored 

in the bedrock, water bodies or air. Geothermal energy sources are very deep in the Finnish 

soil and their exploitation requires heat wells several kilometres deep. In the current district 

heating network, the minimum temperature of a heat source that can be directly utilised is 



around 100-120 C. To achieve an adequate temperature level in southern Finland requires a 

heat well about 5-8 km deep.  

Lower temperature levels can also be utilised either directly for heating buildings or in a district 

heating network operating at a lower temperature level. So-called medium-deep heat wells, 

located at depths of 1-4 km, can utilise the heat of the Earth's core and achieve an adequate 

temperature for a low-temperature system. If higher temperatures are required, a heat pump 

can be used to raise the temperature level. Solar heat stored in the Earth's surface layers, such 

as bedrock or water bodies, can be harnessed by heat pumps. In the case of ground source heat, 

the depth of the boreholes is around 150-300 meters. Especially from spring to autumn, outdoor 

air can also be utilised effectively as a heat source for heat pumps. 

 

Figure 25: Espoo - Finland (Soruce: Flickr CC - By: Alexander Savin) 

 

GHG emissions: Once the investment in a borehole has been made, a properly sized 

geothermal heating plant can produce almost emission-free heat for decades at very low 

operating costs. In Finland, heat pumps typically achieve an annual efficiency factor of about 

3. It means that one unit of electricity produces three times the heat amount. The specific 

emissions from heat generation are about one third of the specific emissions from the electricity 

used. 

Level of technology: Drilling technology for deep wells is still at an early stage of 

development. There is a relatively high degree of uncertainty about their investment costs. In 

Finland, the technology has been implemented in practice in Otaniemi, Espoo. Another project 

is underway in Tarastenjärvi, Tampere. The use of heat pumps has grown rapidly. It is an 

efficient way to produce heat from electricity. So far, the fastest growth has been in small, 

individual heat pumps for households. However, recently, large district heating installations 

have also become more common. The heat pumps usage is limited by the temperature level of 

the heat produced, which is around 100 degrees with current commercial solutions. In the 

coming years, the development of high temperature heat pumps will enable the production of 



temperature levels of up to 150-200 °C, making them more widely available for industrial 

process heat production. 

Summary: Heat pumps can be an energy-efficient and carbon neutral substitute for 

combustion in residential and industrial heat production, if they are powered by emission-free 

electricity. In addition to geothermal heat, industrial waste heat streams, such as data centres 

and hydrogen production by electrolysis, are potential heat sources for future heat pumps.    

3.11 Hydrogen economy 

(Pertti Kauranen) 

The hydrogen will be used alongside electricity as an energy carrier, an alternative energy-

containing medium for energy storage and transmission. Hydrogen will be used especially at 

sites where direct electrification is difficult. Such applications include the chemical and metal 

industries and heavy transport. 

Hydrogen is now a major industrial feedstock, with around 120 million tonnes used globally 

per year (Nazir et al. 2020). The main uses are oil refining (33%), ammonia production (27%) 

and methanol production (10%). About 96% raw material of hydrogen is produced from fossil, 

mainly from natural gas. Thus, current production is a significant source of carbon dioxide 

emissions. 

GHG emissions: In Finland, the estimated annual production and consumption of hydrogen is 

200 000 tonnes (Hurskainen 2019). Figure 26 (left) shows the distribution of hydrogen 

production methods in Finland. It shows that production is almost entirely (86%) based on 

steam reforming of natural gas (SMR), with the exception of hydrogen as a by-product of 

chlorine chemical production. The largest single application is the Kilpilahti oil refinery in 

Porvoo with production of more than 150 000 tonnes per year (Figure 26, right). In fact, the 

Kilpilahti refinery is the second largest single source of carbon dioxide emissions, with around 

three million tonnes per year, of which hydrogen production accounts for an estimated 30% in 

Finland. 

 

 

 

 

 

Figure 26: 3 Hydrogen production (left) and consumption (right) in Finland (Hurskainen 2019). 

Applications: The first phase of the hydrogen economy will aim to replace fossil, or so-called 

grey hydrogen, with clean hydrogen. Clean hydrogen can be produced by electrolytically 

decomposing water with electricity generated from renewable energy sources (wind, solar, 

hydro) or nuclear energy. In addition, carbon dioxide from fossil hydrogen production can be 

largely captured and stored (CCS i.e. Carbon Capture and Storage), resulting in so-called blue 



hydrogen. Alternatively, natural gas can be pyrolysed, i.e. dry-distilled, producing hydrogen 

and solid carbon. 

Electrolysis based on solar and wind power is considered globally as the most important form 

of clean hydrogen production (green hydrogen). The acceptability of other options in the long 

term is being debated, including in the EU. The economic viability of clean hydrogen depends 

on the price development of electricity, natural gas, electrolysis equipment and emission 

allowances. In Finland, the production of clean hydrogen is considered to be based primarily 

on wind energy. 

A new use of hydrogen is being explored to replace coke, which produces GHG, as a reducing 

agent for iron ore in the production of so-called green steel. Coke is coal produced by dry 

distillation of coal, which is more suitable than coal for reducing iron ore, but produces 

substantial amounts of GHG in the process, as does coal. Coke has been replaced in SSAB 

projects in northern Sweden, for example. Switching the Raahe steel plant to hydrogen 

reduction would require about 9 TWh of electricity per year and would reduce carbon dioxide 

emissions by more than 3 million tonnes. At the Kilpilahti oil refinery this numbers are 7 TWh 

and 850 000 tonnes. 

Battery electric cars are more than twice as energy-efficient as hydrogen fuel cell cars, making 

electric cars the preferred option for reducing transport emissions. However, hydrogen fuel cell 

cars are more energy-efficient than internal combustion engine cars. Thus, their use may be 

justified in applications where the performance of battery technology is not sufficient, for 

example in terms of driving range. These include long trunk lines for freight transport, long-

distance bus services and railway lines that are not worth electrifying. The hydrogen fuel 

distribution infrastructure should therefore be designed based on heavy transport. As an 

alternative to building a hydrogen infrastructure, hydrogen can be further processed, for 

example with carbon dioxide sources from the forest industry, into synthetic P2X electric fuels 

such as methane, methanol, petrol, diesel and kerosene. The distribution of hydrogen fuel may 

become mandatory as part of the EU's Fit for 55 legislation. The current understanding is that 

hydrogen will be further refined into liquid fuels, at least for maritime and air transport.  

Summary: Hydrogen economy offers a significant growth market for technology suppliers in 

the sector. The EU aims to invest 100 billion euros in hydrogen equipment and infrastructure 

by 2030. In addition, new solar and wind power capacity would be built to produce hydrogen 

worth hundreds of billions of euros.   

3.12 Carbon capture, utilisation and storage 

(Jouni Ritvanen) 

Carbon capture and storage (CCS) is one of the most effective ways to reduce carbon emissions. 

Carbon dioxide can be captured from point sources in heat and power production, and industry, 

as well as directly from the atmosphere. The carbon in the captured carbon dioxide can either 

be recycled through P2X synthesis processes, or stored in the Earth's crust. Carbon capture 

from a biomass-based carbon source or from the atmosphere, together with storage, creates a 

technological option that can achieve direct negative carbon dioxide emissions. Negative 

carbon emissions can reduce the amount of carbon in the biogenic carbon cycle, which also 

reduces the amount of carbon dioxide in the atmosphere. 



Storing carbon dioxide in the Earth's crust has been proven to be a technically viable and safe 

option. The most geographically suitable storage sites are located in the gas and oil fields of 

the North Sea and in subsea geological formations. Carbon dioxide is transported to the North 

Sea by ship. Neste Oyj is coordinating a large international SHARC project to test the over 

96% capture, transport and storage of approximately 4 Mt of carbon dioxide from the Porvoo 

oil refinery during the first ten years (SHARC 2022). The project is part of the Innovation Fund 

programme of the EU. 

GHG emissions: Technologies for carbon capture, utilisation and storage can be divided into 

two categories: carbon neutral and carbon negative technologies. By storing carbon dioxide in 

the Earth's crust, the use of fossil carbon sources achieves at best near carbon neutrality. Carbon 

dioxide capture from the atmosphere and biomass utilisation achieve carbon neutrality or 

carbon negativity, depending on whether the carbon dioxide is utilised in a process or stored in 

the Earth's crust. The beneficial use of captured carbon dioxide is the best way to achieve 

carbon neutrality. Current technologies for capturing carbon dioxide from point sources 

achieve carbon capture efficiencies of over 90%.  

Level of technology: The level of technology has developed steadily over the past decade. 

Currently, some capture technologies are at industrial technology level TRL 9. New 

technologies are also under development (TRL5-6) that are believed to offer more efficient and 

economical alternatives. Technological progress has been particularly slowed by the low 

emissions trading price of carbon dioxide over the past decade. 

Economy and employment: Existing technologies (TRL9) are capable of carbon capture at a 

cost of 30-70 €/tCO2, including investment and operating costs. As the use of technology 

becomes more common and advanced, the costs will decrease. The best employment prospects 

are in the technology supplier’s sector. 

Environmental impact and safety: In carbon capture and storage, the key environmental 

impact and technological safety issue is the performance of carbon dioxide storage. Based on 

long-term geological experience, storage experiments and modelling in Northern Europe and 

North America, in the Earth's crust, the storage of carbon dioxide has been found to be effective 

and safe when implemented according to geological standards. Research data has estimated an 

annual leakage rate of less than 0.01% for storage over a 100-year holding period. It can be 

considered very marginal compared to the overall benefits of storage (Alcalde et al. 2018). 

Export potential: Carbon capture, utilisation and storage involve various technologies, from 

power plants to chemical engineering processes, carbon dioxide treatment and transport. In 

particular, large-scale installations represent investments of millions of hundreds euros, for 

which national suppliers can be found, and thus create considerable export potential. 

Summary: Carbon dioxide capture can significantly reduce carbon dioxide emissions from 

heat and power production and industrial processes. Carbon capture, utilisation and storage 

offer a significant growth market for large-scale technology suppliers. Technological readiness 

is at an adequate level and storage has been found to be effective and safe. Estimates of current 

capture and storage costs are presented that are below the highest prices in the emissions trading 

system, creating the conditions for market-driven activity. In the long term, the outlook for the 

price of carbon emissions trading and the legislative implications has a significant impact on 

the major investment decisions. It will allow technologies to take important steps forward. 

 



3.13 Energy saving and energy efficiency 

(Jero Ahola and Esa Vakkilainen) 

The EU wants from member countries to reduce their energy consumption. The amount of final 

energy can be reduced not only by producing less goods, but also by producing goods with 

lower energy consumption. Energy efficiency related to energy use and GHG emissions 

reduction by a cost-effective way. In the future, energy efficiency can be improved, for example 

by electrifying energy use. Examples of such applications include the use of heat pumps for 

heating and the electrification of transport. 

Level of technology: Typical ways to increase energy efficiency include combined heat and 

power production, voluntary energy efficiency agreements and the systematic implementation 

of energy audits (TEM 2022). 

For example, in the retail sector, energy consumption is high. Refrigeration, ventilation and 

lighting consume a lot of energy. In the retail sector, heat consumption has been reduced 

through heat recovery and increased share of own electricity production through the installation 

of solar panels. Adding renewable wind and solar power to the energy system will increase 

energy efficiency at system level. In these production methods, almost all primary energy is 

converted into electricity, without any waste heat being produced during electricity production.  

Export potential: Finland is one of the international leaders in many energy saving measures 

and energy efficiency. This has been achieved through cost-effective solutions and a voluntary 

energy efficiency agreement system. At the moment, most of the value of cleantech business, 

which promotes the sustainable use of natural resources and reduces the negative 

environmental impacts of business, comes from energy efficiency (TEM 2022). 

Finland has a strong electrical and power electronics industry. It manufactures systems for 

controlling electric motors and generators for export, known as electric drives, which provide 

speed control for industrial pumps, fans and compressors. Typically, they are the main users of 

electricity in industry. Frequency converter controlled devices can achieve energy savings of 

tens of percent compared to conventional, throttle controlled actuators. 

3.14 Consumption flexibility 

(Samuli Honkapuro and Jukka Lassila) 

Consumption flexibility, also known as demand response, refers to the control of consumption 

over time based on an external signal, such as the price or frequency of electricity. For example, 

consumption flexibility can be based on manual control based on the price of electricity or 

automatic control based on frequency. Extensive flexible demand lowers the price of electricity 

for all consumers when it is taken into account at the trading stage, as pricing is based on the 

marginal price.  

Consumption flexibility is able to react quickly, even in milliseconds, to fluctuations in the 

power system. Therefore, it is an excellent resource for flexibility, for example in fast 

frequency control of the power system. However, power can only be reduced over a limited 

period of time, such as an hour or a day, so consumption flexibility is not suitable for long-

term flexibility. 



Level of technology: Electrical loads have been controlled by an external signal for decades. 

One good example is the night-time control of electric heating. Remote control also uses a 

faster response time technology, allowing the consumption flexibility to be used for fast 

frequency control. In Finland, consumption sites can participate in the consumption flexibility 

market in aggregated form, which means that small sites are combined to form a larger entity. 

The frequency regulation market also allows third-party aggregation. It means that the 

flexibility aggregator does not have to be the electricity seller of the load.  

However, there are no general standards or practices for consumption control, and the technical 

implementation of control is usually supplier-specific. Although, the technology is well 

established, the challenge with consumption flexibility is that the compensation for flexibility 

is relatively low. It means that additional technology or installation costs can undermine the 

profitability of the practice. 

The potential of demand response is difficult to assess unequivocally because there is also a 

time dimension to flexibility. Some demand-response applications are capable of minute-level 

flexibility, while other applications have the potential for several hours of flexibility. In 

addition, the potential for flexibility is significantly influenced by the compensation received 

for it. According to Fingrid estimation, 300-1 800 MW of flexibility is currently participating 

in the market, depending on the type of use (Fingrid, Demand-side management 2022). 

Järventausta et al. (2015) have suggested that the technical control potential for electric heating 

is about 3 000 MW in detached houses. Typically Heating can be limited for at least an hour 

without significant impact on living comfort in a detached house. 

Export potential: According to the IEA estimation, in electricity systems, the need for 

flexibility will quadruple between 2020 and 2050 globally. Consumption flexibility will play 

a major role in this.  According to a 2015 expert survey, in the 2030s, the greatest export 

potential for Finnish energy technologies lies in automatic consumption control solutions. 

Finland has the electrical engineering and ICT expertise that are combined in consumption 

flexibility when electricity use is managed intelligently. Finland also has a very advanced 

electricity market, which makes it possible to implement solutions on the domestic market.  

Summary: Consumption flexibility will play a key role in maintaining the power balance as 

electricity generation is increasingly based on variable renewable generation. Finland also has 

good export potential. The main challenge is the profitability and attractiveness of the 

solutions: low compensation for flexibility makes it unattractive for electricity users. In 

Finland, consumption-side flexibility has good access to the electricity market, so the market 

rules are functioning as they are. However, to ensure cost-effectiveness, regulation is needed 

to ensure that the possibility of technical control is implemented during construction or 

renovation on sites where flexibility potential has been identified, for example in heating or 

electric vehicle charging. 

3.15 Energy storages 

(Pertti Kauranen and Teemu Turunen-Saaresti)  

Electrical energy can be stored as mechanical, chemical, electromagnetic or thermal energy. 

Electricity storage has many uses, including consumer electronics, electric vehicles, industrial 

backup power, grid stabilisation and renewable energy storage. The storage can be temporary, 

such as stabilising the electricity grid from seconds to hours, or long-term, such as day-to-night 

storage of solar energy or seasonal storage from summer to winter. 



Level of technology: The world has an estimated 200 GW of electrical storage capacity 

connected to the grid, of which 80%, or 160 GW, is pumped hydro. Pumped hydro plants have 

the capacity to meet daily, weekly or monthly storage needs. Their deployment is being held 

back by a lack of suitable sites and environmental concerns. In Finland, an underground 

pumped hydro power plant is planned for the Pyhäsalmi mine, which could have a capacity of 

70 MW. 

Lithium-ion batteries are the fastest growing electricity storage technology. This development 

is driven especially by the transport electrification and the need of the automotive industry for 

traction batteries. Annual lithium battery production is estimated to grow from 200 GWh to 

2000-4000 GWh by 2030, which would meet the needs of 25-50 million electric vehicles. The 

number of electricity storage systems connected to the grid is estimated to remain at 10% of 

the battery market for electric vehicles. Growth in the battery market is mainly constrained by 

the availability of raw materials and insufficient investment in raw material production. 

In a grid environment, the use of lithium batteries is currently sized at 0.5-4.0 hours of capacity, 

allowing the battery to operate in the balancing and reserve markets of the grid, to cut peak 

demand at the point of use, and to provide temporary energy storage and backup power. In 

Finland, the largest battery storage facility, with a capacity of 30 MW, is connected to Fingrid's 

transmission grid in Lappeenranta and operates in the frequency-controlled reserve market. 

Worldwide, lithium batteries designed for solar electricity storage are typically sized to provide 

four hours of capacity, enough to store energy from midday to cover the evening peak. 

Several technologies have been developed for daily and weekly electricity storage alongside 

pumped hydro, such as compressed air storage, mechanical storage based on gravity, energy 

storage based on air liquefaction and cryogenics, and vanadium flow batteries, but they are still 

at pilot scale and therefore expensive. For seasonal storage of electricity, hydrogen and its 

synthetic fuels are the most suitable, but even this technology is still at the pilot stage and 

therefore the cyclic efficiencies are relatively low. 

 

Figure 27: Energy storages in terms of capacity and storage time (LUT). 



Security of supply and self-sufficiency: In addition to the purchase price, the economic 

viability of energy storage depends essentially on the number of charging and discharging 

cycles, making short-term applications the first to become profitable. Seasonal storage with 

only a few recharging cycles per year is not economically viable in the current energy market. 

Many localities invest in seasonal thermal storage in rock caverns. Its economic viability is 

significantly affected by fluctuations in electricity prices. 

If electric cars were to use bi-directional chargers that could be used to discharge the car's 

battery back to the grid when needed, the technology would provide a significant capacity 

reserve for the grid. However, introducing this possibility would require new technologies both 

in cars and at charging points, sufficient incentives for electric vehicle users and better battery 

durability to avoid reducing battery life because of additional use. 

3.16 Storage and transmission of energy carriers 

Generally, an energy carrier is defined as a medium or system containing energy that can be 

transferred or stored and which can be used, if necessary, in another form, such as heat or 

mechanical work. Energy transmission networks are needed to allocate energy production and 

consumption. The most common ways of transferring energy are as electricity, fuel or in 

heating and cooling networks.  

The transfer of heat and cold is only profitable over relatively short distances. Both electricity 

and fuels can be transported efficiently and with minimal losses over long distances. The 

challenges of electricity and hydrogen are that they are difficult to store and have a low energy 

density, which limits their use, for example in long-distance transport.  

Table 1: the energy densities of some energy carriers.  

FUEL DENSITY [kg/m3] 
ENERGY 

DENSITY 

[MWh/m3] 

ENERGY 

DENSITY 

[MWh/m3] 

Light fuel oil 850 45 10,6 

Biodiesel 886 37 9,1 

Methane 420 (liquid) 49,5 5,8 

Methanol 790 19,5 4,3 

Ammonia 680 (liquid) 18,8 3,5 

Hydrogen 70 (liquid) 120 2,3 

Electric battery 2190 0,6 0,35 

Kasvihuone 

GHG emissions: Hydrocarbon fuels are efficient energy carriers. If they are produced from 

sustainable biomass or renewable electricity. They can also be considered nearly carbon 

neutral. Methane is a major GHG emissions, and its use and transport may lead to leakages, 

which also have a significant climate impact. 

Level of technology: The range of energy carriers will increase as hydrogen and other carbon-

neutral fuels replace existing ones. The current energy infrastructure is largely built on 

electricity and hydrocarbons. Experience with hydrogen transfer is limited to a few pilot sites. 

Electric batteries are developing fast, but other forms of energy storage are needed alongside 

them. There is experience with cavern storage of natural gas, and cavern storage can also play 



a role in the storage of hydrogen. Underground thermal storage systems also play a key role in 

the carbon neutrality plans of many cities. 

Security of supply and self-sufficiency: Renewable energy sources are more evenly 

distributed geographically than fossil energy sources. Finland can become more energy self-

sufficient. However, this will require significant investment in energy networks. 

Economy and employment: The construction of transmission and storage infrastructure 

requires a significant financial effort that has a major impact on employment. 

Sustainability and environmental impact: New energy carriers are more challenging to store 

and transport than existing fuels, increasing losses in the transmission chain. The 

environmental impact of the whole chain must be taken into account in sustainability 

assessments. 

Safety, risks, harms and regulations: The safe use of hydrogen requires new regulations due 

to the risk of explosion. Energy networks are often associated with geopolitical tensions, and 

new energy carriers can cause changes in regional energy power balances. 

Export potential: There are multiple development needs for the production and transmission 

of new energy carriers, which offer a large export market for the energy and technology 

industry. 

Summary: The need for energy transmission and storage capacity will increase many times 

over as renewable energy production grows. The production of new carbon-neutral fuels 

requires reinforcement of both electricity and gas networks. New energy processing clusters 

are emerging in locations with renewable energy availability, reliable conditions and easy 

access to raw material and end-product markets. 

 

5 THE ROLE OF BIOMASS 

5.1 Wood based product usage  

(Tapio Ranta) 

The development of biomass-based energy production is strongly linked to the development of 

forest industry. As wood procurement and use in the forest industry generates a significant 

amount of by-products that are not suitable for use as raw materials. In addition to traditional 

products, the pulp and paper industry has gradually expanded its product portfolio by 

developing new higher value products such as biofuels, biocomposites and bio-based plastics. 

At the same time, the business has also been renewed. In the pulp industry, the new plants are 

bio-refineries, using several commercially mature technologies. These include bark 

combustion and gasification, biogas production from sludge, refining of pine oil for transport 

fuel and lignin extraction from black liquor from a sulphate pulp mill. In addition, black liquor 

gasification, hydrothermal liquefaction (HTL) and hydrothermal carbonization (HTC) are in 

the demonstration phase.  

The heat production system based on district heating is still mainly based on combustion 

technologies, with biomass increasingly replacing fossil fuels. The use of biomass fuels is 



concentrated in larger CHP plants that can maximise fuel efficiency and exploit the biomass 

resource as efficiently as possible. The electricity produced can be used to offset the 

fluctuations in electricity production caused by increased wind power during the winter season. 

In 2020, wood biomass-based electricity generation accounted for about a third of renewable 

electricity, with renewables accounting for more than half of electricity generation. Wood fuels 

accounted for 38% of district heat production and 75% of industrial heat production. It is 

particularly due to the significant energy use of black liquor in the forest industry. In the coming 

decades the renewable energy development will lead to a decreasing share of wood fuels in 

electricity production, but wood fuels have a growth potential in municipal and industrial heat 

production. 

Sector-integrated renewable hydrogen and methane units are being developed for CHP plants 

to produce waste heat from hydrogen production for the district heating network and to use the 

carbon dioxide emitted by the plant in the methanation process. The electrolysis of renewable 

hydrogen requires a lot of wind power, so the process requires a significant increase in wind 

power generation. Bio-based energy carbon capture and utilisation (BECCU) reduces 

emissions by replacing fossil-based end products. If the life cycle of bio-based end products is 

long, it can be referred to as carbon negative district heating or by carbon storage (BECCS) 

carbon negativity. 

The use of bioenergy is expected to continue to grow in the coming decades in district and 

industrial heat production, where it replaces fossil fuels, and in biorefineries, where it is used 

as feedstock for new bioproducts. In 2020, the level of bioenergy energy use was 116 TWh and 

wood energy use 93 TWh. For example, in the scenario analyses of the national HIISI project, 

bioenergy use is estimated to increase to 139-144 TWh by 2035, after which the development 

of bioenergy use will stabilise (Lehtilä et al. 2021). Wood energy use is estimated to grow to 

128-131 TWh over the same period, making it the most important contributor to bioenergy 

growth. Growth will also come from agro-biomass, imported biofuels and bio-components of 

waste fuels.  

In 2020, bioenergy accounted for 86% of renewable energy, but its relative share of renewable 

energy will decrease as the share of wind and solar energy increases. In 2035, the share of 

bioenergy is expected to be about 60%. In the energy sector, the bioenergy share is also 

maintained by the obligation to distribute biofuels in transport. It will rise to 30% by 2030. 

From the beginning of 2022, biogas was also included in the distribution obligation. For biofuel 

oil, the corresponding obligation rises to 10%. 

5.2 Biomass usage in electricity and heat production 

(Esa Vakkilainen and Svetlana Proskurina) 

In Finland, the share of renewable energy in final energy consumption (among electricity, 

transportation and heat sectors) was around 43% from with bioenergy was 37 % in 2019 (Table 

1).  

Table 2: Role of bioenergy and RE in electricity, transport energy and fuel/heat consumption 

in 2019 (IEA Bioenergy, 2021). 

SECTOR 

SHARE OF 

BIOENERGY 

(in %) 

SHARE OF 

RENEWABLE 

ENERGY (in %) 

OVERALL 

CONSUMPTION 

(in PJ)  



Electricity 15,6 37,3 307 (85.4 TWh) 

Transport energy 

(final consumption) 
10.3 11.1 175 

Overall fuel and heat 

consumption 

Direct biomass: 42,3 

Biobased heat: 13,6 
56.0 567 

Total final 

consumption 
36.6 43.0 1046 

 

Finland has a relatively large share of RE in electricity consumption mainly thanks to 

hydropower and bioenergy which is mostly through CHPs. Nuclear has about 28% of 

electricity consumption in Finland. Finland imports electricity, share of which increased from 

15% to 23% between 2010-2019 (Figure 28). Bioelectricity is supported by different 

measurements such as feed-in premiums for electricity from biogas, forest chips and wood-

based fuels (including wind) (IEA Bioenergy, 2021).  

 

Figure 28: Evaluation of electricity mix (in TWh) in 200-2019 (IEA Bioenergy, 2021).  

In heating sector, biomass has the largest share in Finland. CHP plants and heat plants represent 

approximately one third of fuel/heat provided of which about 42% is produced from biomass. 

Heat production from biomass is increasing steadily since 2013 in Finland (Figure 29). The 

policy aims to reach zero fossil fuel usage in heating sector by 2030. Thus, bioenergy is 

supported via quota obligations for biofuels in heating (IEA Bioenergy, 2021).  



 

Figure 29: Evaluation of fuel and heat consumption (in PJ) in 2000-2019. (IEA Bioenergy, 

2021). 

5.3 Transport sector 

(Esa Vakkilainen and Svetlana Proskurina) 

Since 2008, transport sector of Finland started to use liquid biofuels. Biodiesel consumption 

increased from 6 PJ to 18 PJ between 2013- 2014.  In 2016, biodiesel consumption decreased 

(4,5PJ) due to the policy changes. It was flexibility mechanism which allows to fuel suppliers 

to blend less than required in case of oversupply in the previous year. Then, biodiesel 

consumption increased again. In 2019, biodiesel (FAME and HVO) has 13% of the energy of 

diesel fuel consumption. Bioethanol consumption is smaller than biodiesel and fluctuated in 

the past 10 years between 2.5 and 3.5 PJ (IEA Bioenergy, 2021). 

 

Figure 30: Evaluation of fuel in transportation (in PJ) in 2000-2019. (IEA Bioenergy, 2021). 

(Mika Horttanainen) 



Biogas can be produced from separately collected biowaste, sewage sludge, manure and also 

from plant and animal waste from the food industry through digestion. In the process, soil 

conditioners are produced to replace mineral fertilisers. In Finland, 180 GWh of electricity and 

520 GWh of heat were produced from biogas in 2017. Part of the biogas will be refined into 

biomethane for vehicle use (110 GWh in 2020). The potential for biogas production from waste 

materials is estimated to be around 11 TWh per year. It accounts for about a quarter of the 

energy used in transport in Finland. There are several biogas plant suppliers with export 

potential in the country. 

Bioethanol can be produced by fermenting waste materials containing sugars, starch and 

cellulose. Bioethanol is blended with fossil petrol, allowing conventional petrol-driven vehicles 

to use it at a low blend ratio. In Finland bioethanol consumption was around 1.1 TWh in 2020. 

Technology has been developed to produce bioethanol from waste from the food industry, 

municipal waste and biomass in the country. 

Biodiesel can be produced from waste containing fats and oils. In Finland, biodiesel 

consumption was around 3.5 TWh in 2020. Biodiesel is produced using a technology based on 

hydrogen treatment in country. Biodiesel is also made from pine oil, which is a by-product of 

the forest industry in Finland. 

 

6 STATE AND TRENDS OF THE FINNISH ENERGY SYSTEM 

This chapter analyses the most important elements of the energy system needed for the 

transition to carbon neutrality. 

In Finland, the energy system is still quite dependents on fossil fuels. Although, the share of 

renewable and low-carbon fuels is steadily increasing, a significant share of energy still comes 

from fossil energy sources. Fossil fuels accounted for 60.5% of total energy consumption in 

1990 and have fallen to 36.6% by 2020 (Figure 28). 



 

Figure 28: Total energy consumption by energy source, in Finland, 1970-2020 GWh 

(Tilastokeskus 2022a). 

The growth of wind power and the electrification of the system are expected to play an essential 

role in achieving a carbon-neutral energy system in the future. Variations in wind and solar 

power generation due to weather conditions create additional costs in the energy system. Costs 

are expected to increase significantly as the share of wind power generation increases. As fossil 

energy declines, the main sources of electricity generation will be wind, nuclear, bioenergy and 

also hydropower, within their maintainable capacities. In addition, the other forms of energy 

mentioned in chapter 3 contribute to the overall energy mix. The share of solar energy will 

increase, but in Finnish conditions it will play a smaller role than in more southern regions. 

In the longer term, to achieve carbon neutrality, negative GHG emissions are presented, among 

other things to compensate for potential industrial emissions. Carbon dioxide capture from the 

atmosphere and from biomass energy use are considered suitable technical solutions. The 

emission becomes negative when carbon dioxide is stored in the Earth's crust. Finland has a 

special position as a major producer of bioenergy, which makes it possible to achieve 

significant negative emissions through carbon capture and storage. On the other hand, there is 

also a need for captured carbon dioxide in the hydrogen economy, for example in the 

production of synthetic and carbon-neutral P2X electric fuels. 

4.1 Electricity 

(Esa Vakkilainen) 

Electricity generation is very low-carbon in Finland. The EU average carbon emissions for 

produced electricity were 231 gCO2/kWh, in Germany was 294 gCO2/kWh and in Finland 



was 63 gCO2/kWh (Energiateollisuus 2022b). This is because almost 90% of the electricity 

produced in Finland is carbon dioxide-free. 

In 2020, more than a quarter of electricity supply was nuclear, about a fifth hydro and a tenth 

wind and solar. Electricity net imports were high, accounting for almost a fifth share, but are 

expected to fall substantially in the coming years. Industrial and urban thermal power 

accounted for a quarter of electricity generation, mainly from combined heat and power plants. 

Finnish industry uses almost half of the electricity. The domestic and agricultural sectors use 

just over a quarter of it. Services and other public bodies use a fifth of electricity. 

Table 2. Electricity supply and total consumption in 2020 (Tilastokeskus 2022b) 

SUPPLY GWh % 

Nuclear power 22 354 27,4 

Hydropower 15 669 19,2 

Wind power 7 938 9,7 

Solar power 218 0,3 

Net imports 14 977 18,4 

Other thermal power 20 417 25,0 

Total 81 573 100 

TOTAL CONSUMPTION GWh % 

Industry and construction 37 331 45,8 

Households and agriculture 23 441 28,7 

Services and public consumption 17 780 21,8 

Transmission and distribution losses 3 021 3,7 

Total 81 573 100 

 

4.2 Heat 

(Juha Kaikko) 

In Finland, heat production (table 3) is mainly based on the use of renewable bio-based fuels. 

These include by-products of the pulp industry, i.e. black liquor and bark, together with by-

products from the sawmill and plywood industries. In 2020, renewable fuels accounted for 64% 

of heat production. More than two thirds of the total amount came from cogeneration plants 

and the rest from separate production. 

Table 3. Heat production in 2020, in Finland. The table does not include so-called local heat, 

which refers to households' and public services' own boilers. (Tilastokeskus 2022b) 

 Heat production in GWh  

% 

Oil 2 527 2.9 

Coal 4 661 5.4 

Natural gas 7 900 9.2 

Other fossil fuels 2 152 2.5 

Peat 7 141 8.3 



Black liquor 27 561 32.0 

Other wood fuels 24 507 28.4 

Other renewables 2 674 3.1 

Other energy sources 7 123 8.3 

Yhteensä 86 246 100.0 

 

51 100 GWh of the heat produced was used for industrial purposes, of which 54% came from 

black liquor and 77% from renewable fuels. The rest of the heat, 35 100 GWh, was used for 

district heating. 

District heating 

The EU has long tried to encourage European countries to increase district heating, because it 

is seen as an effective way to contribute the EU's energy targets (Galindo et al., 2016). Finland 

is one of the countries where district heating is already an important form of heating. In 2020, 

district heat accounted for 41% of all heat consumption, well over half of which was produced 

in cogeneration plants. 38% of district heat was produced with wood fuels and overall 44% 

with renewable fuels. Fossil fuels and peat also still had a significant share in district heat 

production with 43%. 

In Finland, emissions from district heat production have fallen steadily since 2000 as fossil 

fuels have been phased out. In 2021, it was about 123 gCO2/kWh (Energiateollisuus, 2022a). 

There are other ways to promote the transition to carbon neutrality besides abandoning fossil 

fuels in district heating. By combining a biomass cogeneration plant with bioenergy with 

carbon capture and storage (BECCS), electricity and heat can even be produced in a carbon 

negative way. In the future, small modular reactors (SMR) may also be used to produce district 

heat for a medium or large city. 

In recent years, district heating has been losing its position as a heating option for small houses 

and new buildings, as ground source heat pumps have become more common. However, 

district heating will play a key role in future energy systems, especially in densely populated 

areas, where cogeneration plants produce electricity and heat in an energy-efficient way and 

the heat distribution network can be built cost-effectively. 

The competitiveness of district heat is constantly being improved. New trends include the use 

of heat pumps (e.g. heat recovery from waste water and condensing flue gas), bidirectional 

district heating networks (customers can buy or sell heat) and low temperature networks. The 

latter can not only reduce heat losses, but also facilitate the recovery of waste heat and improve 

the performance of heat pumps. On the other hand, the increasing use of heat pumps as a 

substitute for district heating creates challenges for the profitability of cogeneration plants due 

to the reduced heat load. 

The heat storage within the district heating network is beneficial. The network itself already 

has a large storage capacity due to the water volume. If an independent storage is used, the heat 

is usually stored in water that is separated from the district heating circuit. Other media than 

water can also be used to store heat, as well as electricity for future heating purposes. The 

solution can reduce the use of fuels in heat production. 



4.3 Balancing energy production and consumption 

(Timo Hyppänen) 

Maintaining a balance between production and consumption of electricity and heat is a key 

requirement for the energy system. Traditionally, changes in consumption have been met by 

changes in production, typically using solid, liquid or gaseous fuels that are suitable to be 

stored. Mitigation of climate change will increasingly drive electricity generation towards wind 

and solar power, whose production is unpredictable, both temporarily and seasonally. 

Meanwhile, as fossil fuels used for balancing decline significantly, current low-carbon methods 

for balancing electricity generation and consumption will not be sufficient in the future. 

Existing methods, and possibly also their enhancement, will nevertheless play an important 

role as a partial solution in the future.  

Current hydropower capacity can be partly used to balance electricity generation, but its use is 

limited and dependent on the water situation. Electricity trade between neighbouring countries 

and the use of biomass and biofuels for electricity and heat production remain important for 

flexibility of production. Nuclear power in electricity generation has been affordable in Finland 

at near full capacity, meaning that it has so far not played a significant role in balancing 

production and consumption. However, load monitoring with nuclear power is technically 

feasible and everyday practice, for example in France.  

District heating systems also have their own thermal buffer storage systems, which can 

contribute to production regulation within their capacities. Thermal storage systems are also 

suitable for indirect storage of electrical energy, if they are converted into thermal energy by a 

heat pump. In addition to the adjustment of production, consumption flexibility has also been 

used to some extent to achieve balance. Increasing consumption flexibility is also considered 

part of the future solution. The adjustment of production is partly a matter of so-called sectoral 

integration. 

In the future, new ways will be needed to balance the imbalance between short- and long-term 

seasonal consumption and production, as the production of variable renewable electricity 

increases and the use of fossil energy, which is traditionally more adaptable to fluctuations in 

production, decreases. Different energy storage facilities for different time periods, as 

described in chapter 3.15, have become and are becoming part of the energy system. One 

particular challenge for the reliability and sufficiency of the energy system is meeting seasonal 

peak loads of energy consumption during the winter period. Hydrogen production and its 

synthetic fuels, which can be stored seasonally, are one of the most prominent technologies 

under development for seasonal storage. This technology has relatively low circular 

efficiencies and relatively high costs, but its role is still seen as important for the future as the 

need for energy storage and variation in production becomes more important. Developing the 

hydrogen economy and technology is therefore an important part of Finland's Climate and 

Energy Strategy. In the hydrogen economy, hydrogen electrolysis plants that produce hydrogen 

and are capable of power fluctuations are also seen as an important partial solution for 

balancing production and consumption.   

Nowadays, the electricity market is mainly based on the sale of energy. The balancing between 

energy consumption and production is expected to provide sufficient revenue from energy price 

fluctuations. If fluctuations in energy prices do not generate sufficient investment in balancing 

resources, the energy market needs to be complemented by a market based on capacity 



compensation, where payment is made for the ability to increase production or reduce 

consumption, instead of or in addition to the energy produced. 

In Finland, the Finnish Energy Agency maintains the power reserve system and security of 

supply in situations where the market supply of electricity is insufficient to cover electricity 

consumption. The system is currently financed by separate charges based on the use of the 

electricity system and the grid, allocated to electricity consumption and then collected by 

Fingrid from the users of transmission services. The changing energy system creates pressure 

to develop a power reserve system. As variable renewable energy increases in the future, so 

will the role of the system. Therefore, it must be developed in line with security of supply 

needs. For example, in the next power reserve period, it will be possible to accept energy 

storage facilities in addition to power plants and sites that are capable of consumption 

flexibility.  

The future structure and functioning of the energy system includes many uncertainties, making 

it difficult to assess the scale of the upcoming challenges. As the energy transition proceeds, 

maintaining a reliable energy system will in any case require preparation for power reserves of 

adequate size and flexibility, and also to cover rising system integration costs. 

4.4 Sectoral integration 

(Tero Tynjälä) 

Sectoral integration is one of the ways to balance electricity production and consumption. It 

utilises the variability of production and consumption of different forms of energy to 

compensate for rapid fluctuations in production. The most traditional integration is between 

the electricity and heat sectors. In the future, the production of hydrogen and its downstream 

products will also bring a new flexible component to the energy system. As electric cars 

become more common, the transport sector will also become more integrated into the energy 

system. Smart charging of electric car batteries can bring significant additional new flexible 

capacity. 

To take full advantage of sectoral integration, different types of energy storage are also needed. 

Thermal storage is the most straightforward way to integrate electricity and heat networks. 

Traditional thermal storage systems are property-sized hot water storage systems that can cope 

with hourly or, at most, daily fluctuations. In recent years, large thermal storage has become 

more common and can store, at their best, heat for periods of several months from summer to 

winter.  

If heat is to be converted back into electricity, it must be stored at a sufficiently high 

temperature level to maintain a reasonable efficiency of electricity generation. The most 

efficient long-term storage of energy is in the form of fuels. Hydrogen and/or hydrogen-derived 

storage of carbon-neutral, liquid and gaseous fuels play an important role in the security of 

supply of the energy system. Peak load power plants are also needed to convert energy from 

fuels into electricity and heat when needed, when renewable energy production is insufficient. 

Traditional peak load plants are gas turbine and internal combustion engine power plants, 

which have low capital costs. This is a basic requirement for reserve power plants, which are 

only used for short periods of the year. 



4.5 Infrastructure 

(Tero Tynjälä and Hannu Karjunen) 

In Finland, the most important energy infrastructure is the electricity grid, which is quite 

comprehensive and reliable under current conditions. Fingrid maintains the Finnish 

transmission network, which includes about 14 400 kilometers of power lines. The Finnish 

electricity system is part of the Nordic electricity system together with those of Sweden, 

Norway and eastern Denmark. In addition, there are direct current transmission lines from 

Russia and Estonia to Finland, connecting the Nordic system to the Russian and Baltic power 

systems. Power transmission between countries is bidirectional, except for the connection to 

Russia, which only allows transmission from Russia to Finland.  

Besides the electricity grid, Southern Finland has a 1 150 km long natural gas network, which 

supplies natural gas from Russia via Imatra and also via the Baltic Connector pipeline from 

Estonia to Inkoo. In addition, domestic biogas from Finnish biogas plants will be transported 

through the network. The gas network is operated by Gasgrid Finland. Outside the gas network, 

natural gas is distributed as liquefied natural gas (LNG). LNG terminals have been established 

in Pori and Tornio.  Furthermore, the third LNG terminal in Finland, which will be the only 

terminal connected to the natural gas transmission network so far, is being constructed in the 

Port of Hamina. Natural gas from LNG terminals can be distributed regionally for industrial, 

automotive and maritime transport use. 

In addition to the existing electricity and gas networks, energy distribution infrastructures 

include liquid fuel distribution stations and associated rail and rubber-wheeled transport of 

liquid fuels. The electrification of passenger transport will require future reforms in both 

electricity transmission and electric vehicle charging station networks. 

 

Figure 29: On the left is the natural gas network covering Southern Finland and on the right 

Finland's current electricity grid. 



Future carbon neutrality targets will require significantly more emission-free electricity 

generation. New electricity generation is largely wind power, with a large variation between 

peak and average generation, leading to a significant increase in the capacity requirements of 

the electricity grid. The wind power potential is also being distributed in a new way, which will 

change the north-south and west-east electricity transmission. Hydrogen is seen as an 

alternative to electricity transmission, and its role as an energy carrier is expected to grow 

strongly. The European Hydrogen Backbone vision (Jens et al. 2021) envisages a future energy 

system based largely on a Europe-wide hydrogen distribution network, partly building a new 

network and partly modifying the existing natural gas network to make it suitable for hydrogen 

transport. 

Figure 30: On the left is one vision of a possible hydrogen distribution infrastructure in 2040 

(Jens et al. 2021). On the right are the point sources of CO2 in Finland in 2020.  

In the future energy system, carbon dioxide may also be one of the raw materials to be 

transported, alongside natural gas and hydrogen. Infrastructures and terminals for the transport 

and distribution of carbon dioxide are being developed, where carbon dioxide is collected either 

for use in the production of synthetic fuels and chemicals or transported to a permanent disposal 

site to reduce atmospheric carbon dioxide levels. Finnish industry produces large amounts of 

bio-based carbon dioxide, which can be an important raw material for a future carbon-neutral 

society. Growth in the production and utilisation of both hydrogen and carbon dioxide will 

require significant investment in both electricity and gas infrastructure. 

4.6 Transport 

(Teemu Turunen-Saaresti) 

In 2020, transport energy consumption was about 46 TWh (compared to 50 TWh in 2019), of 

which biofuels accounted for 4.6 TWh and electricity for 0.8 TWh in Finland. The energy 

consumption of electric cars was 0.1 TWh. Transport accounts for a substantial share of energy 

consumption in Finland. Transport sector consumes as much energy as the total annual 

electricity production from renewable fuels and nuclear power together. This gives a good idea 

of what electrification of transport would require in terms of emission-free energy production 

in the country.  



The largest share of energy consumption is covered by fossil fuels in transport sector. In 2020, 

motor gasoline will account for 14.2 TWh, diesel for 27.9 TWh and natural gas for 0.1 TWh. 

Heavy vehicles account for an estimated 70% of diesel consumption (Autoalan 

tiedostuskeskus, 2022). Domestic air transport and waterborne transport consumed 1.0 TWh 

and 1.8 TWh respectively, and their energy is mainly produced with fossil fuels. Similarly, the 

energy consumption of international air transport was 3.3 TWh and waterborne transport 3.6 

TWh. It should be noted that, international air transport decreased significantly in 2020. In 

2019, the energy consumption of international air transport was 9.8 TWh. Rail transport energy 

consumption is mostly electricity (0.7 TWh) and light fuel oil (0.2 TWh). These numbers do 

not include the energy consumption of non-road machinery, which is mainly from the use of 

motor gasoline and light fuel oil. In 2020, the energy consumption of non-road machinery was 

around 5.3 TWh.  

 

Figure 31: Energy consumption by different transport modes and fuels in 2020. (Tilastokeskus 

2021a) 

Fossil fuels continue to make a significant contribution to energy consumption in transport. 

The electrification of passenger transport will accelerate in the future. This can be seen in the 

2021 registration statistics, where 30% of first registered passenger cars were rechargeable 

vehicles. The electrification of heavy transport is slower. According to the Confederation of 

Finnish Automotive Industry, more than 80% of trucks would still be diesel-powered in 2030 

(Turunen 2022). By 2030, millions of internal combustion engine cars are predicted to still be 

on the road.  

Electrification also has an important role in reducing emissions in passenger transport, but it 

requires the use of low-emission electricity and the development of charging infrastructure. 

Electrification reduces energy consumption in transport because electric vehicles offer much 

better well-to-wheel efficiency than internal combustion engines. In order to reduce emissions 

from the energy consumption of heavy-duty vehicles and machinery, both bio-based and 

synthetic fuels based on renewable electricity are needed. The use of hydrogen and synthetic 

fuels does not benefit from improved efficiency, in fact the efficiency (well-to-wheel) can be 

even worse, as the production and storage of hydrogen and synthetic fuels is energy intensive. 

In this case, their use contributes to the overall energy consumption of transport. 

4.7 Industry 

(Esa Vakkilainen) 

In 2020, emissions from the use of industrial processes and products accounted for 5.2 Mt 

CO2eq or 11% of total emissions (Tilastokeskus 2021b). Based on the scenario results of the 



HIISI report (Lehtilä et al. 2021), reducing GHG emissions in industry is significantly more 

difficult than in energy production, despite the fact that a large part of industrial emissions are 

covered by emissions trading. In Finland, the majority of GHG emissions from industrial 

processes occur in the production of carbon steel. This corresponds to about 7% of total 

emissions in Finland.  

In addition, the petrochemical and cement industries contribute to industrial emissions. Low-

carbon products in the metal industry depend heavily on the deployment of hydrogen-based, 

HYBRIT-type processes and EU legislation on low-carbon steels, for example. GHG emissions 

from the petrochemical industry are expected to decrease as the industry shifts increasingly to 

renewable feedstocks and carbon capture and storage develops. Industry consumed mainly 

wood-based energy, and by far the most energy was consumed in the forest industry. After that, 

the chemical and metal industries were the biggest energy consumers. 

The forest industry has planned a path to carbon neutrality and is now using only a small 

amount of fossil energy. The use of fossil fuels in the forest industry may come to an end in 

the 2030s, due to investments in mills and electrification, with the exception of small amounts 

of spare fuels. According to the EU strategy, biogenic carbon dioxide can be produced in large 

quantities if required, for example for the production of carbon-neutral fuels for the hydrogen 

economy. 

The chemical industry believes that fossil emissions will be reduced to zero in the 2050s as 

processes move towards using increasingly renewable electricity. In particular, the prospects 

for the increasing use of green hydrogen are good.  

4.8 Energy markets 

(Samuli Honkapuro, Jero Ahola and Esa Vakkilainen) 

The objectives of the electricity market are reliability, sustainability and cost-effectiveness. In 

practice, these objectives are achieved by trading on long- and short-term marketplaces to 

select the cheapest production options so that production corresponds to consumption every 

moment. Since both electricity and heat production are covered by emissions trading, emissions 

trading, together with the electricity market, acts as a market-based sustainability incentive if 

the price of emission allowances is high enough. 

Most of the trade happens on a daily market, where the price for each hour is determined by 

the bid and offer, practically the marginal cost of the most expensive form of production 

available. The marginal costs of renewable generation (wind, solar and hydro) are typically 

very low, meaning that fluctuations in their availability cause strong price volatility. This in 

turn creates an incentive for demand (and in the future energy storages) to participate more 

actively in the market through consumption flexibility. Thus electricity consumption is 

allocated to the most affordable hours. Consumption flexibility also contributes to real-time 

frequency control, with resources purchased from the balancing power and reserve markets. 

Finland has an advanced and functional electricity market. There are no significant barriers to 

market entry, consumption has equal access to all marketplaces and aggregated flexibility 

resources are already actively participating in the reserve market. A significant part of new 

generation investments, such as wind turbines, are made through long-term Power Purchase 

Agreements (PPAs). However, in the daily market, price fluctuations create an investment 

signal for peak production and other flexibility resources. The power reserve system operated 



by the Finnish Energy Agency ensures that there is sufficient capacity even if there is not 

enough generation to cover consumption on market terms. The power reserve system has not 

yet been needed, but it is an essential part of ensuring reliability. The size of the reserve is 

worth keeping under regular review. 

Increasing price volatility encourages flexibility in electricity use. On the other hand, highly 

volatile prices create a risk for the end-user. New types of electricity trading products may be 

needed to encourage flexibility and the sharing of benefits and risks between participants. 

However, there is no obstacle to their development. 

Guiding consumption based on price signals can lead to a local increase in load on the grid, 

which is amplified as additional loads, such as electric vehicle charging, are connected to the 

grid. With intelligent load management, the constraints of the distribution network can also be 

taken into account without significantly losing the benefits of flexibility in the electricity 

market. Capacity-based network service charges provide an incentive to manage peak power 

so that peak loads on the network do not rise and flexibility of electricity use is improved. This 

contributes to the cost-efficiency of both production and the network. 

The heating market is local and rather closed in Finland. The largest cities have a district 

heating system, but as a general rule, district heating operates like a monopoly. 

Gas market  

In Finland, the gas market opened up to competition at the beginning of 2020. This resulted in 

fair and non-discriminatory conditions for third parties to gain access to natural gas 

transmission and distribution networks. Finland applies a feed-in-tariff system in line with the 

EU gas market. It allows gas to flow in from the entry points and out from the exit points of 

the Finnish gas system. The gas supply points are Imatra, Balticconnector and virtual LNG and 

biogas supply points. Similarly, the gas extraction points are the end-users connected to the gas 

transmission and distribution network. Baltic connector can also serve as a gas extraction point.  

Both gas energy and gas transmission capacity are traded on the wholesale gas market. The 

transmission capacity is sold by Gasgrid Finland. Transmission capacity means the right to 

transfer gas energy in the transmission network (kWh/h). Gas energy is sold by shippers and 

traders. Gasgrid Finland is responsible for balance sheet management of the Finnish gas 

system. The balance sheet period is a gas day. It starts in the morning at 7 a.m. and ends the 

next day at 7 a.m. (Gasgrid Finland 2022.) 

4.9 Investments 

(Petteri Laaksonen) 

 

Around 93% of the financing of green transition investments is estimated to come from private 

capital. Thus, the stability of the investment environment and consistency of legislation are key 

to financing. The implementation of investments depends on the return on investment for the 

investor and the investment risk, which is included in the financing costs. This risk is affected 

by the accuracy of project cost estimates and lead times, among other factors. The war in 

Ukraine has also increased the country risk in financing. Among other things, emissions trading 

and low-carbon energy subsidies have driven investments in low-carbon projects. On the other 

hand, legislation can also be an obstacle to the implementation of investments. The main 



obstacles to the growth of energy investments are the slow licensing process and, in particular, 

the long processing times in administrative court cases. 

 

There are no systematic statistics on investments in energy systems in Finland. The largest 

investments in energy production between 2000 and 2022 have been in wind power, with 

around 6 billion euros invested (Finnish Wind Energy Association 2022) and an annual energy 

production of around 8 TWh. The investment in the Olkiluoto 3 unit is around 5.7 billion euros. 

Te share of nuclear power in energy production is around 13 TWh per year. The calculated 

lifetime of investments is 30 years for wind power and 60 years for nuclear power. No new 

capacity has been invested in gas-fired power plants between 2010 and 2022. 

 

There are no decisions on further nuclear construction. According to media reports, there are 

currently no plans for new investments in nuclear power in Finland. The Fennovoima 

Hanhikivi project has been suspended due to sanctions against Russia, and its implementation 

is uncertain. Fortum has applied for a licence to operate the two reactors at Loviisa until 2050. 

The estimated investment that needed is 325 million euros. This will maintain Finnish nuclear 

capacity at 4.9 GW when Olkiluoto 3 enters commercial production, estimated for July 2022. 

 

Fingrid estimates, based on its connection inquiries (Fingrid 2022), that 16 GW of new wind 

power capacity will be added to the current 2 GW in Finland by the end of this decade 

(Figure 32). The investment would be around 22 billion euros and would generate around 63 

TWh of electricity, assuming a peak load time of around 40%. This would account for almost 

80% of electricity production in Finland in 2020.  

 

Figure 32: Projected development of wind power capacity in the 2020s (Fingrid 2022). 

 

Solar investments are increasingly being made in connection with wind farms and on old 

peatlands. According to Tilastokeskus, 0.22 TWh of solar power was produced in 2020. 

Between 2022 and 2031, Fingrid will invest an average of just over 200 million euros per year 

in the domestic electricity grid, which is more than the average for the previous years. 

Investments in electricity distribution networks have been around 700-800 million euros per 

year. 

Other important future investments include the integration cost investments related to the 

energy system and its transition as described in chapter 3.2. In order to assess them, research 



and development work is needed on the future system structure and the cost implications of 

related factors.  

Investment in building new energy production usually has a significant national impact on 

employment and the economy. Employment generating activities include civil engineering 

(road network, civil engineering works for power plants and substations), power plant 

construction (especially foundations), construction of electricity grids and substations, 

accommodation and other local services, port operations and transport, as well as forest 

harvesting, surveying and engineering services. 

7 FUTURE TRENDS OF THE ENERGY SYSTEM IN FINLAND 

The main features of the energy system are the continuous and reliable supply of energy in all 

forms, affordability and sustainability. In other words, the achievement of the carbon neutrality 

targets set for the system. To ensure the uninterrupted supply of the electricity and heat needed 

in Finland, production must continue to keep up with demand. If energy becomes a more 

important export product, for example in chemical or material form, such as synthetic fuels, 

stocks of such products can help to maintain a balance between production and demand. 

Bioenergy, nuclear energy, electricity imports and the use of fossil fuels were the most 

important energy sources for electricity and heat production in Finland in 2020. The share of 

fossil fuels will continue to decline in line with the carbon neutrality targets. Renewable energy 

technologies, especially wind, are envisaged as their main replacement. Bioenergy and nuclear 

energy will continue to play an important role, together with growing wind power. When 

Olkiluoto 3 comes into operation, nuclear electricity production will cover just over 40% of 

typical annual electricity consumption in Finland in the 2010s. As the share of variable 

renewable energy increases, balancing demand and production both at shorter hourly and daily 

levels and at summer and winter seasonal levels will require significant development of the 

energy system. Areas for development include energy storage, consumption flexibility, reserve 

capacity and sector integration.  

Future trends in the energy system must consider not only political and social objectives, but 

also the inherent characteristics of the different forms of production and the resource 

constraints imposed by nature. Each form of energy needs raw materials to build production 

plants as well as distribution and storage systems. Raw materials in the energy system are finite, 

but they all have a global market, where an increase in demand leads to an increase in price. 

For some raw materials, known resources may be in the hands of a few. According to an 

estimate by the Geological Survey (Michaux 2021), it will not be possible to replace fossil 

fuels globally with renewables alone, such as solar and wind power, because the necessary raw 

materials (lithium, nickel, cobalt) are simply not available in sufficient quantities. In addition, 

other renewable energy sources, such as hydropower or biomass, are difficult to increase for 

nature reasons. 

Thus, today's price estimates for the production costs of individual technologies will no longer 

be valid tomorrow if there is a shortage of the raw materials needed for the technology. The 

main raw materials for a zero emission energy system include lithium for electric batteries, rare 

earth metals for permanent magnets in wind generators and uranium for nuclear fuel. However, 

wind generators have also been made without permanent magnets, and the uranium in nuclear 

power plants will last for several hundred years at current consumption rates. 



7.1 The role of variable renewable energy 

(Petteri Laaksonen) 

In 2020, one third of the total energy demand (114 TWh) was covered by fossil energy sources 

(oil 21%, coal 6%, natural gas 6%) in Finland. In the renewable energy-based scenario, fossil 

energy sources are replaced by wind and solar electricity, which also becomes the primary 

source of energy.  

Total electricity consumption was 81.6 TWh in 2020. Future production will need to be more 

than twice as high as consumption if current fossil energy consumption is to be fully replaced 

by renewable electricity, including transport and heating. If most of the new electricity is 

generated by wind, more than 20 times the 2020 capacity would be needed. If Finland is to 

become an energy exporting country, electricity production from renewable energy can be 

projected to grow by up to five times (400 TWh) the current total electricity consumption by 

2050, depending on the volume of exports. This is more than 50 times the amount of wind 

power production in 2020. 

Energy production based on the combustion of bio fractions and waste will remain part of the 

energy system, especially for heat production. So far, natural gas has been classified as a green 

technology in the EU taxonomy, but this classification will be abolished due to both 

geopolitical and climate impacts. Due to atmospheric methane emissions, the actual climate 

emissions from natural gas are at worst higher than from coal combustion, when the whole 

production, transport and end-use chain is considered. Natural gas will be replaced by 

electrically produced gases such as hydrogen and e-methane. 

Nuclear power remains one of the main forms of controllable electricity generation in the 

system, but its growth is constrained by long implementation times and lack of financing. In 

the coming decades, Loviisa will continue to operate two reactors and Olkiluoto three, 

producing a total annual nuclear power output of about 36 TWh. In addition, small modular 

reactors have the potential to play an important role in district heating as an alternative to 

combustion. 

Wind power is the cheapest form of electricity generation in terms of production costs. In 

Finland, Fingrid estimates (Fingrid 2022) that wind power capacity will reach 18 GW by the 

end of the decade. Energy production would then be about 63 TWh. The same amount of energy 

could be produced by five nuclear reactors the size of Olkiluoto 3. 

Adding solar power to wind farms is cost-effective because photovoltaic power supplements 

wind power generation according to seasonal variations. Most wind power is generated in 

winter and most solar power in summer due to our location. Solar power requires an area of 

1.5 ha/MW, which means 530 GWh/km2. In peat production areas, annual production exceeds 

30 TWh. On-site solar power plants are becoming more common, and their energy is used for 

building lighting, heating of the building and domestic hot water, household appliances and 

electric car charging.  

Energy exports are based on hydrogen, electricity, methanol, ammonia and their downstream 

products. The projected total production of 400 TWh is possible within the next twenty years 

(Fingrid inquiries and production, Fingrid 2022). This requires that production is evenly 

distributed across Finland, which also improves balanced regional development and the social 

acceptability of wind production.  



As the system expands to the current level of daily demand, no major changes are expected. 

The variation in daily demand in the Nordic countries (Nordpool) is around 15 000 MW. This 

variation has been provided in the system by hydropower from Norway and Sweden. 

The variability of renewable energy requires high flexibility in the overall system, which is a 

key element in improving the security of the energy system. Flexible capacity will help 

withstand a significant increase in the share of wind and, to some extent, solar power, while at 

the same time reducing the capacity of fossil energy that can be adjusted according to 

consumption. The issues of balancing energy consumption and production as well as possible 

conventional and new technologies suitable for flexible use are discussed in more detail in 

chapter 4.2. A new flexibility element is emerging in the production capacity of flexible 

hydrogen and its downstream products, which is also suitable for longer-term seasonal 

variations. Hydrogen production is based on electrolysis plants, which have the flexibility to 

adjust their output according to electricity production. The production capacity of hydrogen 

downstream products is also controlled according to the same principle. In addition, electricity 

and thermal storage systems will be added to the system in order to balance the varying rates 

of production and consumption. Battery storage systems plays an important role in ensuring 

the reliable operation of the electricity grid.  

Energy markets and their functioning also play a major role. In the market, the value of demand, 

production and storage (consumption flexibility) is realised and the system remains in balance. 

Demand for electricity is growing precisely because of hydrogen production. This is how 

hydrogen is integrated into the market. Hydrogen production can be used as a regulating power 

and hydrogen pipes as storage in the system. 

When the electricity market shifts to a 15-minute settlement period, as agreed, it is estimated 

that the market will become automated, as has happened to stock trading over the past decade. 

The daily market is accompanied by a real-time reserve market to ensure an uninterrupted 

balance between production and consumption. 

Long-term Power Purchase Agreements (PPAs) are key to bringing new generation capacity 

to the market.  If the market does not provide sufficient incentives for investment, capacity 

mechanisms separate from the energy market could be considered, but their possible 

implementation requires further analysis. 

The functioning of the energy system is ensured by sufficient market transmission capacity 

(electricity and hydrogen) and the reliable functioning of the energy exchange. In particular, 

increasing transmission capacity between and within markets is a very important task for 

governments to ensure the functioning of the future energy system. 

7.2 The role of nuclear power 

(Juhani Hyvärinen) 

In Finland, the nuclear power share in electricity consumption can be around 40% when 

Olkiluoto 3 reaches full capacity. The Olkiluoto 3 nuclear power plant is located in Olkiluoto. 

It is owned and operated by Teollisuuden Voima (TVO).  The Hanhikivi nuclear power plant 

is a proposed nuclear power plant that is planned to be built in Pyhäjoki, Finland. The project 

is being developed by Fennovoima and the plant is expected to have a capacity of 

approximately 1,200 megawatts. However, currently, the Hanhikivi nuclear power plant 

implementation is uncertain.  



Additional nuclear generation does not need to be supported by massive grid investments or 

backup generation, which contributes to improving the reliability and security of supply of the 

energy system. The operating licences for all Olkiluoto nuclear power plant units are valid until 

2038, and Fortum has applied for an operating licence for both units of the Loviisa power plant 

until 2050. The continued operation of Olkiluoto units 1 and 2 beyond 2038 remains at TVO's 

techno-economic discretion. The planned lifetime of the Olkiluoto 3 unit is 60 years, which 

means it can be in operation until at least the 2080s, and much longer if well maintained. 

Small Modular Reactors (SMRs) could be suitable in terms of size and characteristics for the 

needs of urban and municipal energy companies. Municipal companies are under severe 

pressure to reduce emissions from cogeneration. Small nuclear power would be a viable 

solution if it proves to be cost-competitive with other equally reliable and secure heat sources. 

Shipping and the shipbuilding industry, which is important for Finland, are also subject to 

severe emission reduction pressures. The nuclear reactor is a technically sound, emission-free 

power source for a ship, offering excellent performance in terms of both ship speed and range. 

Shipboard reactor technology for warships is at TRL 9 level, but the cost of the technology 

may be too high for civilian use so far.  

The technology for reactors designed to produce only district heat is still at the development 

stage (TRL 5-6). Instead, a domestic small modular district heating reactor could also become 

an export product to the rest of Europe, especially initially to the Baltic Sea region, where 

district heating networks are already in place but where fossil energy is still used. 

Finland will start to disposal of spent nuclear fuel around 2025. Nuclear energy is the only form 

of energy that has stored its own waste, is technically prepared to dispose of it safely and has 

collected the funds needed to cover the costs of waste management as part of the price of the 

electricity it sells. 

7.3 The potential of Finnish carbon neutrality expertise 

(Risto Soukka) 

The Finnish operating environment and expertise, as well as products manufactured in Finland, 

can offer other countries and companies significant opportunities to reduce their own GHG 

emissions. Globally, emissions related to energy account for almost three quarters of all GHG 

emissions. Low-carbon electricity, carbon-neutral district heating and the efficient use of waste 

heat are examples of factors that influence the carbon footprint of products manufactured in 

Finland and thus also of customers. In addition, Finnish expertise can be further exploited to 

improve the in-service energy efficiency of products or waste management solutions. These 

can also contribute to reducing the carbon footprint. 

The broad use of wood-based fuels in energy production offers significant opportunities to use 

the carbon already in the carbon cycle instead of fossil raw materials. In particular, the large 

market for hydrocarbons offers opportunities as fossil-based production is replaced by 

sustainable solutions. Biochar, together with carbon-neutral hydrogen, offers significant 

potential for sustainable hydrocarbon production. The chemical forest industry in Finland 

represents the largest share of pulp production that is based on bio-based energy. In 2020, 38% 

of district heating municipalities produced their heat with biomass-based fuels, and this share 

is expected to grow in the coming years (Energiateollisuus 2019). That is why Finland has a 



secure source of carbon for decades to come - unlike those countries where bioenergy is hardly 

produced and the use of fossil fuels is being phased out. 

A carbon handprint describes the positive impacts on the carbon footprint of a customer's 

product. Together with VTT, LUT University has developed a method to calculate the 

handprint of products (including carbon handprint and environmental handprint). LUT has also 

applied the methodology to the development of a carbon handprint calculation for the city. The 

reputation of Finland as a provider of climate solutions can be enhanced and thus create 

conditions for the development of new business when potential handprint impacts are 

systematically taken into account and increased. 

More organisations are striving for carbon neutrality. Reducing emissions is a priority for 

organisations, but there are still emissions that need to be compensated. Organisations that have 

published a carbon neutrality target will need to find ways to compensate for their emissions 

in the future in order to meet their target. Compensation means, for example, that organisations 

provide funding for projects that remove carbon from the atmosphere or reduce GHG 

emissions. 

To reduce GHG emissions, carbon removal from the carbon cycle is needed in any case. Direct 

air capture (DAC) solutions, the removal of carbon dioxide from the flue gases of biomass 

energy production and the combination of these with a storage solution could be important 

ways to bring emission compensation to the market in the future. Bioenergy production can 

also offer an interesting opportunity in this respect. 

  



SUMMARY 

(Timo Hyppänen and Eeva-Lotta Apajalahti) 

The energy system is undergoing a major structural transformation due to global carbon 

neutrality targets to mitigate climate change. The system as we know it is changing in many 

ways, and this change involves a wide range of functions and structures in society, as well as 

different technologies that interact with each other. The energy system and the management of 

change are linked to many key objectives affecting national competitiveness and welfare, the 

most important of which are cost-efficiency, security of supply and zero emissions, in line with 

Finland's Climate and Energy Strategy. 

Understanding the energy system as a whole is complicated by the many different and partially 

unclear elements of its structure and functioning. In particular, the future system will involve 

a large number of different choices in its details. The availability and development prospects 

of technology, cost developments, the availability of the necessary resources and society's 

perceptions of value, among other things, form an entity that is difficult to anticipate and 

manage. However, the societal importance of the energy system requires a fact-based debate 

at different levels to understand the whole picture and the factors that influence it. This will 

provide a basis for further decisions on trends and measures to meet the basic objectives of the 

energy system. 

The purpose of this report is to support the debate and decision-making on the development of 

the energy system and to provide general and factual information on the key elements and 

aspects of system change. Such information will help to better understand and justify the 

development paths to be chosen, in which the various components form an entity that best 

serves the objectives of society. 

Scenarios vary, new solutions are needed 

There is a wide range of views and scenarios on the energy transition at different levels. The 

background to this report is drawn from the recent IPCC Intergovernmental Panel on Climate 

Change report, the EU's green growth targets, the Nordic Council of Ministers' energy study 

NER assessments and Finland's Climate and Energy Strategy. The development of the energy 

system is most affected by the global goal of limiting global warming to 1.5 degrees. The IPCC 

assessments still see the target as achievable. However, it is not considered feasible with current 

national programme measures and will require rapid and significant global tightening of 

programmes. 

The scenarios have in common the phasing out of fossil fuels and the expansion of renewable 

energy. Different energy sources and technologies are given different weightings and 

timeframes, leading to different development paths. The use of fossil energy is decreasing, 

especially in energy production. In contrast, the industrial transition to low-carbon is more 

challenging and requires significant technology development. In addition, the energy system is 

expected to become more electrified as the amount of variable renewable electricity generation 

increases. It requires new solutions to manage the overall energy system and security of supply. 

In addition to low-carbon energy production, several other elements of the energy system are 

needed to achieve carbon neutrality. More traditional means include energy saving and 

increasing energy efficiency. There are high expectations for the production of low-emission 

hydrogen and its derivatives, which can also work together with sustainable biofuels where 



direct electrification is difficult. Carbon dioxide capture is also considered essential. It can be 

used to remove carbon dioxide from industrial emissions, directly from the atmosphere or from 

gas from bioenergy production. In addition, consumption flexibility between consumers and 

different sectors is part of a changing energy system, as are different types of energy storage. 

Carbon neutrality in Finland has several partial solutions 

Finland aims to be carbon neutral by 2035. The majority of total emissions come from the 

energy sector, so improving the energy system is crucial to achieving this goal. At national 

level, the energy system has its own specific characteristics, which form the basis for system 

change. 

In Finland, the share of bioenergy has traditionally been very high and with the launch of 

Olkiluoto 3, the share of nuclear power will also increase. Bioenergy and nuclear power 

represent a major part of the low-carbon energy system, together with the limited hydropower. 

Wind power has great potential for additional construction, and is fast becoming the mainstay 

of energy production alongside bioenergy and nuclear power. 

Finland's carbon-neutral electricity generation, a strong electricity grid and a high share of 

bioenergy are key prerequisites for the production of carbon-neutral hydrogen and derived 

hydrocarbons. They can be used as energy storage and as a low-carbon energy alternative for 

sites that are difficult to electrify. Such production is seen as a good partial solution for a low-

carbon national energy system. In the future, carbon-neutral fuels may also be produced for 

export if their production is proved to be sufficiently competitive. 

Carbon dioxide can be captured from bioenergy product gases to produce carbon-neutral fuels 

together with hydrogen. Carbon capture can also have a negative impact on the carbon balance 

of the atmosphere by storing carbon dioxide in the ground. Other low-carbon partial solutions 

for energy production include for example solar energy, geothermal energy, heat pumps and 

energy recovery from waste. More detailed features of the technological solutions are described 

in more depth in chapter 3 of this energy report. 

Flexibility is needed in the energy system 

Cost and environmental efficiency of individual technologies and their availability over time 

are important issues for the development of the energy system. In addition, it is necessary to 

consider the solutions and costs to maintain the functioning and security of supply of the energy 

system in the transition to carbon neutrality and an increasing share of variable generation. 

As the share of weather-dependent renewable energy increases, balancing demand and 

production at hourly, daily, summer and winter levels will require significant structural 

development of the energy system. The need for this development will be highlighted when 

fossil energy is phased out of electricity generation, as it has been adapted to regulate 

production according to fluctuations in consumption. The development of individual 

technologies as well as the development of the system and the necessary infrastructure are key 

to this development. Among existing low-carbon generation, hydropower, bioenergy plants 

and thermal storage in district heating networks are available for balancing consumption and 

production. 

Among existing low-carbon generation, hydropower, bioenergy plants and thermal storage 

systems in district heating networks are available for balancing consumption and production. 



Sub-solutions to be developed include production-based consumption flexibility and 

integration between consumption sectors, ready and emerging energy storage technologies and 

the addition of new backup power. Hydrogen technologies have a particular potential for 

balancing. They have the potential to develop as a partial solution to the need for seasonal 

storage of electricity, allowing the excess electricity and the hydrocarbons processed from it to 

be used during electricity generation shortages. Hydrogen technologies have their own 

development needs in terms of efficiency, cost and hydrocarbon production. Research and 

development of it is important in Finland's energy strategy as energy storage and low-carbon 

fuels become more important. 

The use of nuclear power as a steady base load has been economical in Finland, but in different 

future production and cost structures it may also be partly possible to use it for balancing, as in 

France, for example. The development of the energy system is also closely linked to so-called 

sectoral integration, where industry, transport and heating are interconnected through 

electricity, district heating and gas networks. 

Broad overview of different costs 

Changes and evolution of the energy system require continuous investment both to increase 

low-carbon production and to ensure system security of supply in a new system environment. 

Market-driven development, energy subsidies and separate national systems, including the 

development of security of supply and power reserve systems, will influence the 

implementation and financing of the required investments. 

In the energy system, the cost of electricity generation can be considered at two levels: the cost 

of individual forms of generation and the cost of maintaining a functioning system. These levels 

partly interact with each other. For example, increasing the share of variable renewable energy 

will increase the system integration costs of balancing energy production and consumption and 

thus maintaining security of energy supply. 

Comparing the specific costs of individual forms of production is often difficult, despite its 

clear calculation principle. The conditions for a single production form vary by region, and the 

different analyses differ depending on the assumptions, input data and calculation parameters 

used. Therefore, the use of single values in different comparisons is often misleading. A more 

comprehensive analysis of the costs of several installations gives a better overall picture, which 

nevertheless appears to be fairly consistent in the main lines of the compilations presented in 

the different sources. 

Several reviews show that the cost of wind and solar energy, especially onshore wind, has 

fallen significantly over the last 20 years and partly even below the cost of fossil energy 

production. Nuclear power is considered to remain the cheapest low-carbon form of electricity 

generation, which can be adjusted according to consumption if necessary, when considering 

the costs of extending the lifetime of plants or operating existing plants. In Finland, the costs 

of important bioenergy vary more between plants, and the average costs presented for them do 

not reach the affordability of wind power or nuclear power that is already built. 

However, it should be recognised that the direct unit costs of the different forms of production 

are only part of the total costs of the energy system. In particular, a significant increase in the 

share of variable renewable energy will create integration costs due to the variation in 

generation over time, differences between predicted and actual generation and the development 

of the necessary network. Although the magnitude of integration costs can be considerable, 



estimates are still uncertain and estimation methods are still evolving. It is also unclear how 

the future costs of the system, which are likely to increase, will be covered. 

From the report to the social debate 

The concrete progress of the green transition involves a complex web of partial solutions, 

which, in addition to social factors, contains numerous technical uncertainties. These relate, for 

example, to the timetable, cost developments, maintaining the security of supply of the energy 

system and emerging technologies. In particular, implementing the balancing of production 

and consumption in the energy system and assessing the necessary structure and costs in a 

carbon-neutral system is a very complex issue that affects society at large. 

In Finland, developing the energy system is a major challenge and opportunity for society. 

With this energy report, LUT University aims to support and contribute to a factual debate on 

the development of the energy system. The report provides basic information on the factors, 

challenges and opportunities affecting the system and related different perspectives and partial 

solutions. The aim is to contribute to the development of carbon neutrality, cost efficiency and 

security of supply in the national energy system, to which LUT is strongly committed. 
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