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The EU energy policy targets to reduce the greenhouse gas emission are forcing the energy 

systems to transform towards carbon-neutrality and increasing energy efficiency. This is to 

be done through increasing the share of intermittent renewable energy sources, RES, in 

energy sector and consequently decreasing the greenhouse gas emissions of power 

generation sector close to zero. To increase the share of intermittent RES based power 

generation significantly the most crucial characteristic of energy system is its flexibility. In 

this thesis, the major flexibility measures are presented, the focus being on electrical energy 

storage, power-to-gas technology and the “back-up” capacity issue in high RES share energy 

systems. The aim of this thesis is to investigate, what components amount to the total costs 

of the energy system and what are the policy tools to achieve the energy system 

transformation cost efficiently, without sacrificing the security of supply. This thesis is thus 

not intended to provide absolute values for the costs of energy system transformation. 

The other main focus on this thesis is the Finnish energy system and its development during 

the international energy system revolution. The studies modeling Finland’s generation 

capacity development and systemic costs suggest that a self-sufficient 100% RES based 

energy system for Finland is possible, but on the other hand, the more conservative studies 

suggest that the role of nuclear power and power imports remain characteristic for Finland 

also in the future. The ambiguous nature of system cost components and modeling in general, 

however, make it challenging to determine the veracity of different scenarios.
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EU:n energiapolitiikka kasvihuonekaasupäästöjen vähentämiseksi on pakottamassa energia-

järjestelmiä kohti hiilineutraaliutta ja energiatehokkuutta. Tämä saavutetaan lisäämällä 

uusiutuvia energiamuotoja energiasektorilla ja siten vähentämällä sähköntuotannon 

kasvihuonepäästöt lähes nollaan. Energiajärjestelmän tärkein ominaisuus uusiutuvien 

energiamuotojen lisääntyessä, on järjestelmän joustavuus. Tässä opinnäytetyössä esitellään 

tärkeimmät järjestelmän joustavuutta lisäävät keinot, painopisteenä sähköenergian 

varastointiteknologiat, power-to-gas-teknologia ja kapasiteetin riittävyyden varmistaminen 

uusiutuvassa energiajärjestelmässä. Tämän opinnäytetyön tavoitteena on tutkia, mistä osista 

energiajärjestelmän kokonaiskustannukset muodostuvat ja millä hallinnollisilla toimilla 

energiajärjestelmän muutos toteutetaan mahdollisimman kustannustehokkaasti, tuotannon 

varmuutta uhraamatta. Tämä opinnäytetyön tarkoituksena ei ole tarjota numeerisia arvoja 

energiajärjestelmien kustannuksille. 

Työn toinen painopiste on Suomen energiajärjestelmän kehityksen tarkastelu kansainvälisen 

energiajärjestelmien murroksessa. Tutkimukset Suomen energiajärjestelmän kapasiteetin 

kehityksestä ja kustannuksista osoittavat, että itsenäinen 100 % uusiutuva energiajärjestelmä 

on Suomelle mahdollinen, mutta toisaalta varovaisempien arvioiden mukaan nykyisen 

kaltainen ydinvoimaan ja sähkön tuontiin perustuva energiajärjestelmä on tulevaisuudes-

sakin Suomelle todennäköisempi. Energiajärjestelmien kustannusten arvioinnin ja 

mallinnuksen tulkinnanvaraisuus tekee kuitenkin eri skenaarioiden totuudenmukaisuuden 

arvioimisesta haastavaa.  
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NOMENCLATURE 

 

Latin alphabet 

C  costs    [€, USD] 

G  Gibbs free energy  [kJ/mol] 

h  charging/ discharging time [s, h] 

H  enthalpy   [kJ/mol] 

n  number of cycles  [-] 

 

Subscripts 

0  standard state 

a  annual 

cap  capital 

DR  disposal and recycling 

g  gaseous 

l  liquid 

O&M  operations and maintenance 

R  replacement 

stor  storage 

 

Abbreviations 

AEC  Alkaline electrolyzer cell 

BOP  Balance of power 

CAES  Compressed air energy storage 

CCS  Carbon capture and storage 

CCGT  Combined cycle gas turbine 

CHP  Combined heat and power 

CNS  Carbon-neutral scenario 

DOD  Depth of discharge 

ESS  Energy storage systems 

EES  Electrical energy storage 

GHG  Greenhouse gases 
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IEA  International energy agency 

LCC  Life cycle costs 

LCOS  Levelized cost of storage 

LCOE  Levelized cost of electricity 

OCGT  Open cycle gas turbine 

OECD  Organization for economic cooperation and development 

PCS  Power conversion system 

PEC  Primary energy consumption 

PEMEC Polymer electrolyte membrane electrolyzer cell 

PHS  Pumped hydroelectric storage 

PV  Photo-voltaic 

RES-E  Renewable energy source based electricity 

SCES  Super capacitor energy storage 

SMES  Superconducting magnetic energy storage 

SNG  Substitute natural gas 

SOEC  Solid oxide electrolyzer cell 

TCC  Total capital costs 

T&D  Transmission and distribution 

UPS  Uninterruptable power supply 

VRFB  Vanadium redox flow battery 

WACC Weighted average cost of capital 
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1 INTRODUCTION 

 

The EU energy policy target for 2050 is to reduce greenhouse gas emissions by over 80% 

compared to the 1990 level and to increase the share of renewable energy source-based 

energy, RES, in final energy consumption by 30% and the share of RES-based electricity, 

RES-E, up to 50%. The cause of these policies is to fight climate change, promote distributed 

energy generation and ensure the security of energy supply, which are the main goals also 

in the national energy policies of EU countries. Finland is one of the successful countries in 

meeting EU energy targets, with over 30% RES in final energy consumption already in 2012 

and committed to maintain 38% RES in final energy use by 2020. Although increasing the 

share of RES may seem the obvious choice for mitigating greenhouse gas emissions, it is 

currently not clear what the limitations for integrating more RES in the energy system are 

and what are the technological and economic implications it will have. 

Increasing the RES share up to 100% in an energy system has been a subject to studies 

worldwide for a quite some time. These studies have come to similar solutions requiring a 

change in the structure of the energy system such as a large scale electrification of heating 

and transportation sector and the introduction of novel grid scale energy storage 

technologies. The other aspect of the studies is the economic feasibility of the structural 

changes and also the appropriate governmental regulations to properly incentivize the 

aforementioned solutions. When integrating renewable intermittent energy sources to the 

energy system, the crucial characteristic of the system would be flexibility, the system’s 

capability to encounter and resolve variation and uncertainty in demand and supply. The 

main challenge in integrating RES into energy system is the very non-dispatchable nature of 

intermittent RES generation and the negative effects it causes on the conventional 

dispatchable generation. When adding increasing amounts of RES into the system more 

dispatchable capacity is needed, compared to adding more base load to provide system 

regulatory services. (Agora Energiewende 2015, p. 59) 

The main flexibility options for the energy system are electricity trade, flexible supply, 

flexible demand and energy storage. In effect, energy storage increases the flexibility of 

energy system by decoupling the supply and consumption from one another. There are 

different types of energy storage, of which heat and gas storage are relatively cheaper to 

implement compared to a local electricity storage. Chemical energy storage, e.g. in the form 
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of power-to-gas, on the other hand, is well suited to interconnecting the different energy 

carriers and energy sectors, and since biofuels for transport sector are becoming more and 

more important in the high RES share future energy system, chemical energy storage in 

particular could play a significant role throughout the sectors. Electrical energy storage, EES, 

could be regarded as a way to enhance and preserve the value of variable RES generation by 

decoupling the electricity generation from the consumption. (IEA 2016b, p. 199-205)In this 

thesis, the different energy storage technologies and their economic and technological 

benefits and disadvantages are presented, special focus on EES technologies and power-to-

gas. To study the costs of energy storage, two main approaches are presented in the literature. 

Total capital costs, TCC, evaluates all costs that should be covered for the purchase, 

installation and delivery of the EES unit, including the costs for power conversion system, 

energy storage and balance of power. In contrast to total capital costs, the more relevant 

reference value for operators to compare the costs of EES systems is the life cycle costs, 

LCC, which in addition to TCC takes into account all the fixed and variable operation and 

maintenance costs and replacement, disposal and recycling costs, and represents the yearly 

payment for the operator that realizes from all the services of the EES system, including the 

amortization of loans and related costs. The costs of EES systems are compared examining 

the comprehensive study conducted by (Zakeri B. and Syri S. 2015a). 

Of the ESS presented, as said, this thesis focuses on power-to-gas technology. In the widest 

definition of the term, power-to-gas includes all technologies in which synthetic hydrogen 

is produced using electricity, and optionally refined further to synthetic gas, i.e. methane, 

using a carbon dioxide source. Other conversions to liquid hydrocarbons such has methanol 

are more likely to be associated with the term power-to-liquid or power-to-fuel. (Lehner M. 

et.al. 2014, p. 74-75) Synthetic fuels such as methanol, methane and dimethyl ether and 

hydrocarbon fuels are the backbone of the power-to-fuel technology, which could substitute 

traditional fossil fuels used in many sectors. Sectors that are currently relying heavily on 

fossil fuels, e.g. industry and transportation, do not directly benefit from the increasing share 

of electricity generated with carbon neutral RES. Therefore, a conversion of the RES-E to a 

more convenient form of liquid or gaseous fuels, i.e. power-to-fuel technology, is necessary 

for these sectors to meet their greenhouse gas emissions reductions. Transportation sectors 

emissions have been the fastest growing, more than 50% increase compared to 1990 levels, 

now responsible for a quarter of all fuel combustion emissions. The global energy demand 
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is estimated to double by 2050, and the economic growth in developing countries will 

increase the fuel demand of transportation sector most likely at least by 40%, increasing CO2 

emissions significantly. At the same time, utilizing power-to-fuel technologies could make 

it possible to make use of surplus RES-E and also buffer its intermittent generation. While 

transportation sector would be benefitting the most of a “methanol economy” using synthetic 

methanol as the main energy carrier, as being said, other sectors like chemical industry and 

power generation plants could also substitute their current fossil-derived fuels with synthetic 

products. (Varone A. and Ferrari M. 2015, p. 208) 

Related to dispatchable production issue in high RES share energy system is the so-called 

“backup” capacity issue. One solution to this is the maintenance of reserve power system, as 

in Finland, which could include power plant reserves as well as demand flexibility reserves. 

In contrary to peak production power plants, reserve power plants are completely occupied 

to power reserve arrangement and cannot participate in commercial electricity market. 

Investments in market-based peak production are risky, because peak demand situations are 

rare and profits for peak power producer in realized peak demand situations are still highly 

uncertain. (Kiviluoma J. and Helistö N. 2014, p. 6) In Finland power reserve system has 

been justified based on a doubt that the Nordic electricity market system couldn’t ensure 

adequate regional balance between supply and demand in a peak demand situation. Synthetic 

methane from power-to-gas could be used in peaking power plants to substitute fossil fuel 

and reduce the greenhouse gas emissions of the reserve and peaking capacity sector. 

To estimate the structure of energy systems in different future scenarios, case studies using 

energy system modeling tools have been conducted throughout Europe. In this thesis, a few 

significant studies concerning the increasing RES shares and carbon-neutrality are discussed 

and compared. Such as the studies concerning the future RES based Finnish energy system 

in general, the analysis of the systemic costs of such scenario are lacking, so the discussion 

on such crucial topic is rather limited to just a few studies. In this thesis, the focus will be in 

Finland’s energy system, and in transforming it towards higher shares of renewable energy 

sources. Studies have already been conducted showing the technical feasibility of 100% RES 

based Finnish energy system, where the roles for various energy storage solutions, including 

stationary battery storage, vehicle-to-grid connected storage, power-to-gas technologies and 

thermal energy storage, are analyzed using hourly resolution data. In this scenario, solar PV 

and wind power would make up approximately 60% of Finland’s final energy consumption 
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and 70% of the total electricity generation. (Child M. and Breyer C. 2016) Only 47% of the 

variable RES would be directly utilized, hence the energy storage technologies would 

probably play a significant role in the future Finnish energy system. Moreover, finding the 

flexibility solutions applicable in the challenging conditions of northern winter may serve as 

an example for other countries at the same latitudes. 

This thesis is conducted in the form of literature research and is divided in five main chapters, 

excluding the introduction and discussion and conclusions chapters. In chapter 2 renewable 

energy source based energy technologies are discussed and their increasing share in the 

energy system and its systemic effects are discussed, main emphasis in technologies 

increasing system flexibility, e.g. energy storage. Then the different energy storage 

technologies are presented in general and their advantages and disadvantages are discussed 

and some costs analysis available in literature is presented. In chapter 3 the Nordic region 

power market and electricity distribution is presented in its current state and its future 

development is discussed and in chapter 4 the power generation peak capacity in Finland’s 

energy system and its adequacy in current and future scenarios is discussed. In chapter 5 the 

electrical energy storage technology in the main scope of this thesis, power-to-gas, is 

presented and discussed more in depth than in chapter 2. In chapter 6 system integration of 

renewable energy is discussed from more of an economic point of view than in chapter 2, 

the emphasis being in converting Finland’s energy system to accommodate the increasing 

share of RES generation that the EU level climate policies require. The costs analysis of the 

said energy system transformation found from literature is presented and the different study 

results and scenarios compared. Finally, the issue of “back-up” capacity and the costs it 

causes in high RES share energy systems is discussed. 

Much of the information provided in this thesis concerning the future energy systems and 

their costs is highly controversial and speculative based merely on modeled scenarios than 

on actual data. Said speculation is although necessary to form enlightened guide lines and 

procedures for policy makers and investors to make the important energy system 

transformation towards a more environmentally friendly and sustainable, as well as a 

technically and economically efficient future. Finally, although the emphasis in this thesis is 

on the systemic costs the increasing share of RES yields for energy system, the aim is not to 

provide quantitative answer on costs, but rather present the components that yield the total 

system costs, discuss their significance and provide tools for estimating their quantity.  
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2 ENERGY STORAGE AND RENEWABLE ENERGY 

 

The EU energy policy target to reduce greenhouse gas emissions is currently by over 80% 

by 2050 compared to the 1990 level and to increase the share of RES in final energy 

consumption by 30% and the share of RES-E up to 50% by 2050. The cause of these policies 

is basically to fight climate change, promote distributed energy generation and ensure the 

security of energy supply, which are the main goals also in the national energy policies of 

EU countries. Finland is one of the successful countries in meeting EU energy targets, with 

over 30% RES in final energy consumption already in 2012 and committed to maintain 38% 

RES in final energy use by 2020. Although increasing the share of RES may seem the 

obvious choice for mitigating greenhouse gas emissions, it is currently not clear what the 

limitations for integrating more RES in the energy system are and what technological and 

economic implications it will have. The 100% RES based energy system has been a subject 

to studies worldwide for a quite some time, including a 100% RES Europe and countries like 

Germany, Denmark and Macedonia. These studies have come to similar solutions requiring 

a change in the structure of the energy system such as a large scale electrification of heat and 

transportation sector, introduction of novel grid scale energy storage technologies, e.g. 

establishment of power-to-gas infrastructure and supply chain. The other aspect of the 

studies is the economic feasibility of the structural changes and also the appropriate 

governmental regulations to properly incentivize the aforementioned solutions. In the 

context of renewable intermittent energy sources integration, the crucial characteristic of the 

energy system would be flexibility, the system’s capability to encounter and resolve 

variation and uncertainty in demand and supply. (Zakeri B. et.al. 2015, p. 244-245) 

In this thesis, the focus will be in Finland’s energy system, and in transforming it towards 

renewable energy sources. In Finland, the energy sector is responsible for the majority of 

GHG emissions: the share of energy sector was nearly 80% in 2012 (TEM 2014, p. 20-22). 

Furthermore, the reductions in emissions cannot be done in agricultural or other essential 

sectors without seriously disrupting the current way of life and the reductions in industrial 

processes are challenging without carbon capture and storage technology. Thus the 

reductions must be done in the energy sector, leading to an essentially zero GHG emissions 

requirement. Studies have already been conducted showing the technical feasibility of 100% 

RES based Finnish energy system, where the roles for various energy storage solutions, 
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including stationary battery storage, vehicle-to-grid connected storage, power-to-gas 

technologies and thermal energy storage, are analyzed using hourly resolution data. In a 

scenario suggesting completely renewable energy system in Finland by the year 2050, 47% 

of variable RES would be directly utilized, while the rest 51% will be going to storage and 

only the remaining small amount curtailed. In this scenario, solar PV and wind power would 

make up approximately 60% of Finland’s final energy consumption and 70% of the total 

electricity generation. Hence, the energy storage technologies would probably play a 

significant role in the future Finnish energy system. Moreover, finding the flexibility 

solutions applicable in the challenging conditions of northern winter may serve as an 

example for other countries at the same latitudes. (Child M. and Breyer C. 2016, p. 4) 

 

2.1 Demand for energy storage 

 

In the case of integrating increasing amounts of RES into energy systems there are several 

reasons why adopting energy storage technologies, from the energy systems point of view, 

is close to imperative. First and foremost, in electricity systems demand and supply must 

meet at all times. In a traditional energy system during peak consumption, occurring only 

few hours a year, generation adequacy is met with building oversized capacity, resulting in 

environmentally and economically inefficient systems. Compared to traditional generation, 

energy storage systems increase system flexibility by enabling the power to be stored during 

low demand and high production hours, and to be used during peak demand, essentially 

reducing the need for extra capacity. Transmission and distribution grids are then also 

somewhat relieved during peak hours reducing the costs of grid management and reliability 

services. Shifting electricity from low demand period to high demand could also have a use 

in deregulated liberalized electricity markets, where producers could benefit from said 

electricity price arbitrage. 

In addition to seasonal fluctuations and occasional peak consumption, energy storage 

technologies could also be used to smooth out the natural intra-day intermittency of RES, 

which would otherwise make the operation of conventional thermal power plant fleet 

challenging. Voltage flicker, frequency fluctuations and inefficient cyclic operation are 

common issues in systems with thermal power plants coupled with RES, namely the 
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intermittent wind and solar power. Applying EES technologies in systems with high shares 

of RES-E generation could also eliminate the need for curtailment of the surplus electricity 

in addition to oversized capacity thus improving the energy as well as economic efficiency 

of the system. Particularly in systems with high shares of wind production, EES would 

contribute in power quality services resulting in smoother power output, not only on 

equipment level but also on system level. In the promotion of RES and RES-E, the so called 

“smart grids” and distributed generation are also considered to be crucial concepts. 

Distributed generation solves the issues of centralized power generation and transmission 

improving system flexibility and resource efficiency, and coupled with EES technologies 

further promote the local RES-E generation. Smart grid systems, on the other hand, are 

needed to efficiently operate the resulting increasing amount of micro grids in the future 

distributed RES based energy system. (Zakeri B. and Syri S. 2015a, p.571-572) 

Probably the most controversial topic on RES system integration is the effect that increasing 

share of intermittent RES has on conventional base load generation, e.g.  traditional thermal 

and nuclear plants. The technical implications of this so called “utilization effect” are rather 

straightforward but the economic effects are significantly more ambiguous and no consensus 

exists yet. These economic “utilization effects” are discussed more in depth in chapter 6. 

However, the basic insight on the technical effects of RES on base load generation are 

presented here, to further rationalize the need for EES systems in the future high RES share 

energy system. For this purpose, the concept of residual load duration curve is presented, 

with which the utilization effect can be illustrated. Residual load is the electricity demand or 

load for a given hour, which is left after subtracting the generation by the new power plant, 

in this case renewable generation. In other words, residual load is the market for conventional 

power generators to sell their production into. Further, the residual load duration curve is 

established by sorting values for every hour of the year to a decreasing order, which then 

provides a quick overview of the residual market throughout the year. (Agora Energiewende 

2015, p. 48-52) The change in residual load when adding significant amounts of renewable 

electricity generation, in this case solar PV, to a system in contrast to adding new base load 

is illustrated in Figure 1. 
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Figure 1. Effects of adding significant amounts of RES-E generation to system (top) compared to the effects 

of adding new base load to the system (bottom). Base load production is assumed to be equivalent to the solar 

PV production. (modified from Agora Energiewende 2015, p. 51-52) 

 

The effect of increasing wind power would be same in principal, although wind power does 

not exhibit as strong diurnal characteristics as solar PV. The same effect is illustrated through 

the change in shape of the residual load duration curve in Figure 2. The left hand side of the 

graphs illustrates that the peak load is not significantly reduced when increasing RES 

penetration, in contrary to increasing base load, which decreases the peak load constantly. 

The right end of the graphs illustrates the curtailment of power which becomes significant 

on higher levels of RES penetration. The effect of establishing flexibility measures to the 

energy system, e.g. EES, is that the residual load curve will not decrease so steeply, but 

remain more horizontal in shape. 
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Figure 2. The change in shape of the residual load curve in increasing RES penetration compared to adding 

new baseload. (modified from Agora Energiewende 2015, p. 54, figure 29) 

 

So the main challenge in integrating RES into energy system is the negative effects on the 

conventional dispatchable generation, and at the same time the very non-dispatchable nature 

of intermittent RES generation. To clarify, dispatchable generation is considered to be the 

power generation that can be utilized by operators on a moment’s notice. When adding 

increasing amounts of RES into the system more dispatchable capacity is needed, than in the 

case of adding more base load to provide system regulatory services (Agora Energiewende 

2015, p. 59). The scope of this thesis being the systemic costs of RES integration, an 

important issue to explore would be, when energy storage becomes cheaper than 

dispatchable production? The cost aspect of RES integration is discussed further in chapter 

6. At this point, the different alternatives to increase system flexibility are briefly presented, 

energy storage technologies being one of them. 

The main flexibility options for the energy system are electricity trade, flexible supply, 

flexible demand and energy storage. Flexibility through electricity trade is shown to be very 

effective especially in the Nordic region, where hydro power has a large share of electricity 

production and the plants can be operated very flexibly. By improving grid interconnections, 

RES generation would gain significant geographical smoothing effects and the resources in 

general would be shared throughout the region more efficiently. Electricity market and grid 

in the Nordic region are discussed more in depth in chapter 3. The second flexibility measure 

in the energy system is through supply. Certain energy producers, e.g. hydro power and co-

generation plants, are able to adjust their production of heat or power flexibly according to 

system needs and market signals. Flexible demand is the same in principal to flexible supply, 
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but naturally on the demand side, where certain end-users in industry, households and 

transport sectors can reschedule or postpone their consumption. 

The fourth flexibility alternative for integrating RES into energy system is to decouple the 

supply and demand from one another altogether, i.e. energy storage. There are different types 

of energy storage, of which heat and gas storage are relatively cheaper to implement 

compared to a local electricity storage. Chemical energy storage, on the other hand, is well 

suited to interconnecting the different energy carriers and energy sectors, and since biofuels 

for transport sector are becoming more and more important in the high RES share future 

energy system, chemical energy storage in particular will play a significant role throughout 

the sectors. In addition to technological benefits, electrical energy storage could be regarded 

as a way to enhance and preserve the value of variable RES generation by decoupling the 

electricity generation from the consumption. (IEA 2016b, p. 182-206) In the following 

chapters, the different energy storage technologies and their economic and technological 

benefits and disadvantages are presented, special focus on electrical energy storage 

technologies and chemical energy storage in the form of power-to-gas. To sum up, the 

flexibility options in the energy system are compiled in Figure 3. The blue arrows in the 

figure represent electricity, purple arrows represent heat and the green arrows gas. 

 

2.2 Technologies for storing energy 

 

The terms “energy storage” and “electrical energy storage” are used somewhat 

interchangeably in this thesis, though the energy storage technologies discussed are actually 

electrical energy storage systems and “energy storage” generally would mean also other 

forms of energy than electricity, i.e. heat energy. (Zakeri B. and Syri S. 2015a, p. 572) Heat 

energy storage in principal is the interconnection of electricity grid and district heating 

sector. The most common heat storage is in the form of an insulated water tank in the 

proximity of the corresponding generation facility, which is usually a co-generation plant. 

The timescale of a heat storage can range from the current typical eight hours of a CHP plant 

to a seasonal storage of a future large-scale solar thermal collector farm. The main process 

paths for storing heat are district heat from co-generation plant or power-to-heat through 

electric boilers or heat pumps. 
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Figure 3. Flexibility options in the Nordic energy system. (IEA 2016b, p.158, figure 3.2) 

 

Co-generation plant able to switch between condensing and district heat production modes 

will also provide system flexibility services, vital function in a high RES share scenario, as 

discussed earlier. At times of high electricity demand but low heat demand the plant could 

produce only electricity and vice versa, functioning in principal like a district heat boiler. 

Avoiding the shutdown of the thermal power plants during high RES-E generation, will 

improve the economic viability of the power plants in the otherwise challenging high RES 

energy system. Power-to-heat, on the other hand, would work at times when electricity 

production is abundant and heat demand is high or as a flexible demand to increase the value 

of RES-E. The use of electric boiler would be viable in cases where operating hours are few 

and capital costs are to be kept low, and large-scale heat pumps in case better efficiency is 

required and operating hours are higher. (IEA 2016b, p. 196-199) Electrification of heating 

sector, in general, increases the efficiency of the energy system and therefore reduces CO2 

emissions. Although heat storage is an important way of providing flexibility in the high 

RES energy system, as being said, the scope of this thesis is more on the electrical energy 
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storage technologies. In the following the different EES technologies relevant to the future 

energy system are presented and discussed more in depth. 

The EES systems generally consist of two sections, power conversion system, i.e. PCS, and 

the energy storage. The PCS consists usually of one or two units separate for charging and 

discharging and it adjusts the voltage, current and other qualities of the storage according to 

the load requirements. Energy storage contains the energy carrier produced by power 

conversion system, e.g. water reservoir, pressurized air container, natural gas pipe or 

hydrogen tank. The main components and energy losses of EES systems are presented in 

Figure 4. Here, EES technologies are divided into four main groups: mechanical energy, 

electrochemical battery, electromagnetic and power-to-gas/liquid energy storage 

technologies, although there are a few different categorization methods in the literature. In 

the following, the energy storage technologies are arranged in subchapters based on the share 

of the global energy storage capacity and the maturity of the technology they represent. 

(Zakeri B. and Syri S. 2015a, p.572-582) 

 

 

Figure 4. The main components and energy losses of EES systems. (Zakeri B. and Syri S. 2015a, p. 572) 

 

Different parameters and technical characteristics of EES systems and their common 

applications are presented in Table 1 and Table 2, respectively. From the energy system’s 

point of view, the EES technologies could also be defined as long-term bulk energy storage 

and short-term T&D support technologies. The EES technologies discussed in this thesis are 

pumped hydroelectric storage, compressed air energy storage, power-to-gas and power-to-

liquid, flywheels, supercapacitors and superconducting magnetic energy storage. 
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Table 1. Different parameters and technical characteristics of EES systems (modified from Lehner M. et.al. 

2014, p.4, table 1.1 and Zakeri B. and Syri S. 2015a, p.592, Appendix B: Table B1) 

Technology
Power range 

[MW]

Power 

density 

[W/kg]

Energy 

density 

[Wh/kg]

Storage 

time

Discharge 

time

Efficiency 

[%]

Life time 

[a]
Cycles

PHS 1-5000 - 0,5-1,5 h-m 1-24h 70-85 50-60 20000-50000

CAES 

(underground) 5-400 - 30-60 h-m 1-24h 70-89 20-40 >13000

CAES 

(aboveground) 3-15 - - h-d 2-4h 70-90 20-40 >13000

Flywheel <20 1000 5-100 s-min ms-15min 85-95 15-20 20000-100000

Lead-acid <40 75-300 30-50 min-d s-h 70-90 5-15 2000-4500

NaS 0,05-34 150-230 150-250 s-h s-h 75-90 10-15 2500-4500

ZEBRA 50 150-200 100-140 s-h 2-5h 86-88 15 2500-3000

Ni-Cd <45 50-1000 15-300 min-d s-h 60-75 10-20 2000-2500

Li-ion <50 50-2000 150-350 min-d min-h 80-95 5-15 1500-4500

VRFB 0,2-10 166 10-35 h-m s-10h 65-85 5-10 10000-13000

Zn-Br 0,05-2 45 30-85 h-m s-10h 60-70 5-10 5000-10000

Fe-Cr 1-100 - - - 4-8h 72-75 10-15 >10000

PSB 15 - - h-m s-10h 65-85 10-15 2000-2500

SMES 0,1-10 500-2000 0,5-5 min-h ms-8s 95-98 15-20 >100000

Capacitors <0,05 100000 0,05-5 s-h ms-60min 60-65 5-8 50000

SCES <0,3 800-23500 2,5-50 s-h ms-60min 85-95 10-20 >100000

Hydrogen (fuel 

cell) 0,3-50 500 100-10000 h-m s-24h 33-42 15-20 20000

 

 

Table 2. Common applications of EES systems. (modified from Zakeri B. and Syri S. 2015a, p.586, table 8) 

Type/Usage 

frequency
Application

Power rating 

[MW]

Response 

time

Discharge 

time [h]

Cycles/ye

ar

Life 

time 

[a]

EES system

Long-duration, 

frequent

Bulk energy 

storage, energy 

arbitrage

>10 min 4-8 250-300 20

PHS, CAES, lead-

acid, NaS, Ni-Cdm 

VRFB, Fe-Cr

Medium duration, 

fast response

Capacity credit, 

spinning reserve, 

T&D support

1-10 s-min 0,5-2 300-400 15

CAES 

(aboveground), lead-

acid, NaS, ZEBRA, 

Li-ion, VRFB, Zn-Br, 

Fe-Cr, Ni-Cd, 

hydrogen

Short duration, 

highly frequent

Frequency 

regulation, power 

quality, RES 

integration

0,1-2 ms-s <0,25 >1000 10
Flywheel, lead-acid, 

Li-ion
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2.2.1 Pumped hydroelectric storage 

 

In pumped hydroelectric storage, PHS, electricity is converted to potential energy by 

pumping water to higher altitudes during periods of low electricity prices. In turbine mode, 

electricity is generated when needed by releasing water from the reservoir through the 

turbine. (Lehner M. et.al. 2014, p. 3) Pumped hydroelectric storage is currently the only 

commercially viable and proven largescale EES technology that needs no additional fuel. To 

date, PHS represents 99 % of global electricity storage capacity and 3% of global electricity 

generation capacity. Large power range of 100-2000 MW, long lifetime, high efficiency and 

relatively long discharge time have made PHS preferable over other technologies for bulk 

energy storage from hourly time shifts to seasonal storage. PHS can also be utilized to 

frequency regulation and other ancillary services during discharge phase, and applying 

variable speed control pumps, also during charging phase. 

In addition to the PHS being capital intensive the main challenge of the technology is siting, 

estimation of environmental impacts and permitting required for the large reservoirs. Despite 

environmental concerns and scarce suitable sites, new projects are being introduced due to 

the future projections of RES development and the low generation costs of PHS. Some of 

the new projects make use of new innovative storage solutions, e.g. using PHS reservoirs as 

part of waste water treatment systems, underground water-filled piston-floated shaft 

mechanisms or balloons under sand beds, undersea systems connected to offshore wind 

power plants or simple underground PHS. (Zakeri B. and Syri S. 2015a, p. 577) The 

efficiency of conventional pumped hydroelectric storage technologies varies between 70% 

and 85%. (Lehner M. et.al. 2014, p. 3) The cost structure of PHS technology is discussed 

further in following chapters. 

To avoid the tedious permitting, it is also possible, to some extent, to utilize existing run-of-

river hydro power capacity as an energy storage. The situation in Finland is in the state where 

available hydro power capacity is quite fully exploited (Zakeri B. et.al. 2015, p. 250) and the 

full potential of flexible hydro storage is not yet extensively studied. If, however, potential 

for flexibility exists, it could decrease the amount of other flexibility capacity needed, e.g. 

battery storage and power-to-gas, which in turn may decrease the overall costs of the system. 

(Child M. and Breyer C. 2015, p. 23) The conversion of current hydro capacity to balancing 

power would be technically challenging, though, or even impossible, because the existing 
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hydro power plants are not designed for the stream multiple times the current that balancing 

operation would require. 

 

2.2.2 Compressed air energy storage 

 

Compressed air energy storage, CAES, converts electricity to compressed air during periods 

of low energy prices and produces electricity expanding the compressed air through the 

turbine when needed. To achieve high efficiencies, the heat generated during air 

compression must be utilized through heat energy storage. (Lehner M. et.al. 2014, p. 4) 

Depending on whether the heat is utilized or not the two main CAES technologies can be 

classified as diabatic, D-CAES, or advanced adiabatic, AA-CAES, technologies of which D-

CAES requires additional fuel to be burnt during the expansion process, AA-CAES being 

self-sustaining. Thus, the concept of CAES system could be simplified to a gas turbine with 

decoupled compression and expansion and reduced fuel consumption. The research is 

currently focused mainly on AA-CAES technologies, because of the achievable high 

efficiencies of as much as 70%. On a small scale aboveground CAES facility the efficiency 

could reach even 90%. (Zakeri B. and Syri S. 2015a, p. 577-592) 

The two commercial CAES plants currently operating worldwide make the compressed air 

energy storage second largest commercially viable energy storage technology after pumped 

hydroelectric storage. The first plant was commissioned in Huntorf, Germany and has a rated 

power of 320 MW. The Huntorf power plant is a first generation diabatic CAES facility with 

a cycle efficiency of approximately 42%. The second CAES plant operating in McIntosh, 

U.S. state of Alabama, rated power of 110 MW, has one improvement over the Huntorf 

power plant in that the exhaust of the turbine is utilized through recuperator to pre-heat the 

pressurized feed-in air. The cycle efficiency of the McIntosh facility is thus increased to 

54%. The both power plants use abandoned salt mine caverns as the compressed air storage. 

(Lääti I. 2013, p. 9-11) Air storage could also be realized through other underground 

formations such as natural aquifers or depleted natural gas reservoirs or, as mentioned, in 

case of smaller capacities aboveground pressure vessels (Zakeri B. and Syri S. 2015a, p. 

577) 
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However, there are other CAES concepts in research state, in addition to the first generation 

D-CAES and the third generation AA-CAES. The so called second generation CAES falls 

in between the first and third generation in that it is still diabatic technology but has improved 

components and process paths compared to first generation power plants. In practice, they 

are improved plant concepts over the McIntosh power plant using conventional commercial 

gas turbine components with different utilizations of the stored pressurized air. Other CAES 

concepts include isothermal CAES, in which the temperature of the air is kept constant 

during compression, isobaric CAES, in which the pressure of the air storage is kept constant 

through charging and discharging phases and uncooled U-CAES, in which the pressurized 

air is simultaneously the pressure and the thermal storage. There are also hydro-pneumatic 

energy storage technologies which utilize liquid beside the compressed gas, e.g. mineral oil 

and air, but use of other gases is also possible. (Lääti I. 2013, p. 9-11) The cost structure of 

CAES technology is discussed in the following chapters. 

 

2.2.3 Power-to-gas and power-to-liquid 

 

In power-to-gas technology, electricity, in this context generated with renewable energy 

sources, is used to produce hydrogen in water electrolysis processes. Although oxygen is the 

other product of water splitting, the utilization of oxygen depends completely on local 

conditions, e.g. consumer demand and distance to customers generally in chemical and 

metallurgical industry. Oxygen could also be released to atmosphere. The main product of 

power-to-gas is hydrogen, which can be used as a fuel in transportation sector, feedstock in 

industry or converted back to electricity, though serving as energy carrier in power-to-gas 

energy storage systems. The limiting factor of hydrogen production is the inadequacy of 

transmission and distribution networks, e.g. simply missing dedicated hydrogen 

infrastructure, maximum allowable hydrogen content in natural gas grid or the capacity of 

transportation sector. To overcome these challenges in distribution and transmission, the 

hydrogen can be further synthesized to methane, i.e. substitute or synthetic natural gas, SNG. 

In either chemically or biologically catalyzed reaction, methane is synthesized from 

hydrogen and carbon dioxide, thus needing a feed-in carbon source. Since pure carbon 

sources are scarce, carbon capture and storage technologies, CCS, are crucial for power-to-
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gas technology to succeed. Possible sources of carbon dioxide for CCS are e.g. exhaust gases 

from power plants or industrial processes, biogas plants or theoretically also directly from 

atmosphere or sea water. Capturing CO2 from different process exhaust gases is currently 

the most technologically and economically viable alternative. (Lehner M. et.al. 2014, p. 7-

8) 

As being said, the main advantage of adding methanation step to the power-to-gas process 

is the virtually unlimited utilization of the existing natural gas grid and other storage and 

distribution infrastructures. Europe alone has been estimated to have storage for up to 1000 

TWh of renewable energy in its subsurface gas storage facilities. In addition to storage, also 

the technologies for SNG utilization are well established and mature, e.g. combined cycle 

power plants in power sector, as a fuel in transportation sector or as industry feedstock or 

residential heating. Thus almost no new investments in utilization, transmission and 

distribution infrastructure is needed and so the benefits of using power-to-gas technologies 

are not only economical, but also time is saved on permitting policies and public acceptance 

for power-to-gas will be more positive compared to the PHS and CAES technologies which 

need significant infrastructural installations. Pressurized to 200 bar, hydrogen has an energy 

density same as lithium-ion batteries (Zakeri B. and Syri S. 2015a, p. 581). The many 

utilization routes of power-to-gas technology naturally result in a wide range of system 

efficiencies spanning 30-75%. (Lehner M. et.al. 2014, p. 8-9) The further technical 

characteristics and cost structure of power-to-gas technology are discussed more in depth in 

the following chapters. 

 

2.2.4 Battery packs, capacitors and flywheels 

 

Mechanical energy storage in flywheels is a short-term storage solution which can absorb 

and release considerable amounts of electricity in time scale of seconds making this 

technology ideal for balancing and frequency services but not for long time storage. (Lehner 

M. et.al. 2014, p. 4) Flywheels are one of the more mature technologies to provide ancillary 

power services in the scale of seconds to minutes and a response time of milliseconds, e.g. 

frequency regulation and uninterruptable power supply, UPS. Flywheels have already long 

been used in different motor-generator applications, the most common application being a 
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ride-through buffer when switching between energy sources, e.g. bridging to the back-up 

system in case of a power cut. Flywheels’ advantages over traditional battery packs in similar 

purposes is their high efficiency, typically over 85%, long life cycles regardless the operating 

temperature or depth of discharge and lesser environmental hazard. For grid scale services 

flywheels can also easily be scaled up to tens of megawatts of power. (Zakeri B. and Syri S. 

2015a, p. 578-579). 

Rechargeable battery packs belong to the electrochemical storage category. Characteristic 

for battery pack technologies is that the system specific costs increase with increasing 

storage capacity and time. Also the gradual self-discharge and degradation of battery packs 

limit their use as a storage medium. (Lehner M. et.al. 2014, p. 4) Rechargeable battery energy 

storage comprises a wide range of technologies each characterized by the specific materials 

used in their electrolytes and electrodes and the structure. The stationary batteries used in 

power system scale utility applications can be divided into two main groups: conventional 

battery packs, e.g. lead-acid, sodium-sulfur and nickel-cadmium battery packs; and flow 

batteries, e.g. vanadium redox flow batteries and zinc-bromine batteries. 

Lead-acid batteries are the oldest and most established type of battery energy storage to date. 

They have been the general choice for power quality and UPS services, but their limited life 

cycles, short discharge time and low energy density, make them not applicable for power 

time shift. In megawatt scale, sodium-sulfur (NaS) batteries are one of the most mature 

electrochemical storage technologies and have been developed since 1987. With relatively 

high efficiency of even 85%, improved life cycles of 2500-4500 over lead-acid’s ~2500, 

longer lifetime and discharge time and scalable power rating, NaS batteries are capable of 

power quality and time shift applications. Although, the energy density and environmental 

issues demand more research to be done before large-scale adoption of NaS battery 

technology is possible. Nickel-cadmium (Ni-Cd) batteries, on the other hand, offer relatively 

high energy density of 55-75 Wh/kg, low maintenance need and life cycles of as much as 

50000 depending on the depth of discharge, but suffer from the disadvantages of high capital 

costs and toxicity of the heavy metals used as well as memory effect, overcharging and low 

efficiency. Lithium-ion batteries seem to be promising technology in future grid scale 

applications with their high energy density around 200 Wh/kg, long lifetime of 10000 cycles 

and relatively high efficiency of 90%, at least as long as the price for the technology 

continues to decrease. 
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In contrary to conventional batteries, flow batteries store the energy in electrolyte solutions 

rather than the electrodes. This results in the decoupling of power and energy: in flow 

batteries, energy capacity is determined by the total quantity of the electrolyte, including 

external storage, and power rating by the active area of the cell itself. This unique 

characteristic would make flow batteries applicable for both power quality and energy 

storage related services. The disadvantages of flow battery technologies are the relatively 

low energy density of 10-75 Wh/kg, narrow operating temperature range of 10-35 ℃ and 

high capital costs. The costs are estimated to be lower compared to conventional batteries in 

large scales and long discharge times though. Also the carbon equivalent life cycle emissions 

are lowest for flow batteries compared to conventional batteries as well as flywheels or super 

conductors. 

Electric and magnetic energy storage comprises different energy storage technologies in 

which electricity is stored directly in electric or magnetic field, e.g. supercapacitors and 

superconducting magnetic energy storage, SMES. Capacitor is a system with two electrical 

conductors, usually metal plates, separated by an insulator, in which one conductor is 

charged with direct current inducing a charge with an opposite sign to the other conductor, 

thus storing electricity in electrical field. Conventional capacitors offer response times in the 

scale of milliseconds to minutes, efficiencies of around 60%, 50000 life cycles but a poor 

energy density in the scale of a few W/kg. Supercapacitors improve on conventional 

capacitors on many aspects, increasing the power range up to a few hundred kilowatts, 

efficiency to around 90%, life cycles to over 100000 and energy density to as much as 50 

W/kg. 

In SMES system on the other hand, a superconducting wire under cryogenic temperatures is 

used to construct a coil in which electrical energy is stored in a magnetic field. 

Superconducting magnetic energy storage technologies offer fast response times in scale of 

milliseconds to seconds, over 100000 operating cycles, very high efficiencies up to 98% in 

a power range from 100 kW to 10 MW. The drawback of SMES is the relatively poor energy 

density of a few W/kg. To summarize, the electromagnetic energy storage technologies are 

applicable for the same power quality and ancillary services as flywheels, e.g. smoothing 

short-term high frequency fluctuations and bridging power, currently not able to provide 

long term seasonal energy storage. (Zakeri B. and Syri S. 2015a, p. 579-592) The cost 
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structure of the alternative small scale energy storage technologies presented before are 

discussed in the following chapter. 

 

2.3 Cost components of energy storage 

 

To study the costs of energy storage, two main approaches are presented in the literature, 

total capital costs, TCC, and life cycle costs, LCC. Using TCC all costs that should be 

covered for the purchase, installation and delivery of the EES unit, including the costs for 

PCS, energy storage and balance of power are evaluated. PCS costs are commonly expressed 

per unit of power, i.e. €/kW, and costs related to energy storage respectively per unit of 

energy, i.e. €/kWh, in effect decoupling the two cost elements. Thus the contribution of PCS 

and energy storage in total capital costs can be estimated more accurately, e.g. the more 

clearly defined turbo machinery related costs of a CAES or PHS system can be addressed 

without the complex geology and volume dependent costs of the reservoirs. Lastly, the costs 

for balance of power, BOP, includes the expenses on project engineering, grid connection 

interface, integration facilities, construction management and other services which are not 

included in the PCS or energy storage costs. The main cost elements of electric energy 

storage TCC analysis are compiled in Table 3. The total capital costs per unit of power rating 

can be calculated using equation (1). (Zakeri B. and Syri S. 2015a, p. 572). 

 

 𝐶𝑐𝑎𝑝 = 𝐶𝑃𝐶𝑆 + 𝐶𝐵𝑂𝑃 + 𝐶𝑠𝑡𝑜𝑟 ∗ ℎ [€/kW] (1) 

 

 Where 𝐶𝑃𝐶𝑆 is the unitary cost of power conversion system [€/kWh] 

  𝐶𝐵𝑂𝑃 is the unitary cost of balance of power [€/kW] 

  𝐶𝑠𝑡𝑜𝑟 is the unitary cost of energy storage [€/kWh] 

  ℎ is the charging/discharging time [h] 
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Table 3. The main TCC components of EES. (modified from Zakeri B. and Syri S. 2015a, p. 572, Table 1) 

TCC element Cost element Example

Power conversion 

system/PCS
Power interconnectors

Converter, rectifier, 

turbine/ pump

Cabling and piping

Storage Containment vessel Battery banks, air tanks

Construction and 

excavation
Cavern, reservoir

Balance of power Project engineering

Grid connection and 

system integration

ESS isolation and 

protective devices

Switches, DC brakes 

and fuses

Construction 

management

Land and access

Buildings and 

foundation

HVAC system
Air-conditioning and 

vacuum pumps

Monitoring and control 

systems

Voltage and frequency 

control

Shipment and 

installation costs

Applicable to other 

sections  

 

𝐶𝑐𝑎𝑝 can be interchangeably presented in units per power capacity or per storage capacity, 

which could prove useful due to the fact that cost per energy unit per cycle, also accounting 

for the life cycle number, offers a better indicator for the cost analysis of EES. Average costs 

for power conversion system and storage are presented in Figure 5 and the average values 

of total capital costs for grid scale EES systems are presented in Figure 6. The average values 

presented in Figure 5, Figure 6, above each bar, are each a median of the respective 

interquartile range, which presents the data collected by authors from different sources 

including studies and project presentations. Interquartile range was selected as the statistical 

method to account for the variability and disparity of data from the limited number of source 

materials and to exclude extreme outliers from affecting the results. (Zakeri B. and Syri S. 

2015a, p. 572-582) It should be noted, that the grid interconnections and infrastructure costs 
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are not included in these estimations. For different EES technologies it has been assumed, 

that for batteries the storage capacity is equivalent to the rated depth of discharge, DoD, 

electrolysis and fuel cell tank storage systems are assumed to be steel and electrolysis and 

gas turbine use underground storage. (Zakeri B. and Syri S. 2015b, p. 1635) 

It can be seen that the PCS costs range for certain battery EES technologies is wide, but more 

interestingly the data reviewed is rather inconsistent also for the mature and commercial 

technology like PHS and CAES. This will greatly affect the uncertainty of further 

calculations based on PCS and TCC. This is true also for energy storage costs. The cost 

variability for energy storage can be observed to be significantly lower for mechanical 

energy storage systems, although the geological dependence of PHS and CAES introduces 

uncertainties. The more inconsistent and scattered data on storage costs for battery EES 

technologies could be interpreted to be a result of the current lack of experience on the 

deployment of said technologies. The more narrow range of costs, on the other hand, may 

reflect the fewer references available for the respective technology, like is the case on Fe-Cr 

batteries. The technologies suited only for power quality related operation, e.g. flywheels 

SMES and SCES, are not included in the energy storage costs comparison, naturally. 

Authors note also that the calculated capital costs presented in Figure 6, are based on each 

technology’s characteristic discharge time which is not necessarily equal among EES 

systems, e.g. 8 hours for PHS and CAES, 6-7 hours for NaS batteries and 4 hours for lead-

acid and VRFB batteries. To revise, the discharge times and other characteristics of different 

EES methods were presented in Table 1. 

For the comparison of TCC of different EES technologies, a more comprehensive sampling 

of references was available, compared to the aforementioned cost elements. TCC for EES 

systems can be calculated using equation (1), but could also be acquired directly from 

literature and manufacturers. The costs for BOP are included where applicable. From Figure 

6 it can be seen that CAES with underground storage is the most affordable technology for 

bulk energy storage, SMES and SCES being the alternative with lowest costs for power 

quality services. As for power-to-gas technology, the costs of gas turbine applications are 

suggested to be roughly half the fuel cell systems’. (Zakeri B. and Syri S. 2015a, p. 582-584) 
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Figure 5. Costs of power electronics for different EES technologies including BOP where applicable (top) and 

the cost of storage for typical sized different EES technologies (bottom) (Zakeri B. and Syri S. 2015a, p. 583) 
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Figure 6. Total capital costs of large-scale EES systems presented per unit of nominal power. (Zakeri B. and 

Syri S. 2015b, p. 585) 

 

In contrast to total capital costs, the more relevant reference value for operators to compare 

the costs of EES systems is the life cycle costs, LCC. In addition to TCC, LCC takes into 

account all the fixed and variable operation and maintenance costs and replacement, disposal 

and recycling costs, and it represents the yearly payment for the operator that realizes from 

all the services of the EES system, including the amortization of loans and related costs. The 

annualized cost of the EES system is determined by stacking the annualized total capital 

costs, fixed and variable operation and management costs, replacement costs and disposal 

and recycling costs, and it can be calculated using equation (2). (Zakeri B. and Syri S. 2015a, 

p. 573) 

 

 𝐶𝐿𝐶𝐶,𝑎 = 𝐶𝑐𝑎𝑝,𝑎 + 𝐶𝑂&𝑀,𝑎 + 𝐶𝑅,𝑎 + 𝐶𝐷𝑅,𝑎 [€/kWa] (2) 

 

 Where 𝐶𝑐𝑎𝑝,𝑎  is the annualized total capital costs [€/kWa] 

  𝐶𝑂&𝑀,𝑎  is the annualized fixed and variable O&M costs [€/kWa] 
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  𝐶𝑅,𝑎  is the annualized replacement costs [€/kWa] 

  𝐶𝐷𝑅,𝑎  is the annualized disposal and recycling costs [€/kWa] 

 

Despite the relevancy of LCC approach over the TCC, in the literature majority of EES cost 

analysis’ are based on TCC. This could be due to the undeniable complexity and uncertainty 

of the LCC method, mostly due to the absence of long-term practical usage experiences on 

many of the EES technologies, them still being in the laboratory or demonstration phase in 

development. For majority of the cost components, e.g. replacement, disposal and recycling 

costs, there are no unambiguous information available yet or they differ from manufacturer 

to another. In addition, operation and management costs are naturally heavily system 

depended and depend on the characteristics of the service provided, i.e. estimating average 

values for cycles per day and depth of discharge etc. is challenging. That being said, the 

costs for purchasing electricity in the charging phase is also not accounted for in the 

calculations, it being completely dependent on the market, as well as the values for fuel and 

emissions costs, which are impossible to separate from each other in some of the references. 

Failing to account for the uncertainty in the input parameters will naturally increase the level 

of inaccuracy and decrease the relevancy of LCC analysis. (Zakeri B. and Syri S. 2015a, p. 

573-585) The Fixed O&M costs for different EES technologies and the replacement costs of 

different battery storage used in calculating LCC costs are presented in Figure 7. 
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Figure 7. Fixed O&M costs for different EES technologies (top) and replacement costs of different battery 

storage systems presented per unit of stored energy at rated depth of discharge (bottom) (Zakeri B. and Syri S. 

2015a, p. 584) 
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2.4 Cost structure and levelized costs of EES 

 

Levelized cost of electricity, LCOE, is calculated by summing all the plant-level costs, e.g. 

investment, fuel, emissions, operation and maintenance, and dividing them by the amount of 

electricity the plant will generated throughout its economic lifetime, hence the name 

“levelized cost of electricity”. (IEA 2016a, p. 12) Levelized cost of electricity for a given 

power plant or energy source can be calculated with equation (3) using the annualized life 

cycle costs calculated with equation (2) (Zakeri B. and Syri S. 2015a, p. 573). Given that 

LCOE includes all the aforementioned cost elements of the annualized LCC and takes into 

account the yearly operation hours, it effectively presents the generation costs of the 

operator. 

 

 𝐿𝐶𝑂𝐸 =
𝐶𝐿𝐶𝐶,𝑎

𝑛∗ℎ
 [€/kWh] (3) 

 

 Where 𝑛 is the number of yearly operating cycles [-] 

 

Although LCOE is a more realistic depiction of EES costs, there is still room for 

improvement. To further reduce the uncertainty resulting from the heavily market-dependent 

price of electricity, the cost of charging could be subtracted from LCOE using equation (4), 

yielding the net levelized cost of storage (Zakeri B. and Syri S. 2015a, p. 573). 

 

 𝐿𝐶𝑂𝑆 = 𝐿𝐶𝑂𝐸 −
𝑝𝑟𝑖𝑐𝑒 𝑜𝑓 𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔

𝑜𝑣𝑒𝑟𝑎𝑙𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
 [€/kWh] (4) 

 

Because LCOE and LCOS are derived from LCC, the same shortcomings of LCC apply 

here, i.e. scarcity of adequate operation experience on EES technologies increases the 

uncertainty of the results achieved through LCOE and LCOS analysis. Levelized cost of 

electricity delivered by bulk EES systems and T&D support and similar EES services, i.e. 

battery packs, small-scale CAES and power-to-gas, and their uncertainty are presented in 

Figure 8. 
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Figure 8. Levelized cost of electricity delivered by bulk EES systems (top) and T&D support and similar EES 

services (bottom) and their uncertainty. (Zakeri B. and Syri S. 2015a, p. 588) 

 

The purpose for the cost analysis of future technologies, such as EES systems above, is to 

gather together information to improve the accuracy and efficiency of policy making and 

investments, in this case to promote the further integration of RES into the energy system. 

The LCOE of EES systems presented above are highly exposed to future costs reductions, 

as well as costs increases, such as economies of scale or environmental and societal aspects 

and material intensity, respectively. Also, as noted by the authors, the data used for the study 

discussed here is rather inconsistent and dispersed throughout the references reviewed, and 

while the cost for delivered electricity is not the only aspect to be considered when selecting 

EES systems, it still compares well the alternative technologies in the market (Zakeri B. and 

Syri S. 2015a, p. 573-589). 
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Costs estimates for different EES technologies gathered by (OECD 2012) are presented for 

comparison purposes in Figure 9, in which red line represents the maximum value and grey 

line the minimum, respectively. Although the costs in Figure 9 are not as accurate as in 

previous figures by (Zakeri B. and Syri S. 2015b), they present a similar trend, in which PHS 

is the cheapest technology and batteries have significant uncertainties in their costs. One 

thing to be noted, is that here the bulk and T&D support purposes are not separated, which 

may partly explain the large range of costs. Also there is no mention of the statistics 

procedures used, which could have eliminated extreme outliers as in before. 

 

 

Figure 9. Cost estimations for different EES technologies. (modified from OECD 2012, p. 198, figure 6.4) 
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3 NORDIC POWER MARKET AND ELECTRICITY DISTRIBUTION 

 

The Nordic electricity market is formed from interconnected national power systems and 

covers Sweden, Norway, Finland and Denmark and also Baltic countries Estonia, Latvia and 

Lithuania. The origins of the regional Nordic power market trace back to the power exchange 

formed in 1932 by Eastern Norwegian electricity companies. In 1971 the exchange merged 

with the other regional electricity producers, first designed to balance variations in 

hydropower production, but after 1993 it has operated as a market place open to all 

generators and consumers of electricity in Norway. Year 1993 was also when Norwegian 

power market deregulation started the Nordic electricity market liberalization. The regional 

power market system was established to efficiently utilize the energy resources in the Nordic 

and Baltic countries, especially the interaction between the hydro power and thermal power 

plants in Sweden, Finland and Denmark. (IEA 2016b, p. 176) Nordpool joint market 

exchange was first established between Norway and Sweden in 1996, Finland joining in 

1999, Denmark in 2000 and finally Estonia, Lithuania and Latvia in 2010, 2012 and 2013, 

respectively. Although, the Baltic power system is technically operationally linked to the 

Russian power system, the Baltic and the Nordic markets are connected commercially. The 

interconnected Nordic electricity market yields notable benefits for both, customers and 

producers and environment through efficient resource utilization. (Jokinen P. et.al. 2015, p. 

6-7) 

To enable the Nordic power market to distribute electricity efficiently the concerned 

countries are strongly connected via grid, internally and across borders. The existing and 

future grid connections between Nordic, Baltic and Continental European countries are 

presented in Figure 10. Here it has to be noted, that trade with Russia is assumed to fall to 

zero by 2050, and Iceland is not included as it has no connections with other electricity 

systems yet and the potential of Icelandic interconnections was not modified. As Baltic 

countries are not part of the Nordic region, it is also excluded from the following 

examination. Major investments between 2016 and 2030 include the 1,4 GW transmission 

lines from Norway to UK and from Norway to Germany and 1,4 GW line from Denmark to 

UK and 0,7 GW line to Netherlands, respectively. A new 0,7 GW transmission line will also 

be built between Sweden and Germany. (IEA 2016b, p. 18) As can be observed, the 

electricity network interconnections as well as electricity flows between Nordic region and 
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European countries would see a drastic increase in the future, although all projects are 

naturally not commissioned yet.  

 

 

Figure 10. Existing and future grid connections in Nordic countries and future cross-border connections. (IEA 

2016b, p. 18, figure ES.5) 

 

The total electricity demand has been roughly 400 TWh/a in Nordic region the past few 

years. The electricity is mainly used in industry, households and services, while 7% of the 

total power is lost due to network inefficiencies. On average, over half of Nordic region 

electricity generation is hydro power, most of the power plants operating in Norway and 

Sweden. Nuclear power accounts for over one fifth of the generation currently, ten reactors 

operating in Sweden and four in Finland. Combined generation CHP plants are being 

increasingly biomass-based instead of relying on fossil fuels, traditional fossil condensing 

power plants operating mainly in Finland and Denmark. Wind power is strongly increasing 

in capacity and has currently passed fossil condensing power in covering electricity demand. 

(Jokinen P. et.al. 2015, p. 7-8) The Nordic power system has been characterized by 
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overcapacity, but the future of nuclear power in the area can drastically change the situation, 

in particular if the significant decrease in Swedish nuclear capacity is not carefully managed 

and if the construction of the Finnish reactor is further delayed. (IEA 2016b, p. 44-47) Nordic 

power generation mix in 2013 is presented in Figure 11. 

 

 

Figure 11. Estimated Nordic power generation mix by energy source. (values from IEA 2016b, p. 44, figure 

1.12) 

 

Due to the high RES content in the generation mix, the Nordic power system has one of the 

lowest emission levels in the world per produced unit of electricity, 80 gCO2/kWh on 

average, compared to the 400-500 gCO2/kWh in the UK and Germany, for instance. (Jokinen 

P. et.al. 2015, p. 8) Currently 83% of Nordic electricity production is carbon neutral, of 

which 63% is also renewable (IEA 2016b, p. 44). In the following chapters, the Nordic 

wholesale and retail electricity markets are presented and their necessary development and 

evolution integrating increasing amounts of RES is discussed. 

 

3.1 Nordic wholesale and retail electricity markets 

 

The Nordic electricity market consists of two distinct sectors, wholesale sector and retail 

sector. The wholesale market sector is where the physical and financial trades meet: physical 

hourly-based delivery contracts are being made in Nord Pool Spot, while different financial 
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electricity derivatives are made in the Nasdaq Commodities or in the over-the-counter 

market, OTC. The wholesale market determines the amount of electricity produced and the 

wholesale price in the Nordic power market region, based on the supply and demand balance 

between electricity producers and large electricity users and retailers. In other words, the 

day-ahead market provides guidelines to electricity generators and the system operator, of 

how much electricity should be produced and where it will be produced (Stagnaro C. 2015, 

p. 28). The physical hourly-based market Nord Pool Spot determines the daily prices of 

wholesale electricity in the day-ahead Elspot market and the intra-day Elbas market. Elspot 

market operates in daily rounds where all hours of the following day are auctioned and the 

system price for each hour is determined a day ahead. After Elspot has closed, trade 

continues in Elbas marketplace 24 hours a day on a basis of one hour before delivery. Here 

the producers and consumers have the opportunity to further adjust their market position, in 

cases of unexpected changes in supply or demand, e.g. sudden changes in weather. 

The system price determined by Elspot market doesn’t take into account any restrictions 

placed by the grid, so an additional area price is calculated with transmission grid capacity 

considered between the countries and internal price areas. Insufficient grid capacity, i.e. 

bottlenecking, leads to possibly quite considerably differing area prices. The producer or 

retailer can protect their business from this volatility by purchasing price hedging products 

through Nasdaq Commodities market on the scale of day-ahead to ten years. In addition to 

derivatives and physical-delivery markets the transmission system operators ensure the 

operational system balancing trough balancing and reserve market. The structure of the 

Nordic power market is presented in Table 4. The principal characteristic of the liberalized 

Nordic retail electricity market is the functional unbundling of the distribution and sales 

businesses. The business of distribution system operators is regulated, and they are obliged 

to provide services to all retailers on equal terms, this way enabling all over 350 Nordic retail 

market businesses to have an equal chance. Most of the retailers purchase their electricity 

from the wholesale market. While large electricity users might purchase their electricity 

directly from the wholesale market, consumers purchase electricity through the retailers. The 

wholesale price of electricity is greatly affected by changing weather conditions, disruptions 

in electricity production and demand peaks, i.e. anything that changes the balance between 

supply and demand, and although, assumed no bottlenecking, the wholesale price is similar 

through the Nordic price areas, the retail price can vary significantly. Due to transmission 
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and distribution costs and national taxes, the retail price of electricity for end-user, e.g. 

households, can be 3-4 times the wholesale price. (Jokinen P. et.al. 2015, p. 11-12) 

 

Table 4. Nordic power market structure from financial to physical. (Jokinen P. et.al. 2015, p. 13, Figure 5) 

 

 

3.2 Challenges of integrating RES into Nordic electricity market 

 

Growth of intermittent renewable generation in the power system forces it to develop, and 

though the growth has itself decreased the cost of these renewable technologies, it also poses 

new challenges to the electricity market. The increasing portion of subsidized renewable 

generation with its low marginal costs lowers the average wholesale market prices making 

traditional generation not profitable. Combined with the intermittent nature of renewable 

generation, the price volatility and the costs for balancing power and retail prices also 

increase. To guarantee adequate generation capacity at all times some European countries 

are considering various capacity remuneration mechanisms. These sorts of remuneration 

mechanisms can deteriorate the economic situation in neighbouring regions if this subsidized 

generation is exported, much the same way the subsidized renewable generation distorts the 

market (Jokinen P. et.al. 2015, p. 16-18). The effect of increasing the share of variable RES 

in the energy system in principal is that it changes the merit order of available capacity. With 

its lower operational costs, the variable RES, namely wind and solar PV, pushes the more 

expensive conventional capacity out of the market making them less feasible. (IEA 2016b, 
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p. 177) The said effect is illustrated in Figure 12, where variable RES is moving all other 

generation to the right. 

 

 

Figure 12. The effect increasing variable RES in energy system has to the electricity market, pushing the 

conventional more expensive generation out. (IEA 2016b, p. 177, figure 3.17) 

 

The generation adequacy challenges can be expressed in two distinct types, long-term and 

short-term adequacy. While the short-term adequacy refers to the systems current ability to 

be able to meet supply and demand balance hourly, the long-term adequacy refers to 

electricity markets’ capability to ensure and incentivize sufficient long-term investments to 

meet the electricity generation adequacy also on the future. (Jokinen P. et.al. 2015, p. 16-

24). Further actions to ensure long-term and short-term electricity generation adequacy and 

their costs and discussion on the disadvantages of energy-only market while integrating 

renewable energy sources into the Finnish energy system are discussed more in depth in 

chapter 6. 
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4 PEAK CAPACITY 

 

The need for a power reserve system in Finland has been justified based on a doubt that the 

Nordic electricity market system couldn’t ensure adequate regional balance between supply 

and demand in a peak demand situation. Investments in market-based peak production are 

risky, because peak demand situations are rare and profits for peak power producer in 

realized peak demand situations are still highly uncertain. Power reserve refers to all the 

power capacity in the power reserve arrangement, which could include power plant reserves 

as well as demand flexibility reserves. In contrary to peak production power plants, reserve 

power plants are completely occupied to power reserve arrangement and cannot participate 

in commercial electricity market. Demand flexibility reserves refer to electricity consumers 

engaged in the power reserve arrangement that can temporarily reduce their electricity 

consumption when needed. These kind of electricity consumers could be the large actors in 

the fields of, e.g. forestry and metal industries. 

Power reserve law for ensuring the sufficiency between electricity generation and 

consumption (117/2011) came into effect 1.3.2011. According to the power reserve law, 

Finnish Energy authority (Energiamarkkinavirasto) is obliged to determine the adequate 

power reserve capacity for periods of at least four years, the first period being 2013-2015 

(Kiviluoma J. and Helistö N. 2014, p. 5-6). The current power reserve period at the time of 

writing this thesis is 2015-2017, the amount of reserve being 289 MW of power plant 

capacity and 10 MW of demand flexibility. The current total of 299 MW of power reserve 

is approximately 75% of the original goal of 400 MW reserve capacity. This is, however, in 

accordance with the power reserve law, which gives the decision making authority a chance 

to deviate from the goal capacity, e.g. in the case where the costs of the power reserve system 

increase to be larger than the benefits gained in increasing electricity generation adequacy. 

The total costs of the power reserve plants are approximately 13,2 M€ and 0,21 M€ for the 

demand flexibility reserve for the current power reserve period. (Energiavirasto 2015, p. 8-

10) 

Estimation of the needed power reserve capacity is basically a statistical probability analysis 

of the capacity adequacy during peak demand. Although there are always uncertainties about 

the generation adequacy, if generation capacity greatly surpasses demand, power deficit is 

highly unlikely. One approach to estimating power reserve capacity is to calculate the power 
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deficit expectancy in hours per year. This expectancy can be cumulative, which means 

probability is lower for mild winters and higher for colder ones. It is also to be considered, 

what the costs of achieving the desirable deficit expectancy with power reserve arrangement 

are in comparison to alternative ways, e.g. using disturbance reserves and planned power 

cuts. (Kiviluoma J. and Helistö N. 2014, p. 7) The current electricity generation capacity in 

Finland consists mainly of nuclear, hydro and combined heat and power plants (Pöyry 2015, 

p. 14). In the following chapters, the current peak capacity and the development of Finland’s 

electricity generation capacity in different forms are discussed in depth. These do not, 

however, consider the high RES scenarios in Finland, which are discussed in chapter 6. 

 

4.1 Deficit during peak demand 

 

The highest consumption peak of all time in Finland occurred during winter 2015-2016 

between hours 17 and 18 on January 7th. Electricity demand at the time was 15105 MWhe/h. 

Finland’s generation and net imports of electricity were 10874 MWh/h and 4231 MWh/h, 

respectively. The respective electricity generation mixture is presented in Figure 13. Status 

of the network was normal during peak condition and electricity sufficiency was not 

compromised. However, as can be seen, Finland was completely dependent on the net import 

of electricity. During peak consumption, net imports came from Sweden (2356 MW), Russia 

(1463 MW) and Estonia (429 MW). (Fingrid 2016, p. 1-3) For reference, the technical 

maximum import capacities from these countries are 2700 WM, 1460 MW and 1000 MW, 

respectively (Pöyry 2015, p. 29). Power reserves were not used because of the lower costs 

of importing electricity through Nord Pool. 

An important tool in estimating the peak generation capacity is a power plant database, 

consisting of all plants at least 1 MW in size. The database is maintained by Finnish Energy 

authority and is based on the legal responsibility of the plant possessor, Law on electricity 

market (9.8.2013/588), to inform Energy authority about decisions on commissioning, 

power upgrades or decommissioning (Energiavirasto 2016). The power plant database gives 

a decent insight on the existing capacity, but especially CHP and hydro generation capacity 

during peak demand could be significantly smaller than the database suggests. However, 

condensing power capacity in contrary is smaller in the database than, e.g. in the statistics 
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by Finnish Energy (Energiateollisuus), so the different power plants may be classified 

differently in different sources. (Kiviluoma J. and Helistö N. 2014, p. 13) 

 

 

Figure 13. Electricity generation mixture in Finland during the consumption peak, week 1/2016. (modified 

from Fingrid 2016, p. 2) 

 

Based on the power plant database and the aforementioned technical maximum import 

capacities the existing capacity mixture in Finland during winter 2014-2015 have been 

estimated and also the development of capacity for winter 2020-2021 is approximated. Both 

capacity mixture estimations are presented in Figure 14. Estimation of generation capacity 

is difficult because of the contradicting statistic figures and also because the realized 

generation doesn’t always portray realistically the maximum available capacity (Helistö H. 

and Kiviluoma J. 2015, p. 10). 

It can be concluded that, although Finland is currently completely dependent on the net 

power imports during peak demand, power adequacy is secured even in disturbance 

situations. There is, of course, still a possibility to a power inadequacy, most likely in the 

case of several simultaneous sources of disturbance. (Pöyry 2015, p. 38-40). In addition to 

disturbances in national generation there can be disturbances also in power imports, which 

naturally means that all the import routes from neighbouring countries are not always 100% 

available. Causes of this kind of unavailability could be: market-based, in which case the 

electricity prices in neighbouring countries are higher than in Finland during high demand; 

grid-based technical failures; power deficit in neighbouring countries or other hard to 

estimate reasons, like political factors. (Kiviluoma J. and Helistö N. 2014, p. 17-20) 
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Figure 14. Summary of estimated existing electricity generation and net import capacity in Finland during 

winter 2014-2015 and estimated development of capacity for 2020-2021. (modified from Helistö H. and 

Kiviluoma J. 2015, p. 6, figure 3) 

 

4.2 Development of capacity 

 

Based on the insight of the development in market and capacity, the development of 

electricity generation and demand has been investigated through scenario-based study. These 

scenarios differ from each other on the assumed price and demand levels of electricity, 

caused by development of the global economic situation. Resulting development of the 

deficit between electricity generation and peak consumption is illustrated in Figure 15. It is 

evident that Finland’s national generation capacity is not adequate to satisfy the peak 
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consumption during the investigated period in any of the scenarios. (Pöyry 2015, p. 1-9) The 

same trend is also shown in an international study Nordic 2050 Carbon-neutral scenario, 

CNS, conducted by IEA, in which they suggested that although the Nordic region will 

become a net electricity exporter as a whole, Finland will still likely remain a power importer 

(IEA 2016b, p 153). 

 

 

Figure 15. Electricity generation capacity and peak consumption during normal and cold year in Finland from 

2014 to 2030. (modified from Pöyry 2015, p. 2, Figure 1) 

 

As being said, the capacity deficit is currently satisfied with power imports from 

neighbouring countries, Sweden, Russia and Estonia. Transmission between Finland and 

Sweden consists of two sea cables, Fenno-Skan 1 and 2, and AC transmission lines in 

Northern Finland, and between Finland and Estonia, two direct current lines Estlink 1 & 2, 

respectively. The maximum import capacities and their development in the future are 

presented in Table 5. In its current state, electricity generation capacity exceeds peak demand 

in all these regions, except in Finland. However, in the future due to the expected completion 

of Olkiluoto 3 reactor in Finland, 300 MW of the import capacity from Sweden will be 

reserved for disturbance situations, hence the available capacity will decrease after 2018. 

Due to the assumed reinforcement of Swedish transmission lines, the capacity will increase 

again by 800 MW after 2025. In addition, there is a 50 MW connection between Finland and 



46 

 

Norway, but commercially this is taken into account in the trade between Finland and 

Sweden. (Pöyry 2015, p. 29-35) 

 

Table 5. Development of available net import capacity (MW) form Finland’s neighbouring countries, excluding 

Russia, without Olkiluoto 3 power plant during winter seasons 2013-2030. (values from Kiviluoma J. and 

Helistö N. 2014, p. 19, table 6 and Pöyry 2015, p. 36, table 3) 

Year Estlink-1 Estlink-2 Fennoskan-1 Fennoskan-2 FI-SE AC 1 and 2

2014 350 650 400 800 1500

2018 350 650 400 800 1500

2024 350 650 400 800 1200

2030 350 650 400 800 2000  

 

The aforementioned generation deficit could be decreased through system flexibility 

measures by electricity generation capacity flexibility or demand side flexibility. 

Possibilities for system flexibility through electricity generation capacity regulation are very 

few in Finland. Best opportunities for flexible generation is provided through CHP plants 

producing mainly district heating. District heating grids are designed in general so that it 

would be possible for the biggest facility to drop out during peak demand. Hence, the 

electricity generation of the CHP facilities could be temporarily increased by lowering the 

temperature of the district heating water. CHP plants cannot, however, answer to a sudden 

intra-day peak demand, but rather need a longer time span of high electricity prices. Other 

possible sources of increased generation capacity could be in industry and in other energy 

sources. Industry considers electricity generated as a by-product of the main processes and 

production. The quickly reacting gas turbine facilities in industry are mainly reserve power 

and are not assumed to be a possible flexibility source for electricity generation capacity. 

The hydro power in Finland is already used as an hourly regulation capacity, although, it can 

hardly be increased any further. The same is true for condensing power plants, which are 

assumed to already be at their maximum production during peak situation, e.g. a cold winter 

day. Nuclear power is not used for regulation capacity in Finland, however the cold weather 

could possibly increase the power produced due to lower temperature of the condensing 

water. 

Possibilities for system flexibility are not only through electricity generation, but also 

through demand flexibility. Industrial and household demand flexibility measures are 

already in use in different scales, in metal and chemical industry to a larger extent compared 
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to households. Demand flexibility measures don’t play a very significant role to power 

adequacy currently, but the situation is likely to change in the future. For instance, in the 

aforementioned CNS study the large scale electrification of heating and transportation 

sectors together with industrial demand flexibility play a key role in the future integration of 

RES into the energy system (IEA 2016b, p. 17). Estimates on demand flexibility measures 

and their development in different scenarios are based on public sources and subjective 

experiences and include significant uncertainties. (Pöyry 2015, p. 41-44) These estimations 

of the possible electricity generation capacity and market-based demand flexibility measures 

and their future development are presented in Figure 16. 

 

 

Figure 16. Estimations of the development of electricity generation and market-based demand flexibility 

measures. (modified from Pöyry 2015, p. 45, figure 47) 

 

As a conclusion, during peak demand situation, e.g. cold winter day, only a fraction of the 

power deficit between Finland’s own power generation and demand can be satisfied through 

electricity generation and market-based demand flexibility measures (Pöyry 2015, p. 44). To 

resolve this, a power reserve system is in operation in Finland. The costs of the current 

system to the electricity consumers are argued to be too high compared to the benefits 

achieved, but it could be possible to lower the costs through demand flexibility offers in the 

next bidding. While sourcing power reserve capacity, it should be discussed if the electricity 

consumers will benefit from the lengthening of service time of the current condensing plants 
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as power reserves in the long-term. This should be compared to the costs of adding new 

capacity if needed, e.g. demand flexibility, power imports and new power plants. (Jokinen 

P. et.al. 2015, p. 32-34) Realized costs of power reserve system during year 7/2013-6/2014 

equaled 8,1 M€. Costs of power reserve should, in turn, be compared to a situation where 

power reserve system is not established. Then in the case of power deficit, primarily 

disturbance reserves would be used and after that rolling blackouts. Costs of power cuts for 

household customers is estimated to be approximately 6000 €/MWh and for other electricity 

consumers, e.g. industry, as much as 11000-28000 €/MWh. (Helistö H. and Kiviluoma J. 

2015, p. 9) These outage costs equivalent to realized power reserve costs and respective 

energy and power deficit expected values through different sectors are represented in Table 

6. The outage costs are however very challenging to estimate accurately and there are 

significant sources of uncertainty, as can be seen in the case of industrial costs’ over 100% 

increase in the worst case, from 11000 to 28000 €/MWh. 

 

Table 6. Approximated outage costs equivalent to realized power reserve costs and respective power and energy 

deficit expected values through different sectors. (values from Helistö H. and Kiviluoma J. 2015, p. 9, table 1) 

Disturbance reserve Domestic Industrial

Outage costs (€/MWh) 5000 6000 28000

Energy deficit expected value (MWh) equivalent 

to realized annual power reserve costs
1620 1350 289

Respective power deficit expexted value (h/a) 4,2 3,6 0,85  
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5 POWER-TO-GAS 

 

Sectors that are currently relying heavily on fossil fuels, e.g. industry and transportation, do 

not directly benefit from the increasing share of electricity generated with carbon neutral 

RES. Therefore, a conversion of the RES-E to a more convenient form of liquid or gaseous 

fuels, i.e. power-to-fuel technology, is necessary for these sectors to meet their greenhouse 

gas emissions reductions. Transportation sectors emissions have been the fastest growing, 

more than 50% increase compared to 1990 levels, now responsible for a quarter of all fuel 

combustion emissions. The global energy demand is estimated to double by 2050, and the 

economic growth in developing countries will increase the fuel demand of transportation 

sector most likely at least by 40%, increasing CO2 emissions significantly. 

Synthetic fuels such as methanol, methane and dimethyl ether and hydrocarbon fuels are the 

backbone of the aforementioned power-to-fuel technology, which could substitute 

traditional fossil fuels used in many sectors. At the same time, utilizing power-to-fuel 

technologies could make it possible to make use of surplus RES-E and also buffer its 

intermittent generation. The use of pure hydrogen as the energy carrier is tempting because 

of its clean combustion, but in practice it poses technical challenges as well as safety issues 

to storage and distribution, e.g. being highly explosive gas. The so called “hydrogen 

economy” has even been suggested as a future energy system, based mainly on hydrogen as 

the energy carrier. As an alternative, “methanol economy” has also been suggested, using 

methanol respectively. Using methanol as the energy carrier avoids many of the prohibitive 

factors associated with hydrogen economy: methanol being liquid under normal conditions 

makes it easier to handle compared to gaseous hydrogen, and also the industrial synthesis of 

methanol is a well-known technology. 

While transportation sector would be benefitting the most of the methanol economy, as being 

said, other sectors like chemical industry and power generation plants could also substitute 

their current fossil-derived fuels with synthetic products. Studies have shown that the 

production cost of renewable methanol could be very close to the commercial conventionally 

produced methanol, although the final market price would be higher, since price structure is 

affected by several other factors (Varone A. and Ferrari M. 2015, p. 208-216). In this thesis, 

however, given the emphasis on systemic costs the following chapters are discussed mostly 

from the power generation sectors point of view. Furthermore, the focus will be in the 
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gaseous fuels, hydrogen and methane and power-to-gas technology. In the following 

subchapters the different process paths and concepts for power-to-gas are presented, and the 

electrolysis technologies on different levels of development and methanation processes are 

presented and discussed separately. Lastly, the advantages and disadvantages of power-to-

gas technologies compared other EES systems are discussed and the markets, business 

models and future projects on power-to-gas are presented and discussed. 

 

5.1 Different concepts for processes 

 

In the widest definition of the term, power-to-gas includes all technologies in which 

synthetic hydrogen is produced using electricity, and optionally refined further to synthetic 

gas, i.e. methane, using a carbon dioxide source. Other conversions to liquid hydrocarbons 

such has methanol are more likely to be associated with the term power-to-liquid or power-

to-fuel. In principal, two basic applications of power-to-gas systems can be distinctively 

identified, depending on the source of electricity and the preferred utilization of the end 

product. In the first one, hydrogen or methane is produced using the surplus electric energy 

from wind power or solar PV, or other RES, and stored to be used afterwards. Power-to-gas 

could also mean a facility producing exclusively hydrogen, especially for the use of 

transportation sector, using electricity not necessarily restricted to RES. Adding the 

produced hydrogen to a natural gas grid widens the possible utilization of hydrogen to all 

energy sectors. (Lehner M. et.al. 2014, p. 74-75) 

The process of power-to-gas energy storage, as well as other energy storage technologies 

can generally be divided into four principal steps: power generation, energy conversion into 

carrier form, storage and distribution of carrier energy form, and the final conversion of 

energy in utilization sector. The pathway of power-to-gas energy storage technology from 

energy source to final utilization sector is illustrated is Figure 17. More specifically, there 

are also four main components required in the synthetic fuel production: a carbon source, 

e.g. utilizing carbon capture technologies; hydrogen feed-in from electrolyzer; the fuel 

synthesis; and optionally fuel purification into end product. Utilizing carbon capture 

technologies as the carbon source for power-to-gas is an attractive possibility, as it would 

increase the potential of reducing CO2 emissions. Alternatively, also biomass and other 
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associated waste, i.e. landfill gas, could make up a suitable carbo source, although there are 

certain sufficiency challenges in the large scale production concerning the limited 

availability of said sources, e.g. in quantity and location. (Varone A. and Ferrari M. 2015, p. 

209) 

 

 

Figure 17. Power-to-Gas energy storage pathways through different sectors. (Zakeri B. and Syri S. 2015a, p. 

582) 

 

As said, power-to-gas technology has many different target sectors, and so the technology 

has as many possible process chains. Hydrogen produced via water electrolysis can be used 

as is, e.g. in fuel cell vehicles or can be directly injected into gas grid. The amount of 

hydrogen in the gas grid is however limited to a maximum of 0-12% by volume depending 

on the region, approximately 5% by volume could be added without significant reduction in 

performance (Zakeri B. and Syri S. 2015a, p. 581), so it could be viable to convert the 

hydrogen further to methane using a suitable carbon source. (Götz M. et.al. 2016, p. 1371-

1372) Synthetic methane can then be used in, e.g. energy sector to substitute fossil fuels in 

combined heat and power production. Naturally any process is bound to energy losses in 

every process step, so fewer energy conversions result in better efficiency overall. Different 

power-to-gas process chains and their respective cycle efficiencies are presented in Table 7. 

In addition to the number of process steps the losses are associated to a large degree with 

storage and distribution, gas compression being the main issue. Storage of hydrogen would 

enable decoupling of supply and demand sides and a certain amount of buffering. Besides 
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the limited possibilities to gas grid storage, hydrogen could be stored in underground 

caverns. Efficiencies for methanation of hydrogen are quite high ranging from 70-85% for 

chemical methanation and over 95% for biological methanation and the main benefit of SNG 

end product is its native compatibility with existing natural gas grid. (Lehner M. et.al. 2014, 

p. 9-10) Systemic and economic aspects of power-to-gas technologies are discussed in 

chapters 5.4 and 5.5. 

 

Table 7. Efficiencies for different Power-to-Gas process chains (values from, Lehner M. et.al. 2014, p. 10, 

table 2.1) 

Process chain Efficiency [%] Additional information

Electricity to gas

Pe to H2 54-72
Including compression to 200 bar (underground 

storage working pressure)

Pe to CH4 (SNG) 49-64

Pe to H2 57-73
Including compression to 80 bar (feed in gas grid for 

transportation)

Pe to CH4 (SNG) 50-64

Pe to H2 64-77 Without compression

Pe to CH4 (SNG) 51-65

Electricity to gas to electricity

Pe to H2 to electricity 34-44 Conversion to electricity: 60%, compression to 80 bar

Pe to CH4 to electricity 30-38

Pe to gas to CHP

Pe to H2 to CHP 48-62 40% electricity and 45% heat, compression to 80 bar

Pe to CH4 to CHP 43-54  

 

5.2 Technologies for electrolysis 

 

Electrolysis is an electrochemical process using direct current to induce an otherwise non-

spontaneous reaction in an electrolysis cell (Varone A. and Ferrari M. 2015, p. 209). 

Electrolysis comes from a Greek word “lysis”, meaning a process of decomposition, in the 

case of electrolysis the driving force of the reaction being electricity. Water electrolyzer is 

therefore an electrochemical device that is used to break a water molecule into its product 

gases, hydrogen and oxygen. Of these two product gases hydrogen is currently more 

economically interesting. Hydrogen has an annual production volume of 55 tons worldwide 

and is used primarily as an industrial feedstock, e.g. in chemical, metal, electronic and food 

industries. Approximately only 4% of hydrogen is produced with electrolysis currently, and 

the remaining about 95% is obtained from fossil fuels. Due to its energy density by weight 
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up to three times higher than liquid hydrocarbon, 33,3 kWh/kg, hydrogen is used as a 

secondary energy carrier with a wide range of applications. The most significant benefits of 

hydrogen for the current energy system revolution are its possibly the greatest potential as a 

long-term alternative fuel, as a multi-purpose energy carrier and as an energy storage 

medium. 

Water electrolysis being discovered about 200 years ago, is a rather old process. (Lehner M. 

et.al. 2014, p. 19-20) Water electrolysis, presented in equation (5), is a two-step chemical 

reaction consisting of a reduction reaction, equation (6), at the negatively charged cathode 

and an oxidation reaction, equation (7), at the positively charged anode (Götz M. et.al. 2016, 

p. 1372). 

 

 𝐻2𝑂(𝑙) → 𝐻2(𝑔) + 1
2⁄ 𝑂2(𝑔)  ∆𝐻𝑟

0 = +285,8 𝑘𝐽/𝑚𝑜𝑙 (5) 

 

 𝐻2𝑂 + 2𝑒− → 𝐻2 + 𝑂2−  (6) 

 

 𝑂2− → 1
2⁄ 𝑂2 + 2𝑒−  (7) 

 

The charge carrier can be 𝑂𝐻−, 𝐻+ or 𝑂2− depending on the technology used. Temperature 

has a positive effect on the electrolysis reaction while pressure has a negative effect. After 

the physical law driving electrolysis was determined 1834, the development of industrial 

electrolyzers started. First large electrolyzer was built in Norway, with a capacity of 10000 

m3H2/h and the first solid polymer electrolyte membrane electrolyzer was built in 1966. The 

development of solid oxide electrolyte electrolyzer was started in 1972 (Lehner M. et.al. 

2014, p. 20-21). The three electrolysis technologies of interest to power-to-gas are alkaline 

electrolysis (AEL), polymer electrolyte membrane electrolysis (PEM) and solid oxide 

electrolysis (SOE). (Götz M. et.al. 2016, p. 1372) These electrolysis technologies are further 

discussed in the following subchapters. With no moving parts the cells have high efficiencies 

and can operate in electrolysis or fuel cell mode, converting electricity to chemical energy 

or chemical energy to electricity, respectively, by switching the direction of the current. 
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(Varone A. and Ferrari M. 2015, p. 209) Key operational parameters of the aforementioned 

electrolysis technologies are summarized in Table 8. 

 

Table 8. Key operational parameters of Alkaline, PEM and SOEC electrolysis technologies. (values from Götz 

M. et.al. 2016, p. 1373, Table 1 and Lehner M. et.al. 2014, p. 37, Table 3.1) 

Alkaline electrolysis PEM electrolysis Solid oxide electrolysis

State of development Commercial Commercial Laboratory

Electrolyte Alkaline solution Solid polymer membrane (Nafion) ZrO2 ceramic doped with Y2O3

Charge carrier OH- H3O+/H+ O2-

H2 production (m3/h) <760 at 2,7 MW <450 at 1,6 MW -

Operating pressure (bar) <30 <200 <25

Cell temp (oC) 40-90 20-100 800-1000

Cell area (m2) <4 <0,3 <0,01

Current density (A/cm2) <0,5 >1 <0,3

Cell vol (V) 1,8-2,4 1,8-2,2 0,91-1,3

System power consumption (current) 

(kWh/m3)
7,5-8,2 4,5-7,5 -

System power consumption (future) 

(kWh/m3)
4,3-5,7 4,1-4,8

Lower partial load range (% of nominal 

load)
30-40 0-10 -

Overload (% of nominal load) <150 <200 -

Efficiency (%) 60-80 65-80 -

Cold start time min-h s-min -

Advantages
Available for large plant sizes, cost, 

lifetime

No corrosive substances, high power 

densities, high pressure (>100 bar), 

dynamics

High electrical efficiency, integration 

of waste heat possible

Disadvantages
Low current density, maintenance 

costs (highly corrosive system)
Expensive, fast degradation

Limited long term cell stability, not 

suited to fluctuating operation, 

expensive

Transient operation

Possible but leads to problems, 

reduction up to 20% load possible, 

overload operation possible

Better than AEL, dynamic adjustment 

possible, partial and overload operation 

possible (down to 5%)

Not well suited

Renovations/lifetime
Stack renovation: 8-12 a, lifetime up 

to 30 a
Lifetime 5 a -

 

5.2.1 Alkaline electrolyzers 

 

Alkaline Electrolyte Cell (AEC) electrolyzers are currently the most mature electrolyzer 

technology and the standard for industrial applications at a MW-scale. The advantages of 

AEC technology are its proven durability, availability, it contains no precious platinum 

group metals and has therefore low specific cost. Its disadvantages are low current density 
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and low operating pressure, which increases the size of the system and the cost of hydrogen 

storage through gas compression, respectively. Disadvantages concerning specifically RES 

integration are the long startup times, from minutes to hours, and difficulties to follow 

fluctuating power input. AEC electrolyzers are typically operating at atmospheric pressures, 

pressurized systems usually up to 15 bar, and operating temperatures in range of 70-90 ℃. 

Hydrogen purity reaches values generally over 99,5%, but operating under 60% rated load 

usually leads to significantly reduced quality of gas. Conventional AEC electrolyzers can be 

operated approximately at the range of 20-100% of rated power, although part-load operation 

leads to increasingly reduced system efficiencies, in addition to aforementioned reduced 

quality of gas. Depending on system size, pressure levels and purity requirements, system 

efficiencies of AEC electrolyzers are typically in the range of 60-80%. (Lehner M. et.al. 

2014, p. 24-28) 

An alkaline electrolyzer cell is composed of two electrodes submerged in aqueous potassium 

hydroxide electrolyte and separated from each other by microporous diaphragm. The 

electrodes are usually nickel or nickel plated steel and the housing steel. At the cathode, 

direct current splits water molecules into hydroxide ion and hydrogen in a reaction presented 

in equation (8). 

 

 2𝐻2𝑂 + 2𝑒− → 𝐻2 + 2𝑂𝐻−  (8) 

 

The hydroxide ions migrate through the diaphragm and oxide at the anode according to 

chemical reaction presented in equation (9). (Lehner M. et.al. 2014, p. 25)  

 

 2𝑂𝐻− → 1
2⁄ 02 + 𝐻2𝑂 + 2𝑒−  (9) 

 

Charge carrier in AEC is a hydroxide ion 𝑂𝐻−. During operation, the electrolyte is not 

consumed in the process, unlike water which has to be fed in continuously. Although, due 

to various losses, electrolyte also has to be periodically replenished. The product gas is 

separated from electrolyte before leaving the cell and the electrolyte is returned back in to 

the cell. Conventional AEC electrolyzer consists of 30 to 200 single cells. Operating 

principle of an alkaline electrolysis cell is illustrated in Figure 18. The gap between the 



56 

 

electrodes and the separator is the important design issue for AEC electrolyzers, as the 

smaller gap lowers the ohmic cell resistance eliminating bubbles from the gap zone and 

improving conductivity. Risk of approaching zero-gap systems is the increased risk of 

inducing sparks and narrower manufacturing tolerances. (Lehner M. et.al. 2014, p. 24-28) 

 

 

Figure 18. Operating principle of an alkaline electrolysis cell (AEC). (Lehner M. et.al. 2014, p. 25, figure 3.2) 

 

5.2.2 Polymer electrolyte membrane electrolysis 

 

Polymer Electrolyte Membrane Electrolysis Cell (PEMEC) electrolyzers are the second 

most common electrolysis technology after AEC. PEMEC technology is generally less 

developed compared to AEC and its commercial use is restricted to mainly small scale 

specialized applications. As the interest in water electrolysis has been growing, the 

possibilities to overcome some of the AEC electrolyzers’ restrictions has gained attention to 

PEMEC technology in the past decade. High cell efficiencies, high current densities at low 

cell voltages equals to high power density and the produced highly compressed hydrogen 

are the key advantages of PEMEC compared to AEC technology. PEMEC electrolyzers also 

allow for a highly flexible operation with short fast start-up and shut-down times and partial 

load range of 5-100%, making them very suitable for following fluctuating loads of RES. 

Also being able to connect directly to high pressure hydrogen storage make them even more 

suitable to power-to-gas applications. 



57 

 

The main weaknesses of PEMEC electrolyzers are the up-scaling difficulties and the high 

specific system costs. The high acidity of the electrolyte membrane, which in addition to 

applied high voltages at high current densities decreases the number of applicable materials 

to rare and expensive platinum group metals, PGM. The rather high complexity of PEMEC 

systems have made the up-scaling challenging, although research is being done on stacks in 

a range of several 100 KW to a MW scale. The membrane most commonly used in PEMEC 

applications is a perfluorosulfonic acid based proton conducting membrane, Nafion. Even 

though Nafion still does not meet the requirements of commercial electrolyzer systems, it 

exhibits better electrochemical and mechanical stabilities compared to other alternative 

polymer electrolytes. The major disadvantage of Nafion is its high cost and the water-

assisted proton-conduction mechanism, which limits its operation temperature to under 80 

℃. By introducing alternative polymers, the operating temperature can be increased up to 

200 ℃ and introducing additives e.g. ZrO2, TiO2 and SiO2 to polymer matrix operating 

temperatures of 100-150 ℃ can be achieved. Rising the temperature levels, however, induce 

significant thermal degradation on polymer membranes. (Lehner M. et.al. 2014, p. 29-32) In 

PEMEC electrolyzer oxidation reaction, according to equation (10), occurs in anode side 

where the purified water is usually fed in. 

 

 𝐻2𝑂 → 1
2⁄ 02 + 2𝐻+ + 2𝑒−  (10) 

 

The resulting charge carrier, hydrogen ion 𝐻+, is diffused through the proton exchange 

membrane to the cathode side where reduction to hydrogen presented in equation (11) 

occurs. (Lehner M. et.al. 2014, p. 29) The operating principle of a PEMEC electrolyzer is 

presented in Figure 19. 

 

 2𝐻+ + 2𝑒− → 𝐻2  (11) 
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Figure 19. Operating principle of a polymer electrolyte membrane electrolysis cell (PEMEC). (Lehner M. et.al. 

2014, p. 30, figure 3.3) 

 

5.2.3 Solid oxide electrolyte electrolysis 

 

Solid Oxide Electrolyte Cell (SOEC) electrolyzers are the least mature of the three major 

electrolysis technologies discussed in this thesis. Particularly the opportunity to reduce the 

electricity demand compared to conventional electrolysis processes is the main reason for 

the growing interest in the SOEC technology. Most currently operational units are on a 

laboratory scale in the lower kW range and significant improvements on system components 

are required before commercialization. The most critical issue is the fast degradation of 

materials due to the high operating temperatures of 700-1000 ℃, although, at the same time 

the high temperature level makes it possible to achieve much higher efficiencies, over 90%, 

compared to other electrolysis technologies. (Lehner M. et.al. 2014, p. 33-36) The high level 

operating temperatures are beneficial from thermodynamic as well as kinetic point of view, 

reducing the electrolysis voltages and allowing non PGM catalysts, respectively. The current 

densities have the potential to reach those of PEMEC systems but in practice are kept in the 

range of AEC. The energy required by the electrolysis in SOEC can be either fully electrical 

power or partly supplied by external heat source, further decreasing the hydrogen production 

costs compared to other electrolysis technologies, because a unit of heat energy is typically 

significantly cheaper than a respective unit of electricity. SOEC electrolyzers are usually 

operated in atmospheric pressure, but pressures up to 25 bar have been researched. (Lehner 
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M. et.al. 2014, p. 33-36) The process gases are also physically separated inside the cell 

resulting in high purity and reduced need for end product purification. (Varone A. and Ferrari 

M. 2015, p. 209) 

The operation of SOEC electrolyzers is easily reversible and they are often derived from 

solid oxide fuel cells, and therefore benefit from the development of fuel cell technology. 

Instead of producing pure hydrogen, SOEC electrolyzers can also be used in synthetic gas 

production reducing CO2 to CO beside the H2O reduction to H2, which leads to a mixture of 

H2 and CO. In SOEC, a thin solid oxide layer is used as an electrolyte, hence the name, and 

porous electrode layers are directly attached at both sides. The core components are usually 

of exotic ceramic materials, yttria-stabilized zirconia being the most widely used electrolyte 

at high temperatures and other ceramics used for mid-level and low-level temperatures. 

(Lehner M. et.al. 2014, p. 33-36) Water, usually vapor, is fed in at the cathode side where 

the reduction reaction occurs according to equation (12). 

 

 𝐻2𝑂 + 2𝑒− → 𝐻2 + 𝑂2−  (12) 

 

The charge carrier oxygen ions, 𝑂2−, then migrate through the electrolyte membrane to the 

anode side where oxygen is evolved according to equation (13) (Lehner M. et.al. 2014, p. 

33) 

 

 𝑂2− → 1
2⁄ 𝑂2 + 2𝑒−  (13) 

 

The operating principle of a solid oxide electrolyte electrolysis cell is presented in Figure 

20. The thickness of each layer depends of various factors, e.g. its conductivity or whether 

it has to provide constructional support, usually being in the range of 10-30 μm or a few 100 

μm, respectively. Construction of the stack can also be either tubular or planar, tubular 

systems having higher mechanical strength and shorter start-up and shut-down times. 

However, due to the better electrochemical performance and easier manufacture, the planar 

construction is more widespread. (Lehner M. et.al. 2014, p. 34) 
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Figure 20. Operating principle of a solid oxide electrolyte electrolysis cell (SOEC). (Lehner M. et.al. 2014, p. 

34, figure 3.4) 

 

5.3 Technologies for methanation 

 

Methanation can be defined as the synthesis of CH4 from H2 and CO or CO2, or other 

carbon sources. Methanation is the second main process step in power-to-gas technology, 

though optional unlike electrolysis. Technologies for methanation in Power-to-Gas can 

generally be divided to chemical and biological processes, depending on whether chemical 

catalysts or biological enzymes are used. The chemical reactions of methanation have been 

for over a century and chemical methanation has been state-of-the art for several decades. 

Even though chemical methanation in particular has been technologically mature, challenges 

characteristic to RES integration arise while methanation is integrated power-to-gas concept. 

(Lehner M. et.al. 2014, p. 41-60). To compare methanation technologies, different 

parameters can be chosen, e.g. achievable product gas quality and volumetric flow, 

respective needed reactor volume and complexity of the process. (Götz M. et.al. 2016, p. 

1374). Different reactor concepts for methanation are presented in Figure 21. In the 

following, chemical and biological methanation concepts with their respective main reactor 

types are presented and their characteristics are compared. 
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Figure 21. Different possible reactor concepts for methanation, i.e. the production of SNG. (Götz M. et.al. 

2016, p. 1375, figure 4) 

 

5.3.1 Chemical methanation 

 

Traditionally synthesis gas is produced from steam methane reforming, SMR, or coal 

gasification. Coal-to-gas is the state-of-the art technology developed since 1970s forced by 

the first oil crisis, being the so called “first phase” on the development of power-to-gas 

technology. The second phase, dubbed “the renaissance” of methanation development 

started from the beginning of the 21st century focusing on conversion of biomass to gas. 

(Lehner M. et.al. 2014, p. 42-43) In context of power-to-fuel technologies, both SMR and 

coal-to-gas produce synthesis gas not optimal for methanol synthesis and are additionally 

also relying on the consumption of fossil fuels. Synthesis gas in general is composed of 

mainly H2 and CO, but may also contain CO2. The ideal molar H2/CO ratio for methanol 

synthesis is 2. CO2 and H2 can be alternatively reacted directly to produce methanol, in which 

case also a process for sustainable hydrogen is required. (Varone A. and Ferrari M. 2015, p. 

209) 

The Sabatier reaction for the reaction of carbon monoxide with hydrogen, CO 

hydrogenation, presented in equation (14) was discovered already in 1902 (Lehner M. et.al. 

2014, p. 42) (Götz M. et.al. 2016, p. 1374). 
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 𝐶𝑂(𝑔) + 3𝐻2(𝑔) ↔ 𝐶𝐻4(𝑔) + 𝐻2𝑂(𝑔)   ∆𝐻𝑅
0 = −206,2

𝑘𝐽
𝑚𝑜𝑙⁄  (14) 

 

Combining equation (14) with the reverse water gas shift reaction presented in equation (15) 

a formula for reaction of carbon dioxide with hydrogen, CO2 hydrogenation, can be derived, 

presented in equation (16) (Götz M. et.al. 2016, p. 1374). 

 

 𝐶𝑂2(𝑔) + 𝐻2(𝑔) ↔ 𝐶𝑂(𝑔) + 𝐻2𝑂(𝑔)   ∆𝐻𝑅
0 = +41,2

𝑘𝐽
𝑚𝑜𝑙⁄  (15) 

 

 𝐶𝑂2(𝑔) + 4𝐻2(𝑔) ↔ 𝐶𝐻4(𝑔) + 2𝐻2𝑂(𝑔)  ∆𝐻𝑅
0 = −165,0

𝑘𝐽
𝑚𝑜𝑙⁄  (16) 

 

Reaction enthalpies in equations (14)-(16) are given for a temperature of 25 ℃. Methane 

synthesis reaction can be observed to be highly exothermic so the main focus is the 

management of heat in the reactors. As the reactions are equilibrium reactions, lower 

temperatures would result in significantly higher equilibrium constants, hence better 

conversion rates. On the other hand, lower temperatures cause unfavorable reaction kinetics. 

Compared to electrolysis reaction, also pressure has an inverse effect on chemical 

methanation, due to the volume reduction in equation (16), i.e. higher pressures mean better 

conversion rates. 

The state-of-the art chemical methanation processes can be classified as two-phase systems 

with gaseous educts and solid catalyst and three-phase systems with gaseous educts, liquid 

heat carrier and solid catalyst. Two-phase systems include fixed bed and fluidized bed 

systems, three-phase systems consist of slurry reactors, e.g. bubble column systems. (Lehner 

M. et.al. 2014, p. 42-43). Currently most developed reactor concepts are for large-scale coal-

to-gas plants and mainly fixed-bed reactors. The other well-established reactor concept is 

the fluidized bed reactor, while other reactor concepts are more in development state. New 

reactor concepts aim to solve the temperature control issue of the highly exothermic 

methanation reaction. Fixed bed methanation reactor utilizes catalysts in solid form, e.g. 

pellets, which are fed into the reactor to form a static catalyst bed, hence the name. To control 

the temperature and avoid local hotspots in catalyst bed and catalyst destruction, the 
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adiabatic reactor type is split into cascades with intercooling. Structurally more simple 

reactor type is achieved by installing cooling tubes or plates into the reactor (Götz M. et.al. 

2016, p. 1375-1377). The main disadvantage of fixed bed reactors in addition to careful 

temperature control, is the limited mass transfer between the solid catalyst and the gases. 

The main advantage on the other hand is the low mechanical stress on catalyst. (Lehner M. 

et.al. 2014, p. 43-48) To overcome the structurally complex reactor cascades, fluidized bed 

reactor concept mixes the solid catalysts into fluid form achieving almost isothermal 

operating conditions and an effective temperature control. Due to the high mechanical stress, 

though, the fluidized catalyst is eventually deactivated. 

The specific requirements on smaller size and dynamic operation of power-to-gas process, 

is driving the development of catalytic methanation reactors further. The more sophisticated 

reactor type in development is a three-phase reactor in which fine catalyst particles are 

suspended into heat transfer liquid through which the gas is fed. Due to the high specific 

heat capacity of the liquid, the operating conditions are virtually isothermal and the 

temperature control is accurate. The disadvantages on the other hand, are the gas liquid mass 

transfer resistances and the decomposition and evaporation of the suspending liquid. Even 

more sophisticated structured reactors, e.g. honeycomb and microchannel reactors, are 

aiming to evade the temperature hotspots with internal catalyst coated metallic structure. 

With a high surface-to-volume ratio and the metallic structure, the heat transfer is effective 

and reactor is compact in size, but the replacing of deactivated catalyst requires a complete 

re-coating of the reactor. (Götz M. et.al. 2016, p. 1376) Comparison of different methanation 

concepts’ characteristics is presented later in Table 9. 

 

5.3.2 Biological methanation 

 

In biological methanation, chemical catalysts can be substituted with enzymes, i.e. bio-

catalysts, produced by methanogenic bacteria. Biological methanation processes are gaining 

attention in research due to the moderate operating temperatures of 30-60 ℃ and atmospheric 

operating pressure, compared to the respective values in chemical methanation. For 

biological methanation, two main reaction paths can be distinguished: acetolastic 
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methanogenesis in equation (17) and hydrogenotrophic methanogenesis in equation (18) 

(Lehner M. et.al. 2014, p. 49). 

 

 𝐶𝐻3𝐶𝑂𝑂𝐻(𝑔) ↔ 𝐶𝐻4(𝑔) + 𝐶𝑂2(𝑔)   ∆𝐺𝑅
0 = −33,0

𝑘𝐽
𝑚𝑜𝑙⁄  (17) 

 

 𝐶𝑂2(𝑔) + 4𝐻2(𝑔) ↔ 𝐶𝐻4(𝑔) + 2𝐻2𝑂(𝑔)  ∆𝐺𝑅
0 = −33,0

𝑘𝐽
𝑚𝑜𝑙⁄   (18) 

 

The acid based reaction, equation (17), is dominant for decomposition of biomass, but also 

the second reaction, equation (18), is utilized in a biogas plant with a more mixed microbe 

population. Equation (18) is also equivalent to equation (16). (Lehner M. et.al. 2014, p. 48-

50) Biological methanation is possible through two main process concepts, integrative “in 

situ” biogas digester or in a separate reactor. In the separate reactor concept, pure feed-in 

gases are converted into methane by microbes in a dedicated reactor. Separate reactor 

concept can utilize biogas plants as their carbon source, but also other carbon sources can be 

used, allowing self-sustaining operation. Another advantage of the concept is that the process 

conditions and reactor design can be adjusted to the requirements of the microbes. In situ 

biological methanation utilizes biogas plant digesters in power-to-gas, integrating them into 

the process chain. In practice, hydrogen is fed directly into biogas digester producing biogas 

with a higher methane content and therefore higher calorific value. Integrative reactor 

concept is dependent on the biogas plant in question, thus not allowing the operational 

parameters to be optimized for the microbes. On the other hand, as no dedicated reactor is 

needed, the costs are lower compared to separate reactor concept. Continuous stirred-tank 

reactors, CSTR, are the most researched reactor type for biological methanation, but also 

other reactor types are under research. Immobilizing the microbes results in a lower methane 

formation rate, but on the other hand removing the stirrer decreases the overall energy 

consumption. Process flow diagrams of the two process concepts are combined into Figure 

22. 
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Figure 22. Process flow diagram for biological methanation in a separate reactor (blue line only) and for in situ 

biological methanation (added green line). (modified from Götz M. et.al. 2016, p. 1378-1379) 

 

Biological methanation is currently only been realized in laboratory or pilot plant scale, as 

is three-phase chemical methanation. Fixed-bed chemical methanation, in contrary, is well-

established commercially in industry scale, as mentioned earlier. Adequate and energy 

efficient mixing of a large scale biological reactor is the main challenge for biological 

methanation technology. In summary, biological methanation is viable option only for small-

scale plants, mainly due to the large specific volume of the reactors and only few possibilities 

to utilize the waste heat. On the other hand, the low temperature level can simplify the 

process and the high tolerance for impurities simplifies the gas cleaning step in the process. 

For average-size plants, the isothermal catalytic methanation concept, e.g. three-phase 

fluidized bed methanation, is suggested to be the best suited, as the waste heat can be utilized 

and the process is relatively simple. For large-scale methanation plants, the fixed-bed 

methanation is currently the best alternative as highly valuable steam can be produced. (Götz 

M. et.al. 2016, p. 1377-1381) Comparison of different methanation concepts’ characteristics 

is presented in Table 9. 
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Table 9. Comparison of different methanation concepts’ characteristics. (modified from Lehner M. et.al. 2014, 

p. 50, table 4.2) 

Fixed bed Fluidized bed Bubble column

Heat release -- + ++ +++

Heat control -- 0 ++ +++

Mass transfer 0 ++ -- --

Kinetics + + + 0

Load flexibility 0 -- 0 --

Stress on catalyst + -- + +++

+++ no issue, ++ very good, + good, 0 average, - poor, -- very poor

Characteristic
Chemical methanation Biological 

methanation

 

 

Concerning the integration of methanation process into power-to-gas technologies in high 

RES share energy systems, a few specific aspects have to be taken into account. First of all, 

the fluctuating power input of variable RES affects the operation of electrolysis system, but 

chemical methanation equipment in particular, has to be operated steadily due to the required 

high pressure and temperature levels. In addition, no significant load changes or frequent 

start-ups or shut-downs are allowed. In other words, load flexibility is limited in general, 

although dependent on reactor type to some extent, thus intermediary storage of process 

educt gases. The size of storage and thus the expenses, depend on the flexibility of the reactor 

type in question. Based on the current state of the art technology in electrolysis and 

methanation, the cost structure for a 48 MWel plant with alkaline electrolyzer and fixed-bed 

catalytic methanation has been estimated in a study, resulting in a total investment cost of 

1000 €/kWel. The share of electrolyzer equipment in the costs calculation is over 80%. The 

costs estimation is challenging as so few of the methanation and electrolyzer technologies 

have reached commercial maturity. Although in general, the costs for biological methanation 

can be estimated to be lower than utilizing chemical methanation, due to the moderate 

operating conditions and the lack of catalyst and the more simple or not needed gas 

purification. (Lehner M. et.al. 2014, p. 51-60) 

 

5.4 Advantages and disadvantages of power-to-gas 

 

As being said, power-to-gas is a very flexible technology with a various forms of utilization 

and wide variety of applications. The main systemic benefits of power-to-gas technologies 
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could be summed up as following: the provision of long-term EES and the resulting 

possibility to manage the fluctuating electricity production from RES; the possibility of 

shifting the energy transport system from power grid to gas grid and thus reducing the 

impacts of expanding power infrastructure to various societal sectors; the increased share of 

RES in the energy system, enabled by the improved system flexibility through power-to-gas; 

the self-sufficient energy systems in remote or isolated location utilizing power-to-gas; and 

finally the usage of carbon dioxide as a resource and the resulting increased efficiency and 

the reduction on emissions. These benefits for the system are discussed in more detail in the 

following paragraphs. 

Due to the many different process chains and the wide variety of system benefits of power-

to-gas technologies, both production of exclusively hydrogen but also methane is necessary 

in the system. Producing hydrogen has certain advantages over the production of methane, 

vice versa. To name a few, compared to methane hydrogen has lower production costs and 

allows more a dynamic process without additional buffer storage and has better conversion 

efficiency, which makes it more suitable for utilizing the fluctuating RES-E. Self-sufficient 

energy storage systems are also easier to realize with hydrogen production. There is naturally 

also no need for CO2 source and thus less suite dependency and the combustion of hydrogen 

releases no carbon emissions. Advantages of methane production over the production of 

hydrogen, on the other hand, are the simpler storage and transport of synthetic methane 

compared to the more complicated, costly or partly nonexistent technology for the highly 

explosive hydrogen, in addition with the associated challenges in infrastructure. The 

production of synthetic methane from power-to-gas can directly utilize the existing natural 

gas grid as well as the market mechanisms due to the calorific value of synthetic gas being 

equal or nearly equal to natural gas. In the case of feeding hydrogen to the natural gas grid, 

strict monitoring of mixing proportions and changes in billing systems are required. As can 

be seen the characteristic flexibility and versatility of power-to-gas technology makes it 

virtually impossible to determine a general advantage for either end product over the other. 

The decision on which technology is to be used should be a result of a careful analysis case-

by-case. (Lehner M. et.al. 2014, p. 75-80) 

As being said, pumped hydroelectric storage is currently the only high capacity energy 

storage solution with commercial availability and mature technology. PHS together with 

adiabatic CAES is used as a benchmark solution for the other long term EES technologies 
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to compare to. In addition to mature technology, these two technologies provide a 

reconversion of electricity with an efficiency higher compared to power-to-gas, but on the 

other hand have some crucial disadvantages. The main challenges of PHS and CAES are the 

high impact on landscape and dependency on location, which cause serious issues on public 

acceptance. In many cases decentralized storage solutions perform better, because energy 

can be stored on site reducing the investment on grid infrastructure. Other issue with PHS 

and CAES is that, despite their high capacity compared to the current state of alternative 

EES technologies, they are still used as balancing power and regulation services on time 

scale from hours to days. The capacities needed in seasonal storage of intermittent wind and 

solar PV from weeks to months is beyond their reach. Of the alternative EES technologies, 

power-to-gas is the most capable for the use as a seasonal storage. (Lehner M. et.al. 2014, p. 

66-68) 

Power-to-gas solves also the topographic problems of the PHS and CAES by shifting the 

energy transport from electrical to gas network. Due to the higher energy density of natural 

gas grid compared to electricity grid, even 4,5 times higher (Zakeri B. and Syri S. 2015a, p. 

581), and the current gas grid being able to absorb additional capacity, expansion of 

electricity network or gas pipelines may not be necessary. Thus, investment in infrastructure 

is reduced. In the case of expansion, the extension of a gas grid, compared to an electricity 

network expansion with equal energy transport capacity, has a much lower topographic 

impact, i.e. social acceptance of the population is more easily achieved and land costs are 

reduced. These advantages of chemical energy transport networks over the electricity grid 

lead to a more efficient energy infrastructure design as well as future energy policy. The 

topographic impact of gas grid compared to electricity network is illustrated in Figure 23. 

The increasing amount of distributed RES in the energy system would also alter the balance 

of distribution network, due to the fact that distributed RES mostly connects to distribution 

grid. RES connection to the electricity grid is further discussed in chapter 6.1.1 on grid costs. 

The problems in local distribution networks could be in the forms of line or transformer 

overloads or voltage band violations. As well as conventional voltage regulation solutions, 

also EES technologies present a solution to these challenges in distribution grid. EES 

technologies in the form of power-to-gas and the simultaneous shifting from electric to gas 

grid could, however, avoid the arduous processes of expanding the electricity transmission 

and distribution grids altogether. 
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Figure 23. Illustration of topographic effects of electricity network compared to gas grid with equivalent energy 

transport capacity. (Lehner M. et.al. 2014, p. 71, figure 5.1) 

 

Power-to-gas technology could also play a significant part in establishing of hybrid 

networks, which in this context is defined as an ensemble of different bi-directionally 

coupled, strongly connected and integrated energy systems. From energy systems point of 

view, the hybrid networks are of great importance both for the enhancement of security of 

supply and the future economy. Hybrid networks could offer improved load management 

and energy cross-storage for generation from the other connected networks as well as 

increased resource efficiency and thus a decreased need for infrastructure investments. In 

hybrid network the utilization of existing infrastructure is optimized with all energy 

networks and infrastructure in use, i.e. electric grid, gas grid, heat network, water supply and 

transport network. The development of information and communication technologies is also 

enabling the establishing of these so called “smart grids” in which a coupling of networks is 

achieved also in those locations where stand-alone networks were formerly the optimum 

solution. In addition to improving the energy transport, the linkage between networks also 

enables EES to be implemented. Example of current network connection is the long 

established CHP technology, namely connecting the heat and power networks, and one of 

heavily researched technologies is power-to-gas, connecting power and gas networks. 

Establishing of power-to-gas to current energy system thus enables a fully hybrid network 

to be implemented as well as the increase of RES through adequate energy storage. (Lehner 

M. et.al. 2014, p. 70-73) 
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5.5 Business models for power-to-gas and current projects 

 

Power-to-gas being a very flexible concept with many applications and forms of use, at least 

as many business models could be realized, all having different products, sizes and intentions 

and differing production costs. The most obvious application concerning the scope of this 

thesis is the utilization of power-to-gas for storing electrical energy, in which case as being 

said, the PHS and CAES systems are the benchmark technologies. In this business model 

the usage of surplus generation from power grid to hydrogen or methane production, 

depending on the case, is the priority. The product gas is then fed to the existing public gas 

grid to be used elsewhere. These power-to-gas facilities operate in areas where the share of 

fluctuating power generation is high, i.e. near wind farms or solar PV fields. The 

aforementioned advantages and disadvantages of power-to-gas apply here. Power-to-gas 

could also be used in transportation sector to produce renewable fuels in the form of 

hydrogen for fuel cell vehicles or methane for compressed natural gas fueled vehicles, in 

principle. Here biogenic as well as fossil fuels are used as benchmark technologies. 

Transporting of fuel can be realized through natural gas or hydrogen grid or with pressure 

tanks by road. Although the production costs for hydrogen and methane from power-to-gas 

are still high compared to the benchmark technologies, they could become competitive in 

the future depending on the price developments, e.g. through GHG emission policy. 

Another promising business model for power-to-gas technology is in autarkic systems on 

remote topographically challenging locations, where electricity from local RES is stored in 

the form of hydrogen and converted into electricity using fuel cell mode. These stand-alone 

systems have no connection to outside public energy grid. The exact composition and size 

of the power-to-gas system depends completely on the situation. In this case a power outlet 

connection to a public electricity or gas grid is used as a benchmark solution. Despite the 

high costs of novel power-to-gas systems its usage for autarkic applications may be 

economically viable in some cases, especially if distance is long and power demand is low. 

Concerning the great distances, yet another business model for power-to-gas technology is 

in transportation of energy produced in remote locations to the demand centers. Remote 

regions often have great potential for RES-E especially but no demand, in which case the 

chemical energy transport route provided by power-to-gas could be used. If existing gas 

network is not available, high voltage direct current network could alternatively be used. The 
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costs for such power network are currently lower than the costs of power-to-gas, but it should 

be noted that distance greatly affects the transportation losses, which are approximately 1% 

in gas pipelines compared to the 4% in power lines (Zakeri B. and Syri S. 2015a, p. 581). 

The aforementioned advantages of chemical energy transport concerning public acceptance 

also apply here. (Lehner M. et.al. 2014, p. 83-87) 

Although power-to-gas technology has been on focus of attention recently and there clearly 

is potential in many fields of applications, it has been challenging to find economically 

feasible business models or markets as to date. Flexibly operating plants providing electricity 

grid services have been found profitable among the current commercially available power-

to-gas technology. Next generation technology soon to be available, however, could in 

conjunction with RES certificates for transportation sector, generate markets with 

outstandingly profitable opportunities. It is proposed that, rather than seasonal storage for 

intermittent RES, the most feasible market for power to gas technologies in the near future 

will most likely be in transportation sector and chemical industry, which would be out of the 

scope of this thesis though. In Finland, grid reserves could pose profitable business models 

for power-to-gas plants as well, as the modern electrolyzer units show ramp rates of up to 

20% per second of their nominal capacity. Especially frequency containment reserves, FCR, 

which in Finland are divided into disturbance and nominal continuous operation reserves, 

are potential feasible markets for power-to-gas technology. In contrary, other grid services, 

e.g. replacement reserve and frequency restoration reserves are economically not as feasible. 

(Breyer C. et.al. 2015, p. 1-4). On other sectors, there are beneficial business cases illustrated 

in Finland, e.g. a business case for power-to-gas in a pulp mill in Lappeenranta. (Breyer C. 

et.al. 2015) Regarding the demonstration and pilot plants, there are currently already 

numerous power-to-gas projects planned and operational around the world. Most of the 

power-to-gas plants examined in a thesis study by (Vartiainen V. 2016) operate in Europe, 

mainly in Germany, and majority of these projects produce hydrogen as the end product. 

(Vartiainen V. 2016, p. 29-71) 
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6 SYSTEM INTEGRATION OF RENEWABLE ENERGY 

 

To achieve the EU GHG emissions targets, countries throughout Europe are investigating 

possibilities to integrate an increasing share of RES to the future energy systems. Perhaps 

the most progressive of all countries have been Denmark, which initiated its energy system 

modeling in 2006 with energy system scenarios looking beyond 2020 targets, all the way to 

2030 and 2050. Since then, studies examining least cost solutions for 100% RES based 

energy system scenarios have been published by several authors on national as well as 

international levels. (Child M. and Breyer C. 2016b, p. 518) In a study conducted by the 

International Energy Agency, IEA; the Nordic region electricity generation is modeled to be 

completely carbon-neutral by 2050. Although there is still room for improvement, the Nordic 

power sector is already near the goal, being 87 % carbon-free. The last remaining fossil fuels 

pose no dramatic change to the energy system, but the transformation will be through the 

simultaneous phase-out of nuclear power and the significantly increasing share of wind 

power. The current mostly carbon-free Nordic energy system stems from the expansion of 

district heating networks and the respective phasing-out of oil-fired boilers over two decades 

ago, which effectively decoupled the gross domestic product and CO2 emissions. Following 

the reduction of direct emissions from building sector, the power sectors’ emissions also 

declined. Carbon taxation and RES incentives enabled the growth in bioenergy and wind to 

the level they are today, and the interconnected Nordic electricity grid allowed wind power 

to be balanced by hydro power internationally, as in between Denmark, Norway and 

Sweden. As a result, the Nordic region has already met the global level electricity generation 

carbon emission goals for 2050. The next biggest challenge in Nordic carbon neutral 

scenario are the already mentioned transport and industry sectors, which currently produce 

40 % and 28 % of Nordic CO2 emissions, respectively. 

To help the Nordic countries to achieve 2050 climate targets the Nordic Carbon-neutral 

Scenario, CNS, has set out three main strategies. First of the strategic actions is to incentivize 

and plan the future Nordic electricity systems to be more distributed, interconnected and 

flexible than the current system. Studies show that to achieve a carbon-neutral system, it 

could actually be less expensive to transition the energy system to a more distributed 

electricity generation than to maintain the current rather centralized system. This would also 

mean shifting from nuclear and thermal generation to utilizing the high wind power potential 
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on the Nordic region which, combined with dispatchable hydro generation, could establish 

opportunities for energy export and balancing services. It should be noted however, that as 

important as these climate and economic benefits are, the balance between them and the 

energy supply security concerns and public acceptance towards infrastructural changes has 

to be maintained. The inevitable decrease in base load further intensifies the need for system 

flexibility and balancing measures, but also causes some economic disadvantages, as the 

variations in electricity prices and the price levels increase. Thus, the competitive advantage 

of Nordic industry is somewhat diminished. 

The other two points of the CNS report are the decarbonisation of long-distance transport 

and industrial sector and the utilization of growing cities to enhance energy efficiency. The 

long-distance transport is unlikely to be decarbonized through electrification but would 

require utilizing large amounts of biomass. While the Nordic biomass is largely being 

converted further within pulp and paper industry etc., a portion of biomass would have to be 

met with imports. It would likely be more cost efficient to trade in global biofuel markets 

than develop local biofuel production. The emission reductions of industry sector, on the 

other hand, would require development on carbon capture and storage, CCS, technologies 

and other similar novel process technologies. The industrial sectors affected would be the 

most energy intensive where low-carbon energy sources and energy efficiency measures are 

not effective to reduce process-related emissions, e.g. metal, cement and chemicals 

industries. To meet the emissions reduction goals, the other sectors than industry would 

otherwise have to reduce their carbon emissions even more. The aforementioned strong 

growth of cities in Nordic region could, on their part, help reducing the emissions through 

energy efficiency measures in transport sector and buildings introducing highly integrated 

and efficient urban environments. 

As being said, the wind power production in Nordic region has the greatest potential of RES 

and will increase five-fold according to CNS, given that electricity trade with the rest of the 

Europe intensifies. Solar boom happening in Germany, however, is not likely to take place 

in the Nordic region, restrained by the limited solar resources, less rooftop area and the more 

competitive wind power. On the other hand, the total technical potential of rooftop solar PV 

would be enough to power all the electric vehicles in Nordic region by 2050, so depending 

on the policy and technology factors, solar PV could still have a significant share of RES-E 

production in the future. Regardless of the mixture of RES technologies, the electricity 
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system operation will change in nature from the current centralized base-load mode to a 

more distributed mid-merit and peak-load mode as the share on fluctuating RES generation 

increases. This increases also the need for balancing services and the Nordic hydropower 

would be crucial in that matter, not as a solitary solution, but rather a combination of flexible 

supply and demand, storage technologies and electricity trade is needed. In the current 

Nordpool area, the high share of hydro power, well-interconnected electricity grid and 

appropriately functioning electricity market, are already capable of large-scale wind power 

integration. The flexible use of thermal fleet and enhanced dispatchable hydro power for 

balancing, electrification of heating and transport sectors and demand flexibility measures 

from industry and the integration of heat and electricity networks and electricity and gas 

networks for energy storage are key actions to take in CNS, but also in other studies. (IEA 

2016b, p. 12-19) 

An aggressive increase of RES is also a key component in decarbonizing the electricity 

generation of Germany. The ambitious fundamental energy system transformation towards 

carbon-free future, dubbed Energiewende, has made Germany a global leader in 

implementing smart grid and distributed generation elements into energy systems. Germany 

had a total installed capacity of over 75 GW of wind and solar PV in 2014, which generated 

79 TWh of electricity respectively. For comparison, the total capacity of RES was 93 GW 

and electricity produced 161 TWh in Germany that year. (Child M. and Breyer C. 2016b, p. 

518) Studies by the German Federal Environment Agency have explored the possibility of 

100% RES electricity supply, mostly wind and solar PV, and since all other energy carriers 

are suggested to be derived from RES-E, almost 100% RES primary energy supply would 

be achieved. The scenario estimates 95% GHG emissions reductions respective to 1990 

levels, and due to energy efficiency measures and population decrease, energy consumption 

reduction of 35% by 2050 compared to current consumption. Also in this scenario, only 

second generation biofuels would be produced, consumption behavior would remain 

practically unchanged and CCS is not utilized. As fossil fuels and nuclear power are 

completely phased-out, power-to-gas and power-to-liquid technologies would be crucial to 

achieve the energy sector interconnections needed for RES-E to be able to satisfy PEC 

completely. (Varone A. and Ferrari M. 2015, p. 210) Studies have also investigated the costs 

of Energiewende, in which PEC is reduced 42% by 2050. In this study nine scenarios were 

modeled in which the targeted CO2 reduction differed from 80% to 90%, energy renovation 
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in buildings was considered low or ambitious, coal-fired power phase-out was accelerated 

or not accelerated and the vehicle stock composition varying with classic, CH4, H2 and 

electric (Henning H. and Palzer A. 2015, p. 29). In all the scenarios, intermittent RES, 

namely wind power and solar PV, are in a significant position, even in the case of major 

increase in electricity import and export. This is an interesting finding considering the role 

of power imports in Finland according to CNS. As the share of RES increases, the flexibility 

of the system must increase accordingly, both on the supply and demand side, particularly 

on building and transport sectors. This would mean large scale utilization of energy storage 

systems, e.g. heat storage and power-to-gas. All scenarios indicate a 20-40% increase in 

electricity demand across all sectors, although classical electricity applications’ 

consumption, e.g. lighting and mechanical drives, will decrease 25%. This would be due to 

a large-scale electrification and energy sector integration. 

The electrification of heating sector is suggested to be the dominant feature in the future 

energy system integration, residential heat being supplied mainly by electric heat pumps. 

Also in all of the scenarios, majority of the building stock is renovated to meet today’s 

standards for new buildings, but not passive energy building standards. Another significant 

feature in all of the scenarios, was that the accelerated phase-out of coal-fired power resulted 

always to a decrease in total costs. The most aggressive emission decrease of 90% would 

require a large capacity of RES-E generation, and an accordingly large capacity of storage 

capacity and synthetic energy carrier production capacity. At the same time the most 

aggressive renovation rate for buildings is required. In all of the scenarios, “back-up” 

capacity is provided with fossil-fuel, biogenic and synthetic fuel fired combined cycle power 

plants, CHP and OCGT plants. (Henning H. and Palzer A. 2015, p. 5-8) Since Finland and 

Germany have similar geographies, population, general way of life and to some extent 

similar climate, it cannot be neglected whether high RES energy system would also be 

applicable to Finland, although studies like the aforementioned CNS suggest otherwise. 

(Child M. and Breyer C. 2016b, p. 518) Considering the scope of this thesis and the emphasis 

taken in chapter 2, the following chapters discuss the system integration of renewable energy 

mainly from an economic perspective, though the technological effects are not completely 

ignored. In the following chapters, the RES system integration is discussed on different 

levels: on international level in the general Nordic region and on national level in Finland 

exclusively. It is to be noted, that integrating significant amounts of RES into energy system 
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is a rather controversial topic, thus in this thesis different scenarios and alternative guide 

lines are presented and discussed. 

 

6.1 System integration costs 

 

Power plants generate costs additional to their individual plant level costs when they interact 

with each other and their customers as well as the natural, social and economic environments. 

Not accounting for these external costs could make a significant difference to investors’ 

expenses in operation of real energy systems. In other words, real electricity generators do 

not exist in isolation. (OECD 2012, p. 13) These external effects are however in some cases 

complex and challenging to estimate, thus less complicated cost estimates are commonly 

used. Earlier in this thesis the costs of electricity generation for different technologies were 

compared through levelized cost of electricity, LCOE, which is calculated by summing all 

the plant-level costs, e.g. investment, fuel, emissions, operation and maintenance, and 

dividing them by the amount of electricity the plant will generate, as in equation (3). As the 

generated electricity is for the economic lifetime of the plant, the costs are also levelized 

over the plants economic lifetime, hence the name “levelized cost of electricity”. Although 

more practical, as being said, LCOE as a costs estimate is not the best indicator. Among 

other things, LCOE does not take into account certain quite defining aspects of power 

generation: location of the power plant, temporal profile of the power generation and the 

possible system effects that arise. As the electricity generated with different energy sources 

is also assumed to be of same value, the comparison of energy technologies using only LCOE 

could rather be misleading. 

Thus, when discussing the system integration of new wind and solar power capacity, 

calculating only LCOE is not sufficient at all, but the concept of system costs is introduced. 

System costs, or system integration costs, can be defined as the total costs of supplying 

electricity on a given load and supply security level (OECD 2012, p. 12-14). The system 

integration costs are usually divided into three components: grid costs, balancing costs and 

the so called “utilization costs”. The level of integration could also be divided in different 

levels, deep, shallow and super-shallow integration, depending on who is considered to be 

bearing the costs. Based on deep integration approach, all costs are allocated to the developer 
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of the new power plant, e.g. all grid connection, reinforcement and extension costs in case if 

grid costs. Based on super-shallow integration, on the other hand, all occurring costs are 

allocated to grid operators and ultimately socialized. Shallow integration approach allocates 

some of the costs to plant developer and some to grid operator. It has to be noted though, 

that such vertical integration through deep integration of costs might be considered to be 

against some of the EU rules on electricity sector unbundling. (OECD 2012, p. 107-108) 

The integration costs for grid and balancing are rather well defined and low, but defining the 

“utilization costs” of introducing new capacity to the energy system is still highly 

controversial. Instead of attributing the system effects to specific technologies, comparison 

of total system costs, or system value, would be a more appropriate approach. In the 

following chapters, grid costs, balancing costs and utilization costs are presented and 

discussed more in depth and compared to the benefits achieved using the concept of total 

system costs and system value. 

 

6.1.1 Grid costs 

 

One part of integration costs is grid cost, the cost of bringing the electricity to where it is 

consumed. Grid costs are commonly defined as the costs of transmission and distribution 

grids, related to the construction and commissioning of a new power plant. In the Finnish 

electricity network, the transmission grid includes 400 kV, 220 kV and 110 kV lines and the 

distribution grid less than 110 kV lines. In this case, grid costs reflect the costs of building 

and/or upgrading electricity networks related to the increased RES penetration, including 

investment costs, certain ancillary services and power losses in the said transmission, 

distribution and also offshore networks. Despite the fact that, compared to other integration 

cost components, grid costs are quite straightforward to define there are still a few challenges 

which explains the wide range of grid cost estimates found in studies. First, the boundaries 

of the grid cost category are not always clearly defined and some costs might be count as 

grid, balancing as well as generation costs. Thus a careful consideration of cost 

categorization is essential to avoid counting costs twice. Secondly, grid expansion is driven 

also by factors other than renewable energy penetration, so determining the amount caused 

by renewable energy specifically could be challenging. Grid costs are also highly project and 
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system specific so calculating typical or average cost, especially for the distribution grid, 

could be problematic. Finally, development of technology and changes in planning 

approaches can significantly reduce grid costs, and it has to be decided whether these effects 

are also taken into account. 

Of the definable cost components of grid costs, the investment costs are usually the largest. 

Investment, i.e. capital costs, include the expenses on building new or upgrading the existing 

network, i.e. overhead lines, underground cables, substations and substations, but they could 

also include purchasing or building of ancillary services such as voltage support, balancing 

reserves or black-start capability. The aforementioned inclusion of certain ancillary services 

in grid costs highlights the ambiguous nature of system costs, even in the case of the most 

simple cost category, and therefore the significance of careful cost categorizing. Although 

grid costs are the same in principle between renewable and conventional energy sources 

there are some characteristics of new solar or wind capacity that differentiate them from 

conventional power plants. Firstly, the connection of wind and solar is usually to the 

distribution grid rather than transmission grid due to the smaller size of average generation 

unit, typically 0,1-100 MW, compared to the conventional plants’ size of commonly over 

500 MW. There are however situations where renewable solar and wind are connected to 

other than distribution grid, namely in the situation of largescale ground-mounted solar 

plants or off-shore wind power. Second, due to the lower average utilization factor of the 

generator, also the average utilization of the grid is lower, typical generator utilization for 

RES is 10 to 40% compared to the 20 to 85% of conventional power plant generators. 

Finally, the best renewable energy sources could be located far away from demand and the 

effect of location to grid costs have to be taken into account during siting. Although, in 

certain regulatory environment this could apply to conventional power plants as well. (Agora 

Energiewende 2015, p. 31-32) Nuclear power plants, for example, have a desirable position 

nearby natural cooling sites, i.e. water bodies, although air cooling is also a possibility. At 

the same time, the large loads on large dispatchable power plants in general allows the usage 

of high voltage lines, which are more efficient and cheaper. Thus, different components of 

grid costs partly cancel out each other. In practice, the grid cost effects of intermittent RES 

are being seen in Germany, where wind production is located mainly in the northern part of 

the country but electricity consuming industry is in the west and south. Simultaneously, the 

electricity consumption centers have been most radically affected by the recent shut down 
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of nuclear power units. The north-south transmission lines in Germany are currently 

operating on the limits of their capacity. (OECD 2012, p. 106-107) 

 

6.1.2 Balancing costs 

 

Balancing costs are the costs of balancing the actual generation, compared to the forecasted 

generation, to meet the realized demand in the time scale of seconds to hours. As said, in AC 

power systems demand and supply must be in balance constantly, otherwise the frequency 

deviations could cause physical harm to rotating power machines, e.g. generators. Short-

term balancing includes voltage regulation and frequency response as well as load following 

due to forecasting errors, plant outages and grid failures. Long-term balancing is ensuring 

the generation adequacy through dispatchable back-up capacity. Balancing services can be 

classified by their ramp up time-scale as spinning reserves, supplemental reserves and 

replacement reserves. Conventional power plants that are operational, but producing power 

less than their rated output are considered spinning reserve, and their characteristic is a rapid 

ramp up in power when needed. Plants that are idling, but can ramp up in mere minutes are 

regarded as supplemental reserve and the replacement reserves are slowest, taking up to one 

hour to ramp up their production. In European electricity markets the aforementioned 

balancing services are also dubbed primary, secondary and tertiary reserves. Since all 

electricity systems operate according to the principle that the supply must be able to meet 

demand in the case of any plant falling from grid, spinning reserves are always needed, 

regardless of the share of intermittent RES in the energy system. (OECD 2012, p. 106-110) 

In case of power generators deviating from their either agreed or forecasted output, 

dispatchable balancing power reserves must be thus held at the ready to be deployed. From 

power market’s point of view, balancing costs are the imbalance charges generators pay to 

system operators for deviations from agreed output, and they might also include other market 

related costs, e.g. portfolio management and intra-day trading. To the consumer, the increase 

in retail prices, as the electricity wholesale prices decrease and price volatility increases, is 

partly a result of increased balancing costs as balancing of the electricity system has become 

more challenging. (Jokinen P. et.al. 2015, p. 18) Characteristic to renewable energy sources 

is that the generation deviations are obviously dependent on the accuracy of weather 
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forecasting and the deviations decrease as the time window of the forecast decreases, i.e. 

intra-hour deviations are likely to be close to zero, while intra-day deviations could be 

significant. Other characteristic is also that the size of deviations is likely to decrease while 

the geographical distribution of renewable energy power plants increases. The smaller unit 

size of renewable power plants compared to the conventional generators discussed already 

in grid cost section, has a somewhat positive effect on balancing costs, i.e. in case of one of 

the power plants falling from the grid due to a technical failure, the smaller unit size reduces 

the effect of said event to the whole system. As a result, from this point of view, fewer 

reserve capacity is required to ensure adequate system stability. 

The definition of balancing costs is mostly as straightforward and unambiguous as grid costs, 

however a few challenges still exist. First, balancing power is usually divided into a 

reservation of balancing power, which is then remunerated with a capacity price, and to an 

activation of reserves, which is remunerated according to the energy generated. In some of 

the studies, both of the cost components are included, in others just one of them. Second, the 

definition for “short-term” balancing differs between studies, as some include also the 

aforementioned intra-day trading and portfolio management costs into balancing costs, 

although they occur after the day-ahead market has already closed. Lastly, the balancing 

charges generators pay do not always reflect the actual costs of balancing, in which case the 

balancing market is not competitive. The estimated amount of balancing costs varies 

significantly in literature depending on the approach taken in the study. Studies that base 

their balancing costs on observing market prices, sometimes estimate balancing costs to be 

as high as double-digit range. Model-based studies that also take reserve capacity into 

account in their calculations, in contrast, estimate balancing costs to be much lower. It is 

also worth to mention that studies on solar PV power are much less common than on wind 

power. (Agora Energiewende 2015, p. 41-43). 

To sum up the last two cost components, the transmission and distribution grid costs and 

balancing costs are compiled in Figure 24. It has to be noted once more that estimating 

integration cost components includes significant uncertainties, so the cost amounts Figure 

24 are rather rough averages, and the figure should only be taken as an illustration of the 

cost structure proportions and approximate cost levels between different RES cases. The 

share of distribution grid costs in offshore wind power especially is strongly volatile, as can 

be observed. Depending on cost categorizing, as mentioned before, costs of power line from 
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plant to shore could be categorized generally either under plant capital costs or grid costs, 

completely changing the cost structure in Figure 24. As the cost for grid connection greatly 

increases with distance from shore, the importance of careful cost categorization is even 

more emphasized to avoid unexpected costs. Study calculating the costs of a German 

offshore wind farm, for instance, estimated the cost increase when integrating the grid costs 

to be from 29% to 59%, depending on interest rate (OECD 2012, p. 106). 

 

 

Figure 24. Average T&D grid costs and balancing costs in Europe for solar PV and wind power. (modified 

from Agora Energiewende 2015, p. 38 and p. 8, figure 3) 

 

6.1.3 Utilization costs, total system costs and system value 

 

The third component of integration costs is the utilization costs. When new capacity is 

introduced into the system, it will always reduce the output, as well as revenues of the 

existing power plants. The effect is the same for RES capacity and conventional capacity, 

however the addition of renewable wind and solar PV power has a couple technology 

specific characteristics. At times of high demand, regardless of the number of wind and solar 

units built, the conventional capacity may need to supply all the power in the system. 

Situation is often described as renewable generation needing “back-up capacity”, although 

addition of RES generation into the system does not necessarily mean that backup capacity 
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must simultaneously be added. Back-up capacity in renewable energy systems is discussed 

further in chapter 6.2.2. Compared to a scenario where new base load capacity is added to 

the system, though, a system with added wind and solar PV requires more additional capacity 

to be kept available. Rather this means just that the average utilization of other power plants 

than RES is reduced. As a result, a change in residual load occurs, i.e. the daily and yearly 

demand patterns change shape, as discussed also in chapter 2. Like the aforementioned 

reduced utilization also suggests, the use of residual power plants in the system is changed 

and a shift from base-load to “mid-merit” and peak-load power plants occurs. 

The residual load duration curve mentioned here, is a tool used to better illustrate the effects 

of adding new generation capacity to the system. Residual load itself is defined as the load 

that remains after new power plants have been added to the system, in this case the plants 

being either renewable wind or solar PV power plants, or base load, e.g. nuclear and lignite 

power plant. To further clarify, the demand for electricity in a specific region, during a 

specific hour is commonly termed “load”. In practice, the residual load is calculated hourly 

by subtracting the generation of new power plants from the total demand. The change in the 

shape of the residual load duration curve was presented already in chapter 2.1. System effects 

discussed above are the technical effects of increasing renewable penetration in the system. 

The inevitable economic effects are, unfortunately, far more controversial and should be 

separated from the technical effects, if possible, to clarify the assessment. The reduced 

utilization of residual power plants leads to an increased specific costs of investment and to 

an increase in average generation costs. The change in the residual load structure, on the 

other hand, means that a technology shift may occur, i.e. the power plants with the smallest 

generation costs are used less and plants with highest generation costs are used more, e.g. 

coal and nuclear power plants versus natural gas and biogas plants, respectively. Although 

in perfect market the increasing operation costs would increase the generation costs, in real 

imperfect market taking into account all externalities etc. the load curve change would, and 

have actually lead, to a decrease of average costs. (Agora Energiewende 2015, p. 47-49) The 

decreasing electricity prices are currently benefitting electricity consumers and little 

attention to the situation is paid by policy-makers. Although, when the current dispatchable 

capacity reaches the end of its lifetime or is forced out of market, while new back-up capacity 

is still needed, consequences on consumers may be costly. (OECD 2012, p. 106) 
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As discussed earlier, power plant costs are usually compared through LCOE, which is 

sufficient as long as the temporal profile, the location or the system effects of the power 

plants don’t differ significantly. As differences in these aspects of power generation increase, 

the comparison using solely LCOE loses its significance, and can rather be misleading. 

Particularly in a system with high share of intermittent RES, the when, where and how 

become crucial aspects to determine and the concept of system value is thus established. 

System value can be defined as the net effect of introducing new RES, i.e. wind or solar PV, 

capacity to the system, taking into account positive and negative effects. Positive effects are 

the cost reductions achieved through the increasing share of RES, e.g. reduced fuel costs, 

reduced CO2 and other emission costs, reduced generation capacity costs and possibly 

reduced grid costs. Negative effects are the cost increases resulting from conventional power 

fleet utilization reduction, or compression effect, and the possible expansion in grid 

infrastructure. System value and traditional cost estimates, e.g. LCOE, should rather be used 

in succession to complement each other. LCOE signifies the cost of using the technology in 

question on the plant-level, while system value on the other hand portrays the net effect on 

the power system level. (IEA 2016a, p. 12) A quite similar aspect on costs estimation in 

principle is achieved also by comparing integration costs and total system. Integration costs 

are somewhat similar to LCOE answering the question of how different power generation 

technologies can be compared, in contrary to total system costs which aims to compare the 

costs of different energy system development scenarios. The main difference between the 

integration costs and the total system costs approaches, in addition to the differing paradigm, 

is the need to categorize costs in the power system. Integration costs approach requires the 

calculation of system costs and categorizing its components to the appropriate parts of the 

power system. Total system costs approach namely requires only the calculation of system 

costs and omits the ambiguous costs categorizing completely. (Agora Energiewende 2015, 

p. 77) 

Calculation system level value or similar cost estimate is a better indicator when making 

long-term policy decisions than just comparing the plant level generation costs. A high 

system value indicates that the technology in question is able to satisfy the needs of the 

power system it is to be integrated. Estimating the competitiveness of different technologies 

using system level costs approach, e.g. LCOE versus system value, is illustrated in Figure 

25. As can be seen, assuming appropriately functioning market, the most affordable 
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technology is not always the most economically viable on the system level, and high system 

value in contrary could justify the higher cost of technology. In context of intermittent RES 

technologies, all cases in Figure 25 could just as well be of same technology, as e.g. the costs 

of offshore wind can be significantly changed depending on how grid expansion costs, for 

instance, are categorized. In addition, the system value is dependent on the power generation 

mix of the system, thus the aforementioned synergy between wind and hydro power can 

yield significant value for both of the technologies. 

 

 

Figure 25. Competitiveness of different technologies comparing LCOE and system value. (IEA 2016a, p. 13, 

figure 6) 

 

The system value analysis is currently in many cases distorted by the subsidies paid for 

different generation technologies, illustrated also in Figure 25. Technologies receiving these 

subsidies are put in a different position over those who are genuinely exposed to the market 

risks. It has been argued that in reality the subsidies would actually increase system costs, 

by lowering the peak costs and lower the average costs, thus incentivizing further regulation, 

e.g. capacity remuneration schemes. Although the situation could be regarded as a market 

failure, actually it is just a consequence of rational market behavior under dysfunctional 

rules. (Stagnaro C. 2015, 93) The ambiguous nature of systemic costs, regulation distorting 

the market and the undeniable benefits of system value approach discussed here, explains 

why the discourse on the matter is necessary. 

 

6.2 Renewable Finnish energy system 

 

In addition to the EU 2020 emission reduction goals, the EU has set a long-term goal to cost 

efficiently reduce the emissions 80-95% by 2050, compared to 1990 levels. More specific 

goals for 2030 were decided on 2014, including a 27% increase in RES share, 27% increase 
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in energy efficiency and 40% decrease in GHG emission compared to 1990 levels. In 

conjunction to the EU goals, Finland has made its own 2050 climate policy with similar 

goals to achieve a carbon-neutral society. (TEM 2015, p. 13-14) In Finland, the energy sector 

is responsible for the majority of GHG emissions: the share of energy sector was nearly 80% 

in 2012 of which energy industry’s share was over 40% and transportation sector’s nearly 

30%, respectively. The emissions reduction goals are separated into emission trading and 

non-emission trading sectors, in which energy generation sectors and the major energy 

intensive industries, i.e. forestry and pulp, oil refinement and metal industries, belong to the 

emission trading sector and the rest, e.g. transportation sector and waste management, to the 

non-emissions trading sector. EU reduction goals for emission trade and non-emission trade 

sectors are 43% and 30%, respectively. The point of emissions trading system is to reduce 

emissions in locations where it is the most cost effective, so setting separate national goals 

for emission trade sector is not viable. Non-emissions trading sectors national goals are 

under discussion. (TEM 2014, p. 20-22) 

To achieve the future carbon-neutral society, studies modeling the energy system 

development have been conducted throughout Europe. In this thesis, a few significant studies 

concerning the increasing RES shares and carbon-neutrality are discussed and compared, 

with the focus being in Finland and Nordic region. Studies discussed include the following 

scenarios: a 100 % RE Finnish energy system by 2050 (Child M. and Breyer C. 2015); study 

on RES integration maximum in Finnish energy system without major flexibility measures 

(Zakeri B. et.al. 2015) and the costs of increasing flexibility through energy storage (Zakeri 

B. and Syri S. 2015a); Nordic region’s Carbon-neutral scenario, CNS (IEA 2016b); and 

discussion and analysis on lessons learned through the German Energiewende (Agora 

Energiewende 2015) (IEA 2016a) and its short-comings (Varone A. and Ferrari M. 2015). 

National energy system modeling tools have been categorized as energy system optimization 

or simulation models, power system and electricity market models and qualitative and mixed 

method models. Furthermore, the distinguishing characteristics of the said models are the 

paradigm and equations of the model, its locational and temporal dimensions, structure or 

topology, constraints and boundaries and the required parameters. To properly capture the 

intermittency of variable RES in high RES scenarios, the modeling tool should be capable 

of resolution higher than seasonal peaks. Thus, in the studies examined in this thesis, an 

hourly resolution energy system modeling tools have been used. Hourly resolution of data 



86 

 

captures the hourly variability of both heat and power demands and electricity prices, and 

the improvement on accuracy of results modelling sub-hour resolution has been shown to be 

just 1% on annual costs level. In the studies on RES integration in Finland’s energy system, 

the authors have used EnergyPLAN modeling tool to analyze the operation and economics 

of the system. EnergyPLAN is a deterministic model capable of the aforementioned hourly 

resolution on national energy systems, and furthermore, applicable for systems with high 

shares of CHP production and variable RES and has the possibility to convert power between 

different energy carriers. For its characteristics the EnergyPLAN has been implemented in 

studies modeling RES integration worldwide. 

In scenarios integrating high shares of variable RES the magnitude, duration and frequency 

of fluctuations in supply and demand are important to determine in order to calculate the 

extent of flexibility measures needed, e.g. power ramping and the possible energy storage 

capacity. From energy systems point of view, it is to determine when further RES integration 

becomes too expensive, problematic for the system or otherwise undesirable. This adds up 

well with the approach of EnergyPLAN modeling tool to optimize the profit of power 

producers in the market with the goal of energy system function with least cost possible. The 

limitations of EnergyPLAN model is that, as said, it is not able to capture intra-hour 

operation, e.g. the characteristics of thermal power plants like shut-down and start-up or 

stand-by costs or power ramping constraints. The model being deterministic in nature, also 

does not capture the uncertainty characteristics for high share wind and solar power 

scenarios. (Zakeri B. et.al. 2015, p. 245-246) On final note, in one of the studies it was 

observed that the EnergyPLAN had a tendency to prefer the stationary batteries for energy 

storage over the vehicle-to-grid storage. This characteristic in part, limited the share of 

especially solar PV in the scenario results. (Child M. and Breyer C. 2015, p. 23) 

The validation of the EnergyPLAN modeling tool being used to model Finland’s energy 

system, is presented in Table 10, where the modelled primary energy consumption by energy 

source is compared to the actual values provided by Statistics Finland for the year 2012. It 

is to be noted that the “others” segment present in Statistics Finland, comprising of ambient 

heat, reaction heat and recycled fuels totaling 12,42 TWh in 2012, was excluded from Table 

10 by authors (Zakeri B. et.al. 2015, p. 248). Respective energy mixture is also presented in 

Figure 26 to better illustrate the share of RES in Finnish energy system. 
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Table 10. Primary energy consumption by energy source in Finland 2012, comparison of Statistics Finland and 

EnergyPLAN modeling tool. (modified from Zakeri B. et.al. 2015, p. 248, table 2) 

Energy source EnergyPlan Statistics Finland Error (%)

Coal 51.77 34.76 1.98

Peat 18.06

Oil 91.84 90.25 1.76

Natural gas 31.34 31.95 1.89

Biomass 93.34 92.10 1.35

Nuclear 66.84 66.86 0.03

Hydro 16.67 16.67 0.00

Wind 0.49 0.49 0.00

Total domestic 352.29 351.14 0.36

Net power import 17.46 17.44 0.11

Total energy consumption 369.75 368.58 0.33

CO2 emissions (Mt) 47.60 46.60 2.15

Annual consumption (TWh) 2012

 

 

 

Figure 26. Primary energy consumption by energy source in Finland 2012 according to Statistics Finland. 

(values from Zakeri B. et.al. 2015, p. 248, table 2) 

 

Using the EnergyPLAN modelling tool, a study has been conducted investigating the 

technical maximum capacity of RES that can be integrated into Finnish energy system 

without major structural changes, i.e. system flexibility measures like energy storage. In the 

case of renewable-based energy systems, defining a maximum share of variable RES is 

relevant, although it is otherwise not widely discussed in studies (Zakeri B. et.al. 2015, p. 

245-246). The results suggest that with the current energy demand, the share of RES could 
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be increased to approximately 50% in PEC by 2020 and the share of RES-E in domestic 

consumption to approximately 70% while reducing carbon emissions by 35%, respectively. 

(Zakeri B. and Syri S. 2015a, p. 246-248). Finland’s total primary energy consumption by 

energy source in the said maximum RES integration scenario is presented in Figure 27. As 

can be seen, the role of biomass in the RES integration is remarkable, as the other RES 

sources, hydro and wind power are quite even. The share of solar power in this scenario is 

minor. 

With appropriate flexibility measures in place, however, the Finnish energy system is able 

to easily integrate RES in shares higher than 50% in PEC, up to 100%. The strongly diurnal 

and seasonally variable generation from RES typical for high latitude regions makes the case 

study of Finland’s future energy system interesting. While Finland has committed to an 80-

95% reduction in greenhouse gas emissions by 2050, compared to the 1990 level, being 

highly industrialized nation it also needs to secure reliable energy supply to ensure a 

competitive industry sector. The dark and cold winters increase the demand of heat and 

electricity, so adequate flexibility in Finland’s energy system has always been a challenge 

to find, which further highlights the need for daily as well as seasonal energy storage in the 

solely RES based energy system. In addition to meeting the emissions goals, the 100% RES 

energy system was observed to be cost competitive compared to high nuclear power share 

or “business as usual” scenarios. (Child M. and Breyer C. 2016, p. 2-4) Primary energy 

consumption in 100% RES scenario in Finland 2050 is presented in Figure 28.  

 

 

Figure 27. Finland’s total primary energy consumption in 2020 maximum RES integration scenario. (modified 

from Zakeri B. et.al. 2015, p. 254) 
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Figure 28. Primary energy consumption by energy source in 100% RES scenario in Finland 2050. (modified 

from Child M. et.al. 2015, p. 4, figure 3) 

 

In most of the studies the share of solar PV in the Finnish energy system is rather small, e.g. 

only 1% in Figure 27, but it is shown that it actually is technically feasible to integrate shares 

of roughly 10% of PEC and 16% of electricity generation of solar PV to Finnish energy 

system. The main barriers for the integration of increasing amounts of solar PV or other RES 

are currently as well as technological and economical as institutional, political and 

behavioral. The technological barriers are the simple lack of energy storage solutions in 

Finland currently and the grid inadequacy and grid operator monopoly, which make it 

challenging for small-scale RES producers to enter the market. Economical barriers are the 

high panel prices, though they continue to decrease, and in contrast the low price of 

electricity in Finland compared to the surrounding Nord Pool area. The support systems for 

RES technologies and conventional generation emission also distort the market, preventing 

the correct market signals from reaching the operators. The institutional and political barriers 

are the vested interests and lobbying concerning the current nuclear power and fossil fuel 

energy regime, which on its part prevents the construction of a new more distributed and 

renewable energy system. The lacking political will is also a part of the behavioral barriers, 

creating negative general attitudes and psychological resistance towards new energy 

technologies. In general, more information and examples of successful installations and 

projects needs to be presented to the public. (Child M. et.al. 2015, p. 20) 
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Such as in the future Finnish energy system, an aggressive increase in wind power and solar 

PV capacity and a similarly aggressive decrease in coal-fired capacity are projected for the 

future Nordic and European region energy systems in general. In Nordic countries the share 

of intermittent RES-E is estimated to increase to about 30% of electricity generation by 2050, 

most of it being wind power. The respective figure including other European countries is 

estimated to be approximately 60%. In the simulations the lower RES-E share in Nordic 

region compared to the rest of Europe is explained with the higher share of hydro power and 

nuclear power. In the Nordic Carbon-Neutral Scenario energy system model, CNS-

Balmorel, the Nordic region energy system is modeled as a whole, but also individual nation 

level modeling has been conducted. In CNS-Balmorel, the nuclear power is particularly 

important in Finland’s energy system, in contrary to the other significant nuclear nation, 

Sweden, which is completely phasing out its nuclear capacity by 2050. The energy system 

simulations also suggest that further strengthening the Nordic and European electricity grid 

interconnection will be economically viable. This will be due to the particularly high hydro 

power potential in the Nordic region, which could be utilized to balance the respectively 

high wind power capacity both in the Nordic and continental Europe region. The Nordic 

region will thus become an electricity exporter, though individual differences are steep, i.e. 

Norway would act as the main exporter due to the country’s high share of hydro and wind 

power and Finland respectively a net importer due to its relatively lower RES potential. 

According to the CNS-B model, it would be the most cost efficient to invest in generation 

capacity in other Nordic countries and for Finland to import its electricity. 

As a whole, the Nordic region is well suited to integrating increasing amounts of variable 

RES, partly due to the PHS potential and on the partly due to the well-functioning electricity 

market and the aforementioned electricity grid interconnections. (IEA 2016b, p.153) As a 

comparison to aforementioned RES scenarios, the development of Finland’s electricity 

generation mix by energy source according to the international CNS-B model scenarios is 

presented in Figure 29. The results of CNS-B are closer to the aforementioned 2020 

maximum RES integration scenario (Zakeri B. et.al. 2015) than the 100% RES scenario 

(Child M. et.al. 2015), in that the nuclear power capacity still plays a significant role in the 

Finnish energy system. From Figure 29 it can be seen that approximately 25% of Finland’s 

electricity would be net imports by 2050. Although it has to be noted, that the paradigm 
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behind the 100% RES scenario was to develop a highly independent energy system in 

Finland, practically treating the nation as an island in terms of energy. 

 

 

Figure 29. The development of Finland’s electricity generation mix by energy source according to CNS-B. 

(modified from IEA 2016b, p. 173, figure 3.13) 

 

The realized amount of nuclear capacity in the Nordic region will have significant influence 

to other technologies and their costs and since nuclear power in Finland and Sweden equaled 

23% of Nordic region’s electricity generation in 2013, analysis of its future cannot be 

neglected. Currently, Finland is planning to increase its nuclear capacity to 5000 MW by 

2030 with new 1600 MW and 1200 MW plants, after which the capacity is projected to 

decline due to old capacity reaching the end of their technical lifetime. In contrast to Finland, 

in Sweden the nuclear capacity is expected to decrease from the current over 9000 MW to 

approximately 6000 MW by 2020 due to decommissioning of the oldest reactors. After 2040, 

Sweden is predicted to completely phase-out its remaining nuclear capacity. As the future of 

Nordic nuclear capacity is highly uncertain, a fast phase-out scenario has also been 

investigated, where the nuclear capacity in Sweden is completely phased-out already in 2030 

and the 1200 MW reactor in Finland is not commissioned. This will decrease Finland’s 

nuclear capacity to just under 4000 MW in 2030 and 1600 MW in 2050 (IEA 2016b, p. 212), 

thus leaving Finland the only remaining nuclear generator in the Nordic region (IEA 2016b, 

p. 50). As the low-carbon RES technologies become more and more competitive, nuclear 

power decreases on the Nordic region level from the 22 % in 2013 to 6 % in 2050. The 

resulting increase in CO2 emissions in Nordic region and Europe when generation is 
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substituted with gas, and the fact that the reduced electricity export from Nordic countries to 

Europe increases the dependency on international trade suggests it to be still beneficial to 

use the existing nuclear fleet until the end of its economic lifetime. (IEA 2016b, p. 17-19) 

The role of nuclear capacity in renewable energy system is discussed further in chapter 6.2.2. 

 

6.2.1 Costs of renewable energy integration in Finland 

 

Such as the studies concerning the future RES based Finnish energy system in general, the 

analysis of the systemic costs of such scenario is lacking, which limits the discussion on such 

crucial topic to just the few aforementioned Finnish studies and the one analyzing the future 

of Nordic region energy co-operation. In the study analyzing the 100% RES energy system 

in Finland (Child M. and Breyer C. 2016b), the costs for energy system elements where 

based on EnergyPLAN cost database, including the comprehensive analysis of energy 

technology cost data by the Danish Energy Agency and the International Energy Agency, 

IEA. If more recent data or information more specific for the Finnish context was found, the 

cost parameters were changed accordingly. Some of the cost assumptions were also based 

on calculations. It should be noted, that the assumed costs discussed in this chapter reflect 

the future costs of the respective energy technologies and are somewhat uncertain and prone 

to change. The cost assumptions were used to calculate the total annual costs for a number 

of scenarios modeled with EnergyPLAN. These cost are illustrated in Figure 30. The 

scenarios for Finland’s energy system are the present case of year 2012, the reference cases 

of the year 2020 and the 2050 “business as usual” and the eight modeled “recarbonized” 

cases with differing mixtures of zero fossil carbon emission energy technologies. As can be 

seen in Figure 30, only four cases suggested lower total annual costs compared to the 2050 

BAU scenario: the basic 100% RE, Basic Low Nuclear, Basic Medium Nuclear and Low 

Biomass 100% RE. In studies it has been shown that the weighted average capital costs and 

the costs of CO2 emissions affect the overall costs of energy system modeling scenarios, 

naturally leading some scenarios to be economically more preferable than others, and on the 

other hand leading different scenarios to be roughly similar in terms of total costs. However, 

in the study concerning 100% RE Finnish energy system scenario, the authors conclude that 

the two 100% RE scenarios in particular, have the lowest exposure to the risks the WACC 



93 

 

and CO2 emission costs present to future investments. (Child M. and Breyer C. 2016b, p. 

526-532). 

 

 

Figure 30. Total annual costs for the Finnish energy system by 2050. (Breyer C. et.al. 2015 p. 529, figure 6) 

 

For many technologies in the 100% RES scenario, e.g. solar PV, wind and power-to-gas, a 

positive learning curve concept has been applied, i.e. cost per unit of capacity decreases in 

relation to increasing cumulative capacity. Other technologies in contrary, such as nuclear 

and hydro power, show a negative learning curve, where costs increase in relation to 

increasing capacity, respectively. The price of solar PV modules, for instance, is expected to 

drop from the current level of 500€/kWp to just over 100€/kWp and the costs decrease in 

balance of system components results in a solar PV system price of 320€/kWp, for 1 MW 

ground mounted plant. For residential rooftop systems these costs are expected to be 

somewhat higher, resulting in the assumptions of 300€/kW and 400€/kW, respectively, as 

seen in Table 11. This is a significant decrease compared to the respective costs of 900€/kW 

and 1200€/kW in 2020. Another important characteristic in cost assumptions is the nuclear 

power. The current cost of 5000€/kW of installed capacity is assumed to increase to 

5500€/kW by 2020, and the aforementioned negative learning curve increases the cost of 

nuclear power finally to 6500€/kW by 2050. (Child M. and Breyer C. 2016b, p. 526) For the 
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purposes of illustrating the transparency on assumption pursued in the study, the complete 

cost assumptions provided by the authors are included in Appendix I. 

The calculated levelized costs of electricity for different generation technologies used in the 

100% RES study are also presented in Table 11. For comparison, plant-level costs for 

different energy generation technologies in 2010 Finland according to an international study 

on nuclear energy and RES (OECD 2012) are presented in Table 12. It should be noted 

though, that the LCOE for nuclear and fossil-fuel plants in Table 12 have been derived from 

median values of a previous study by the authors and admittedly more recent data could be 

available. From Table 11 it can also be seen that nuclear power is operated as a baseload in 

the future energy system, which is though not the only economically viable way of operation 

as discussed further in chapter 6.2.2. It should also be noted, that the CO2 emissions costs 

and WACC assumptions affect the LCOE calculations. The WACC used in Table 11 

calculations can be observed as 7% and the discount rate used in Table 12 is 7%. The 

exchange rate in Table 12 is USD 1,30/EUR (OECD 2012, p. 148). 

 

Table 11. Levelized cost of electricity for electricity generation technologies for 2050 basic medium nuclear 

scenario in Finland. (values from Child M. and Breyer C. 2015, p. 14) 

Wind (on) Wind (off)
Solar PV 

(ground)

Solar PV 

(roof)

Hydro (run 

of the river)
CHP Nuclear

PtG 

(methane)

Capex €/kWe 900 1800 300 400 3060 820 6500 870

Opex,fix %, capex 4.51 4.55 2.00 1.00 4.00 3.66 3.50 3.30

Opex,var €/MWhe 0.00 0.00 0.00 0.00 0.00 2.70 0.00 0.00

Fuel €/MWhe 0.00 0.00 0.00 0.00 0.00 27.29 5.40 40

Efficiency % - - - - - 90 37 51

Lifetime a 30 30 40 40 50 25 40 30

H,full h 2816 4280 982 982 6123 1124 7963 2667

WACC % 7.00 7.00 7.00 7.00 7.00 7.00 7.00 7.00

crf %/a 8.06 8.06 7.50 7.50 7.25 8.58 7.50 8.06

LCOE c ,€/kWhe 4.00 5.30 2.90 3.50 5.60 12.20 10.40 11.50

 

 

Table 12. Plant-level costs for different electricity generation technologies in Finland 2010. (modified from 

OECD 2012, p. 123, table 4.5) 

Onshore 

wind

Offshore 

wind
Solar Coal Gas Nuclear

Levelized cost of 

electricity (c,€/kWh)
8,22 11,73 36,17 5,30 6,53 5,47
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The role of CO2 emissions and fuel prices is emphasized also in the study mentioned already 

in the introduction to system integration of RES. This study analyzing the costs of the 

simulations of German Energiewende shows two main results. Assuming that no CO2 

emissions penalty is implemented and the price of fossil fuels remains constant, the business-

as-usual scenario will yield cumulative costs 27% less than the least cost 85% reduction 

scenario. On the other hand, assuming more realistic approach where the cost for CO2 

emissions increase to 100€/t by 2030, or alternatively, fossil fuel prices increase 2%/a, the 

cumulative costs yielded by the business-as-usual scenario will be 8% higher than 85% 

reduction scenario by 2050. After reaching the reduction targets, the annual operation costs 

of the new energy system would be similar to Germany’s energy system today. (Henning H. 

and Palzer A. 2015, p. 5-8) Seeing these two quite contradicting, although logical results, it 

cannot be stressed enough, that the assumptions on CO2 and fossil fuel price developments 

are crucial in estimating the costs of future energy systems. 

 

6.2.2 Backup capacity in a renewable energy system 

 

In real energy systems, variable RES cannot provide electricity with the same reliability as 

conventional dispatchable capacity, although their output might be equal. For this 

characteristic, supplying new electricity demand with variable RES-E would require the 

installation of so called “back-up” dispatchable capacity to reach the level of supply 

reliability deemed adequate. (OECD 2012, p. 111-113) Although RES generation is known 

to push conventional capacity out of market with its low marginal costs, studies conducted 

on conventional dispatchable thermal capacity in Germany suggest that, there is no 

immediate danger of capacity shortage. The modeling concludes that older plants that have 

already recovered their investment costs do better in the high RES scenario, and generally 

the economic survival depends on the technology as well as age of the plant. Current fuel 

prices also suggest that coal-fired plants are in a better position compare to gas plants as they 

are dispatched earlier in the merit order. As most existing plants seem still able to earn their 

variable and annual fixed costs, they are not in danger of being decommissioned before the 

end of their technical lifetime. What is alarming, is the fact that new thermal power plants 

cannot recover their investment costs, which implies that there is no incentive to invest in 
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new reliable dispatchable capacity in the future. In long-term, this means that new capacity 

could need subsidies, as old capacity reaches the end of their technical lifetime. (Trüby J. 

2014, p. 4) 

Conventional thermal power generation technology significant in Finland’s energy system 

and particularly affected by the RES-E share increase, is nuclear generation. In the short run, 

nuclear as well as coal and gas would suffer from the lower electricity prices and reduced 

utilization, although nuclear generation would do better, compared to coal and gas, due to 

its relatively lower variable costs. In the long-term though, the high fixed costs of nuclear 

power generation make it challenging to invest in maintenance and upgrading in the future 

energy market with volatile, low-level prices. The realized amount of RES in the system and 

the level of CO2 prices would significantly affect the outcome of balancing between short-

term and long-term aspects. In addition to hydro power, nuclear remains the only carbon-

free dispatchable technology in an RES-based energy system, hence the effect of CO2 

taxation and respective market mechanisms is significant. The most significant system 

effects of nuclear power are the specific requirements in siting and the additional reserve 

capacity, in case of a malfunction, due to the relatively large size of nuclear generation units. 

System effects aside, an important characteristic of nuclear power concerning RES 

integration, as being said, is its carbon-neutrality. Although base load operation is the usual 

strategy for nuclear generation, not only due to its simplicity but also for the economic 

advantages it yields in stable price environment, there are some experience on load following 

nuclear generation in Europe. Based on experience gathered in France and Germany, nuclear 

power is suggested to be technically able to load following, although characteristics would 

depend somewhat on reactor technology used. The load following abilities of different 

dispatchable generation technologies are compared in Table 13. It can be observed that the 

short-term load following competence of nuclear power is comparable to coal-fired power 

plants’, although below CCGT plants. All other technologies in Table 13 fall short of OCGT 

plants, but on the other hand, the significant variable costs of OCGT generation limits their 

use to just the extreme peak shaving. It should be noted also that part-load operation is 

necessary for load following plants, and although modern nuclear plants can reach as low as 

25% of their rated capacity, most older reactor designs are limited to just 50% of their rated 

capacity in prolonged operation. (OECD 2012, p. 13-15) 
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Studies conclude that, based on the experience in France and Germany, nuclear power is 

technically capable of short-term load following operation, comparably to large coal-fired 

power plants, only slightly behind combined cycle gas turbine plants and clearly inferior 

only to open cycle gas turbine plants. In addition to system level benefits load following 

operation would benefit operators economically also on plant-level, as the electricity market 

prices would become more volatile while the share of RES increases in the energy system. 

The long-term system effects of nuclear generation can be diminished with intelligent reactor 

fleet management, e.g. scheduling the regular maintenance outages to reduce the need for 

back-up capacity. As the resources of the only other carbon-free dispatchable generation 

technology, hydro power, are already mainly utilized in most OECD countries and in 

Finland, nuclear power is a very potential solution to system adequacy and balancing needs 

in high RES energy systems. (OECD 2012, p. 100) 

 

Table 13. Load following abilities of dispatchable power plants. (OECD 2012, p. 16, table ES1) 

Start-up time
Max change/ 

30 sec (%)

Max ramp rate 

(%/min)

Open cycle gas turbine (OCGT) 10-20 min 20-30 20

Combined cycle gas turbine (CCGT) 30-60 min 10-20 5-10

Coal plant 1-10 h 5-10 1-5

Nuclear plant 2 h-2 d < 5 1-5  

 

Studies have shown that the large electricity price increases while increasing the share of 

RES is due to a combination of high investment, balancing and adequacy costs and additional 

transmission and distribution costs. Studies have also suggested a rapid decline of wholesale 

electricity prices, as the share of low marginal cost RES increases. Electricity prices equal 

to or below zero for extended periods per year pose a significant challenge for dispatchable, 

unsubsidized generation. To ensure the economic viability of dispatchable producers who 

are then ensuring the adequacy for the energy system, new regulatory and financial 

frameworks are required allowing the remuneration of these flexibility services. (OECD 

2012, p. 19) There have already been situations where conventional thermal plants have had 

to end their operation prematurely because of unprofitability, also in the Nordic region, and 

at the same time the oldest nuclear generation units are approaching the end of their technical 

lifetime. Although the Nordic region has abundant hydro power capacity to balance the 

current variable RES generation, that is not certain in the future. There are currently no 
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capacity payments in the day-ahead or intra-day electricity markets in the Nordic and most 

of Baltic region, but balancing market is still contracted in advance, at least in Finland and 

Sweden. However, in central Europe and the UK the situation is different. In the UK major 

capacity mechanisms are in use in the form of full-scale capacity auctions, in Spain and 

Portugal partial capacity remuneration mechanisms are currently in operation and in Poland, 

Germany, France and Italy new capacity market elements are under discussion. (Jokinen P. 

et.al. 2015, p. 16-18) 

There are methods that aim to calculate the needed capacity and the costs of the additional 

dispatchable power plants when increasing the share of RES in the system, compared to 

increasing the capacity with equivalent amount of base load generation. This approach on 

calculating the costs of said back-up capacity, though, usually neglects the inevitable 

utilization effect on the dispatchable back-up capacity itself. As being said, when new 

capacity is added to the system, it reduces the utilization of other existing power plants. 

Thus, the costs of back-up capacity are higher than the simple investment cost analysis would 

suggest. (Agora Energiewende 2015, p. 60) The costs of back-up capacity is fundamentally 

the cost of reliability, which in turn raises a question of how high a reliability is necessary? 

And furthermore, who or which instance is the best equipped to decide the optimum level of 

reliability? The proposed governmental intervention in the form of state-regulated 

subsidized capacity remuneration mechanisms, as utilized in several European countries, has 

been argued not only unnecessary and undermining the fundamental functioning of the 

market, but ultimately the kind of market intervention merely further reducing the 

competition. Instead, it would be best to let the properly functioning market processes 

determine, whether consumers prefer intermittent supply and price spikes, or higher more 

reliable average price patterns as well as more reliable supply (Stagnaro C. 2015, p. xvii). In 

the end, as said, a trade-off has to be made between reliability of supply and the cost of 

supply chain. 

On the other hand, it can be argued that the governmental regulators are best informed to 

make the long-term decisions on incentivizing adequate back-up capacity, that the more 

short-sighted market agents cannot perform. The capacity remuneration tools range from the 

most regulated pre-set target prices and quantities, to the more competitive “capacity 

markets” where capacity is auctioned, but they all assume that relying only on pure market 

signals would lead to inadequate capacity and unreliable electricity system. This paradigm 
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has been argued to derive from the political believe that “too high” electricity prices should 

not be allowed, and that consumers are instead willing to pay for the maintenance of costly 

back-up capacity system. In practice this leads to the suppression of correct price signals to 

the demand side and hence crippling the supply side from reacting to the price signals, thus 

being unable to finance future investment. In reality, if consumers where asked to decide 

between lower average prices but higher peak prices and higher average prices but lower 

peak prices, the former alternative would likely be preferred. Capacity remuneration 

mechanisms are prone to design imperfections due to limited knowledge of designers: some 

of the information is too expensive to gather and some is held subjective to customers. It is 

simply impossible for regulators to know the complete preference of consumers, thus some 

market-based measure would be preferable to discover this information. Current capacity 

remuneration mechanisms fail in this task, posing a “two-stage failure” in the market trying 

to correct a regulatory failure with more regulation: government has first encouraged the 

utilization of RES by subsidizing and has then prevented the price signals from balancing 

the intermittency due to the subsidized variable RES. Instead of trying to correct one 

regulatory failure with further regulation, the initial failure should be removed. As the 

ultimate goal of RES subsidies is to reduce the negative externalities of burning fossil fuels 

by integrating the costs of said externalities to the expenses of fossil-fuel based generators, 

it would be logical to include negative externalities of intermittency as a part of intermittent 

RES generators’ costs. One way to realize this is to charge the intermittent RES generator 

the increased costs of balancing they cause. The best solution, however could lie in 

developing truly competitive balancing markets and more effective and efficient demand 

flexibility. 

To sum up the issue of back-up capacity in high RES energy systems, the current capacity 

remuneration mechanisms in place in European countries are argued to be a “expensive 

solution for a non-existing problem”. After all, the “two-stage failure” in regulation 

mentioned before is in effect a devious “treadmill” of policy and regulatory intervention. 

(Stagnaro C. 2015, p. 98-106) Although the said capacity remuneration mechanisms are 

currently not in use in the Finnish energy system, as discussed in chapter 4 and earlier in this 

chapter, the aforementioned negative effects are a topic in discussion in the UK, for instance, 

and should serve as a point to be addressed also when the costs of the future Finnish energy 

system are discussed. 
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7 DISCUSSION AND CONCLUSIONS 

 

The EU energy policy targets to reduce the greenhouse gas emission by over 80% by 2050 

compared to 1990 levels are forcing the energy systems to transform towards carbon-

neutrality and increasing energy efficiency. The most efficient way to realize this is through 

increasing the share of intermittent renewable energy sources, RES, in energy sector and 

consequently decreasing the greenhouse gas emissions of power generation sector close to 

zero. As at least in Finland, nearly 80 % of the greenhouse gas emissions, GHG, were 

produced in energy sector, it is justifiable to place these reductions on energy sector. 

Furthermore, reductions on other sectors as agriculture and must-run industrial processes 

could pose significant disruptions to the way of life as we know it. In this thesis, the energy 

sector reductions where examined from power sectors point of view, although the share of 

transportation sector in the GHG emission is nearly 30 % in Finland. The scope of this thesis 

was decided on studying the emissions reduction potential on power sector due to the 

significant electrification and increasing energy efficiency in the future energy systems 

suggested in studies. In this thesis, the role of transportation sector was examined in relation 

to the thesis’ emphasized energy storage system, power-to-gas. 

The increase in RES based electricity generation in the energy system, RES-E, is to be done 

mainly through increasing the capacity of wind power and solar PV. To increase the share 

of these intermittent power generation technologies significantly, the most crucial 

characteristic of energy system is its flexibility. the ability to deal with the increasing 

fluctuations in electricity supply in order to maintain the balance in the system. The major 

flexibility measures presented in this thesis were supply and demand flexibility, energy 

storage and electricity trade. Flexible demand and supply were discussed and their 

significance in integrating increasing amounts of RES in the energy system noted, but the 

focus, as being said, was set on developing the energy storage technologies and electricity 

trade in the Nordic region. It was concluded that, although possibilities for flexible electricity 

supply in Finland are few, there is potential in district heat producing CHP plants for an 

electricity price peak shaving on time span longer than intra-day peaks. In peak demand 

situation, the thermal power plants, for instance, are assumed to be already operating in 

maximum output. The demand flexibility, on the other hand, although not utilized in large 

scale currently, has promising potential. As concluded also by international studies, the large 



102 

 

scale electrification of heating and transportation sectors together with industry-scale 

demand flexibility plays a key role in the future integration of RES into the energy system. 

The energy storage technologies presented in this thesis were mostly electrical energy 

storage technologies, EES, although heat storage technologies are also crucial for the 

integration of heat and electricity networks. More detailed analysis on heat storages is left 

for another study. The original assumption on different EES technologies being related to 

specific RES technologies was disproved, as the nature of EES as a mere systemic tool was 

realized. In addition to classifying the EES technologies as mechanical, electrochemical, 

electromagnetic and power-to-fuel technologies from technical point of view, EES would 

also be grouped into long-term bulk energy storage and short-term transmission and 

distribution support technologies from the energy system point of view. Selecting the most 

beneficial EES technology would thus depend on the needs of the energy system in question 

rather than the RES that was added to the system. It was found that the most established EES 

technologies, PHS and CAES, are also currently the most affordable technologies as well as 

the current milestone technology for other long-term bulk energy storage technologies in 

development, such as the energy storage technology emphasized in this thesis, the power-

to-gas. Although no original calculation was done in this thesis, and the intension was not to 

provide numeric values for systemic costs, the costs for EES technologies were examined 

and compared to give an insight in the current situation in EES development. 

The power-to-gas technology in the focus of this thesis was found to be a very flexible 

technology with various applications and significant potential, although being currently 

mostly in development state and not mature enough to properly challenge the other 

established EES technologies. The novel electrolysis and methanation technologies that 

make up power-to-gas process chain are already in use on their own, but their characteristics 

when united are currently not good enough. Like some of the more exotic battery packs and 

the super capacitors and superconducting magnetic EES technologies in short-term energy 

storage, given enough time power-to-gas could accomplish great deeds in the upcoming 

energy system transformation. One of the most significant systemic benefits of power-to-gas 

would be the possibility to easily interconnect the electricity and gas grids and to achieve a 

truly intelligent hybrid networks. Shifting the energy transport from the electricity grid to 

the gas grid would not only decrease the topographic impact of energy grid due to the higher 

energy density of the gas network compared to electricity, but would consequently reduce 
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the need for grid expansion and reinforcement in the future. Other benefits would include 

the seasonal EES systems within the natural gas grid and enabling self-sufficient energy 

systems in remote locations. Power-to-gas would also be the technology allowing the 

transportation sector to benefit from the increase in RES-E generation, and in the best case 

to achieve carbon-neutrality by substituting fossil fuels with synthetic renewable fuels. Thus 

a truly carbon-neutral energy sector would be possible. It will be concluded that, the potential 

of power-to-gas as a systemic tool rather than only EES system, is perhaps greater than with 

any other EES technology discussed in this thesis. 

The last method to increase the energy system flexibility discussed in this thesis, electricity 

trade, was examined in conjunction with Finland’s electricity generation peak capacity. It 

was concluded that in peak consumption situation, like the winter 2016 all-time record, 

Finland is completely dependent on net power imports from neighbouring countries. The 

situation is likely to prevail in the future, as suggested also by international studies. In the 

case that there are simultaneous malfunctions in the surrounding energy networks, and net 

import capacity is not adequate, a reserve power system has been established in Finland. 

However, the costs of the reserve power system are argued to be too high compared to the 

reliability of supply achieved. The development of the Nordic region power market and 

electricity network, was discovered to be crucial for the integration of large shares of RES 

in the region and in Finland. The potential to integrate more RES into the energy system is 

high in the Nordic region, particularly wind power, as the existing large hydro power 

capacity could aid in the balancing of the fluctuating power generation. Enhancing the 

interconnections of the grid could benefit the Nordic countries as well as the countries in the 

central Europe, as it is suggested that the Nordic region would become a net power exporter, 

mainly due to the abundant generation capacity in Norway. There would also be challenges 

for the power market, as the increasing share of RES with its low marginal costs would 

increase the electricity price volatility and decrease the average wholesale price, decreasing 

the revenues of conventional dispatchable capacity with higher marginal costs and inducing 

capacity remuneration systems in several countries. These capacity remuneration 

mechanisms, though not utilized in Finland, can be harmful to the market as they can affect 

the electricity prices of neighbouring countries and disrupt the price signals from demand to 

supply. While researching the price developments in the power market, also a question did 

arise whether interpreting the decreasing average price solely as a cost is justified, as it could 
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be seen as a gain from the point of view of the consumer in contrary to the producer’s point 

of view. 

As in peak capacity, reliability of supply is also a key point in the discussion on the “back-

up” capacity issue often debated in relation to the high RES share energy systems. In contrary 

to the common intuition that increasing RES capacity requires a similar increase in 

conventional dispatchable back-up capacity to ensure the reliability of supply, increasing 

RES capacity could in fact require less back-up than equivalent conventional capacity. This 

is due to the smaller average unit size, the aforementioned synergy between, e.g. wind and 

hydro power and a geographical smoothing effect also associated with wind power. This 

does not mean though, that the back-up capacity is not an issue at all, as in high share 

intermittent RES energy systems there can still in theory be situations where all the supply 

has to come from generation other than RES. Estimating the adequate amount of back-up 

capacity is thus a statistical probability analysis, where trade-off has to be made between 

reliability of supply and the costs of maintaining a system that can ensure it. Such a cost 

estimation is challenging due to the ambiguous nature of several of the systemic cost 

components. As said, in this thesis the aim was not to provide numeric values for system 

costs, but rather discuss, what components amount to the total costs of the energy system 

and what are the policy tools to achieve the energy system transformation cost efficiently, 

without sacrificing the security of supply. The ultimate goal is to raise discussion and 

awareness on the matter. After investigating the systemic cost components, the conclusion 

is that instead of comparing only the plant-level costs where cost categorizing can be 

challenging, one should aim to compare the costs of different technologies on a system level. 

When taking into account also the value of the generation to the surrounding system, the 

truly cost efficient decisions could be made. 

Studies on modeling energy system development are being conducted in several countries, 

trying to estimate the costs and the structure of the energy systems in the forthcoming 

transformation. To study the future of the energy system in Finland during the international 

energy system revolution, a few significant studies were examined, both domestic and 

international. Unfortunately, only a few studies concerning Finland were available at the 

time. A study modeling Finland’s generation capacity development suggest that, already in 

2020 without significant changes in the energy system infrastructure, i.e. without large-scale 

flexibility measures like energy storage, the share of RES could be increased to 50 % PEC. 
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Another study modeling a more ambitious scenario for the future Finnish energy system 

suggests that, even a self-sufficient 100% RES based energy system for Finland by 2050 

would be feasible. In the 100% RES energy system, the biomass would be the backbone of 

the system with a share of nearly 50 % of primary energy consumption, followed by wind 

power, solar PV and hydro power with 35 %, 10 % and 7 % shares, respectively. It was also 

suggested, that in addition to being 100% renewable, the scenario in question would be the 

most cost efficient compared to the other scenarios with differing amounts of nuclear power 

capacity and biomass. On the other hand, the more conservative international study 

suggested that the role of nuclear power and power imports will more likely remain 

characteristic for Finland’s energy system also in the future. The role of nuclear power seems 

to be particularly significant in the Finnish energy system, as Finland and Sweden are the 

two biggest nuclear nations in the Nordic region. The early phase-out of nuclear capacity 

could increase the CO2 emission also in central Europe, as the Nordic and the central 

European regions become more interconnected, and the net power exports from Nordics 

decrease and more natural-gas fired capacity would be used instead. 

Another role of the nuclear power in Finland is its status as carbon-free reliable dispatchable 

capacity. Due to the compression effect caused by the increasing share of RES with low 

marginal costs, the revenues of conventional thermal capacity will decrease, and there have 

been cases where capacity has been forced out of market before the end of its technical 

lifetime. Although, it was suggested in a study modeling German energy system that the 

existing thermal dispatchable capacity that has already recovered their investment costs is 

likely to survive in the new market. Newer capacity, however, cannot survive in the new 

market with low average wholesale price and more volatile prices in general, implying that 

there is hardly an incentive for operators to invest in new reliable capacity. When the existing 

capacity reaches the end of its technical lifetime, there would be a problem if new reliable 

capacity has not been added to the system. According to the experience in central Europe it 

has been suggested that nuclear power could be used as balancing power and back-up 

capacity comparing well to large coal-fired plants. Although nuclear capacity also suffers 

from the challenges in long-term maintenance and upgrading costs due to its high fixed costs, 

its lower marginal costs would give it an advantage over coal and gas-fired capacity. As the 

nuclear power would remain the only major carbon-neutral dispatchable capacity in addition 
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to hydro power in the high RES scenarios, the effect of CO2 taxation and other market 

mechanisms would be significant in the energy system development. 

The ambiguous nature of system cost components and modeling in general make it 

challenging to determine the veracity of the different energy system scenarios. The key point 

in many of the studies is that, with appropriate transparency in assumptions made and careful 

decisions on boundary conditions, the results from the modeling of energy systems would 

become more comparable and useful tools for policy making. Noted that, it is virtually 

impossible for regulators to gather all the appropriate information on consumer preference 

to make effective regulation, the power of the market agents should not be forgotten. 

Inconsiderate regulation has been argued to lead to serious disruptions in the market signals 

and do more harm than good, thus the optimal combination of system modeling and careful 

regulation is required to achieve the most optimal energy system in the most cost efficient 

way. As there were so few existing studies on the modeling of the Finnish energy system, 

the need for further studies in Finland is evident. 
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APPENDIX I: COST PARAMETERS 

 

For all values, source ‘a’ refers to an assumption, extrapolation or calculation made by the 

authors. (Child M. and Breyer C. 2016b, appendix A) 

 

Table B1. Cost assumptions for renewable energy. 

      2020 2050 
Renewable energy 
production 

  Unit Value Sourc
e 

Value Sourc
e 

Onshore wind Capex €/kWe 1100 [1] 900 a 
Lifetime Years 20 [1] 30 a  
Opex 
fixed 

% of 
investment 

4.26 % [2] 4.51 % [2] 

Offshore wind Capex €/kWe 2500 [1] 1800 a 
Lifetime Years 20 a 30 a  
Opex 
fixed 

% of 
investment 

4.26 % [2] 4.55 % [2] 

Solar PV - ground-
mounted 

Capex €/kWe 900 [3] 300 [4] 
Lifetime Years 30 [3] 40 [5] 
Opex 
fixed 

% of 
investment 

2.00 % a 2.00 % a 

Solar PV - rooftop Capex €/kWe 1200 [3] 400 [4] 
Lifetime Years 30 [3] 40 [5]  
Opex 
fixed 

% of 
investment 

1.00 % a 1.00 % a 

Hydropower - Run of the 
river 

Capex €/kWe 2750 [2] 3060 [2] 
Lifetime Years 50 [6] 50 [6] 
Opex 
fixed 

% of 
investment 

4.00 % [2] 4.00 % [2] 

Biomass gasification plant Capex €/kWth 420 [6] 300 [7] 
Lifetime Years 25 [6] 30 a 
Opex 
fixed 

% of 
investment 

5.30 % [6] 4.00 % [7] 

 
Efficiency 80 % a 80 % a 

Biodiesel plant Capex €/kWth 3420 [6] 2770 a 
Lifetime Years 20 [6] 30 a  
Opex 
fixed 

% of 
investment 

3.00 % [6] 3.00 % a 

  
Efficiency 60 % a 60 % a 

Biopetrol plant Capex €/kWth 790 [6] 790 a 
Lifetime Years 20 [6] 30 a 



 

 

 
Opex 
fixed 

% of 
investment 

7.70 % [6] 7.70 % a 

  
Efficiency 40 % a 40 % a 

Biojetpetrol plant Capex €/kWth 790 [6] 790 a 
Lifetime Years 20 [6] 30 a  
Opex 
fixed 

% of 
investment 

7.70 % [6] 7.70 % a 

  
Efficiency 40 % a 40 % a 

CO₂ Hydrogenation plant 
(P2G) 

Capex €/kWth 1750 [8] 870 [8] 
Lifetime Years 30 [8] 30 [8] 
Opex 
fixed 

% of 
investment 

4.00 % [8] 3.30 % [8] 

  
Efficiency 63 % [6] 70 % a 

SOEC Electrolyser Capex €/kWe 590 [1] 480 a 
Lifetime Years 20 [1] 30 a  
Opex 
fixed 

% of 
investment 

2.50 % [1] 2.50 % a 

  
Efficiency 73 % a 73 % a 

Biogas plant Capex €/kWth input 240 [6] 194 a 
Lifetime Years 20 [6] 30 a  
Opex 
fixed 

% of 
investment 

7.00 % [6] 7.00 % a 

Biogas upgrading Capex €/kWth 300 [6] 240 a 
Lifetime Years 15 [6] 25 a  
Opex 
fixed 

% of 
investment 

15.80 
% 

[6] 15.80 
% 

a 

Gasification gas upgrading Capex €/kWth 300 [6] 240 a 
Lifetime Years 15 [6] 25 a  
Opex 
fixed 

% of 
investment 

15.80 
% 

[6] 15.80 
% 

a 

 

Table B2. Cost assumptions for thermal generation plants. 

 
 

  
2020 2050 

Thermal plants 
 

Unit Valu
e 

Sourc
e 

Valu
e 

Sourc
e 

Large heat pump for DH 
and CHP 

Capex €/kWe 
required 

3430 [6] 2220 [6] 

Lifetime Years 20 [1] 30 a  
Opex fixed % of 

investment 
2.00 
% 

[6] 2.00 
% 

[6] 

 
Variable 
costs 

€/MWe 
required 

0.27 [6] 0.27 [6] 

  
COP 2.9 [1] 4.5 [1] 

Small CHP plant Capex €/kWe 1200 [6] 1200 [6] 



 

 

Lifetime Years 25 [6] 25 [6] 
 Opex fixed % of 

investment 
3.75
% 

[6] 3.75
% 

[6] 

 Variable 
costs 

€/MWhe 2.7 [6] 2.7 [6] 

Large CHP plant Capex €/kWe 820 [6] 790 [6] 
Lifetime Years 25 [6] 25 [6]  
Opex fixed % of 

investment 
3.66 
% 

[6] 3.66 
% 

[6] 

 
Variable 
costs 

€/MWhe 2.7 [6] 2.7 [6] 

  
Efficiency 90 % a 90 % a 

DH/CHP boiler Capex €/kWth 100 [6] 100 [6] 
Lifetime Years 35 [6] 35 [6]  
Opex fixed % of 

investment 
3.70 
% 

[6] 3.70 
% 

[6] 

 
Variable 
costs 

€/MWhth 0.15 [6] 0.15 [6] 

  
Efficiency 90 % a 90 % a 

Electric Boiler DH/CHP Capex €/kWe 
required 

750 [6] 750 [6] 

Lifetime Years 20 [6] 30 [6]  
Opex fixed % of 

investment 
1.50 
% 

[6] 1.50 
% 

[6] 

 
Variable 
costs 

€/MWe 
required 

1.35 [6] 1.35 [6] 

  
Efficiency 90 % a 90 % a 

Condensing power plant 
(average) 

Capex €/kWe 1000 [6, 9] 1000 [6, 9] 
Lifetime Years 27 [6, 9] 30 [6, 9] 
Opex fixed % of 

investment 
3.00 
% 

[6, 9] 2.00 
% 

[6, 9] 

Variable 
costs 

€/MWhe 2.65
4 

[6, 9] 0 [6, 9] 

  
Efficiency 40 % a 50 % a 

OCGT Capex €/kWe 600 [1] 600 [1] 
Lifetime Years 30 [1] 30 a 
Opex fixed % of 

investment 
1.51 
% 

[6] 2.00 
% 

[10] 

 
Variable 
costs 

€/MWhe 3.4 [1] 3.4 [1] 

  
Efficiency 40 % [1] 40 % [1] 

CCGT Capex €/kWe 820 [1] 820 [1] 
Lifetime Years 30 [1] 30 [1]  
Opex fixed % of 

investment 
3.66 
% 

[1] 3.80 
% 

[1] 



 

 

 
Variable 
costs 

€/MWhe 2.5 [1] 2.5 [1] 

  
Efficiency 60 % a 60 % a 

Coal/Peat-fired power 
plant 

Capex €/kWe 2030 [1] 1890 [1] 
Lifetime Years 40 [1] 40 [1]  
Opex fixed % of 

investment 
3.03 
% 

[1] 3.26 
% 

[1] 

 
Variable 
costs 

€/MWhe 2.2 [1] 2.2 [1] 

  
Efficiency 40 % a 40 % a 

Biomass-fired power plant Capex €/kWe 1700 [9] 1600 [9] 
Lifetime Years 30 [9] 30 [9]  
Opex fixed % of 

investment 
2.50 
% 

[9] 2.50 
% 

[9] 

  
Efficiency 40 % [9] 40 % [9] 

Waste CHP plant Capex €/MWth 
input 

216 [6] 216 [1] 

Lifetime Years 20 [6] 20 [1]  
Opex fixed % of 

investment 
7.40 
% 

[6] 7.40 
% 

[1] 

  
Efficiency 97 % [1] 97 % [1] 

Individual boiler (30 kW 
Oil) 

Capex €/unit 6600 [1] 6600 [1] 
Lifetime Years 20 [1] 20 [1]  
Opex fixed % of 

investment 
4.10 
% 

[1] 4.10 
% 

[1] 

  
Efficiency 85 % [1] 85 % [1] 

Individual boiler (20 kW 
NG) 

Capex €/unit 6000 [1] 6000 [1] 
Lifetime Years 20 [1] 20 [1]  
Opex fixed % of 

investment 
3.91 
% 

[1] 3.91 
% 

[1] 

  
Efficiency 90 % a 90 % a 

Individual heat pump (5 
kWth) 

Capex €/unit 2100 [1] 1800 [1] 
Lifetime Years 20 [1] 20 [1]  
Opex fixed % of 

investment 
1.62 
% 

[1] 1.89 
% 

[1] 

  
COP 3.2 [1] 4.5 [1] 

Individual electric heat (5 
kWth) 

Capex €/unit 4000 [1] 4000 [1] 
Lifetime Years 30 [1] 30 [1]  
Opex fixed % of 

investment 
1.00 
% 

[1] 1.00 
% 

[1] 

  
Efficiency 100 

% 
[1] 100 

% 
[1] 

Nuclear Capex €/kWe 5500 [11-
13]  

6500 [11-
16] 

Lifetime Years 40 a 40 a 



 

 

 
Opex fixed % of 

investment 
3.50 
% 

[17] 3.50 
% 

a 

  
Efficiency 33 % [18] 37 % [19, 

20] 
 

 

Table B3. Cost assumptions for energy storage systems 

   
2020 2050 

Energy storage systems 
 

Unit Value Sourc
e 

Value Sourc
e 

Heat storage CHP Capex €/kWhth 3 [6] 3 [6] 
Lifetime Years 20 [6] 30 [6]  
Opex 
fixed 

% of 
investment 

0.70 
% 

[6] 0.70 
% 

[6] 

Hydrogen storage Capex €/kWhth 20 [6] 20 [6] 
Lifetime Years 30 [6] 30 [6]  
Opex 
fixed 

% of 
investment 

0.50 
% 

[6] 0.50 
% 

[6] 

Grid gas storage Capex €/kWhth 0.05 [8] 0.05 [8] 
Lifetime Years 50 [8] 50 [8]  
Opex 
fixed 

% of 
investment 

3.30 
% 

[8] 3.30 
% 

[8] 

Lithium ion stationary 
battery 

Capex €/kWhe 300 [8] 75 a 
Lifetime Years 10 [8] 20 a  
Opex 
fixed 

% of 
investment 

3.30 
% 

[8] 3.30 
% 

a 

Lithium ion BEV Capex €/kWhe 200 [21, 
22] 

100 a 

Lifetime Years 8 a 12 a  
Opex 
fixed 

% of 
investment 

5.00 
% 

a 5.00 
% 

a 
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