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Intermittency of renewable energy causes operational difficulties, unexpected imbalance
between energy demand and supply, and lowered power quality. This thesis reviews the
solution methods for emerging problems and their sufficiency, and describes how
different renewable energy sources are posed to it. From solution methods, the main
focuses are energy storage technologies and usage of conventional energy sources as an
adjusting power.
Drawbacks of intermittency can be mitigated with the energy storage solutions,
redesigning of the grid, demand management, and by using conventional energy sources
as an adjusting power. The mechanical storages form the major part of the grid-connected
energy storage capacity but the thermal storages are the best off-grid solution. To properly
use conventional energy sources in intermittency mitigation, the power plant needs a
quick start-up, ability to increase or decrease power quickly, and a low minimum power
output to maximize the adjusting range. However, varying load functioning causes
operational and physical difficulties for the system.
From renewable energy sources, solar, wind, tidal and wave energy are considered
intermittent. Solar and tidal energy have more predictable intermittency and do not
produce energy at certain times of the day or at certain months, whereas wind and wave
energy have larger variations. However, they are not so dependent on the season or is it
noon or night.
Currently, the intermittency of the renewable energy sources is mainly handled by using
the conventional energy sources as an adjusting power, but in the future, demand
management and storage technologies will have the major role in intermittency
mitigation. In this regard, the operation of conventional energy generation systems has
been changed from the baseload and peaking plants towards flexible load plants,
intending to meet the difference between energy demand and generation.
Challenges of solar energy in Finland are low annual irradiation values, solar radiation
concentration to summer months, and large locational differences in solar radiation within
the country. However, central Europe has succeeded in large-scale solar energy
deployment with nearly the same annual irradiance values as in Finland. In Finland, high
market prices and minimalistic financial support for solar energy technologies are the
main reasons why solar energy is not growing at the same pace as in central Europe.
Germany has proven over the last decade that solar energy growth comes from marketoriented thinking by offering photovoltaic cells for low initial investment and allowing
solar electricity prices to follow typical electricity prices.
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Uusiutuvan energian ajoittaisuus aiheuttaa ongelmia energian kysynnän ja tarjonnan
tasapainottamisessa, energiajärjestelmien ohjauksessa ja sähkön laadussa. Työn
tarkoituksena on tarkastella ratkaisumenetelmiä ajoittaisuuden aiheuttamiin ongelmiin,
pohtia niiden riittävyyttä ja kertoa kuinka eri uusiutuvan energian muodot ovat
altistuneita energiantuotannon vaihteluille. Ajoittaisuuden ratkaisumenetelmistä
keskitytään erityisesti energian varastointiteknologioihin ja tavanomaisten
energialähteiden rooliin säätövoimana.
Ajoittaisuuden vaikutuksia voidaan vähentää energian varastoinnilla, sähköverkon
muokkauksella, kysynnän hallinnalla ja käyttämällä muita energialähteitä säätövoimana.
Energian varastointiteknologioista sähköverkkoon kytketty kapasiteetti on melkein
kokonaan katettu mekaanisilla varastoilla, mutta sähköverkon ulkopuolella toimivimpia
ratkaisuja ovat lämpövarastot. Tavanomaisten energialähteiden käyttö säätövoimana
vaatii voimalaitokselta vaivatonta käynnistystä, kykyä lisätä tai vähentää tehoa nopeasti
ja alhaista minimikäyntitehoa. Vaihteleva kuormitus ja lisääntyneet käynnistykset
kuitenkin aiheuttavat järjestelmälle toiminnallisia ja fysikaalisia ongelmia.
Ajoittaisia energialähteitä ovat aurinko-, tuuli-, vuorovesi- ja aaltoenergia. Aurinko- ja
vuorovesienergialla ajoittaisuus on ennustettavampaa, mutta ne eivät tuota energiaa
tiettyyn aikaan päivästä tai tiettyinä vuodenaikoina. Tuuli- ja aaltoenergialla tuotannossa
taas on suuremmat vaihtelut, mutta ne eivät ole niin riippuvaisia ajankohdasta.
Nykyisessä energiajärjestelmässä ajoittaisten energialähteiden integroiminen
sähköverkkoon on hoidettu lähinnä käyttämällä säätövoimaa, mutta tulevaisuudessa
varastointiteknologiat ja kysynnän hallinta ovat merkittävässä osassa ajoittaisuudesta
aiheutuvien ongelmien vähentämisessä. Tässä mielessä tavanomaisten energialähteiden
rooli on muuttunut yhä enemmän peruskuorma- ja huipputuotannosta kysyntää ja tarvetta
täyttävään voimalaitosluokkaan.
Aurinkoenergian haasteet Suomessa ovat vähäiset säteilyarvot, säteilyn keskittyminen
kesäkuukausille ja suuret alueelliset säteilyerot maan sisällä. Keski-Euroopan maat ovat
kuitenkin onnistuneet suurimittakaavaisen aurinkoenergian käyttöönotossa lähes
samoilla vuotuisilla säteilyarvoilla. Tärkeimmät syyt siihen miksi aurinkoenergia ei ole
kasvamassa samaan tahtiin Suomessa kuin Keski-Euroopassa ovat korkeat
markkinahinnat
aurinkopaneeleille
ja
minimalistinen
taloudellinen
tuki
aurinkoenergiateknologioille. Saksa on viimeisen vuosikymmenen aikana osoittanut, että
aurinkoenergian kasvu perustuu markkinalähtöiseen ajattelutapaan, jossa aurinkokennoja
tarjotaan alhaisilla alkuinvestoinneilla ja aurinkoenergialla tuotetun sähkön hinta pyritään
pitämään normaalin sähkön hinnan tasolla.

TABLE OF CONTENTS
ABSTRACT

2

TIIVISTELMÄ

3

TABLE OF CONTENTS

4

NOMENCLATURE

6

1 INTRODUCTION
8
1.1 Background of the thesis ........................................................................... 8
1.2 Purpose and objectives of the thesis .......................................................... 9
1.3 Structure and delimitations of the thesis ................................................. 10
2 INTERMITTENCY AS A CONCEPT
11
2.1 Definition of intermittency ...................................................................... 11
2.2 Solution methods for intermittency ......................................................... 12
2.2.1 Time periods ............................................................................... 12
2.2.2 Storage ........................................................................................ 13
2.2.3 Grid redesign ............................................................................... 14
2.2.4 Demand management .................................................................. 16
2.2.5 Capacity redundancy ................................................................... 17
2.3 Current and future state of intermittent energy solutions ........................ 17
3 INTERMITTENCY OF RENEWABLE ENERGY SOURCES
20
3.1 Intermittency of solar energy .................................................................. 20
3.2 Intermittency of wind energy .................................................................. 22
3.3 Intermittency of tidal and wave energy ................................................... 26
4 STORAGE TECHNIQUES; THE CURRENT SUFFICIENCY
27
4.1 Chemical storage ..................................................................................... 27
4.1.1 Lead-acid batteries ...................................................................... 28
4.1.2 Lithium-ion batteries ................................................................... 28
4.1.3 Nickel-cadmium batteries ........................................................... 29
4.1.4 Nickel-metal hydride batteries .................................................... 29
4.1.5 Sodium-nickel-chloride batteries ................................................ 29
4.1.6 Sodium-sulfur batteries ............................................................... 29
4.1.7 Flow batteries .............................................................................. 30
4.1.8 Fuel cells ..................................................................................... 30
4.2 Electrical storage ..................................................................................... 31
4.2.1 Capacitors.................................................................................... 31
4.2.2 Superconducting magnetic energy storage ................................. 32
4.3 Mechanical storage .................................................................................. 32
4.3.1 Compressed air energy storage ................................................... 32
4.3.2 Flywheel energy storage ............................................................. 33
4.3.3 Pumped-storage hydropower ...................................................... 33
4.4 Thermal energy storage ........................................................................... 34
4.4.1 Water tanks ................................................................................. 34

4.4.2 Molten salt storage ...................................................................... 34
4.5 Installed energy storage capacity and sufficiency ................................... 35
5 ROLE OF CONVENTIONAL ENERGY SOURCES
37
5.1 Meeting the demand ................................................................................ 37
5.2 Role of coal, petroleum and gas in boilers .............................................. 38
5.3 Role of gas and petroleum in turbines and engines ................................. 39
5.4 Role of nuclear power ............................................................................. 40
5.5 Overview of the adjustment properties ................................................... 41
6 SOLAR ENERGY IN FINLAND VERSUS CENTRAL EUROPE
42
6.1 Energy production comparison ............................................................... 42
6.2 Grid flexibility comparison ..................................................................... 43
6.3 Financial support comparison ................................................................. 44
7 CONCLUSIONS

45

REFERENCES

47

APPENDICES
Appendix A. Intermittency Time-Scale Comparison
Appendix B. Technical Specifications of Energy Storages

6

NOMENCLATURE
Roman alphabet
P

power

W

Greek alphabet



latitude



η

efficiency

%

Sub-indices
e

electric

r

rated

Compounds
CO2

carbon dioxide

NOx

nitrogen oxides

Abbreviations
2DS

2 °C scenario

AFC

alkaline fuel cell

AMI

advanced metering infrastructure

BEIS

Department for Business, Energy & Industrial Strategy

BESS

battery energy storage system

BFB

bubbling fluidized bed

CAES

compressed air energy storage

CFB

circulating fluidized bed

CPP

critical peak pricing

DEFC

direct-ethanol fuel cell

DMFC

direct-methanol fuel cell

DoD

depth of discharge

DSR

demand side response

DV

coefficient of variation

EMS

energy management system

ESS

energy storage system

FC

fuel cell

FES

flywheel energy storage

FLA

flooded lead-acid

G20

group of twenty

7
GLFS

generation and load forecast system

HES

hydrogen energy storage

IEA

International Energy Agency

LA

lead-acid

Li-ion

lithium-ion

MCFC

molten-carbonate fuel cell

NaS

sodium-sulfur

NASA

National Aeronautics and Space Administration

Ni-Cd

nickel-cadmium

Ni-MH

nickel-metal hydride

NPP

nuclear power plant

PAFC

phosphoric-acid fuel cell

PCF

pulverized coal-fired

PCS

power conditioning system

PEMFC

proton-exchange membrane fuel cell

PSB

polysulfide-bromide battery

PSH

pumped-storage hydropower

PV

photovoltaic

RFC

regenerative fuel cell

RTP

real-time pricing

RTU

remote terminal unit

SCADA

supervisory control and data acquisition

SEA

state estimation algorithms

SES

supercapacitor energy storage

SMES

superconducting magnetic energy storage

SOFC

solid-oxide fuel cell

Std. Dev.

standard deviation

TES

thermal energy storage

ToU

time-of-use

V2G

vehicle-to-grid

VRB

vanadium-redox battery

VRLA

valve-regulated lead-acid

ZBB

zinc-bromide battery

ZEBRA

zeolite battery research Africa project

8

1

INTRODUCTION

Renewable energy sources are extensively available and have a potential to meet the
energy demand of the whole mankind (Elliott 2016, 11). However, harnessing these
energy sources for energy production is not a simple process for several reasons including
intermittency. Intermittency causes variations in energy production, which means that
power generation from the intermittent energy sources is affected by time, changing
weather conditions, and geographic location. This thesis studies how intermittency affects
the utilization of renewable energies and how the emerging problems can be mitigated.

1.1

Background of the thesis

As moving towards the world with less fossil fuels and when altering energy production
to be more dependent on renewable energy sources, such as hydro, geothermal, wind,
biomass and solar, extensive and intense changes happen in our electricity grid and energy
consumption model. These changes can include increase of the energy storage, redesign
of the electricity grid to allow integration of more intermittent energy production and shift
of the energy consumption away from demand spikes. Although the transition of energy
production has already started, development of electricity systems and consumption
models are essential to increase the contribution of renewable energy.
According to the International Energy Agency (IEA) (2017a, 26), renewable energy
capacity has grown rapidly over the last decade. Figure 1.1 demonstrates the annual
growth of different renewable energy sources in the years 2000-2015. The curve shows
that the record growth of added renewable energy capacity is 9.3 % in 2015. It is worth
noticing that intermittent energy sources, solar, wind and ocean in the figure, have
immense growth in a period of 15 years, while non-intermittent energy sources, bioenergy
and hydropower, grow more slowly. The potential of the solar and wind energy is clearly
seen, and as these technologies are being developed their power generation costs naturally
decrease. These more cost-efficient energy production techniques create more options to
replace the conventional energy sources with the renewable ones, which explains the large
growth in solar and wind energy capacity.
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Figure 1.1: Capacity and annual growth of renewable energy generation (IEA 2017a, 26).

Figure 1.1 shows that the contribution of renewable energy has increased annually for
each energy source. In addition, it is worth noting that the renewable energy increases at
an accelerating pace. What does force this transition? There are two main compulsions
on the lead: climate change and energy sustainability.
In 2015, 196 nations worldwide agreed to limit global warming, which guides to cut fossil
fuel consumption drastically. Secondly, the depletion of fossil fuels burdens energy
sustainability. Although according to certain estimates, some fossil energy sources can
last centuries, eventually depletion will cause unsustainability and energy production
requires more environmentally friendly solutions. (Heinberg & Fridley 2016, 1-2.)
Intermittency is one of the reasons why renewable energy has not conquered the scheme
of power generation. By researching intermittency, the integration of renewables to the
electricity grid is facilitated, which in turn helps achieving the goals set for global
warming and energy sustainability.

1.2

Purpose and objectives of the thesis

The objective of this bachelor’s thesis is to review intermittency, its meaning and effects,
together with its solution methods. We analyze how different renewable energy sources
are posed to intermittency, describe different energy storage techniques, and review their
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current sufficiency. We also study the role of conventional energy sources in balancing
intermittency and analyze the intermittency of solar energy in Finland compared to central
European countries.

1.3

Structure and delimitations of the thesis

The first chapter of this bachelor’s thesis guides to the subject and contains background,
purpose, objectives and delimitations of the thesis. The second chapter deals with
intermittency as a concept. It presents the meaning of intermittency and includes its
related solution methods. The third chapter analyses intermittency of different renewable
energy sources, whereas the fourth chapter reviews with energy storage technologies and
their current sufficiency. The fifth chapter explains role of the conventional energy
sources from intermittency perspective. The sixth chapter compares the intermittency of
solar energy in Finland with those of central European countries. Eventually, the final
chapter concludes and summarizes the whole thesis.
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2

INTERMITTENCY AS A CONCEPT

The use of renewable energy is increasing to meet the global warming mitigation goals
set. However, the problem with some renewable energy sources is their intermittency.
This chapter defines intermittency and narrates how intermittency can be compensated to
allow renewable energy sources further expanding. In addition, the chapter reviews the
current and future state of intermittent energy solutions.

2.1

Definition of intermittency

Renewable energy sources have a common characteristic called intermittency.
Intermittency means unplanned unavailability or stoppage of the power sources energy
production and variability in output caused by reasons that are uncontrollable. As a result,
power generation from the intermittent energy sources is uncertain by its nature and the
primary source of energy, for instance wind, cannot be gathered and used when desired.
(Gersema & Wozabal 2017, 1.) When delimiting intermittent energy sources from
renewables, the usual partition is that solar, wind, tidal and wave power are considered
intermittent, while bioenergy, geothermal and hydropower are non-intermittent
renewable energy sources (Troccoli et al. 2014, 92).
Power generation of the intermittent energy sources depends on time, fluctuating weather
conditions, and geographical area, which make energy production unstable and accurate
output forecasting difficult (Gersema & Wozabal 2017, 1). Although these sources may
be predictable to some extent, they cannot fulfill the energy demand of a power grid alone
in the long run and when the demand is at its highest (Stram 2016, 729). Predictable
elements are, for example, the seasonal duration of daylight for the solar power or the tide
level in a specific geographical area. Other predictable elements, such as sun and wind
intensity, can be forecast only a few days in advance and they still contain some degree
of uncertainty. (Ambec & Crampes 2012, 320.)
Intermittency causes a major need for backup power to constantly support the power
demand. Moreover, a large amount of intermittent power usually increases grid
operations. For these reasons, utilization of the intermittent energy sources is dependent
on auxiliary systems that are based on effective energy storage, grid modifications,
demand management, and adjusting power. (Steinke et al. 2013, 826-827.)
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2.2

Solution methods for intermittency

The intermittent energy utilization to produce power includes some difficulties. The
energy contained in the wind and other intermittent energy sources must be first converted
in suitable form, and then stored efficiently so that they can be available in the desired
timeframe. (Pickard & Abbott 2012, 317.) After that stored energy must be converted to
electricity and transferred to the power grid which causes other problems (Heinberg &
Fridley 2016, 51-52).
To overcome challenges posed by intermittency, it is necessary to review a long period
of time in divided parts and find suitable procedures for variability issues in each of these
categories (Pickard & Abbott 2012, 317-318). Depending on the situation, solution
method may be energy storage, grid redesign, demand management or capacity
redundancy (Heinberg & Fridley 2016, 53-69). The following paragraphs deal with each
of the solution methods and explain what operations are required to mitigate intermittency
in different time periods.

2.2.1

Time periods

Solution methods for intermittency require operations at four different time scales, which
are specified in more detail below.
1. Seconds. The grid requires rapid transfers of energy to maintain the quality of
power. Usually, the quality is lowered by switching transients, arcs and harmonic
generation caused by shifting loads.
2. Hour. Bridging power is required to fulfill the unexpected imbalance between
electricity demand and supply. In addition, power reserves are also needed to
provide on line stability when mixed power sources are used or when the
composition of these sources changes.
3. Diurnal. Massive energy storage is required to compensate the possible power
generation loss due to intermittency and unpredictability. Additionally, energy
management need to be developed because the electricity grid is not prepared for
major storage enlargements.
4. Seasonal. Even though local renewable energy sources are sufficient to fill the
annual demand of a specific geographical location, they may be useless if proper
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seasonal storage is not arranged. When building seasonal storage, the day length,
cloud cover and wind fluctuation of a geographical location must be examined to
predict the needed storage capacity and reserve power for the season. (Pickard &
Abbott 2012, 317-318.)

2.2.2

Storage

The most obvious solution for intermittency challenges is storing energy in surplus so
that it can be exploited subsequently when needed (Heinberg & Fridley 2016, 53). Energy
storage improves system flexibility, reduces power variations, enables storage of the
electricity generated by the intermittent energy sources, and allows the dispatching of this
stored electricity when requested. For these reasons, energy storages and their auxiliary
equipment are compulsory in all renewable energy plants. (Amrouche et al. 2016, 20914.)
An energy storage facility generally comprises of a power conversion system, storage
medium and balance of plant (Amrouche et al. 2016, 20915). When designing an energy
storage system (ESS), it must store enough energy to be useful expressed in watt-hours
and it must be efficient enough in absorbing and delivering energy at any moment
expressed in watts. A well-functioning ESS must be built suitable according to the
situation, to excel in meeting short-term or long-term energy needs. (Heinberg & Fridley
2016, 53-54.)
Storage technologies are developing rapidly because additional reserve power and
efficient grid power stabilization solutions are needed. Currently, there are numerous
ESSs which all have necessary applications in grid stabilization, reliability management,
stable power quality maintenance, load shifting, and grid operational support. Below
usual classifications of the different energy storage devices are specified in more detail.
(Suberu et al. 2014, 500-501.)
1. Chemical and electrochemical storage devices, for instance, batteries.
2. Electrical, for instance, superconducting magnetic energy storage, capacitors and
supercapacitors.
3. Mechanical, for instance, compressed air energy storage, flywheel and pumped
hydroelectricity storage.
4. Thermal, for instance, molten salt storage.
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Chapter four of this thesis focuses more comprehensively on the different storage
technologies and their sufficiency.

2.2.3

Grid redesign

The electricity grid of the twentieth century and the twenty-first century have many
discrepancies. As the old electricity grids were optimized to dispatch power from the
extensive and centralized generating plants, such as nuclear and coal power plants, to
widespread end users, the new grid will contain multiple minor and more geographically
distributed power inputs. On top of that, these distributed inputs are mostly intermittent.
In the old network, grid managers could track electricity demand patterns and meet the
demand spikes with peaking power generators. Now, meeting the demand with
intermittent energy the electricity grid will require substantial smart grid upgrades. The
smart grid includes all the related technologies, of which objectives are to gain
information of the grids processes to reduce power consumption during demand spikes
and allow merging of grid energy storage. Both of them allow integration of more
intermittent energy to the grid. (Heinberg & Fridley 2016, 59-60.)
Although, integration of the distributed renewable energy sources in the smart grid is
considered demanding because of the problems appearing from the intermittency, the grid
redesigning with smart grid upgrades will also solve intermittency problems (Cecati et al.
2012, 27-28). Improved management and forecasting software with added ESSs within
the electricity grid reduce disadvantages caused by intermittency. In addition to that,
smart grids with a major portion of renewable energy will require additional transmission
potential to balance loads as output from varying distributed renewable energy generation
changes. (Heinberg & Fridley 2016, 60.) The main elements of the smart grid
infrastructure are presented below.
1. Remote Terminal Units (RTUs).
2. Supervisory Control and Data Acquisition (SCADA).
3. Energy Management System (EMS).
4. Advanced Metering Infrastructure (AMI).
5. State Estimation Algorithms (SEA).
6. Generation and Load Forecast System (GLFS). (Cecati et al. 2012, 29.)
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All these smart grid elements have their own purpose in solving intermittency. The
measurement data provided by RTUs, which are placed in key locations along the grid to
EMS, are send forward through SCADA. SEAs are used to gain real-time information of
the grids state and to analyze the voltage and current profiles at its nodes. Additionally,
in order to gain accurate load flow and voltage profile estimation, adequate monitoring
systems and AMIs are needed. EMS consists of smart grid optimization, monitoring, and
control applications and it determines actions needed for managing an optimal state of
the grid using information obtained from SCADA and SEA. EMS is programmed to set
the optimum combination of control variables containing reference values for the reactive
and active power delivering and guides the positioning of the on-load-tap-changer
transformer in the substation. Now, by using GLFS ESM evaluates current and voltage
to determine actions for maintaining the state of the network and to meet demand. As the
EMS detects and forecasts changes in renewable energy generation, it balances out
decreased power generation with other energy production forms, which are connected to
the grid or with power from the grids own ESS. (Cecati et al. 2012, 29-31.)
The problem with centralized grid redesigning is that integrating more intermittent and
distributed renewable energy turns electricity grid even more complex. Another grid
redesigning solution is to generate and store energy at a scale of community. The benefits
of this decentralizing are that communities would be encouraged to use more renewable
energy, be more self-sufficient, and the grid would contain less complexities. The
drawback is that intermittency would be even harder to deal with for the localized minigrids, unless they were linked over other geographical areas. (Heinberg & Fridley 2016,
61-62.)
Eventually, the most viable grid redesign solution for solving intermittency is to use both
centralized and decentralized grid systems together with distant transmission
infrastructure to assist local distribution. The centralized grid system needs to use smart
grid elements to use intermittent energy sources effectively within the grid. In turn,
decentralized grid system is only viable in certain geographical locations, where
intermittent energy sources produce enough reserve power that can be used when the
power generation is low. (Heinberg & Fridley 2016, 59-62.)
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2.2.4

Demand management

Intermittent energy sources can be made more predictable and stable by using the already
discussed solutions, such as storage and modified control systems, but demand
management is a completely different approach. Demand management, usually referred
as demand response, means managing the amount of used energy by customers and
creating a consumption pattern when this energy is used. The main purposes of the
programs related to demand response are to avoid building new expensive fossil-fueled
generation plants to supply demand spikes, but on the other hand, demand response is
also applicable for solving intermittency issues and for allowing increased penetration of
renewable energy sources. (Heinberg & Fridley 2016, 62.)
Price based demand management programs include time-of-use (ToU) tariffs, real-time
pricing (RTP), and critical peak pricing (CPP). Generally, the ToU tariffs are preferred
because of their simplicity. While pricing of other demand management programs
fluctuates by the real-time cost of electricity, the ToU program has fixed price of energy
for different periods of the day. (Philippou et al. 2016, 2664.) The problem with demand
management is to communicate with users to lead commercial and industrial electricity
users to change their consumption to times when there is plentiful of available electricity
and prices are low. This is the reason why pricing of ToU program is considered the best
demand management option. An average electricity user is simply unable to monitor realtime electricity pricing on an hourly basis. (Heinberg & Fridley 2016, 62.)
In terms of intermittency, using dynamic pricing will undoubtedly mitigate peak
demands, which are usually impossible to cover by using only renewable energy
(Philippou et al. 2016, 2664). Successful demand management still requires notification
links, sensors, software, and data management meaning that price based demand
management programs are connected closely to an already discussed project of
redesigning the grid (Heinberg & Fridley 2016, 62-63).
In the future, numerous smart appliances create more and more opportunities for demand
management. Already today, electric vehicles have been noticed to have assisting
potential in balancing grids electricity demand with supply. This vehicle-to-grid (V2G)
technology means usage of electric vehicle batteries for decentralized storage of electrical
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energy. Since electric vehicles are parked most of their time, they could be plugged in
during parking to deliver electricity to the grid. By offering discounted electricity to V2G
participators at night, this solution would work as a demand management option, and at
the same time, available energy storage could stabilize intermittent energy generation.
(Heinberg & Fridley 2016, 64.)

2.2.5

Capacity redundancy

Capacity redundancy means relying on other electricity sources when generation from
the intermittent energy sources is low. Added redundant capacity reduces the impact of
intermittency directly because it can be accurately controlled to balance the power that
grid currently needs. When the intermittent energy sources again are abundant, energy
generation from redundant capacity can be reduced. (Heinberg & Fridley 2016, 65.)
To date, the intermittent energy sources have had proportionally minor share of energy
production compared to overall electricity production globally, which has led to
moderating intermittency primarily with fossil energy sources as more renewables have
been integrated into the electricity grid. Although, capacity redundancy currently is a
straightforward and widely used way to handle intermittency issues, the other methods
are preferable for achieving a future system using completely renewable energy.
(Heinberg & Fridley 2016, 65.) Chapter five of this thesis focuses more comprehensively
on the conventional energy sources in mitigating intermittency.

2.3

Current and future state of intermittent energy solutions

Reliability and security of the power systems are mainly dependent on the real-time
balance of demand and supply of electricity. Achieving this balance with renewable
energy sources requires unquestionably added system flexibility. Until now, flexibility
has been almost solely provided by using capacity redundancy. Depending on the market,
hydropower and fossil-fueled power plants have historically served as a main adjusting
power with a minor share of other energy generation technologies such as nuclear power
and bioenergy. (IEA 2017a, 81.)
Moving towards the future energy system, the IEA has set the 2°C scenario (2DS) as their
main objective of all energy technology perspectives (IEA 2017b). The 2DS sets the goal
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of reducing carbon dioxide (CO2 ) emissions from energy production by more than half in
2050 compared to 2009, which would limit global warming to two degrees Celsius
(Hernández-Moro & Martínez-Duart 2015, 1290). In the 2DS, hydropower continues to
provide adjusting power throughout to 2050, but to reduce emissions the fossil-fueled
power plants must be replaced with renewable energy sources, which increases the need
for system flexibility and at the same time decreases the amount of usable adjusting
power. In their place, energy storage technologies and demand management are required
to balance supply and demand, while still integrating the increasing amounts of
intermittent energy sources to the energy system. Currently, there are no excess energy
storage options or enough demand response measures for added intermittent capacity, so
future development and funding is needed. (IEA 2017a, 81.)
According to the 2DS, solar and wind power represent 35 % of global power generation
in 2050 with a higher portion in various regions, including the European Union, the
United States and India. To integrate such a large portion of intermittent energy, it is
estimated that more than 990 GW of system flexibility is required from energy storage
solutions and demand management. Especially, the group of twenty (G20) countries rely
heavily on added system flexibility in the 2DS to add more intermittent energy to the grid
and to limit the peaking power plants that use fossil-fuel. (IEA 2017a, 81-82.) Figure 2.1
shows that demand side response (DSR) and energy storage solutions at G20 countries
represent 680 GW worth of energy. It also shows that the adjusting power with renewable
energy sources is almost the same as with fossil fuels. The G20 refers to the European
Union and the nineteen countries, which are Argentina, Australia, Brazil, Canada, China,
France, Germany, India, Indonesia, Italy, Japan, Mexico, Russia, Saudi Arabia, South
Africa, South Korea, Turkey, the United Kingdom and the United States of America (The
Federal Government 2017).
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Figure 2.1: Required flexibility options for 2DS to guarantee the reliability of electricity supply
in 2050 (IEA 2017a, 82).

As seen from Figure 2.1, today mainly fossil fuels, such as gas, oil and coal, work as an
adjusting power to stabilize the supply and demand of electricity allowing the use of the
intermittent energy sources in electricity generation. However, as the relative use of
renewable energy continues to increase, DSR and storage solutions have the major role
in intermittency mitigation. According to the IEA (2017a), the transition from the old
system where renewable energy sources are dependent on fossil fuels to a new more selfcontained system has already began, which also indicates development of the solution
methods for intermittency will be expanded during the process.
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3

INTERMITTENCY OF RENEWABLE ENERGY SOURCES

All sources of renewable energy are not exposed to intermittency. This chapter deals with
intermittent renewables and explains the cause, time-scale, predictability and significance
of intermittency for solar, wind, tidal and wave energy. In addition, Appendix A compares
the intermittency of these sources in different time-scales.

3.1

Intermittency of solar energy

Solar energy means utilizing electromagnetic waves emitted by the sun in energy
production (Babatunde 2012, 3). While the solar radiation beams travel to Earth’s
atmosphere some of them are scattered by particles in the air, such as dust, which create
diffuse radiation. This scattered radiation can still be reflected from the surroundings and
eventually reach the receiver unit. (Kaplani & Kaplanis 2012, 3-4.) Part of the solar
radiation is also absorbed by air molecules, mostly clouds, usually referred as aerosols.
For these reasons, the usable components for solar energy production are direct radiation,
diffuse radiation, and radiation reflections from the surroundings called albedo. (Markvart
et al. 1995, 7-8.)
The intermittency of solar energy is due to motion of the sun in relation to the earth,
particle composition of the atmosphere and cloud cover or other climatic condition that
prevents the passage of the solar radiation (Markvart et al. 1995, 8). The apparent motion
of the sun causes diurnal and seasonal radiation patterns for every geographical location.
Diurnal radiation pattern usually shows that the radiation intensity is higher at noon and
lower at night. In addition, seasonal radiation pattern shows that solar energy is globally
more available in the summer than in the winter. This seasonal intermittency is more
stable the closer we move to the equator. (Heinberg & Fridley 2016, 51.)
The intermittency caused by cloud cover and atmosphere composition is less predictable
than diurnal or seasonal intermittency (Heinberg & Fridley 2016, 51). Thick cloud cover
can absorb all available solar radiation and even thin cloud cover can absorb and scatter
the radiation beams so that the energy production is significantly decreased. Near
moderate latitudes cloud cover is usually thicker and more frequent in early winter and
less frequent as moving towards summer. (Babatunde 2012, 33-36.)
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The atmosphere composition is also hard to predict because of the solar radiation
scattering caused by aerosols. The amount of air mass that the solar radiation beam faces
is also affected by motion of the sun in relation to the earth. This is because the length of
the direct beam path through the atmosphere increases as the angle to the radiation
receiving unit changes. This additional air mass decreases the intensity of the solar
radiation while also increasing intermittency since the quantity of aerosols increases.
(Markvart et al. 1995, 8-9.)
Table 3.1 and Figure 3.1 demonstrate the solar radiation data for different latitudes, which
is measured above the atmosphere by the National Aeronautics and Space Administration
(NASA). The latitudes of cities are from 30 to 60 and insolation incident (kWh/m2) is
measured from January to November, which means irradiance above the atmosphere.
(Kaplani & Kaplanis 2012, 3-5.) Although, the global irradiance can be as high as 1
kW/m2, the solar radiation in the Earth’s surface follows the same pattern as we can see
from Figure 3.1. The irradiance values are only lower. (Markvart et al. 1995, 8-9.)
Table 3.1: Average insolation incident (kWh/m2) above the atmosphere for cities with latitude of
30 to 60 (Kaplani & Kaplanis 2012, 3).
CITY



JAN

FEB

MAR

APR

MAY

JUN

JUL

AUG

SEP

OCT

NOV

Cairo

30

5.86

7.20

8.84

10.23

11.16

11.56

11.26

10.54

9.32

7.68

6.19

Athens

40

4.69

6.16

8.08

9.87

11.13

11.61

11.33

10.29

8.70

6.73

5.05

Paris

50

2.81

4.38

6.63

8.97

10.83

11.62

11.18

9.64

7.47

5.07

3.20

Helsinki

60

0.91

2.34

4.78

7.69

10.26

11.47

10.82

8.63

5.83

3.08

1.25

The relative position of the earth relative to the sun causes solar radiation intensity to be
higher in summer months in latitudes from 30 to 60. This can be easily observed from
Table 3.1 and Figure 3.1. In the North Hemisphere, differences of insolation incident
between measuring points are quite small during the summer, while the winter months
cause major drop in the amount of solar radiation. (Kaplani & Kaplanis 2012, 4.)
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Figure 3.1: Average above the atmosphere insolation incident (kWh/m2) based on Table 3.1,
representing cities with latitude of 30 to 60 (Kaplani & Kaplanis 2012, 3).

By considering all the reasons that make solar energy intermittent, it is easy to conclude
that they have major impact in solar energy production. When combining diurnal
fluctuation with seasonal fluctuation, as seen from Figure 3.1, and taking into account the
irregular cloud cover and atmosphere composition, the solar energy is indeed highly
intermittent and requires the solution methods mentioned in chapter two. Even though
diurnal, seasonal and annual energy production patterns can be estimated they do not
remove solar energy’s intermittent nature. Patterns only assists in predicting the needed
energy storage or adjusting power to meet the demand when solar radiation is low.

3.2

Intermittency of wind energy

Wind energy means extracting kinetic energy from the wind with a turbine to produce
power (Burton et al. 2001, 41). Wind simplified occurs when difference in atmospheric
pressure causes air mass to move from one place to another. Winds are highly intermittent
because their intensity is based on multiple factors. The main causes are differential
heating of the poles in comparison to equator and the Coriolis effect due to the rotation
of the Earth. Apart from these, winds are also affected by uneven heating of land and sea
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together with the nature of terrain, which fluctuates from valleys and hills to local
obstacles such as trees. (Walker & Jenkins 1997, 4-5.)
From the energy point of view, intermittency is the most prominent characteristic of wind.
Intermittency of wind energy can be divided in several categories: geographical
variability, annual and seasonal variability, synoptic and diurnal variability and
turbulence. (Burton et al. 2001, 11-17.) The importance of intermittency is also increased
by the fact that the energy content in wind is relative to the cube of the wind velocity.
Therefore, it is even more essential to know wind characteristics to operate wind turbines
efficiently. (Walker & Jenkins 1997, 5.)
Geographical intermittency is caused by uneven surface heating and depends on the
latitude. The resulting large-scale global motion of air when differential surface heating
is combined with the rotation of the Earth can be patterned, but it is disturbed by smallerscale variations. However, the main geographical pattern remains, leading to clear
differences between regions. The regional intermittency is still further affected by
topographical elements. Hills and mountains usually cause increased wind speeds and
sheltered valleys reduce them. In addition, cold air mass of high mountains can fall to
plains causing downslope winds and differential heating between sea and land may cause
local wind patterns. (Burton et al. 2001, 12-13.)
Annual intermittency of wind in a certain location is harder to predict than seasonal or
even diurnal variations. These long-term changes are caused by global climate
phenomena, transformations in atmospheric particulates and sunspot activities. In turn,
the seasonal intermittency is more predictable. In temperate latitudes summer months are
less windy compared to winter months and strong winds usually develop around spring
and autumn. Tropical locations also have seasonal phenomena, such as tropical storms,
occurring at predictable phase, which contain supreme wind speeds. (Burton et al. 2001,
13-16.)
Wind energy intermittency becomes again less predictable when moving to shorted timeframe than seasonal. Synoptic intermittency is closely related to large-scale weather
patterns and practically means that in a certain location there is synoptic peak in specific
frequency, for instance, in every 4 days. At a frequency of a day, the options are that daily
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intermittency does not follow any pattern or it has distinct diurnal peak. These distinct
diurnal peaks are usually related to topography. (Burton et al. 2001, 16.)
Turbulence means wind speed changes in time-scale of less than ten minutes. These
changes are hard to predict but they are related to roughness of the ground surface, altitude
above the surface and topography. Turbulence is a complex process and increases the
intermittency of wind energy. Although it affects highly to winds steadiness, it is not
always harmful to power generation, because these gusts of winds contain much kinetic
energy. (Burton et al. 2001, 17-18.)
Table 3.2 demonstrates the power generation during the time periods of second, minute,
ten minutes and one hour. The table is divided into four turbine groups and production
can be compared with percentage of gross generation. Standard deviation (Std. Dev.)
measures how the values differentiate from each other. The coefficient of variation (CV)
is the standard deviation to mean of wind power ratio, which can be thought of measure
to intermittency. (Mur-Amanda & Bayod-Rújula 2010, 291-292.)
Table 3.2: Intermittency of wind energy, called average CV, with four different turbine groups
and four different short-term time periods (Mur-Amanda & Bayod-Rújula 2010, 292).
14
Turbines
(%)
Average CV
Std. Dev.

0.4
0.5

Average CV
Std. Dev.

1.2
2.1

Average CV
Std. Dev.

3.1
5.2

Average CV
Std. Dev.

7.0
10.7

61
Turbines
(%)
1-Second Interval
0.2
0.3
1-Minute Interval
0.8
1.3
10-Minute Interval
2.1
3.5
1-Hour Interval
4.7
7.5

138
Turbines
(%)

250 <
Turbines
(%)

0.1
0.2

0.1
0.1

0.5
0.8

0.3
0.6

2.2
3.7

1.5
2.7

6.4
9.7

5.3
7.9

As seen from Table 3.2 intermittency is detected in every time interval. Intermittency
decreases when additional wind turbines are added, since they cover larger area, and so
fluctuations in wind power generation are compensated. (Mur-Amanda & Bayod-Rújula
2010, 292.) As moving away from short-term to long-term time periods, it can be noticed
that winds have seasonal and annual intermittency. Figure 3.2 proves that the average
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wind speeds variate annually and shows that even seasonal differences can be large. The
curves in Figure 3.2 present average wind speeds of all the United Kingdom weather
stations in 2016 and 2017. The year 2017 curve has data by September and the ten years
mean curve covers the period of 2002 to 2011. The data is constructed by the Department
for Business, Energy and Industrial Strategy (BEIS), and provided ordinarily by the
Meteorological Office. (BEIS 2017.)
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Figure 3.2: Average monthly wind speeds in 2016 and 2017 together with a ten year mean
curve of period 2002-2011 (BEIS 2017).

If variations are analyzed based on Figure 3.2, the annual 2016 average wind speed was
4.3 m/s, which is 0.3 m/s lower than the ten-year mean. Seasonal average of summer
months from June 2017 to August 2017 was 4.2 m/s, which is 0.3 m/s higher than in the
same period a year earlier and broadly similar to the ten-year mean. In turn, the monthly
average of September 2017 was also 4.2 m/s, which is 0.4 m/s less than the same month
in 2016, and 0.1 m/s less than the ten-year mean. (BEIS 2017.)
The intermittency of wind energy is clearly a complex process. Geographical and
topographical reasons for variability can be estimated but solutions methods are needed
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to operate during short-term variations such as turbulent peaks. Also, intermittency in
long-term can be negligible or significant, which should be considered when
accommodating new wind turbines.

3.3

Intermittency of tidal and wave energy

Tidal energy means utilizing tidal phenomenon in energy production, which is caused by
the gravitational effect of the moon to the earth’s waters. This phenomenon affects the
sea level constantly and the fluctuation is usually semidiurnal occurring twice a day. Tidal
energy can be considered predictably intermittent, because there are no major
disturbances to its periodicity. (Clark 2007, 7-9.)
The tidal phenomenon is highly based on geographical location because change in water
level can vary from nothing to over seventeen meters. The locational pattern for energy
production can be calculated when geographical location and shape of the shores and
seabed are observed. (Clark 2007, 8-9.) When the local intermittency pattern is prepared,
the energy production is mainly steady and predictable within the pattern. The minor
added intermittency shows as deviations from the local pattern. This minor intermittency
is caused by combination of low pressure and wind, which has short-term impact on tidal
intensity and thus in energy production. (Waters & Aggidis 2015, 916-918.)
Wave energy means extracting kinetic energy from ocean waves to produce power. Winds
are directly the reason why ocean waves exist, so intermittency of wave energy is due to
same causes discussed in Paragraph 3.2. However, it should be noted that wave energy is
not as affected by topographical elements as wind energy, because of oceans
characteristics. (Michaelides 2012, 328-332.)
The intermittency of tidal energy is predictable occurring twice a day and between those
times no energy is produced. In turn, the intermittency of wave energy is more complex.
The energy production is based on current wind speed, which may have major short-term
and long-term variations. However, ocean waves do not ordinarily stop energy production
entirely, which is characteristic for tidal energy.
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4

STORAGE TECHNIQUES; THE CURRENT SUFFICIENCY

Storage techniques are important solution for intermittency issues. This chapter focuses
more comprehensively on the different storage technologies and their sufficiency. The
handled main categories are chemical, electrical, mechanical and thermal storages, and
every paragraph explains the category-specific storage devices, their basic functioning
and how well devices can be used in renewable energy systems.
The technical specifications of storage techniques are listed to Appendix B. The following
paragraphs describe only generally the advantages and disadvantages of the storage
solutions without detailed information.
The important terminology for energy storages are energy density, power density, specific
energy, and efficiency. Energy density is volumetric and means the energy amount in a
volume unit of a resource (J/m3 ). The power density is also volumetric, but means the
energy transfers time rate in a volume unit of a resource (W/m3 ). The specific energy is
gravimetric and means the energy amount in a mass unit of a resource (J/kg). Energy
efficiency shows the energy loss in a process when converting energy from one form to
another. (Heinberg & Fridley 2016, 18-25.)

4.1

Chemical storage

Chemical storage category consists primarily of electrochemical storage solutions, but
has also other noteworthy chemical storage devices such as fuel cells. The main
electrochemical storage solution is battery energy storage system (BESS). Generally, a
BESS comprises of a battery, a control and power conditioning system (C-PCS) and a
protection system. The basic function of BESS is to convert stored chemical energy into
electrical energy, or reversed, to store electrical energy by converting it to chemical
energy. (Suberu et al. 2014, 501-502.)
The battery itself is made from cell elements that are structured in a suitable form.
Basically, a battery comprises of a cathode, anode and conductive material, where flow
of electrons causes the discharge or charge process. The required operating voltage and
capacity for certain load is based on battery type, and can be further enhanced with
arranging cell elements to series and parallel. The important factors for batteries are high
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charge or discharge efficiency, low self-discharge rate, long lifespan and long cycle life.
Cycle life means the number of recharges before battery loses its performance. Another
important term for batteries is depth of discharge (DoD), which describes the discharge
rate of a battery. The DoDs understanding is necessary since full discharging may shorten
the battery’s lifespan. (Amrouche et al. 2016, 20914-20915.)
Another chemical storage solution is fuel cell (FC). The only major discrepancy between
BESS and FC is the use of fuel, usually hydrogen, from external system to convert
chemical energy into electrical energy. The integrated hydrogen storage system FCs are
called regenerative (RFC), which allow the instant energy production when required.
(Suberu et al. 2014, 506-508.)

4.1.1

Lead-acid batteries

The lead-acid (LA) batteries are made with two electrodes embedded in sulfuric acid
electrolyte and are conventionally divided into two models: flooded (FLA) and valveregulated (VRLA) batteries. Related to models, the FLA battery is larger in size and needs
to be regularly serviced but is cheaper than the alternative. The FLA and VRLA batteries
are mostly used in supporting renewable energy deployment because of their advantages
in transportation, cost and reliability. (Amrouche et al. 2016, 20916.) The characteristics
of LA batteries are high reliability and efficiency, low cost, and moderate cycle life
(Suberu et al. 2014, 504).

4.1.2

Lithium-ion batteries

The lithium-ion (Li-ion) batteries are based on transferring Li-ions between positive and
negative electrodes. The cathode consists of lithium metallic oxides and anode is made
of carbon graphite. (Amrouche et al. 2016, 20916.) The electrolyte consists of lithium
salts and dimethyl or diethyl carbonate (Suberu et al. 2014, 503). The Li-ion batteries
have high price, high specific energy, high charge and discharge efficiency, long cycle
life, and need for temperature control in operation (Amrouche et al. 2016, 20916). These
batteries are the second most popular chemical storage solution in the world as a gridconnected storage solution (IEA 2014, 17).
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4.1.3

Nickel-cadmium batteries

The nickel-cadmium (Ni-Cd) batteries store energy with nickel hydroxide cathode and
cadmium anode together with electrolyte made of potassium hydroxide. The use of NiCd batteries in renewable energy systems is not advised, because of their negative
environmental impact. However, they are used in some systems because of their long
cycle life, low maintenance demand, and durable design with decent specific energy.
(Suberu et al. 2014, 504-505.)

4.1.4

Nickel-metal hydride batteries

The nickel-metal hydride (Ni-MH) batteries use the same principle as Ni-Cd batteries,
but anode is replaced with metal hydride. The Ni-MH batteries have many weaknesses
including high self-discharge rate and cycle life reduction in use, but they do not burden
environment as much as Ni-Cd model. These environmental issues from usage of
cadmium has led to large capacity stationary Ni-MH battery development, which is used
for wind and solar energy storage. (Amrouche et al. 2016, 20916.)

4.1.5

Sodium-nickel-chloride batteries

The sodium-nickel-chloride, or Zeolite Battery Research Africa Project (ZEBRA),
batteries are based on converting sodium chloride and nickel to sodium and nickel
chloride, or reversed. ZEBRA batteries have great potential as electrochemical storage
solution for renewable energy systems and are already used in renewable energy grid
balancing. (Suberu et al. 2014, 505.) Negative aspect of ZEBRA batteries is that their
temperature must be kept around 300 C for operation. Regardless of that, their long
discharge time, long cycle life and efficient energy delivery make them great energy
storage solution. (Amrouche et al. 2016, 20916.)

4.1.6

Sodium-sulfur batteries

The sodium-sulfur (NaS) batteries store energy with sodium cathode and sulfur anode
together with electrolyte made of aluminum oxide (Amrouche et al. 2016, 20916). NaS
battery has low cost, high energy density, good efficiency and moderate cycle life with
same temperature problem as ZEBRA model. NaS battery has great potential in
renewable energy systems and is already used in peak balancing and power output
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stabilization. (Suberu et al. 2014, 504.) These batteries are overall great for mitigating
intermittency issues, making them the most popular chemical storage option for
renewable energy sources (IEA 2014, 17).

4.1.7

Flow batteries

Flow batteries are divided into three main models: vanadium-redox (VRB), polysulfidebromide (PSB), and zinc-bromide (ZBB). These batteries store energy to different types
of ions that are dispersed in liquid electrolytes, which allows the electricity production
when needed. Flow batteries have been significantly used in renewable energy systems
for mitigating intermittency issues, being actively used in frequency regulation, peak
balancing, grid stability and power quality security. (Suberu et al. 2014, 505-506.) Flow
batteries have high charge and discharge efficiency, long cycle life, and have flexible
design, but are quite costly and need to be regularly serviced (Amrouche et al. 2016,
20917).

4.1.8

Fuel cells

There are numerous of FCs available, which are divided into categories based on ion
exchange mechanism, reaction type, reactant, and electrolyte. The main FC types are
alkaline (AFC), proton-exchange membrane (PEMFC), direct-methanol (DMFC), directethanol (DEFC), phosphoric-acid (PAFC), molten-carbonate (MCFC), and solid-oxide
(SOFC). Even though all the models have their advantages, the ones that use hydrogen
are most widely spread technologies and the best FC solutions for renewable energy
systems. (Suberu et al. 2014, 506-508.)
The AFC, PEMFC, and PAFC use hydrogen as their cell fuel (Suberu et al. 2014, 506)
and are called hydrogen energy storage (HES). In HES, the combination of hydrogen and
oxygen react producing water and electricity. The normal function of HES in a renewable
energy plant is to generate electricity with stored hydrogen when energy demand exceeds
the production, and in reverse, when wind or solar energy is produced beyond the demand,
the system stores the surplus energy as hydrogen. The utilization of HES in renewable
energy systems is already a common way to mitigate fluctuations in wind and solar
energy. It is an environmentally friendly solution and has high energy density, but its high
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price makes it hard to use as a main storage solution in a large scale. (Amrouche et al.
2016, 20917.)

4.2

Electrical storage

Electrical storage solutions consist of capacitors and magnetism based superconducting
coils. In general, capacitors store electrical energy in electrostatic field as an electric
charge, while coils store it to electrodynamic fields. The main applications for electrical
storage devices in renewable energy systems are usually power quality management. The
energy storing with capacitors and coils is still viable, but in a large-scale, other storage
methods tend to be more cost-effective. (Droste-Franke et al. 2012, 92-93.)

4.2.1

Capacitors

Capacitors are devices that can store electric charge and release the stored energy with
high power when required. There are various capacitors, but all have the same
fundamental structure and functioning. A capacitor contains two or more conductors with
a separating nonconductor called dielectric. The energy storing occurs, when voltage
across the conductors cause electrostatic field across the dielectric, leading to positively
and negatively charged plate. (Demirel 2016, 341-343.)
The capacitors used as an energy storage are large and called supercapacitors.
Supercapacitor energy storage (SES) uses conducting electrode with polarized liquid
layers between ionic electrolyte conductor to increase the devices capacitance.
(Amrouche et al. 2016, 20919.) The problem with this arrangement is that liquid
electrolyte is unstable and lifetime and reaction rate are strongly dependent on operating
conditions. Still, the energy storage and discharge process is only physical movement of
ions, which leads to excellent life cycle. (Droste-Franke et al. 2012, 92.)
In renewable energy systems, SES is used at a small time-scale to mitigate variations,
especially, in wind energy (Amrouche et al. 2016, 20919). SES has high efficiency, but
very low specific energy. Despite of the low specific energy, supercapacitors have great
power density and very long cycle life, making SES a worthy option in renewable energy
plants where there is high power demand for short time periods. (Droste-Franke et al.
2012, 92-93.)
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4.2.2

Superconducting magnetic energy storage

Superconducting magnetic energy storage (SMES) means storing energy to
electrodynamic field, generated by the flow of direct current in the superconducting coil
(Droste-Franke et al. 2012, 93). The advantages of storing energy to superconducting coil
are high efficiency and continuous operation. The coils are still currently difficult to use
in renewable energy systems, because of their exigent operating temperature of -270 C.
However, as the cooling technology develops, SMES has good potential in power quality
maintenance. (Tixador 2008, 1-5.)

4.3

Mechanical storage

Mechanical storage solutions consist of compressed air energy storage (CAES), flywheel
energy storage (FES), and pumped-storage hydropower (PSH). These solutions store
energy as pressurized gases, kinetic energy or potential energy. Mechanical storage
solutions have many discrepancies in operation, but all have their own application in
renewable energy systems. (Demirel 2016, 351-354.)

4.3.1

Compressed air energy storage

CAES stores energy as compressed air in high pressure. The basic storage function is to
use excess energy from renewable energy plant to compress the air into large geographical
formations, such as underground caverns, or into smaller reservoirs, such as tanks or onsite pipes. Then when the demand is high, the stored compressed air can be released to
generator-turbine system producing energy. (Droste-Franke et al. 2012, 86-90.)
The advantages of CAES are large capacity of 50-300 MW, moderate efficiency and
ability to store energy for large periods of time. The disadvantages are high investment
cost, especially if suitable geographical formation is not found (Amrouche et al. 2016,
20918-20923). In renewable energy systems CAES has major potential for wind energy
as a centralized daily storage. For instance, Germany has suitable salt domes for CAES
in its northern regions, and has already several large CAES utilities for stabilizing daily
fluctuations of wind energy. (Droste-Franke et al. 2012, 90.)
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4.3.2

Flywheel energy storage

FES stores energy as kinetic energy to flywheels rotating body. The basic storage function
is to increase flywheels rotational velocity, usually, with excess wind energy. The
discharge of energy occurs when the flywheel is coupled with a generator, so that the
flywheels kinetic energy rotates generators axis producing electric energy. (DrosteFranke et al. 2012, 91-92.)
FES is very comparable to SES because both can produce high power for short time
periods. FES has almost unlimited cycle life, but major negative aspect is high selfdischarge rate. Due to friction during the rotation, FES can lose 50 % of stored energy in
several hours. In renewable energy systems, FES is inefficient as long-term storage
solution, but has applications in wind energy plants where occurs many charge and
discharge cycles every day. (Droste-Franke et al. 2012, 92.)

4.3.3

Pumped-storage hydropower

PSH stores energy as potential energy from lower to upper water reservoir using pumps.
The basic function is to use excess energy to pump water from lower to upper storage,
and when energy demand is high, let that water flow by natural gravity through turbines
producing energy. The upper storage can be natural or artificial lake and the lower storage
is a reservoir basin. (Droste-Franke et al. 2012, 90-91.) The storage capacity of PSH is
proportional to height difference between the reservoirs and volume of the reservoirs
(Suberu et al. 2014, 501).
PSH is the most common way to store energy and provides most of the storage capacity
for the current power grid. The advantages of PSH are high efficiency, fast start-up,
simple design, and the ability to easily regulate energy production by adjusting flowing
water. (Droste-Franke et al. 2012, 91.) The main disadvantages of PSH are high capital
investment and finding the suitable geographical location. Regardless of the capital
investment, PSH is the most commercially sustainable and largest ESS in the world.
(Suberu et al. 2014, 501.) For renewable energy systems, PSH works as a centralized
daily, weekly or monthly storage system depending on the capacity. The average PSH
generates full power usually for around eight hours, providing good amount of stability
to the power grid. (Droste-Franke et al. 2012, 90-91.)
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4.4

Thermal energy storage

Thermal energy storage (TES) stores energy by heating mediums that are in thermally
insulated housings. TES is a large category of storage solutions, but for renewable energy
sources heat can be stored mainly in water tanks or molten salt. (Demirel 2016, 324-335.)
We only review the TESs that are related to renewable energy.

4.4.1

Water tanks

Basic functioning of the water tank storages is to capture solar thermal energy with solar
collectors and transfer this energy to insulated storage systems. (Demirel 2016, 325-327.)
Usually the thermal energy heats or cools water, which can be furtherly used as district
heating or cooling. The storage efficiency is strongly dependent on thermal insulation and
varies a lot. Still, the use of water as a storage medium is very cost-efficient and common
way to store solar energy. (Amrouche et al. 2016, 20920-20921.)

4.4.2

Molten salt storage

Molten salt storage is based on heating saltpeter with concentrated sunlight using a solar
tower. The saltpeter is made from 60 % of sodium nitrate and 40 % of potassium nitrate
and the mixture is nontoxic and nonflammable. The salt is kept as liquid and exposed to
concentered sunlight, which heats it to 566 °C. After that, the hot molten salt is transferred
to insulated storage tank. The hot salt can then be used to produce superheated steam for
a turbine and generator, eventually producing electricity. This technology has high
efficiency, moderate capital investment and non-stop operation, but the need for
concentrated sunlight makes it globally marginal. (Demirel 2016, 334.)
Example of a concentrated solar power plant that uses molten salt technology is the
Ivanpah Solar Electric Generating System in southern California desert. As seen from
Figure 4.1, heliostats that include mirrors reflect and concentrate sunlight toward the
receivers at the top of the solar tower. The hot molten salt heated with the sunlight is held
in a thermal energy storage tank that can be furtherly used in generating steam even when
the sun is not shining. Eventually, the produced steam is lead to the turbine that revolves
generator producing electricity. (Ho et al. 2015, 1296-1297.)
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Figure 4.1: Concentrated solar energy process with one solar tower and thermal energy storage
tanks for hot molten salt (Lombardo 2015).

As Figure 4.1 presents concentrated solar energy process with one solar tower, the
Ivanpah Solar Electric Generating System uses three 140-meter solar towers that receive
concentrated sunlight from over 170,000 heliostats. The plant has a capacity of 392 MW
proving that solar energy has potential in also high-output applications. Still, the size of
the plant is enormous and needs over 14 km2 of open land with a good geographic location
where diffuse radiation is minimal and solar radiation is available every day of the year.
(Overton 2014, 26-34.)

4.5

Installed energy storage capacity and sufficiency

Figure 4.2 shows the current globally installed grid-connected electricity storage capacity
in mega-watts. From the total of 141 GW of installed storage, PSH units conquer the 99
% majority of electrochemical, electrical and mechanical storage capacity. The remaining
capacity of 1 % is comprised mainly of batteries and CAES. (IEA 2014, 16-17.)
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Figure 4.2: Global grid-connected electricity storage capacity in mega-watts (IEA 2014, 17).

As seen from Figure 4.2, energy storage solutions are lacking large-scale storage capacity
because they are only PSH driven. The comparsion in mega-watts still hides the optimal
application for some of the storage solutions, since they are intended for relatively small
time-scales. For instance, 25 MW of FES capacity is quite large, if high self-discharging
is considered. It should be also noted, that TES solutions are not grid-connected, and for
instance, in only United States there are 2,4 GW of thermal storages that are mainly used
in district cooling and heating purposes (IEA 2014, 17). Dependence on PSH for largescale energy storage capacity is clearly a problem because it needs suitable geographical
location, water as a storage medium, and has high investment cost. The smaller time-scale
storage options are plentily available, however, considering Figure 2.1, where DSR and
storage would need to cover 680 GW of energy in 2DS scenario, the current energy
storage solutions clearly are not sufficient enough. To make the future energy system
work, other energy storage options need to be developed more cost-efficient, more
realiable, and with larger capacity.
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5

ROLE OF CONVENTIONAL ENERGY SOURCES

The increased penetration of renewable energy modifies constantly the role of
conventional energy sources. Intermittency of wind and solar energy causes fluctuations
in energy production and usage of conventional energy is one solution to compensate
these changes. Even though, energy storage is viable solution for intermittency, it has
usually more efficiency loses than meeting the demand directly with conventional energy.
To meet the demand with conventional energy, the power plant must function with
varying load, causing operational and physical difficulties for the system. This chapter
reviews how conventional energy sources are used in solving intermittency, how flexible
they are, and describes their overall role in current and future energy system.

5.1

Meeting the demand

The electricity demand for certain location follows periodical pattern that is usually due
to heating or cooling, and ordinary industrial energy usage. This so-called load curve is
mostly predictable. When combining predictable demand with often unpredictable solar
and wind energy production, the electricity grid needs to be connected to a variety of
power plant types to keep the energy supply and demand in balance. (NEA 2012, 44.)
Baseload plants, usually nuclear or coal-fired, are used to meet the extensive permanent
energy demand. These plants have high investment costs but low total energy production
costs, leading to continuous operation with full output. Cycling plants, usually using gas
or coal, are used to meet the difference between supply and demand. (NEA 2012, 44-45.)
These plants have lower capital costs but high energy production costs so their run-time
is moderate. In practice, cycling plants are used in load-following mode that means
changing energy production based on demand, or in two shift-operation mode that means
shutting down and restarting the turbine or boiler when needed. (Fernando et al. 2000,
38-40.) Peaking plants, usually using gas or oil, are used only to meet the daily peak loads.
Their usage is expensive, but they can quickly produce high power. (NEA 2012, 44-45.)
The energy supply and demand must be kept in balance second-by-second basis, leading
to operational difficulties at power plants. This means that the grid operators
responsibility is to keep frequency, either 50 or 60 Hz, within a small tolerance, typically
1 % from the original, to ensure that all electrical processes in the grid are functioning
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properly. When intermittent energy sources are used, plants must be adjustable for
varying loads with different kinds of procedures, to change grid frequency when needed.
The main adjusting properties that power plant needs are fast start-up, ability to increase
or decrease power quickly, called ramping speed, and low minimum power output to
maximize the adjusting range. The rated power (Pr ) indicates power from highest power
input, Pr of 100 %, that the energy system can tolerate. (NEA 2012, 45.)

5.2

Role of coal, petroleum and gas in boilers

Coal is a conventional energy source that is mostly used in pulverized coal-fired (PCF)
boilers. PCF boilers are used at baseload plants and cycling plants, but their role is moving
from baseload plants to mainly cycling plants, because of their high emissions and
depletion of coal as a fuel. (Teir et al. 2003, 35.) The increases in renewable energy has
also changed PCF units to cycling-plants. The problems of PCF boilers cycling
capabilities are design issues, since their combustion and control systems were tuned to
operate at full load. The existing PCF units have weak load-following or two-shifting
capabilities because cycling operation with old control system causes oscillation and lowload operation may shutdown the unit. However, the currently used coal-fired cycling
units are equipped with advanced control system, process automation and stress and
temperature sensors, which all together allow the coal-fired boiler to work at less than 25
% Pr , with ramping speed of 6 % Pr per minute. The two-shifting capabilities are also
moderate because control modifications and process automation shorten the hot start-up
to two hours, whereas the cold start-up is around six hours. (Fernando et al. 2000, 38-40.)
Fluidized bed boilers, usually bubbling fluidized bed (BFB) and circulating fluidized bed
(CFB), have more fuel flexibility than PCF. Their fuels can be coal, petroleum, gas,
sludge, waste and wood residues. (Basu 2006, 7-10.) BFB boilers are mainly designed for
full load operation, restricting their usage as a cycling or peaking plant. Load control with
BFB boilers is possible only at small capacity range of 10-25 MWe and they still require
additional options to function properly. These options can be adjustment of air ratios, bed
depth or combustion temperature coupled with adding new combustion chambers to the
unit. For these reasons, the role of BFB boilers using conventional energy sources will
not change from baseload plant to cycling or peaking plant. (Basu 2006, 238-239.)
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On the other hand, CFB boilers are known for their part-load flexibility. The load control
options for CFB are simple, as the boiler is required to generate less steam to meet load
demand. The basic options for this are furnace heat absorption control and external heat
absorption control, which are more effortless to execute than design modifications of PFC
or BFB boilers. (Basu 2006, 287-289.) CFB boilers can be used as baseload, cycling, or
peaking plants because of their good turndown and load-following capacity. With
ramping speed of 4 % Pr per minute, CFB can respond quickly to varying loads. (Teir et
al. 2003, 161.) Also, CFB has good adjustment range of 30-100 % Pr , and two-shifting is
moderate, with warm start-up of 2 hours and cold start-up of 6 hours. For these reasons,
the conventional energy sources using CFB technology have a role of a cycling plant in
the modern energy system. (Basu 2006, 287-288.)

5.3

Role of gas and petroleum in turbines and engines

Gas turbines and engines are mainly used as peaking plants, because of their ability to
quickly produce high amount of power. When a gas turbine station is put in a position of
a cycling plant, the emerging problems are not operational, but environmental and cost
related. As the gas turbine station departs from the optimum performance to keep up with
varying demand, its CO2 and NOx emissions per MWh exported are higher and the unit
burns extra fuel, causing increased operational, maintenance and capital costs. (Bass et
al. 2011, 1964.) If ignoring these facts, gas turbine stations still have good load-following
capabilities. Large plants of over 300 MW have ramping speed of 5 % Pr per minute and
hot or cold start-up takes only ten minutes. The delimiting factors for load-following are
emissions, which are higher as the lower Pr is used. The theoretical adjustment range of
gas turbines is 10-100 % Pr , but operation of under 50 % Pr is prohibited by emission
laws in some countries. The smaller gas turbines or engines of 25-100 MW have even
better ramping speed of 20 % Pr per minute, but are also prone to the same emission
issues. Because of the environmental issues, the role of gas turbines and engines will
remain mainly as a peaking plant, if emissions cannot be lowered with methods such as
cogeneration or energy storage. (Klimstra & Hotakainen 2011, 142-144; ÅF-Consult
2012, 18-20.)
Petroleum based engines have great adjustment properties and are already used flexibly
as baseload, cycling and peaking plants. Petroleum engines have highest ramping speed
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of 25 % Pr per minute, good adjustment range of 30-100 % Pr , and best two-shifting
capabilities with only five minutes hot start-up and cold start-up of fifteen minutes. The
two-shifting with petroleum engines is good for the equipment because cycling shortens
the usage time. Petroleum engine based power plants have expensive maintenance costs
and if the lifetime of petroleum engine remains lower than 50,000 operational hours, the
highest part of the maintenance is bypassed. The disadvantage of petroleum engines is
their low typical unit size of 1-20 MW, so a petroleum power plant needs to connect
several engines to a single plant and all have their own maintenance requirements. Still,
the role of petroleum in the modern energy system will be even more load-following and
two-shifting oriented when additional renewable energy capacity is added. The costefficiency of a petroleum engine plant for cycling purposes is moderate and the
adjustment properties are great, which both are beneficial elements for intermittency
mitigation. (ÅF-Consult 2012, 18-21.)

5.4

Role of nuclear power

The growing integration of intermittent energy sources to the power system has already
changed the role of nuclear power from entirely baseload electricity source to loadfollowing plant. As expected that nuclear power plants (NPPs) are inappropriate for
varying energy production, they actually have solid maneuvering capabilities. However,
the inconsistent operating still makes NPPs controlling more difficult, burdening its
auxiliaries, equipment and fuel. (Lokhov 2011, 18.)
The main feature why already existing NPPs have solid load-following capabilities is
their core monitoring system. This system estimates the maximal core output power and
safety limit giving the exact power adjusting margin for the plant. NPPs are qualified for
predefined load-programs and frequency regulation, which means that some units are
designed to modify their power level automatically daily and the units are also viable for
short-term electricity production adjustments to keep the frequency level right. (Lokhov
2011, 19.)
The adjusting properties of NPPs are related closely to used reactor type, but for instance
in France where most of the electricity is generated with NPPs, some existing units work
at load-following mode where daily power can variate from 100 % Pr to 60 % Pr , with
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ramping of 2-5 % Pr per minute. For modern reactors, Generation III or III+, there are
already utility requirements that they must be capable of daily operation between 50 %
and 100 % Pr , with 3-5 % Pr ramping per minute. For these reasons, the role of NPPs has
slightly changed from baseload plant to cycling plant in modern energy system and with
high unit size of 1000-1600 MW they have major adjusting potential by taking only few
ramping steps. (Lokhov 2011, 18-20.)

5.5

Overview of the adjustment properties

Table 5.1 accumulates the important adjustment properties for conventional energy
sources. As seen from the table, gas turbines and petroleum engines are the best units for
peaking plants, because of their fast start-up and fast ramping speed. PCF units seem great
as a load-following plants with low minimum Pr and high ramping speed, but they need
expensive modifications to operate as a cycling plant. Therefore, CFB is overall better
load-following solution for coal, because of its fuel flexibility and moderate adjustment
properties. NPP has also potential in load-following, but these units are usually needed
for baseload generation. Eventually, CFB is the best load-following solution and gas
turbines and petroleum engines work well as a two-shifting solution, with NPP having
load-following potential in certain locations and countries.
Table 5.1: Adjustment properties for conventional energy sources (Fernando et al. 2000, 38-40;
Klimstra & Hotakainen 2011, 142-144; Lokhov 2011, 18-20; ÅF-Consult 2012, 18-21).

Unit

Size
[MW]

Cold
start
[h]

Hot
start
[h]

𝐏𝐫
[%/min]

𝐏𝐫
[MW/min]

Min.
𝐏𝐫
[%]

PCF

200-1300

6

2

6

10-80

25

CFB

100-450

6

3

4

5-20

30

300

0.15

0,15

5

15

50

Small gas turbines

25-100

0.15

0,15

20

5-20

50

Petroleum engines

1-20

0.25

0,10

25

0.25-5

30

1000-1600

48

4

4

40-65

50

Large gas
turbines

NPP
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6

SOLAR ENERGY IN FINLAND VERSUS CENTRAL EUROPE

As discussed in the third chapter, the amount of solar radiation available in a specific
geographical area depends on the latitude. In this chapter, problems of solar energy are
compared between Finland and central Europe. Following we describe how energy
production, grid flexibility options, and financial support of solar energy differs between
the regions.

6.1

Energy production comparison

Finland has higher latitude than central Europe leading to lower amount of solar radiation
available and so produces less energy during the year. The amount of utilizable solar
radiation can be measured with irradiation, explained in the third chapter, and it stays
annually in the same readings in a specific location. (Pasonen et al. 2012, 23-25.) Table
6.1 accumulates average yearly irradiation values for Finland and different central
European countries. The order of countries in the table is from higher latitude to lower,
in which the average yearly irradiation values is reducing.
Table 6.1: Annual irradiation in central European countries (Pasonen et al. 2012, 25-26).
Country

Average yearly irradiation (kWh/m2)

Finland

1050

Germany

1160

Slovakia

1280

Austria

1380

As seen from Table 6.1, Finland has less available solar radiation than central Europe.
However, the difference between Germany and Finland is less than 10 % even though
Germany is considered much better place for solar energy production. Also, interesting
fact is that efficiency of traditional PV-panels increases in colder climates, which
equalizes slightly the differences between the regions (Pasonen et al. 2012, 26).
Even though average yearly irradiation differs only 10 % between Finland and Germany,
an important fact is that in Finland the amount of irradiation is mainly obtained during
summer months (Pasonen et al. 2012, 4). In central Europe the timespan for obtaining
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solar energy is longer and available solar energy is more evenly spread throughout the
year (Pasonen et al. 2012, 26). The concentration of solar energy in Finland to summer
months and its daily intermittency complicates the integration of new solar panels to the
grid as the fluctuations in energy production can be large (Pasonen et al. 2012, 4).
Finland is a country with wide longitude range, meaning that the solar energy
technologies are best suited for southern part of the country leading to large locational
differences. The solar radiation available in the northern part of the country is way less
than in the south, whereas in central Europe the solar radiation is more uniform within
the country. (Pasonen et al. 2012, 25-26.) These large locational differences may also
affect the financial support side of new solar energy technologies since most of the
country is not able to utilize them. In addition, Finland has large consumption peaks
during cold months and solar energy cannot offer solution to these without building costly
energy storages.
The energy production in the North is also affected by snowy weather. The formation of
snow and ice on top of PV-panels blocks solar radiation. Also, when it snows snowflakes
and clouds prevent the passage of solar rays and cause solar radiation to diffuse. Finland
is more exposed to these weather problems than central Europe, but preventing snow
accumulation on panels in the first place is possible. (Pasonen et al. 2012, 27-29.)

6.2

Grid flexibility comparison

As reviewed in the earlier chapters, intermittent energy sources need to be balanced and
the common ways are energy storage and usage of conventional energy sources as an
adjusting power. For PV-systems the problem is that energy production spikes at noon
leading to operating other generation units at less load (Pasonen et al. 2012, 40). This
problem could be neglected with energy storage solutions, but according to the fourth
chapter batteries are still too expensive to use in large-scale balancing.
In Finland, the adjusting properties are dependent on hydropower and power provided by
the other neighboring countries. In central Europe integration of solar energy is easier if
the country has self-sufficient energy consumption model and available adjusting options.
(Energiateollisuus 2017.) Energy storing is also challenging because of the arctic climate.
It is typical that electrochemical storage solutions need to be located inside during
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wintertime to work efficiently. In central Europe climate may allow the energy storing
outside. Additionally, thermal insulation used for instance in water tanks needs to be more
resistant in Finland than in central Europe. (Pasonen et al. 2012, 48.)

6.3

Financial support comparison

Finland is considered weak country to invest in solar energy technologies, but the annual
difference in irradiation compared to Germany is not that high. The real reason behind
solar energy’s success in Germany is their well-executed feed-in tariff system. The
financial support has made solar energy production prices to approach typical customer
electricity prices, which has led to lowered PV-equipment prices and easier access for
typical consumer to use solar energy. (Pasonen et al. 2012, 61-68.) In Finland PV-panel
market does not reflect global market prices and the panel may cost over two times more
than in Germany. In addition to expensive equipment, solar energy usage is not highly
supported with tariffs. (Pasonen et al. 2012, 21-22.) Regardless of Germany’s knowledge
that utilizable solar radiation is low, it has financially supported growth of solar energy
technologies and raised their nation to be European leader in renewable energy systems.
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7

CONCLUSIONS

Intermittent sources of energy are uncertain by nature causing unstable energy production
and difficulties in output forecasting. The main problems incurred by intermittency are
operational difficulties, unexpected imbalance between energy demand and supply, and
lowered power quality. However, these drawbacks are solvable with the energy storage
solutions, redesigning of the grid, demand management, and capacity redundancy.
Currently, integration of the intermittent energy sources is mainly provided by using
hydropower and fossil-fuels as an adjusting power, but in the future, demand management
and storage technologies will have the major role in intermittency mitigation.
From renewable energy sources, solar, wind, tidal and wave energy are considered
intermittent. Solar energy has seasonal and diurnal fluctuations with added irregularities
by clouds and aerosols, but its energy production is moderately predictable. The
intermittency of wind energy is a more complex process, as its energy production may
vary annually, seasonally and diurnally, coupled with highly variable turbulence and
topographical elements. Tidal energy has the most predictable intermittency, as it follows
semidiurnal pattern, with minor irregularities caused by low pressure and wind. The
intermittency of wave energy is based on the same reasons as wind. In conclusion, solar
and tidal energy have more predictable intermittency, but they do not produce energy at
certain times of the day or at certain months, whereas wind and wave energy have higher
variations, but are not so dependent on season or is it noon or night.
Renewable energy systems have various methods to store energy, which are divided into
chemical, electrical, mechanical, and thermal storage solutions. For energy management,
demand balancing, and moderate to long-term energy needs, suitable storage solutions
are pumped-storage hydropower, compressed air energy storage, batteries, fuel cells, and
thermal energy storages. For short-term energy needs and power quality maintenance, the
best options are flywheels, batteries, and supercapacitor energy storage. Storage solutions
are lacking large-scale energy storages, because pumped-storage hydroelectricity covers
99 % of the grid-connected electricity storage capacity. Thermal energy storages succeed
as an off-grid solution, but other solutions must be developed to be more cost-efficient to
operate in larger-scale as a grid-connected storage method.
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Another key solution for intermittency is usage of the conventional energy sources as an
adjusting power. Coal, petroleum, gas, and uranium can be used in a cycling plant,
intended to meet the imbalance between the energy supply and demand. This approach is
a quite straight-forward solution, but it causes the power plant to function with varying
load, causing operational and physical difficulties for the system. The main adjusting
properties that power plant needs are quick start-up, ability to increase or decrease power
quickly, and a low minimum power output to maximize the adjusting range. Operation of
the conventional energy generation systems has been changed from the baseload and
peaking plants towards load-following and two-shifting. Flexibility procedures made for
the power plants are even more increased when higher amount of renewable energy is
integrated in the energy system.
Challenges of solar energy in Finland are low annual irradiation values, solar radiation
concentration to summer months, and large locational differences within the country.
However, central Europe has succeeded in large-scale solar energy deployment with
nearly the same annual irradiance values as Finland. The common belief that solar energy
utilization in northern Europe is unprofitable has led to high market prices for solar panels
and minimalistic financial support for solar energy technologies. In turn, for instance
Germany has guided solar energy production prices to approach typical customer
electricity prices by financial supporting. Finland has low adjusting potential for largescale solar energy integration and energy storage systems do not function properly
without right operating temperature. Still, the usage of consumer scale solar energy has
potential by making PV-panels more affordable and by supporting their usage. Germany
has proven over the last decade that solar energy growth comes from market-oriented
thinking by offering PV-panels for low initial investment prices and allowing solar
electricity pricing to follow typical electricity prices.
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Appendix A. Intermittency Time-Scale Comparison
Table A.1 compares average energy production, predictability and cause of solar, wind
and tidal energy and is based on Chapter 3, sections 3.1-3.3. Wave energy is not included
as it is dependent on wind and its energy production globally is marginal. Table A.1 is
divided into four time-scales: annual, seasonal, diurnal and hourly. The purpose of these
time-scales is to show how intermittency affects to specific energy sources average
energy production within that time-scale. Also, Table A.1 points out how predictable
these variations are and explains the cause in a simplified form. By default, Table A.1 is
intended for latitude 30 to 60 and is only rough overall estimation. It should be noted
that intermittent energy sources are very dependent on geographical location.
As seen from Table A.1 solar energy is overall more predictable than wind energy and its
average energy production fluctuates less within the time-scales. This average energy
production still hides the true difficulties behind solar energy, because even though the
fluctuations in average energy production are minor, it does not produce energy at night
or in winter. Another problem for solar energy in high temperate latitudes is that demand
spikes happen twice a day when it gets colder, at morning and at late evening, which are
bad times for solar radiation. In the other hand, wind energy fluctuates more but usually
produces energy all day without major stoppages. This means that wind energy can
compensate the low energy production time periods of solar energy, while solar energy
brings more predictability to the daily energy production pattern.
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Table A.1: Average energy production, predictability and cause of solar, wind and tidal energy
with annual, seasonal, diurnal and hourly time-scales.

Average
energy
production

Annual

Seasonal

Diurnal

Hourly

 Stays the same
every year

 Highest in
summer

 Fluctuates
moderately every
day

 Highest at noon

 Moderate in
spring and
autumn

 Lowest at night

 Lowest in
winter

Solar

Predictability
and cause

Average
energy
production

 Easy

 Fluctuates
moderately every
year

 Easy

 Highest in
winter

 Moderate
between noon
and night

 Moderate

 Moderate

 Clouds and
aerosols

 Clouds and
aerosols

 Fluctuates
moderately or
much every day

 Fluctuates
much every hour

 Slightly less in
summer

Wind

Tidal

 Difficult

 Moderate

 Moderate <

 Difficult

 Global climate
phenomena,
changes in
atmospheric
particulates and
sunspots

 Only slight
seasonal
differences,
easier to predict
at certain
locations, e.g.
monsoon areas

 Most locations
unpredictable,
moderate with
clear topography

 Turbulence

Average
energy
production

 Stays the same
every year

 Stays the same
every season

 Stays almost the
same every day

 Fluctuates every
hour

Predictability
and cause

 Easy

 Easy

 Easy <

 Easy <

 Low pressure
and wind may
affect tidal
intensity

 Low pressure
and wind may
affect tidal
intensity

Predictability
and cause
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Appendix B. Technical Specifications of Energy Storages
1. Batteries
Table B.1 accumulates technical specifications of the most commonly used batteries,
focusing on presenting the operational specifications instead of theoretical ones. For
example, the LA batteries may have 170 Wh/kg theoretical specific energy, but in practice
they are in 25-50 Wh/kg range. The cycle life is based on DoD, which is considered by
giving the best discharge level for every battery. In practice, one cycle life in Table B.1
means discharging battery to given DoD, not to DoD of 100 %. (Brett et al. 2006, 783;
Suberu et al. 2014, 503-506; Sudworth J. 2001, 152; Zhaoyin et al. 2008, 1698.)
Table B.1: Technical specifications of most commonly used batteries for renewable energy
sources (Brett et al. 2006, 783; Suberu et al. 2014, 503-506; Sudworth J. 2001, 152; Zhaoyin et
al. 2008, 1698).
η
(%)

Cost
(€/kWh)

Lead acid, FLA

72-78

50-150

Lead acid, VRLA

72-78

50-150

Li-ion

95

700-1000

Ni-Cd

72-78

200-600

Ni-MH

80

280-400

ZEBRA

90

80-310

NaS

89

300

Flow, VRB

85

360-1000

Flow, ZBB

75

360-1000

Type

Cycle life/
DoD
1000-2000/
70 %
200-300/
80 %
3000/
80 %
3000/
100 %
500/
100 %
2000/
80 %
2500/
100 %
10000/
75 %
10000/
75 %

Operating
temperature
(C)

Specific
energy
(Wh/kg)

Selfdischarge
(%/month)

-5 to 40

25

2-5

-5 to 40

30-50

2-5

-30 to 60

90-190

1

-40 to 50

45-80

5-20

10 to 30

65

30

275 to 350

120

0

300 to 350

100

0

0 to 40

30-50

0

0 to 40

70

0
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2. Fuel Cells
Table B.2 accumulates technical specifications of the most commonly used fuel cells.
FCs are still a small-scale technology with high-end construction materials, which has led
to variable costs. The costs are still linked closely to qualified power. It is also good to
keep in mind that the most used FCs use hydrogen (H2 ) as fuel. The DMFC uses methanol
(CH3 OH), DEFC uses ethanol (C2 H6 O) and MCFC coupled with SOFC uses reformate of
carbon monoxide (CO) and hydrogen. SOFC has also option to use direct methane (CH4 )
as fuel. The specific energy of fuel cells is not listed, because FCs can be constructed very
differently. However, the usual specific energy range of FCs is 800-10,000 Wh/kg, being
the largest among all ESSs. (Suberu et al. 2014, 506-512.)
Table B.2: Technical specifications of most commonly used fuel cells (Suberu et al. 2014, 506).

Type

η
(%)

Cost
(€/kW)

Qualified
power
(kW)

Operating
temperature
(C)

Fuel

AFC

60-70

500-8000

10-100

70-100

H2

DEFC

20-30

500-8000

100-1000

90-120

C2 H6 O

DMFC

20-30

500-8000

100-1000

90-120

CH3 OH

MCFC

50-60

500-8000

100-300

650-700

Reformate CO/H2

PAFC

40-55

500-8000

5-10,000

150-220

H2

PEMFC

30-50

500-8000

0.1-500

50-100

H2

SOFC

50-60

500-8000

0.5-100

800-1000

Reformate CO/H2
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3. Electrical, Mechanical and Thermal Energy Storages
Table B.3 accumulates technical specifications of the most commonly used electrical,
mechanical and thermal energy storage solutions for renewable energy sources. The cost
is divided into two categories, €/kW and €/kWh, which tells if the ESS is economically
viable as short-term or as long-term solution. The cycle life is only for the applications
that have clear discharge process. Some of the devices also does not have specific energy
or specific power, as they are dependent on other factors. For example, in PSH these
depend on the height and the capacity of water reservoirs.
Table B.3: Technical specifications of the most commonly used electrical, mechanical and
thermal energy storage solutions for renewable energy sources (Amrouche et al. 2016, 2092120923; Demirel 2016, 324-343; Droste-Franke et al. 2012, 90-93; IEA 2014, 18-19; Kowal et
al. 2011, 573; Luo & Wang 2013, 22-23; Tixador 2008, 5; Suberu et al. 2014, 501).

Type

η
(%)

Cost
(€/kW)

Cost
(€/kWh)

Cycle
life

Specific
energy
(Wh/kg)

Specific
power
(kW/kg)

Selfdischarge
(%/at or
in)

SES

95

100-300

300-2000

1m

4-6

10

2-25/week

SMES

95-99

100-450

-

1m <

1-10

10-100k

0/-270 C

CAES

70

500-7000

2-40

-

30-200

-

-

FES

< 90

250-350

1000-5000

1m <

120

-

5-15%/hour

PSH

80

600-2000

5-100

-

-

-

-

Water tank

50-90

250-550

1-10

-

0.1

-

-

Molten salt

95-99

350-650

30-200

-

-

-

-
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4. Status and Typical Applications in Current Energy System
Table B.4 summarizes status and typical application of different energy storage solutions
in today’s energy system. Locations in the energy system are termed as generation, called
supply, transmission and distribution, called T&D, and end-use, called demand. From
applications arbitrage means storing low-priced energy and selling it during high-priced
periods. The table has also some example projects for the technologies. The primary
applications and locations may change in the future as the energy system evolves.
Table B.4: Status and typical locations for energy storage solutions in current energy system
(IEA 2014, 17-20).
Type

Location

Output

Primary
application
Distributed/
off-grid storage,
short-term
storage

Supply,
demand

Electricity

Supply,
demand

Electricity

Long-term
storage

T&D

Electricity

T&D

Electricity

Supply

Electricity

Short-term
storage
Short-term
storage
Long-term
storage, arbitrage

T&D

Electricity

Supply

Electricity

Demand

Thermal

Supply

Thermal

Batteries

HES
SES
SMES
CAES
FES

PSH
Water
tank
Molten
salt

Example project
NaS batteries
(Presidio, Texas, United States and
Rokkasho Futamata Project, Japan)
VRB
(Sumimtomo’s Densetsu Office, Japan)
LA batteries
(Notrees Wind Storage Demonstration
Project, United States)
Li-ion batteries
(AES Laurel Mountain, United States)
Utsira Hydrogen Project (Norway)
Energy Complementary Systems
H2Herten (Germany)
Hybrid electric vehicles (R&D phase)
D-SMES (United States)
McIntosh (Alabama, United States)
Huntorf (Germany)

Short-term
storage
Long-term
storage

PJM Project (United States)

Low temperature
applications
High temperature
applications

Shanghai Pudong International Airport
(China)
Gemasolar CSP Plant (Spain)

Goldisthal Project (Germany)
Okinawa Yanbaru Seawater PSH
Facility (Japan)
Pedreira PSH Station (Brazil)

