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Abstract
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with the intermittency of VRE, energy systems need to employ different "ﬂexibility" solutions
to match energy supply and demand in different time scales.
This dissertation examines the ﬂexibility of an energy system in integration of VRE by
employing quantitative energy system modelling methods. First, the maximum ﬂexibility of an
energy system is quantiﬁed. Then, different ﬂexibility solutions and their system-level beneﬁts
are compared. The dissertation examines the market value of ﬂexibility to quantify the
proﬁtability of such options from an investor's viewpoint. Since energy systems are being
further interconnected through international power markets, the role of such markets in
integration of VRE is crucial. To examine this role, this contribution develops a market-based
multi-region energy system model. The proposed model is an hourly simulation-optimization
model capturing the main operational features of an international power market, as well as the
local heat sector in each country.
The results indicate that the ﬂexibility of the Finnish energy system is limited and needs to
be improved to accommodate wind integration levels larger than 20% of the total electricity
demand. For the examined energy system, large-scale heat pumps in connection with the
district heating system and heat storage prove to be techno-economically the most promising
ﬂexibility option. The deployment of electrical energy storage is not proﬁtable under today's
market compensations, but the monetization of some externalities could make a business
model for some storage technologies. The size of these system-level beneﬁts of energy storage
is quantiﬁed in this study. Last but not the least, the role of international power markets in
providing ﬂexibility is analysed. The integration of VRE in neighbouring countries entails
overlapping impacts, which may diminish the ﬂexibility of the whole system. The ﬁndings of
this dissertation inform energy policy on the ﬂexibility of the energy system to achieve the
planned targets from high-level integration of VRE.
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Suuren mittakaavan vaihteleva uusiutuva energia on tässä vallitseva vaihtoehto.
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integroinnissa on keskeinen. Tämän ilmiöön tutkimiseksi tässä väitöskirjassa on kehitetty
markkinapohjainen monikansallinen energiajärjestelmämalli. Malli on tuntitason simuloinnin
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paikallisten lämpöjärjestelmien pääpiirteet tarkastelumaissa.
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Introduction

1. Introduction

1.1

Background

Energy systems are on the threshold of a new transition era. A conjuncture of
different motivations such as climate change mitigation1 [1] and energy security
has motivated regional and national energy policies towards further utilization
of local renewable energy2. In this respect, the European Commission [2] has
set a target to increase the share of renewables in gross final energy consumption up to 20% across the EU by 20203. Accordingly, a binding target is assigned
to each Member State based on their available renewable energy sources (RESs)
and potentials. For example, the renewable energy target for Finland, Sweden,
and Denmark for 2020 is 38%, 49%, and 30%, respectively.
To achieve the EU energy targets, each Member State has outlined a National
Renewable Energy Action Plan (NREAP) for advancing the share of different
RESs. This includes an increased use of variable renewable energy (VRE), such
as wind and solar energy. For instance, Finland is to augment the share of electricity from wind to 6000 GWh/a in 20204, which is an ambitious plan compared to 360 GWh/a in 2010 [3]. Denmark moves towards supplying 60% of
electricity from wind in 2020, and furthermore, 85% of electricity from wind
and solar PV in 2035 [4]. Different studies underline this crucial role of VRE as
the cornerstone of future renewable energy systems. For example, it is estimated
that 80% of energy demand will be met by VRE in a 100% renewable energy
system for the EU [5].
The inherent variability and uncontrollability of VRE has motivated the deployment of flexibility5 solutions [6]. Flexibility solutions comprise a wide range
of technologies and measures from generation across transmission to the demand side; for example, flexible power generation [7], energy storage [8], grid
According to The Intergovernmental Panel on Climate Change (IPCC), carbon emissions from the energy
sector must be reduced by 50-70% by 2050 compared to 2010. This is required to limit the planet’s temperature rise below 2 degree Celsius at the end of the 21st Century compared to the pre-industrial era.
1

According to the EU Directive 2009/28/EC [2], renewable energy means “energy from renewable nonfossil sources, namely wind, solar, aerothermal, geothermal, hydrothermal and ocean energy, hydropower,
biomass, landfill gas, sewage treatment plant gas and biogases”.
2

3

The target has been further boosted to minimum 27% RESs in final energy consumption by 2030 [2].

4 In

an amendment, this target was further extended to 9000 GWh/a by 2025 [3].

In this study, the term flexibility refers to the ability of an energy system in balance of energy supply and
demand over different time scales.
5
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extensions [9,10], power market couplings [11], sectoral integration (e.g., the
power and heat sectors) [12], and flexible demand response (FDR) [13]. These
flexibility solutions reduce the amount of curtailed VRE, improve the levelized
cost of electricity (LCOE) from VRE, and help the system to reach the planned
targets of VRE integration. Furthermore, from the operational perspective, flexibility solutions maintain the smooth operation of different elements of an energy system by reducing, for example, distortions and stresses, utilization of fossil fuel back-up plants, and congestions in the grid.
The abovementioned system-level benefits may indicate the potential value of
a flexibility solution, from a system designer or regulator viewpoint. However,
that an energy system needs to be more flexible may not directly offer economic
attractiveness for adopting flexible solutions. From the flexibility supplier’s perspective, providing such flexibility should be economically feasible. This calls
for feasibility studies applicable to each individual case study. To conduct a
proper cost-benefit analysis, the techno-economic and operational characteristics of each flexibility option should be examined separately. For example, only
electrical energy storage (EES) comprises a wide range of technologies with different technical, functional, and economic features. Furthermore, EES technologies can be employed as potential flexibility solutions for various applications
across the power supply chain with different revenue generation mechanisms
[14]. Therefore, the promotion of flexibility solutions should be seen together
with the market and regulatory drivers in the deployment of such technologies
in the energy system in question [15].
Considering the above, it is commonly agreed that flexibility solutions are
among the building blocks of a high-level VRE system. However, it is not
straightforward to identify required revenue streams and supportive policies to
justify the investment in such solutions. In liberalized electricity markets, the
balancing needs for integration of VRE are commonly maintained in competitive market places, including day-ahead, intraday, and real time power markets.
Hence, the suppliers of flexibility solutions are typically required to offer their
respective flexibility service through such competitive environments. This calls
for a market-based assessment and optimization of the profitability for a given
flexibility solution. On the other hand, electricity markets in Europe are being
increasingly coupled and integrated across national borders [16]. It is argued
that this expansion of national power markets to wider geographical areas is
itself a flexibility solution in smoothening of the intensity of electricity production from VRE [17]. Nevertheless, such power market couplings increase the
complexity and uncertainty in estimation of profitability from investment in
flexibility technologies in such interconnected regions [18,19].
Therefore, national energy systems encounter two predominant transitions in
the near future: high-level integration of VRE and more market coupling with
neighbouring energy systems. The assessment of flexibility requirements in
such an emerging environment calls for integrated methods and new modelling
2

Introduction

paradigms to capture both; (i) the dynamics of the domestic energy infrastructure, and (ii) the interplay between interconnected energy systems networked
through competitive and volatile power markets. This dissertation aims at contributing in this regard.

1.2

Scope and Structure

This dissertation attempts to find acceptable answers to the following research
questions:
Q1. To what extent is a national-level energy system able to absorb VRE,
without major investments in the flexibility of the system?
Q2. What is the market value of flexibility?
Q3. To what extent can different flexibility solutions contribute in balancing electricity from VRE in a national-level energy system? (i.e., system-level value of flexibility)
Q4. What are the implications of cross-border power market couplings for
the integration of VRE and the related flexibility requirements?
This dissertation, in general, summarizes the methods, analyses, and results
of the associated Publications. Figure 1 portrays the relationship between Publications constituting this dissertation. The arrows show the use of methods (in
red colour) and results (in blue colour) between Publications. For example, Publication IV is informed by the methods applied in Publications I and III, whereas
it makes the use of the results obtained in Publications I and II.

Figure 1. Relative relationship between Publications in this dissertation (The size of shapes and
arrows has no specific meaning.)

3

In Publication I, a national energy system (Finland) is modelled by employing
a publicly available modelling tool called EnergyPLAN [20]. The model is based
on hourly and integrated analysis of the heating, power, transport, and industry
sectors. By the aid of this model, we assess the flexibility of the energy system in
different energy scenarios with high-level penetration of VRE. Chapter 2 discusses this topic in detail, and proposes a new indicator (Maximum RE Integration, MREI) for quantifying the flexibility in energy systems.
To enhance the flexibility of an energy system, the deployment of flexibility
solutions should be assessed. In this dissertation, EES is selected as a sample
flexibility solution for more in-depth analysis. There are some reasons for this
choice. EES systems comprise a wide range of stand-alone technologies that are
applicable to numerous flexibility services in different levels in the power supply
chain (from generation, transmission, distribution, to end-users). EES technologies are also applicable to different energy systems (cold or hot climate, central
or decentralized, large or small, etc.). Publication II offers an extensive review
on the life cycle costs (LCCs) of EES technologies, completed with a simple but
robust cost analysis accommodating uncertainties. In Publication III, the market value of EES is examined in price arbitrage and some ancillary services for
the Finnish power market. This way, the market value of flexibility from an investor’s viewpoint is evaluated. Chapter 3 summarizes the findings of Publication II and III.
Next, after gaining an in-depth understanding on techno-economic functionality of the selected flexibility (i.e., EES) and its market value, this dissertation
attempts to explore the role of different flexibility solutions in integration of
VRE. To this end, Publication IV examines future high-level VRE scenarios for
the chosen energy system (Finland), with considering possible flexibility solutions and planned inflexible generation capacity (nuclear). Therefore, the Finnish energy system modelled by EnergyPLAN in Publication I is further developed to include future energy transitions in Finland, and to examine the role of
four flexibility solutions (see Chapter 4 for more details).
The evolution of this dissertation underlines the role of external power markets in assessing the flexibility of an energy system. In other words, in the study
of energy scenarios for a national energy system, the applied modelling method
relies on simplified assumptions in dealing with the impact of power flow
from/to other neighbouring countries. However, the examined energy system
in this dissertation has relatively large cross-border interconnection capacity,
which makes the system interdependent to the outcome of the respective common power market. To address this emerging challenge, this dissertation develops a market-based multi-region energy systems model (called Enerallt). Publication V introduces the modelling paradigm behind Enerallt and its relevance
for the modelling of integration of VRE in international-level energy systems.
Chapter 5 shortly introduces the functionality of Enerallt for some case studies
related to the integration of VRE in the examined case study (Finland). This
4
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Chapter discusses the interplay of energy transitions in two neighbouring countries based on the main results of Publication VI.
Table 1 depicts the position of Publications and Chapters, with respect to the
research questions in this dissertation.
Table 1. Relationship between research questions, publications, and chapters in this dissertation.

Research
Question
Q1

1.3

Main Theme
Flexibility of national-level energy systems

Q2

Market value of flexibility (EES technologies)

Q3

System-level value of different flexibility solutions

Q4

Flexibility in an international energy system

Publication

Chapter

I

2

II,III

3

IV

4

V,VI

5

Contribution of This Dissertation

The results and findings of this dissertation serve the existing literature by offering additional insights and knowledge in different dimensions as follows.
Case study: The results directly inform the implications of future VRE scenarios in the examined case study, i.e., the Finnish energy system. This dissertation shows, inter alia, the indicative flexibility of Finland’s energy system, the
implications of future wind-nuclear scenarios, the role of the Finnish heating
sector in absorbing variability of VRE, and the market value of flexibility in the
Finnish power market.
Universality of the results: While this dissertation has examined Finland
as the case study, the results of energy systems studies are applicable to similar
cases, especially in the cold climate. The findings of Publication II are universal
and can be used in different studies worldwide. The methods used in this contribution are all applicable to other case studies, from national to international
energy systems.
Modelling and analytical approaches: This dissertation has applied different approaches, of which some offer additions and novelty to the existing literature. This contribution has proposed an index for measuring the flexibility of
national energy systems and an algorithm for maximizing the benefits of replaceable EES systems, for example. More importantly, this dissertation fosters
a new modelling paradigm for the study of intersection of national energy transitions in countries interconnected through a common power market.
Table 2 summarizes the contribution of each Publication, including approaches and models employed for the respective analysis. For more details, the
reader may refer to the respective Chapter in this dissertation or the appended
Publications.
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Table 2. Modelling methods, employed/created tools, and main contributions in each Publication.
Publication

Modelling
Scope

Main Approach

I

National energy
system

- Market-economic modelling

II

Cost analysis of
EES technologies

III

- Probabilistic modelling of LCC
(Monte Carlo method)
- Market value of flexibility

Cost-benefit of EES - Optimization of size and cycles of
EES
- Techno-economic optimization of
National energy
an energy system and its flexibility
system
- Wind integration simulations

IV

V,VI

International-level
energy systems

- Modelling of VRE integration

- Market-based multi-region energy
systems modelling

Model
/Tool
EnergyPLAN

Main Contribution
- Flexibility index (MREI)
- Max RE feasible

Created in
MATLAB

- LCC of EES

- Optimal size of EES,
and optimal cycle numbers of batteries
- Wind-nuclear comproEnergyPLAN mise charts
Created in
MATLAB

Enerallt
(created in
MATLAB)

- Value of flexibility
- Combining a power
market model with an energy system model

The remainder of this dissertation is divided to five Chapters as follows. Chapter 2 discusses the modelling and simulation of high-level VRE in national energy systems. Chapter 3 deals with the market value of flexibility in a competitive power market. Chapter 4 draws on the results of Chapter 2 and 3 to study
the role of flexibility solutions in the examined national energy system. The dissertation moves to the modelling and analysis of flexibility in international energy systems in Chapter 5. Discussion and main findings of this dissertation are
summarized in Chapter 6.
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2. Integration of VRE in National Energy
Systems

2.1

Modelling of National Energy Systems

Modelling of different sectors and their interactions within a national-level
energy system is a common method for informing national energy and environmental policies. The modelling practices are typically focused on the investigation of energy balances, energy security, investment planning, and more recently, on the study of decarbonisation pathways.
With respect to the modelling method, energy models are in general categorized as optimization models, simulation models, power system and electricity
market models, and qualitative and mixed-method models [21]. Quantitative
energy system models are distinguished from each other based on the paradigm,
spatial and temporal details, structure or topology, constraints and boundaries,
and required parametric data [22]. For example, some models such as TIMESMARKAL family [23] suggest energy planning based on a set of selective snapshots in the system, such as conditions in the summer and winter peak time.
Some other models, e.g., Balmorel [24], examine the system in more spatial and
temporal details.
With respect to the integration of VRE in an energy system, a temporally detailed energy system analysis offers more capabilities in dealing with the variability of energy supply and demand, and the contribution of flexibility options
[25]. For instance, an hourly analysis captures the hourly variability of the heat
and power demand data, as well as power exchange with the neighbouring countries based on hourly electricity prices and the available exchange data. Deane
et al. [26] argue that a time resolution of 5 min would improve the results of the
hourly analysis merely by 1%, in terms of annual costs and benefits. To this end,
and due to the availability of input data, this dissertation is structured based on
the hourly energy system modelling. It means all the included publications report the results based on an hourly analysis.
Among different energy system modelling tools capable for the hourly analysis, EnergyPLAN6 is selected for Publications I and IV. EnergyPLAN employs a
6 More

information about EnergyPLAN is provided at http://www.energyplan.eu/. The tool and its documentation are freely available for download.
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deterministic approach for the hourly analysis of nation-wide energy systems.
The tool offers various options for the study of the integration of different RESs.
EnergyPLAN falls into simulation models, as opposed to optimization models
with an optimum solution. The model provides the user with several options
and strategies for the modelling and simulation of a given energy system based
on the concept of Choice Awareness. Therefore, this is the user who decides between available regulation strategies for modelling their system in question, unlike models with one institutional framework. For example, the user can model
the functionality of an energy system in integration of VRE, by changing the order between different balancing options. The model simulates an energy system
based on either technical or market-economic schemes.
EnergyPLAN is widely used for the modelling of energy systems with a high
share of combined heat and power (CHP) [27]. Moreover, the tool is capable to
demonstrate the possibility of high-level VRE integration in different energy
sectors (heating, power, and transport), as well as sectoral interplays. Therefore,
EnergyPLAN is selected for the case study examined in this Chapter and Chapter 4, i.e., the Finnish energy system7. More details on the regulation strategies
and the implemented modelling framework by the aid of EnergyPLAN to inform
this dissertation is illustrated in Figure 1 in Publication IV.

2.2

Simulation of Hourly Wind and Solar Production

For the case of Finland, wind and solar photovoltaic (PV) are the two VRE
technologies simulated in this study. For solar PV simulations, the “annual production” figures are obtained from [28] for three selective cities (Helsinki, Tampere, and Oulu). The cities are chosen based on population density and location.
Then, the “hourly pattern” is simulated by using the hourly data of shortwave
incoming solar irradiance, obtained from The NASA’s Modern Era Retrospective-analysis for Research and Applications (MERRA) platform8 [29]. The data
are obtained for a high-resolution spatial grid (0.5o x 0.6o) for the central and
southern parts of Finland, which represents the main population centres. Next,
the data is spatially averaged to create one representative hourly distribution
(8760 h) for the whole country. Finally, for any given installed capacity of solar
PV in the future scenarios, the hourly production is modelled by distributing the
annual production over the year, with respect to the ratio of solar irradiance in
each hour.
The modelling of high-level wind integrations starts with the actual wind production data as the basis. Since the installed capacity of wind in Finland is not
very large (only 260 MW in the beginning of this study), the actual production
data is adjusted before extrapolation for the future scenarios. This technique is
based on comparing the duration curve of the actual data with the results of a
Besides the capabilities of EnergyPLAN, the choice of modelling tool was partly related to some institutional reasons, as well as the availability of the tool and its documentation.
7

8

Available at: http://disc.sci.gsfc.nasa.gov/mdisc/data-holdings/merra/merra_products_nonjs.shtml
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detailed wind integration study, performed by The Technical Research Centre
of Finland (VTT) [30]. The method is described in detail in Publication IV, Section 2.3. By applying this method, the future multi-GW wind scenarios will experience a more moderated production pattern (less peaks and troughs), compared to the case of the direct extrapolation of today’s wind production.

2.3

Maximum Feasible Renewable Energy

The penetration of renewable energy in large scales has attracted a wide range
of studies. That an energy system can infinitely soar the share of RESs without
facing resource scarcity, system integration challenges, and market-economic
issues seems to be unrealistic [31]. Non-variable RESs, such as biomass and hydro, are resource- and site-constraint. On the other hand, abundant RESs are
mainly variable in time and space, as such, called VRE. Therefore, it is crucial
to quantify the maximum share of renewable energy that an energy system can
integrate given the available resources, energy infrastructure, integration options, and other constraints in the system. Since the European countries undertake renewable targets, this question becomes more relevant: to what extent an
energy system can increase the share of renewable energy.
For the case of Finland, the share of bioenergy9 in the future scenarios is estimated based on resource availability in terms of technical and economic potentials. We consider different conversion pathways (gasification, co-firing, biofuel10 production, etc.) to accommodate the use of the estimated bioenergy potential in different sectors of the energy system. The techno-economic implications are identified accordingly. The potential of hydropower seems to be fully
harvested in Finland, leaving a small fraction for the future. Another potential
in increasing the share of renewables examined in this study is the conversion
of direct electric heating in residential houses into electric heat pumps. However, a more extensive use of heat pumps, which involves the conversion of district heating (DH) customers, is not examined in this study. The use of geothermal energy and marine-based RESs are not considered in this study.
Therefore, VRE sources comprise the remaining potential for increasing the
share of RESs. The maximum integration level of VRE into an energy system
needs to be identified by a proper criterion to inform policy makers about the
implications of high-level integration of VRE.
Different studies have proposed metrics for the assessment of the flexibility of
power systems. Ma et al. [32] defines a flexibility index by evaluating the ramping rates of power production units in a system. Lannoye et al. [33] estimates
9 In

this study, bioenergy refers to energy from biomass. Based on the EU RE directive (2009/28/EC) [2],
biomass means the biodegradable fraction of products, waste and residues from biological origin from agriculture, forestry and related industries including fisheries and aquaculture, as well as the biodegradable
fraction of industrial and municipal waste”.
10 According

to the EU RE directive (2009/28/EC) [2], biofuels represent “liquid or gaseous fuel for
transport produced from biomass”.
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the net load ramps by investigating ramping availability of individual plants in
different time horizons. The mentioned methods require rather detailed information about different individual plants and their functional capabilities in different conditions. However, these power system studies typically neglect the
flexibility of other energy sectors in integrating VRE, such as heat storage in the
CHP-DH systems.
From an energy system perspective, Lund [34] suggests the term critical excess electricity production (CEEP), expressed in TWh/a. CEEP is analogous to
the curtailment; it is a share of VRE that cannot be directly absorbed in an energy system, cannot be stored or converted to other energy carriers, and is beyond the cross-border power transmission capacity. Connolly et al [35] proposes a compromise coefficient, which relates the VRE integration with the conservation in primary energy consumption (PEC). According to the latter, if marginal reductions in PEC between two consecutive wind integration levels would
be higher than the yearly curtailed wind energy, that level of wind integration is
still feasible.
In this Chapter, an indicator is proposed to identify the maximum level in the
integration of VRE. The proposed method relates the issue of flexibility in an
energy system with both primary fuel consumption11 (PFC) and power exchange
with other countries. National-level energy systems are usually interconnected
to neighbouring power systems, as such, the impact of VRE integration on the
net power exchange (NPE) is important. In other words, the high-level integration of VRE will reduce power imports (or increases power exports), resulting
in higher self-sufficiency of the energy system. Accordingly, this dissertation
suggests the indicator of Maximum Renewable Energy Integration (MREI), explained in Eq. (1).
𝑀𝑅𝐸𝐼 =

∆𝑁𝑃𝐸 + ∆𝑃𝐹𝐶
∆𝑉𝑅𝐸

[

𝑇𝑊ℎ/𝑎
]
𝑇𝑊ℎ/𝑎

(1)

The symbol Δ denotes the changes between two levels of VRE integration. In
Eq. (1), ΔVRE stands for the incremental increase in VRE production, including
the excess power that must be curtailed (i.e., both useful and excess VRE). ΔPFC
denotes the reduction in PFC, so negative values are not desirable. With respect
to the changes in the net power exchange (ΔNPE), the reduction in power imports (or increase in power exports) is considered a positive event and inserted
by (+) sign. This way, a negative ΔNPE denotes higher electricity imports (or
lower power exports) between any two levels of VRE integration, which is not
desirable. Therefore, the higher the MREI, the more useful that level of VRE
integration for the systems. This indicator shows that the addition of new installations of VRE can be accepted by the system, if the corresponding generated
electricity (including excess power) would result in improving the power exchange and reducing PFC.
11

PFC includes the use of biomass as PEC.
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The acceptable limit of MREI depends on the energy system in question. We
describe the functionality of MREI through a comparison between three simple
energy systems, as an example:
I.

II.

III.

In an energy system heavily relying on condensing power production,
each level of wind generation (e.g., in TWh) reduces PFC by a factor of
2-3, depending on the electrical efficiency of the examined thermal
power plants (TPP). Hence, integrating more wind even with a part of
it being curtailed is useful for the system as it significantly cuts PFC
and carbon emissions.
In an energy system with high-efficiency energy generation units, such
as CHP with 80-90% overall efficiency, each TWh wind generation
would result in less reduction of PFC compared to the case I. The system planner in this case would not benefit as much as the case I.
In an energy system relying on power imports, each unit of wind generation would simply replace one unit of power imports. Thus, the system planner witnesses no difference in PEC nor in PFC. This is one of
the reasons motivating the explicit inclusion of cross-border power exchanges in MREI, as opposed to the previous methods relying on PEC.

The above-mentioned example shows some simple general cases. An energy
system may consider carbon emissions a more deciding parameter rather than
PFC (although there is a relationship between the two). Publication I conservatively considers MREI=1 as a limit for the maximum VRE integration, meaning
that an MREI smaller than one is not desirable. This would correspond to a wind
curtailment of 2-3% per year in Finland, for example. However, in the future,
with a lower cost for wind energy, one may see a much lower MREI still feasible.

2.4

Flexibility Options in an Energy System

By applying the energy systems modelling framework explained in Chapter 2.1, different sectors of an energy system and their possible interaction can
be modelled. Then, high-level VRE scenarios are analysed by identifying the
possible flexibility options in the system in different time scales. Table 3 depicts
the already-existing flexibility options, emerging flexibility solutions, and nonflexible sectors considered in this dissertation for the case of Finland. Condensing TPPs are assumed flexible by changing their production from an hour to
another. Ramping constraints are not considered as an input in the modelling,
but a post-evaluation (repairing process) is applied to control the results. This
repairing process compares the hourly results for electricity generation from
TPPs with the maximum hourly ramp rates obtained from the national statistics
[36].
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Table 3. Today’s flexibility solutions, new flexibility solutions, and inflexible technologies consid-

ered in this study.
Flexibility
Group

Solution/Technology

Chapter

- Flexible demand response (FDR)
- Power transmission lines to neighbouring countries
Available

- Flexibility of district heating (DH) sector due to heat storage

flexibility

- Flexibility of CHP plants

optionsa

- Flexibility of hydro storage

2,4,5

- Power to heat (PTH) technologies, including large heat pumps
(LHP) and electric boilers connected to DH
- Thermal power plants (TPPs)
Emerging
flexibility

- EES technologies

3,4,5

solutionsb
Nonexamined
solutions

- Power to gas options
- Smart electric vehicles (EVs)

N/A

- Nuclear power plants (NPPs)
Inflexible
sectors

- Electricity generation from industrial CHP and waste generating
plants

2,4,5

- VRE systems (wind, solar, and river-hydro in this dissertation)
- Household electricity and heat production units (e.g., individual
heat pumps, individual boilers, etc.)

a
The capacity or function of these options are, however, varied from today’s conditions in the study of
future scenarios.
b
Flexible technologies examined in this study, which are not in operation today.

The baseload power generation at each hour is basically covered by NPPs, hydropower, and electricity from industrial CHP plants, which altogether remains
relatively higher than 30-35% of the total demand throughout this study. The
smart use of EVs as a flexibility option is not modelled separately in this study.
One may consider the aggregate behaviour of smart EVs as a FDR solution or
analogous to EES. However, the detailed impact of such vehicles on the load
pattern and other system-level impacts are not studied in this dissertation.
By the aid of EnergyPLAN, the following procedure is simulated for each hour:
1. Electricity from non-flexible generation is deducted from load.
2. Electricity from VRE (VRE-E) is deducted from the remaining load after Step 1.
3a. If the residual load would be negative, the flexibility options contribute
in balancing that excess VRE-E (see the order below).
3b. If the residual load would be positive, it will be met by the rest of the
power production fleet based on the merit order.
4. In case of lower electricity prices in the external power market, electricity is imported. The price of electricity in the external power market is
modelled as a function of power import (price elasticity). Therefore, power
imports increase the price on the other side of the border. The procedure
12
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is iteratively continued until the marginal cost of production inside the
system would be equal to the external market, or the lines reach the bottleneck.
This sequential order in meeting energy demand in energy modelling, known
as merit order-based generation, is seen as a simplified but acceptable way of
dealing with national-level energy planning [37].
In case of excess VRE-E in the system (Step 3.1 above), the following options
would balance the excess electricity [38]:
I. Hydropower plants contribute in balancing excess VRE-E by storing
excess power up to the storage limit.
II. Electricity is exported to the external market, subject to the transmission capacity limits.
III. FDR is activated.
IV. LHPs enter the system to consume the excess power and produce heat.
V. By the aid of LHP, the DH supply from CHP plants is reduced, and
consequently, these plants can cut the respective power production.
VI. Power production from CHP plants is further reduced, and the respective DH demand is met by the reserved thermal energy in heat
storage plants.
VII. Electric boilers contribute in reducing excess power and converting
that to DH.
VIII. If still needed, power production from CHP plants continues to be
cut, and the respective DH load is met by back-up heat-only boilers
(HOB).
2.4.1

Flexibility of the Existing Energy Infrastructure

In the assessment of the flexibility of an energy system in the future high-VRE
scenarios, one may start with the modelling of the today’s energy system [39].
This way, the capabilities and potential of the existing energy infrastructure in
absorbing VRE is quantified. Then, the policy makers are able to roadmap the
future energy scenarios based on the knowledge of the strengths and limitations
of the system in question, and by identifying the requirements for the future
changes. Energy systems are to some extent dynamic and evolutionary, adopting to emerging needs and constraints. However, energy systems are path dependent with a long-term horizon for investment and planning related to the
infrastructure [40]. Therefore, the study of the flexibility of an energy system at
the present time will create a proper basis for an informed plan for moving towards the future VRE targets. Moreover, the modelling of the today’s energy
system can be a basis for validating the model against the available statistics,
which makes the planner find out the reliability of the modelling results.
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2.5

Summary of Findings

By employing the modelling steps explained in this Chapter, the flexibility of
an energy system in integration of VRE can be assessed and quantified. The results can be presented by using an indicator such as MREI, or simply by reporting the amount of excess VRE-E that needs to be curtailed. For example, Figure
2 illustrates the implications of different wind integration levels for the whole
system in Finland. Let us assume a case A, in which installing 1 GW wind (with
annual production of 2.15 TWh) in the beginning would cut PFC and NPE by 2.7
and 0.8 TWh, offering 3.5 TWh total benefits to the system. However, further
wind installations do not benefit the system similar to the beginning: the higher
wind integration, the lower potential for benefiting from the produced wind energy. For example, in another case called case B, 1 GW wind installations are
added to the system when there would be already 7 GW installed wind capacity.
This addition creates benefits of approximately 2.1 TWh/a, which is 40% lower
compared to the case A. It means the dynamics of the energy system lacks a
sufficient flexibility for absorbing VRE-E in the future, compared to the present
day with low VRE integration levels.

Figure 2. Contribution of wind in reducing fuel consumption and power imports in different wind
installation capacities in Finland

Moreover, from an economic perspective, wind integration reduces the total
yearly costs12 (the discounted cost of capital plus operational costs) of the system
until wind integrations up to 18-19%. This is due to the alleviation of burning

Considering a capital cost of 1.55-1.9 million€/MW, 20-30 yr lifetime, and 2.7-3% fixed O&M costs for
wind installations. For the full list of cost assumptions, the reader may consult with Table A1, Appendix A,
Publication I.
12
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fossil fuels and power imports. However, the higher wind integration would increase the annual costs of the system compared to today, as some of the possibility for harvesting wind energy shrinks. Another important observation is the
lower flexibility of the energy system in intersection of the two VRE examined
technologies. In case of wind integration without major solar PV, the Finnish
energy system is capable to benefit from 18-19% wind integration13. However,
installing solar PV in large scales would diminish the maximum potential for
wind down to 16-17%. This calls for a more detailed analysis of priorities in promoting VRE technologies, as they may compete in employing the flexibility of
the energy infrastructure in large-scale integrations. This contradicting impact
may further deteriorate the expected benefits from each VRE technology individually.

Wind integration refers to the annual production of electricity from wind per total power demand
(TWh/TWh).
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3. Market Value of Flexibility

After identifying the flexibility limitation of an energy system, the next question
would be: what flexibility options are needed to facilitate a large-scale integration of VRE. As depicted in Table 3, an array of flexibility solutions are on the
agenda nowadays. The choice and promotion of each flexibility option depends
on the availability, operational requirements, economic costs, and other socioenvironmental impacts of that flexibility. Moreover, the choice of the flexibility
depends on the existing energy infrastructure, as the integrator of the emerging
solutions.
EES systems have recently attracted wide attention in research and policy forums, as an important element of the future VRE-based energy systems. The
European Commission has recognized EES as one of the “strategic energy technologies” for achieving the EU’s energy targets [41]. The US Department of Energy (DOE) has also underscored EES as a solution for the grid stability in coping with VRE [42]. EES systems comprise a wide range of technologies with different characteristics that make them sound a solution in different scales and
market places. As EES systems are not widely employed in the examined case
study, this dissertation opts EES for a more detailed analysis in this Chapter.

3.1

Cost Analysis of Electrical Energy Storage (EES)

Technical characteristics and operational features of different EES systems
have been widely studied and reviewed in the available literature [43-45]. However, the market-economic role of EES systems have remained obscure for energy experts, power suppliers, grid operators, and policy makers. To understand
the market-economic value of EES, one needs to first identify the cost of such
systems. The reported life cycle costs (LCCs) of gird-scale EES systems are limited in the literature. The costs are reported mainly based on scaling the size,
modelling and simulations, and from different suppliers with different conditions (for example see [46-48]). Even the cost data of the commercial, grid-scale
EES technologies, namely pumped hydropower storage (PHS) and comped air
energy storage (CAES), are site-specific and not easy to generalize. This lack of
adequate and transparent information regarding the economics of utility-scale
EES systems is seen as one of the obstacles in making feasible business models,
defining ownership structures, and proposing required regulatory supports
[15,49,50]. To inform a proper cost-benefit analysis of the flexibility, this Chap16
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ter deals with a comprehensive and comparative review of the LCCs of EES system in the available literature (reviewed in spring 2014). The LCC calculation
method and the reviewed literature can be found in Publication II.
The LCCs of EES systems are directly interlinked with the application and related techno-economic specifications, e.g. charge/discharge cycles per day.
Therefore, LCCs are examined for three well-known applications; including
bulk energy storage, transmission and distribution (T&D) support services, and
frequency regulation. Since the cost data of EES systems are rather dispersed
and varying in the existing literature, this study applies a robust uncertainty
analysis (Monte Carlo method) in reporting the LCCs of EES systems. Figure 3
compares the annualized LCCs (ALCCs) of seven EES systems. The LCCs typically comprise of the capital cost, cost of charging power, and O&M costs including the replacement cost for batteries. The ALCCs are calculated for an average
electricity price of 50 €/MWh, discount rate of 6%, service lifetime of 10 yr, and
250 cycles per year. For more information, e.g., about discharge time and efficiency of each technology, the reader may consult with Publication II (Appendixes A and B).

Figure 3. Discounted LCCs of some EES systems applicable for energy arbitrage. VRFB: Vanadium-Redox flow battery, Li-ion: lithium-ion battery, NaS: sodium-sulphur battery, CAES
(above): aboveground CAES, CAES (under): underground CAES.

As Figure 3 suggests, the cost of electricity constitute a big share of the costs,

which also depends on the efficiency of the technology. The cost data show a
wider disparity range for batteries, except for NaS which has one major supplier
in the market. The replacement and O&M costs are greater for batteries. Replacement costs are directly related to the life cycle numbers, lifetime, and the
charge-discharge regime.
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3.2

Value of Flexibility in Competitive Power Markets

To promote investment in flexibility options in a given energy system, they
need to prove to be economically viable. The economic feasibility of the flexibility depends on the ownership costs, possible services they can provide, the compensation for each service, and possible regulatory incentives. Therefore, the
market value of flexibility solutions depends on the possible applications and
market places that the flexibility provider can participate [14,51].
In liberalized electricity markets, electricity generation and consumption, and
as such storage and flexibility, are mainly balanced through market mechanisms. Therefore, the profitability and value of the flexibility highly depends on
the market conditions, which differs from a power market to another.
This dissertation applies an algorithm for maximizing the benefits of EES by
price arbitrage (see Section B in Publication III). EES participates in the market
when the difference between price of buying and selling electricity would be
higher than the internal cost of storage for that cycle (referred to as the marginal
cost of discharge analogous to the marginal cost of production). However, the
cost-benefit analysis needs to consider the LCCs of EES. Hence, the LCCs are
discounted on a yearly basis to compare with the respective yearly benefits. This
dissertation proposes an algorithm for maximization of the benefits of replaceable EES systems, such as batteries (see Section C in Publication III). The higher
charge/discharge of a battery generates greater revenues, but increases the risk
of more replacement needs. The proposed method is based on an iterative procedure that helps the battery’s owner to account for possible replacements and
their impact on the operating cycles offered to the market.
3.2.1

Case Study and Results

This study investigates the market value of five EES systems for the case of
Finland. Since different technologies have different efficiencies and functional
features, they offer different revenues. The value of EES is primarily examined
for the day-ahead (Elspot) and balancing markets14. The motivation is the relatively higher price volatility in Finland compared to other Nordic countries, as
well as the projections for the further needs for balancing in the Finnish power
system. The possible compensation from reserve markets are also briefly compared with the energy-only applications.
Table 4 illustrates the profitability of different examined EES systems for the
case of Finland simulated for the period of 2009-2013. The results show that
even the cheapest EES (i.e., PHS) is not profit making in the market places examined. PHS would make a benefit-to-cost ratio of 25% in Elspot, and 75% in
the balancing market, on average, in the examined period of 5 years. The benefits in the balancing market is much higher, since the EES owner gets paid in
14 The
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method for the estimation of benefits from balancing market is later improved in [52].
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the charging mode as well, by offering down-regulation. The examined economic benefits from the balancing market are theoretical, and the actual benefits encounter a big uncertainty.
Table 4. Yearly averaged benefits from the day-ahead (Elspot) and the balancing market for the

period of 2009-2013 in Finland.
EES
system

Day-ahead (Elspot)
Benefita

Costs

(€/kW- yr)

Balancing market

Ratiob
-

Benefit

Costs

(€/kW- yr)

Ratio
-

PHS

14.7

57.5

25%

43.2

57.6

75%

CAES

8.1

100.1

8%

33.6

107.7

31%

NaS

11.9

163.5

7%

16.5

170.1

10%

Lead-acid

13.1

224.8

6%

21.3

225.0

9%

VRFB

6.2

265.4

2%

15.0

266.1

6%

a

Benefits and costs are levelized for 1 kW of nominal capacity of EES, max 4 h discharge time, and 6% interest rate.
b
Benefit to cost ratio

The other interesting result from this analysis is the optimal size of EES for
the Finnish power market. For example for PHS, the best size would be a system
with 4 h charge/discharge. In other words, the bigger sizes of storage reservoir
would not offer proportionally higher benefits in price arbitrage in Finland.
The aggregation of benefits of flexibility options is one of the key topics in the
research agenda [51]. For aggregating the revenue streams, the flexibility provider needs to provide different services by participating in different market
places. Sometimes, the regulatory framework limits the possibility of aggregation of benefits. For example, some of EES systems can provide T&D services to
alleviate the peak and congestions, which results in the T&D investment deferral
[53]. In some market designs, if the flexibility provider acts as an agent competing with other producing units in competitive market places, that flexibility is
prohibited to be managed or operated by the transmission system operator
(TSO). This makes some of the potential benefits unreachable for the flexibility
provider [15].
This dissertation briefly examines the possible benefits that EES could aggregate by offering multiple services. For this case, we assume that the market
places defined for FDR are applicable for EES systems too, if the technical requirements are met. The data and specification is based on the guidelines provided by the Finnish TSO [54]. The results show that aggregating benefits from
energy arbitrage in the day-ahead and balancing markets, normal reserve, and
disturbance reserve would generate 195,000 €/a for each MW installed capacity
of a battery energy storage (lead-acid). However, the costs of the battery are yet
higher than the theoretical benefits. The actual benefits requires a more sophis-
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ticated scheduling and allocation of storage capacity [55,56], which is not examined in this dissertation. On the other hand, other possible benefits such as black
start and reactive power services are not examined either.
Overall, the results of this Chapter suggest that EES systems are not able to
offer return on investment in the Finnish wholesale markets. The inclusion of
different ancillary services and a theoretical aggregation of examined benefits
yet to make batteries profitable. Therefore, the regulator needs to identify externalities applicable to EES, such as contribution in VRE integration and the
related socio-environmental benefits, if the energy system is to deploy EES for
providing the flexibility requirements.
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4. Role of Flexibility Solutions in Integration of VRE

Chapter 2 showed that the flexibility of an energy system in integration of VRE
is limited. Chapter 3 examined the market value of flexibility for EES systems,
concluding that the market itself is not lucrative enough to pay off the costs of
the EES. This Chapter attempts to examine the role of flexibility solutions from
a system viewpoint. The goal is to monitor how flexibility options could serve
the energy system in integration of VRE. EES is compared with three other flexibility options, including FDR, power to heat options (LHP and electric boilers),
and interconnection to the neighbouring countries. The energy modelling is implemented by the aid of EnergyPLAN (see Chapter 2 for more information about
the tool). Before dealing with the role of flexibility solutions, this Chapter looks
into the energy policy of Finland, which revolves around the role of wind and
nuclear energy in reaching the decarbonisation targets.

4.1

Wind-Nuclear Dilemma

The updated version of the Finnish Energy and Environmental Policy (2013)
[57] underlines the coal use and power imports as two events to be substituted
with new decarbonized energy production. The country is to add a new NPP
(called Olkiluoto 3) with 1.6 GW installed capacity, and the construction of another 1.2 GW NPP has been started. If these two plants would be added to the
existing nuclear capacity, Finland will see a nuclear fleet of 5.6 GW (in a country
with 14.2 peak load and 9.4 GW average demand in 2014). It is expected that
two old reactors would retire in 2020s.
Concurrently, Finland aims to augment the share of RESs in final energy consumption up to 38% by 2020, to fulfill the EU targets [58]. Figure 4 shows the
share of different fuels in Finland’s PEC in 2013. While wind production was
only 1 TWh in 2013, Finland has plans to boost the share of wind contribution
up to 6 TWh/a by 2020 and 9 TWh/a by 202515 [59]. Therefore, the Finnish
energy system is entering a new era: a high share of nuclear power and a relatively large wind capacity. This intersection of wind-nuclear is examined in detail in this study. As mentioned in Chapter 2, this study considers no flexibility
from NPPs. However, the analysis accounts for the nuclear fuel replacement and
Considering an average capacity factor of 26%, each GW wind would generate around 2.2 TWh/a electricity in Finland.
15
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maintenance downtime, which is usually done in low demand seasons (it means
the capacity of NPPs is not fixed throughout the year in our modelling practices).

Figure 4. Share of different fuels and RESs in PEC in Finland 2013 (data from Statistics Finland
[60])

First, the Finnish energy system is modelled by adding Olkiluoto 3 (OL3) to
the existing NPP fleet. The results show that OL3 diminishes the flexibility of
the Finnish energy system in wind integration. For example, the amount of excess wind generation from 6.5 GW installed wind after OL3 is equal to that of 7
GW wind before OL3 (see Figure 5 in Publication IV). This may seem obvious,
as additional nuclear baseload constrains the room for the variations in wind
generation. Another impact of OL3 is the change in the profitability of wind for
the system. Wind integration under today’s conditions would reduce the total
cost of the Finnish energy system (see the cost assumptions in Table B1, Appendix B, Publication IV). For example, installing 3 GW wind will benefit the nation
by 82 million €/a. This implies that each MWh wind generation at this level
would save 12.5 € for the system (due to fuel saving, emission reduction, lower
power prices in the system and less imports, etc.). However, adding OL3 makes
any wind integration level a cost burden for the energy system. OL3 already replaces a big share of expensive and emitting power production. Therefore, the
reduction in the operational cost of the system due to wind integration is not big
enough to pay off the investment costs related to wind. In calculating the benefits of wind integration, the decreasing impact of wind on power prices is directly taken into account in the market-economic scheme (see Chapter 4.2 and
4.4 for more details on market-economic versus technical optimization).
The analysis of the relationship between wind integration and nuclear capacity in Finland can be illustrated through a compromise chart, as shown in Figure
5. The state of the energy system in 2014 is highlighted with a red circle. One
can monitor how the energy system would evolve under different wind-nuclear
scenarios. The results indicate that maximum wind integration in the energy
system is dependent on nuclear capacity by a concave, descending, polynomial
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relationship. Without additional flexibility solutions, the energy system can integrate wind up to 20% today. This figure diminishes to less than 10%, if NPPs
would meet more than 50% of the total electricity demand.

Figure 5. The wind-nuclear compromise chart illustrating the impact of different wind-nuclear capacities on power exchange and total costs of the energy system. (Colour indicator: maximum wind possible (red curve), share of net power imports per total electricity demand
(blue dash lines), change in total costs of the energy system compared to 2014 per unit of
annual power demand, M€/TWh/a (black line)).

4.2

Modelling of Flexibility Solutions in Energy Models

A number of studies have proposed alternative methods and approaches for
quantifying the flexibility requirements of a given energy system in high-level
VRE scenarios (see [61] for a review). In some studies [62], the required flexibility is estimated purely based on the tempo-spatial availability of VRE resources, without considering other integration possibilities or operational constraints in the examined system. A more precise and practical assessment of the
flexibility requirements suggests the use of energy system models, to accommodate all the VRE integration options across energy generation, conversion, storage, and consumption phases [63]. To address this need, a number of tools and
models have been developed to examine the role of different flexibility solutions
in integration of VRE (see [64] for a review). Since the intermittency of VRE
occurs in short time scales, such energy models should be able to evaluate the
flexibility in an adequate temporal detail [65]. By employing such models, the
implications of adopting different flexibility solutions in an energy system can
be analysed. The results of such modelling efforts typically show the investment
needs and total costs of the system, carbon emissions, plant utilization rates,
and ultimately, the functionality of an energy system in high-VRE scenarios.
In Chapter 2.4, different flexibility options examined in this study were introduced. The flexibility options are modelled based on their technical parameters,
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such as capacity, efficiency, charge/discharge time, duration, interaction with
other elements of the energy system, and their availability in the events of excess
VRE-E. The EnergyPLAN modelling tool provisions the choice of using a regulation strategy for simulating the system. Regulation strategies are in two main
groups: technical optimization and market-economic optimization. In the technical optimization scheme, the goal is to run a system with the least excess VREE, as well as minimum thermal power generation and power imports. The market-economic scheme gives priority to the options with the least marginal production cost. Table 5 lists the flexibility options modelled in this study with respect to the operational strategy of each option in different modelling regulation
schemes.
Table 5. Modelled flexibility solutions and their functionality in each regulation schemea

Flexibility
Options

Regulation Scheme
Technical

Parameters

Market-economic

Minimizing thermal
FDR

power generation and

Minimizing the costs

- Max capacity

excess power
Exporting excess
Interconnector

power or importing
power when the system fails to supply
In conjunction with

Heat
storage

CHP and LHP to reduce excess power,
condensing power,
and heat-only boilers
Maximizing production and minimizing

Hydropower

thermal power generation and excess
power

Are given priority after
CHP

solar thermal and in-

units

dustrial waste heat to
cover heat demand
Are given priority after

LHPs

CHP units to cover
the heat demand

- Duration

Power exchange based
on power prices in the
market

- Maximum capacity
- Power prices

Makes changes in
CHP, LHP, and boilers,

- Heat storage capacity

to offer better business‐

- Duration

economic profits
Maximizing production
and selling the production at the maximum
possible market prices
to achieve the highest
possible income

- Electric capacity
- Efficiency
- Storage capacity
- Annual water supply
- Hourly distribution of
water
- Variable O&M costs
- Electric capacity

Marginal operational

- Thermal efficiency

cost compared to rele-

- Electric efficiency

vant options (among

- Variable O&M costs

CHP, boiler, LHP, and

- Fuel specification

heat storage) and the

- Electric capacity

least‐cost solution is

- COP (Co-efficiency of

selected

performance)
- Variable O&M costs
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Only used as part of

Only used as part of

Electric

excess power regula-

excess power regula-

boilers

tion if specified in the

tion if specified in the

regulations strategy

regulations strategy

- Operates after all
other electricity proTPPs

duction units if the demand still remains (Or
for grid stability)

Produce whenever the
electricity price is
higher than the variable
operational costs

- Charge in case of

EES
systems

- Variable O&M costs

- Electric capacity
- Electric efficiency
- Variable O&M costs
- Minimum capacity
- Fuel specification
- Capacity (charge)

excess electricity

Optimise the profit of

- Charge efficiency

production

the plant based on

- Capacity (discharge)

- Discharge in case of

marginal costs and

- Discharge efficiency

condensing

losses in the energy

- Variable O&M

power production

conversion

costs of both charge
and discharge

a

This table is mainly based on the documentation of EnergyPLAN, available at http://www.energyplan.eu/

The model employs some technologies, such as heat storage and LHP, to support CHP systems in balancing their production following the VRE generation
[66]. For example, heat storage is modelled with a look-ahead planning horizon
to balance the DH demand so that the CHP plants connected to the DH network
would control their production based on either power prices or excess VRE-E in
the system. This way, the energy model maximizes the use of highly efficient
units (here CHP) in different periods, including the periods of excess VRE. LHPs
are another technology to serve the integration of VRE. In the modelling paradigm applied in this study, LHPs are assumed to be in conjunction with CHP
and DH systems. This configuration is very often in the Nordic region, where a
CHP “plant” comprises of a CHP unit, heat storage, back-up boilers, and in some
cases LHP and electric boilers [67].

4.3

System-Level Impacts of Flexibility Technologies

Flexibility solutions are generally employed to augment the share of VRE in
energy systems. The impact of such technologies can be seen in terms of reduction in VRE curtailment, costs, emissions, power imports, etc. In this Chapter,
the impact of four flexibility options are evaluated, including FDR, LHP backed
with heat storage, electric heating, and EES. Moreover, the role of cross-border
interconnector is analysed by two cases: a) assuming the Finnish energy system
as a closed system by applying “technical optimization” in the EnergyPLAN
model, and b) the full provision of export capacity to other Nordic countries in
the periods of excess VRE-E by employing “market-economic optimization” in
the energy modelling tool.
To quantify the impact of each flexibility measure, a scenario for the future of
the Finnish energy system is simulated, where the two new NPPs are operational
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and the country’s wind target of 9 TWh/a would be achieved. Table 6 shows the
projected changes in the Finnish energy system in 2020s compared to 2014. For
more scenarios and sensitivity analyses, the reader may refer to Publication IV.
Table 6. The energy transitions in the Finnish energy system modelled for the 2020s.

Today

Scenario

(2014)

(2020s)

MW

2780

5580

-

35%

52%

Onshore wind

MW

680

3600

Offshore wind

MW

10

600

TWh/a

1.1

9

-

1.3%

10.5%

TWh/a

82.5

85

TWh/a

-

0.5

MW

2500

2500

Projected Change
Nuclear capacity
Share of nuclear from total power production

Total wind production
Wind integration (from total demand)
Total power demand
Electric vehicles (from total demand)
Max transmission capacity to the

Nordicsa

Unit

a

In EnergyPLAN, one interconnector can be dynamically modelled. Hence, the interconnection to the Nordic countries is modelled this way. A fixed power exchange is assumed together for Russia and Estonia.

The flexibility requirements can be analysed with respect to the magnitude
and the impact of probable excess VRE-E on the load duration curve [68]. This
dissertation examines the magnitude, frequency, and “time of the occurrence”
of the excess VRE-E. The analysis demonstrate that if the Finnish power market
would be able to export excess power in the periods of excess VRE-E, the system
would see no major challenge in integrating high shares of wind and nuclear.
On the other hand, assuming no market-based trade with other countries (technical optimization with EnergyPLAN), and modelling the Finnish energy system
as a closed system, would result in an annual excess wind power of 2.5 TWh/a
(equal to 27% wind curtailment). The results for the technical optimization
scheme are illustrated in Figure 6.

Figure 6. The frequency and magnitude of excess power in different months of the year, for the
case of the Finnish energy system modelled as a closed system
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Four flexibility solutions are modelled for reducing this scale of wind curtailment, with the following technical parameters:





FDR with a flexibility to shift electricity across a time span of 24 h with
no losses
LHP with COP= 3, backed with a heat storage with a time frame of 24
h for shifting thermal energy
Smart electric boilers with no storage
EES with 75% overall efficiency, 15 yr lifetime, and 8 h charge/discharge time, resembling a utility-scale NaS battery

First, a 300 MWe installed capacity of each solution is analysed. The results
show that LHPs show the highest efficiency in reducing the hours with excess
power, from 3500 h to less than 2500 h, which results in 700 GWh/a less curtailed wind. LHPs convert the excess VRE-E to heat and store it if the produced
thermal energy is more than DH demand. FDR is the second efficient flexibility
option. Since the time span of FDR and its efficiency is higher than EES, FDR
offers more capability in relieving the excess power in this study.
Next, the total costs of the system after adopting each flexibility option are
analysed. The result shows that LHPs would significantly reduce the total costs
of the system by 427 million €/a. It means every MW installed LHP would absorb 2.3 GWh/a excess VRE-E, and would reduce the costs of the system by 1.42
million €/a. Benefiting from a COP of three, the produced heat would replace
fuel-based heating systems and the system would benefit from savings gained
in both DH and power sectors. On the contrary, the EES system would increase
the total costs of the system, as the savings due to the flexibility would not balance out the capital investment needed. FDR is assumed with no investment
cost, and as such, it reduces the system costs by harvesting a share of excess
VRE-E. For more details on cost assumptions, the reader may visit Appendix B
in Publication IV.
Finally, a sensitivity analysis is conducted to show the relationship between
the installed capacity of different flexibility options and their capabilities in absorbing excess VRE-E (Figure 7). The results demonstrate that increasing the
installed capacity of the LHPs is not resulting in a proportional reduction in the
amount of excess VRE-E. FDR suggests a higher flexibility compared to the
LHPs in installed capacities of over 600 MWe. However, both technologies offer
relatively lower flexibility in higher installed capacities. The results reveal a saturation point for the LHPs around 500 MWe, where this technology is no longer
reducing excess power in higher capacities. As the excess power seems to occur
mostly in the warm seasons, when there is lower demand for heat, LHPs are not
able to benefit the system by converting excess power to heat. The results indicate that each flexibility measure is limitedly able to reduce the excess power,
and no technology alone can fully alleviate the excess power in the system.
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Figure 7. Performance of flexibility solutions in different installed power capacity in decreasing
the excess power

4.4

External Power Market as a Flexibility Option

The two cases of power exchange examined earlier – technical versus marketeconomic optimization –represent the following common philosophies in the
modelling of energy systems with high VRE. The technical optimization supports the modelling of an energy system by merely relying on internal capabilities of the system in coping with VRE. This paradigm argues that in the future
high-VRE scenarios, a country may not be able to rely on power exports in periods of excess VRE. The neighbouring countries may encounter excess VRE in
the same period, due to the correlation between VRE resources in a close geographical area. Thus, the energy system should be designed so that it would cope
with VRE by deploying on flexibility options inside the system. Most of the studies conducted by EnergyPLAN are based on this philosophy.
On the other hand, the market-based approach argues that VRE would typically receive a full priority for using the cross-border grid in periods of excess
VRE (due to near zero marginal cost and/or supporting schemes). This approach is based on the assumption that the role of the existing international
power markets cannot be neglected, especially in areas with a high interconnection capacity, such as the Nordic countries. The energy models considering one
country at a time, like EnergyPLAN, are not capable to fully capture the future
changes in the neighbouring countries. Hence, it will be a drawback of applying
the market-economic method in very high VRE scenarios, as the energy transitions in the neighbouring countries are neglected. It means neighbouring energy
systems act as a sink for the excess power in the system in question.
Therefore, in energy models like EnergyPLAN, the technical optimization approach tends to overestimate the flexibility requirements in an energy system,
while market-economic scheme underestimates the needs for the flexibility. The
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modeller may be able to apply some modelling techniques to make a compromise between these two extreme sides in such one-country modelling tools.
However, the study of intersection of VRE scenarios in a group of interconnected countries calls for a market-based multi-region energy model. The next
Chapter will elaborate more on this.
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Grid expansions and power market couplings are considered by the EU energy
policy as solutions for increasing the share of VRE in Europe [19]. The Nordic
power market together with six other European power exchanges are price coupled, which means that a common calculation algorithm will determine the dayahead electricity prices in a wide area from Portugal to Finland [16]. Accordingly, all cross-border interconnectors will be optimally allocated to allow the
transmission of electricity from cheaper areas to more expensive regions [69].
This will contribute to the optimal use of VRE-E in a wider geographical area,
enabling further integration of VRE across Europe.
Different studies have examined the role of international power market couplings in providing flexibility for integration of VRE [70]. With respect to the
Nordic power market, the role of the Norwegian hydro in absorbing VRE has
been discussed in [71-73]. In these studies, the flexibility of market couplings
and transmission expansions are investigated by using power market models,
mainly focusing on the power sector (power production mix, hydropower reservoirs, transmission networks, etc.). However, as shown earlier in this dissertation, the flexibility of energy systems in absorbing VRE is not limited to the
power sector. Heat and power sectors are already interconnected inside the
most of the Nordic countries, e.g., through CHP production. In future renewable-based energy scenarios, the transport sector will be electrified too [74]. Accordingly, the future energy systems witness increasingly integrated heat,
power, transport and other sectors [75], to integrate a high share of VRE [76].
Considering the above, different sectors of an energy system will be further
linked to the power sector and power prices, and consequently, to the outcome
of cross-border power exchange. In this respect, this dissertation proposes a
modelling paradigm to analyse both national-level energy systems (with the
possible integration of different energy sectors inside a country), and power exchange possibilities among interconnected countries. Therefore the proposed
model is, inter alia, capable to compare the flexibility solutions inside a region
(e.g., EES inside a country) with the possibility of cross-border power exchange
for balancing VRE. This Chapter discusses the features of the proposed model
(called Enerallt) and a case study analysed by the model. Figure 8 illustrates the
different sectors of a sample multi-region energy system that can be modelled
by Enerallt. While the heat sector is modelled locally, the power sector in each
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region is modelled as a part of a multi-region power market. The method for the
modelling of each region resembles an energy system model, while the power
market is modelled as a network of individual power systems.

Figure 8. Different elements of the modelling paradigm developed in this dissertation (Enerallt),
and the methods applied in each section

5.1

Modelling Paradigm behind Enerallt

Multi-region energy models are capable for informing energy policy when
dealing with a group of networked countries/regions. Among the existing multiregion energy models, MESSAGE [77], TIMES family models [23], and
OSEMOSYS [65] offer capabilities for long-term investment planning by considering selective time slices per year. These models commonly reflect the viewpoint of a central planner who seeks to optimize the whole (multi-region) energy
system over a long time horizon of several decades. These models are not usually
designed to represent the operation of different power production units and
flexibility solutions in liberalized power markets with short-term variability.
On the other hand, multi-region power system operation and optimal dispatch
models are capable of representing short-term variability in load, VRE, and
power plant operations. EMPS [78], WILMAR [79], and Balmorel [24] fall into
this modelling group. EMPS has the capability of simulating hydropower production based on water value16 in a plant-level scheme. However, the detailed
representation of the CHP production and heat sector seems yet to be developed
in the model [80]. WILMAR is based on stochastic programming for short-term
load and wind generation modelling. WILMAR simulates hydropower water
values based on hydro inflow data in “long-term” mode. Balmorel offers more
flexibility in the modelling of CHP plants connected to DH networks. Balmorel
can apply some deterministic techniques for calculating hydropower water values [81]. Balmorel is also used for optimizing investment decisions in long-term
planning as well.

Water value is the expected marginal value of the hydroelectricity stored in the reservoir with respect to
alternative production modes in the power market in question.
16
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Nevertheless, unlike the above-mentioned models, Enerallt is a simulationbased energy model. Enerallt is not designed to offer an optimal solution from
the perspective of a central planner, who has a full knowledge and control over
the whole multi-region energy system. The aim of developing Enerallt is to simulate the interactions between different market participants in a real world electricity market. The decision makers do not benefit from a perfect knowledge
about future power prices and the actions of other market participants. For example, power producers need to improve their future strategies based on the
results from the past decisions made by themselves and other producers in the
market. Koppelaar et al. [82] consider simulation-based models as useful tools
for tracking agent information including learning from past behaviour and incorporating network behaviour. Enerallt attempts to model this adaptive behaviour of different agents, as such, the model resembles a multi-agent simulation
model [83].
However, Enerallt employs an optimization routine into the modelling too.
The use of optimization in the model is related to the common power market
part. The market will be optimized after simulating initial power supply curves
from each region for each day. This practise resembles the role of a neutral
power exchange in the real world (e.g., Nord Pool Spot). Therefore, the power
exchange is responsible to optimize the day-ahead electricity market merely
based on the received offers and bids, without interfering with the formation of
such offers. This integration of optimization in the modular structure of a multiagent based simulation model is one of the practiced electricity system modelling methods for informing energy policy [82]. Table 7 summarizes the main
characteristics of Enerallt. For more details on the modelling paradigm and
equations, the reader may consult with Publication V.
5.1.1

Challenges in Market-based, Multi-region Energy Modelling

The market-based modelling relies on the cost and tax assumptions. Different
countries might introduce different energy taxes and fuel prices, which possibly
results in different marginal costs for power and heat production. In this study,
we assume equal marginal costs for power plants in all the examined regions.
We also apply average DH prices at the country level, while DH prices vary significantly even between different cities in each country. In the version used in
this dissertation, the power market model is based on short-term marginal costs
of technologies, except for hydropower. However, some TPP producers may apply strategic (long-term) bidding in some hours. Hydro producers may apply
different algorithms for optimizing their revenues, but we model the aggregate
behaviour of all hydro producers in a given region without considering geographical limits.
The model is not able to reflect unexpected losses of power production capacity or interconnector capacity in particular hours in real life. We may have overestimated the installed capacity of power plants in the input data, due to the lack
of detailed knowledge about operating plants in each season in each country. It
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is worth to remind that the model proposed in this study is not a price forecasting model and, thus, is not suitable for bidding in the day-ahead market. The
goal is to represent an indicative production pattern and price variations in the
future scenarios to study the market evolution in the coming years.
Table 7. The main features of Enerallt

Feature

Notes on Modelling

Time resolution

Hourly, updating after each 24 h

Time horizon

Maximum one year at a time (8760 h)

Modelling type

Simulation of different agents

Modelling platform

MATLAB

Spatial resolution

Country level (price area level)

DH network

Aggregated for each region

Technology details

Aggregated based on fuel or technology type in each region

DH and electricity demand

Modelled hourly, inelastic with respect to price

Power market

Modelled based on Nord Pool (marginal cost based and market optimization)

Power transmission network

Modelled as bidirectional lines with different capacities based
on transport modelling (no DC or AC power flow modelling)

VRE-E

Hourly production

Wind simulation

Based on historical hourly production and modifications

Solar PV simulation

Hourly production data and hourly resource simulation

Future prices of electricity

Unknown to all agents

Hydropower

Modelled based on water value, weekly hydro inflow

TPPs

Modelled without unit commitment

CHP

Three groups: industrial, small CHP, and large CHP

CHP strategies

Three strategies: fixed hourly generation, based on hourly
heat demand, and based on DH and power prices

PTH ratio of CHP

Fixed

DH price

Fixed, average price for each country

LHP and heat storage

Connected to DH and CHP, two strategies: increasing DH
production from CHP, or increasing revenues from both DH
and power market

5.2

Power Market Couplings and National Energy Systems

Power market couplings and grid expansions have different implications for
interconnected countries. Market couplings ties power prices and, consequently, price volatility between interconnected countries [84]. Thus, the issue
of the national power system planning, and as such, the national energy policy,
may intersect with energy transitions in other interconnected countries. These
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mutual impacts are more pronounced in areas with relatively large-scale crossborder transmission capacity.
In this respect, large-scale integration of VRE in one country can affect the
interconnected regions, both by new opportunities and challenges. The interconnected countries may benefit from importing low-price electricity in hours
with high VRE-E in other countries. Moreover, the connection of two areas with
different load pattern, diverse power production mix, and different storage capabilities will contribute in balancing of VRE [85]. However, the growth in the
installed capacity of VRE may pose challenges to the neighbouring power systems, e.g., by increasing fluctuations in power flow, which complicates the issue
of transmission planning [86]. Moreover, the needs for flexibility in such international power markets will become more complicated [11]. For example, an
analysis implemented by Enerallt shows that the energy transition in Germany
has some implications for the flexibility of the Finnish energy system (see Publication V for more details).

5.3

Sweden’s Nuclear Phase-out and Wind Integration in Finland

The Nordic Power Market is characterized with a large volume of hydro reservoirs, mainly in Norway and Sweden. This large hydro storage is considered a
potential solution for balancing VRE in the region. Moreover, the cross-border
interconnection capacity is relatively high between the Nordic countries, which
offers further flexibility in integration of VRE17[87]. On the other hand, the Nordic countries have ambitious VRE plans, mostly based on wind integration. For
example, the recent debate in Sweden revolves around the early retirement of
some NPPs and increasing the share of wind energy [88]. For example, Wagner
and Rachlew [89] examine the total replacement of NPPs by wind energy. They
conclude that the need for back-up generation to overcome the wind variability
would significantly increase the carbon emissions and electricity prices in Sweden.
There is a possibility of early closure of four reactors, i.e., Ringhals (R1 and
R2) and Oskarshamn (O1 and O2), totalling 2800 MW nuclear power capacity.
By the aid of Enerallt, we model this closure of NPPs and additional wind installations in Sweden, to analyse the possible impact of such energy transition on
the flexibility of the examined case study, Finland. The input parameters and
assumptions are shown in Table I in Publication VI.
The results show that this energy transition in Sweden will slightly reduce the
operation of CHP plants in Finland, resulting in higher heat generation by
HOBs. According to the results (Figure 4 in Publication VI), the flexibility of the
Finnish energy system will diminish when Sweden installs higher wind power
capacity. Finland could integrate up to 5 GW wind with less than 2% annual
The interconnector capacity per total installed power capacity is 30-45% in the Nordic countries, which is
well above the EU’s 2020 target of 10%.
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wind curtailment, without considering the energy transition in Sweden. However, increasing the wind capacity in Sweden by 8.5 GW would impose a 6-8%
annual excess wind production in Finland (by assuming today’s flexibility of the
Finnish energy system). The replacement of nuclear with wind in Sweden will
require higher operation of condensing TPPs in Finland by up to 12% (in fixed
power demand as today for both countries).

5.4

Grid vs. Storage

The study of mutual impacts of energy transitions in interconnected countries
can better inform the debatable question of “grid versus storage” [19]. We analyse the impact of further interconnection between Sweden and Finland, on the
flexibility of the Finnish energy system. We do this for the case study of nuclear
phase-out in Sweden intersected with the wind-nuclear plans in Finland in
2020s (see Section C and D in Publication VI for the assumptions). In this case
study, the Finnish energy system would face 290 GWh/a excess wind. Figure 9
illustrates the amount of curtailed wind in Finland after adding more interconnector capacity between Finland and Sweden, versus different EES capacity installed in Finland. The examined EES system is a generic battery with 8 h discharge time, 90% charging efficiency, 90% discharge efficiency, 1 %/day selfdischarge, and suitable for bulk energy storage.

Figure 9. Comparing the role of additional cross-border interconnector with local electricity storage in absorbing excess power from wind in Finland

The results suggest that a higher interconnection capacity between the two
countries is not able to significantly reduce the excess power from wind in Finland. This can be due to the correlation between windy periods in these neighbouring countries, and the correlation between other generation patterns (e.g.,
power from CHP). Comparatively, EES shows a higher capability in shifting excess electricity from peak windy hours, yet EES is not able to meet all the flexibility needs alone. There are several plans for grid expansions between the Nordic power market and the continental Europe. By employing Enerallt, we ana-
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lyse the role of a new interconnection between Norway and Germany (NordLink) on the flexibility of the Finnish energy system. NordLink (with 1400 MW
capacity) will enhance the flexibility in Finland by 15%, reducing excess wind
from 290 to 248 GWh/a. This contribution in flexibility is equivalent to 2000
MW additional interconnector between Sweden and Finland.
5.4.1

A Note on Economic Issues

The average price of electricity in Finland was 36 €/MWh in 2014. With this
in mind, the cost of excess wind generation would total around 10.4 million €/a
for the case examined in this Chapter. By reducing wind curtailment from 290
to 75 GWh/a, an EES system with 2000 MW installed capacity would save 7.7
million €/a for the Finnish energy system. However, considering an average
ALCC of 80 €/kW-yr for the cheapest EES (PHS), such storage capacity would
cost approximately 160 million €/a. Therefore, EES would offer a benefit-tocost ratio of 5% for absorbing the curtailed electricity, without considering other
possible benefits of storage.
On the other hand, if the system would account for the role of such flexibility
solution in integrating renewable energy, the EES system will be a candidate for
benefiting from respective incentives (e.g., feed-in tariff) for wind generation.
This resembles a case, where the wind farm operator would add a storage to the
system to reduce the wind curtailment. Therefore, if the current feed-in-tariff
premium of 105 €/MWh for wind generation would be taken into account, the
system-level benefits of the examined EES would approximately reach 22.6 million €/a, equal to 12 € per installed kW capacity of EES per year. This can compensate approximately 15% of the total cost of the cheapest storage, i.e., PHS.
This is the benefit of EES only in renewable integration. Considering other support services of EES for the grid, e.g., reducing the need for balancing and reserve power, the system regulator can quantify a supportive scheme to promote
such flexibility.
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6. Discussion and Conclusions

6.1

Main Findings of This Dissertation

This dissertation employs quantitative, hourly, and whole-system energy modelling approaches to examine the issue of flexibility in integration of VRE in an
energy system. The findings of this dissertation with respect to the initial research questions can be summarized as follows.
The integration of VRE offers benefits to an energy system by reducing fuel
consumption, cutting carbon emissions, and reducing net power imports,
among others. The results of this study show that harvesting these benefits depends on the flexibility of an energy system. The flexibility of an energy system
is itself a function of different criteria. This includes power and heat demand
pattern throughout the year and the correlation between them; heat and power
production technology mix; storage possibilities in the energy sector; integration possibilities between electricity and other energy sectors; available VRE resources, their installed capacity mix, and their production pattern throughout
the year; and the possibility of cross-border power exchange.
In early stages of VRE integration, i.e., VRE generation below 10% of total
power demand, the system benefits are significant. This makes VRE technically
and, in case of wind for the examined system, economically feasible. In this
stage, the energy system replaces carbon emitting and expensive alternatives
such as TPPs by VRE-E, which results in significant cuts in fuel use, emissions,
and operational costs. However, the scale of the system benefits would not grow
proportionally under higher levels of VRE integration. To accommodate higher
levels of VRE, the system has to replace or reduce the production of more efficient plants too, such as CHP in this study. This makes the benefits of higher
levels of VRE integration look less attractive, compared to the beginning. Furthermore, if the system would continue to install VRE capacity, a share of VREE will be beyond the system flexibility and has to be curtailed. Hence, without
investment in flexibility, the system is not capable to fully benefit from VRE.
This prevents the system from advancing the share of VRE in energy consumption, which makes the system fail in achieving the planned VRE targets. VRE
curtailment further deteriorates the economic profitability of VRE for the system.
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For example, under today’s conditions for the energy demand and system flexibility, the maximum feasible level of electricity from wind and solar PV remains
below 20% and 8%, respectively, of the total power demand in Finland (technical optimum). From economic perspective, the most profitable wind integration level seems to be approximately 10% under cost assumptions of this study
(economic optimum). This level wind energy corresponds to 4 GW installed capacity and 9 TWh/a production, which indicates that the national plans for wind
integration by 2025 should be techno-economically feasible. However, Finland
is to increase the share of NPPs, and nuclear technology is considered as an inflexible baseload generation in this study. Hence, the flexibility of the system for
wind integration will shrink in 2020s after adding the new nuclear capacity. The
path dependency of energy systems requires that any energy transition would
account for the possible impacts on the flexibility of the system in the future.
According to this analysis, the Finnish wind-nuclear policy would require a
more flexible energy system for accommodating the planned benefits of these
two carbon-free options in a technically and economically efficient way. The
scale of the growth in energy demand is critical in this regard.
Market mechanisms and regulations are important in promoting investment
in the flexibility of the system. According to the results, the market alone is not
able to pay off the cost of EES systems in Finland. In other words, the market
value of flexibility is not lucrative enough for the examined technologies. This
situation may change in the future. The higher VRE in the system, the more
need for balancing, can lead to more profits for flexible solutions offering that
balancing. The inclusion of some ancillary services make low-cost batteries
(such as NaS) to be near cost breakeven. It is worth to mention that the need for
scheduling and allocation of EES capacity to different services would result in
losing some of the revenues stacked in this study. The results of this study help
the market regulator and policy makers to identify the gap between the costs
and market-based benefits of EES. For instance, the system regulator can identify the system-level benefits of the flexibility, and compare those benefits with
the market value of flexibility. Then, if the socio-environmental-economic benefits of flexibility for the system would fill the gap between the costs and market
value of such technologies, the system planner may define efficient supportive
mechanisms to accommodate such externalities relevant to the flexibility solution in question.
The dissertation examines these system-level benefits of four flexibility solutions, including FDR, LHPs (backed with heat storage), on-call electric boilers,
and EES. The system benefits are evaluated in terms of the reduction in operational costs, i.e., fuel and carbon emission costs. The results indicate that LHPs
(connected to DH systems) offer the highest capability in relieving excess VREE in the examined case. By converting excess power to heat and reducing heat
from CHP and/or HOBs, LHPs show to be significantly cost-efficient for the system too. Each MW installed power capacity of LHPs would pay off the investment costs, and further save 1.4 million €/a for the system. However, adding
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more and more LHPs capacity would not fully alleviate the excess power. It
means the benefits of LHPs would not linearly grow in higher LHP capacities.
The excess VRE-E in Finland seems to be more predominant in warmer seasons,
when the demand for DH is relatively low. Therefore, LHPs with short-term
heat storage are partly able in absorbing VRE-E, as the generated heat is not
useable. FDR shows a different performance pattern in this respect: the absorbed VRE-E remains relatively proportional to the installed capacity of FDR.
EES is the most expensive flexibility option today. The system-level benefits of
EES are not even enough to cover the capital investment needed for these technologies.
However, these system benefits of EES are equivalent to 20% of the total costs
of a low-cost battery technology. This can be an indication to define an incentive
by the system regulator, if the goal is to maintain the required flexibility by promoting investors to invest in EES. In addition, EES would reduce the amount of
the curtailed wind, which ultimately serves wind integrators to benefit from
greater revenues from wind supporting schemes. Considering the feed-in-tariff
for wind generation in Finland, this benefit would approximately stand for 410% of the total costs of a battery. The abovementioned benefits, i.e., the reduction in operational costs of the energy system and economic benefits in wind
integration would cover 24-30% of the cost of EES. It should be noted that the
system level benefits might be lower than the direct stacking of the two figures,
as the regulator has already accommodated some of the benefits in the respective incentives for wind integration. If these externalities would be realized, the
flexibility providers may make feasible business models by investing on EES.
Nevertheless, shifting a part of renewable integration subsidies from wind integrators to flexibility providers calls for a careful and well-balanced scheme to
encourage the required investment for both technologies. A combined “windstorage” support scheme may be a good compromise in this respect.

6.2

National vs. International: “That is the Question”

The evolution of this dissertation highlighted the role of international power
markets in integration of VRE. According to the results, the Finnish energy system would harvest almost all the planned benefits of its wind-nuclear decarbonisation targets, if the external power market would fully serve Finland in absorbing excess electricity from VRE. This assumption is not too optimistic, since in
a marginal cost-based electricity market, the excess VRE-E would probably result in very low or even negative prices in the Finnish price area. This makes
power exports from Finland a feasible option to absorb the excess VRE-E. However, the possibility of employing all the interconnector capacity as a flexibility
solution in high VRE scenarios entails some risks and uncertainties. From a
pure energy system viewpoint, the flexibility of the external power market in
absorbing excess VRE-E depends on the power market conditions in the importing region as well.
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To analyse these questions, this dissertation develops a market-based multiregion energy model of the Nordic countries. Then, the energy transition in Finland is further examined by considering the future probable transitions in
neighbouring countries like Sweden. The results show that the flexibility of the
Finnish energy system is very sensitive to the wind integration level in Sweden.
Under today’s market conditions for Sweden and other Nordic countries, the
Finnish energy system could install 4 GW wind capacity with less than 1% wind
curtailment per year. However, if the Swedish energy system would add another
5 GW wind, the wind curtailment in Finland reaches near 4% (assuming a fixed
power demand as today). A larger transmission capacity between the two countries is not able to reduce the intensity of such excess electricity.
The result show that a local flexibility solution is much more capable to encounter with excess power in Finland in the examined case, compared to a larger
interconnector to Sweden. Comparatively, the interconnector between Norway
and Germany (NordLink) would improve the flexibility of the Finnish energy
system slightly higher compared to an equal transmission capacity added between Finland and Sweden. This indicates that the interconnection of countries
with more distant geographical locations and more diverse flexibility options
would offer better flexibility in integration of VRE in a multi-region system.

6.3

The Final Note

To achieve the planned benefits from VRE, the national energy policy needs
to be informed by the study of energy policies in interconnected countries.
Large-scale VRE integration and the associated flexibility requirements necessitate a new set of energy policies and market mechanisms. In highly interconnected regions, the early bird integrators of VRE in one region diminish the flexibility of the whole system, leaving the later market entrants in other regions
with less profitability from VRE integration. These mutual impacts of national
renewable energy policies in the coupled countries may compromise VRE targets in some countries, and consequently, in the whole system. This calls for a
more efficient international coordination in energy planning, and consideration
of regional energy transitions in drafting national VRE pathways to achieve the
planned targets in integration of VRE. This would facilitate the optimal use of
VRE resources and energy infrastructure in regions with common energy and
environmental targets, such as the EU.

6.4

Quick Takeaways from This Dissertation

Table 8 summarizes the main findings of this dissertation with respect to the
initial research questions. The numerical figures are general indications, reported based on the assumptions and subject to the limitations of this study.
The reader is advised to read the relevant parts of the dissertation for more informed arguments and relevant information on each case.
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Table 8. A summary of main findings of this dissertation (subject to the assumptions and limitations

in the modelling)
Topic

Research
Question

Finding/interpretation
- Wind integration higher than 20% of the demand
will entail an annual wind curtailment of about 3%

Flexibility of today’s
energy system (2015)

Q1

- 10% wind integration (4 GW installed capacity)
offers the most economical level under today’s
cost assumptions
- Solar PV integration equal to 8% of total electricity demand will cause a yearly curtailment of 3%
- Solar PV and NPPs constrain the flexibility of the
system for wind integration
- No profitability in energy-only markets (benefits
less than 75% of the costs of the cheapest EES)

Market value of
flexibility
(EES)

Q2

- Inclusion of ancillary services significantly improves the profitability of EES
- Batteries hardly able to be net profitable in the
current market conditions
- LHPs reduce the system costs significantly (no
cost for DH networks included, see Appendix B,
Publication IV for the cost assumptions)
- LHPs the most efficient solution in reducing excess VRE-E, but not a panacea due to the lack of
long-term heat storage

System-level value of
flexibility

Q3

- EES the most expensive examined option
- System-level economic benefits could recover
20% of the total costs of a low-cost battery
- Subsidies payable to EES due to wind integration is equal to 4-10% of the total costs of batteries
- Inclusion of system-level, socio-environmentaleconomic benefits of EES may suggest business
models for investing in EES
- Assuming that the external power market would
remain as 2015 and it could absorb the excess
VRE-E from Finland; means no need for additional
flexibility in wind capacities up to 4 GW in Finland

Role of external
power market
(cross-border power
exchange)

Q4

- Future wind integration in Sweden weakens the
flexibility of the Finnish energy system
- Internal flexibility (we examined EES) is more efficient than further interconnection to a close region with similar power supply mix and production/consumption pattern
- Expansion to wider areas with different load and
production pattern improves the flexibility
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6.5

Limitations and Directions for the Future Research

The limitations of Publications constituting this dissertation are discussed in
the respective papers. In general, this dissertation is subject to limitations and
shortcomings as the following. The methods used in this dissertation are deterministic, except of the LCC analysis of EES. Therefore, the results do not account
for uncertainties in future energy scenarios, such as fuel and carbon prices, technology costs, energy demand, etc. In some limited cases, sensitivity analyses are
conducted to improve the findings. For example, in Publication IV the uncertainty in wind generation is examined with 50 runs and the annual results
showed maximum 5% difference from each other.
The cycling costs of TPPs are not calculated in this study, which makes the
economic results less accurate. The detail representation of the power grid and
the needs for grid expansion in the future VRE scenarios are not considered in
this study. Like most of national and multiregional energy models, the energy
systems examined are modelled as a node with interconnections to other regions. More spatial dimensions, such as a city-level DH system modelling, could
improve the results. Solar PV modelling is spatially high-resolution, but based
on the production rate, efficiency, and costs of today. The future cost reductions
would change the economic results. The hourly pattern of the future energy demand is modelled based on the load pattern today. The future changes in the
demand pattern due to, for example, FDR or electric vehicles are not taken into
account.
The modelling tool employed for informing Chapter 2 and 4, EnergyPLAN, is
a single country modeller. The results of these Chapters do not reflect the possible changes in the neighbouring countries in the future energy scenarios. The
external power market in EnergyPLAN is modelled based on a linear relationship between power imports and power prices. This may entail simplifications,
as power imports from the external power market are also a function of time of
the year.
The modelling paradigm emerged through this dissertation (Enerallt) is not
capable to model all the agents in an adequate detail. For example, hydro producers are modelled at country-level, based on their predominant pricing strategies (water value). Power demand is modelled inelastic in each hour. The
power network is modelled based on network flow theory, which is listed as a
general approach for regional/national energy planning [90]. However, a more
informed analysis would apply DC or AC load flow models, where applicable.
For more details on the limitations of Enerallt, the reader may consult with
Chapter 5.1.1 in this dissertation, as well as Section 3.3 in Publication V.
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