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Abstract

Wind power generation does, on the one hand, contribute to a less pollut-
ing and more sustainable electric power generation mix. On the other hand,
the uncertainty and the variability of the power output do challenge the op-
eration of the power system: hourly variations in wind power generation are
hardly predictable in a precise way. To decrease the need for balancing power,
it might be beneficial from the overall system-perspective to subject power
generating companies to stricter balancing incentives/rules.

The way the market is designed has become crucial to exploit the existing
flexibility in the power system and to increase the efficiency in its operation:
inappropriate market designs can counteract all technical achievements. The
work conducted for this thesis is embedded in a project on wind power inte-
gration and electricity market design following the aim to develop a simulation
tool to analyse the consequences of changes in specific market rules.

This thesis analyses wind power variations and forecast errors in the
Swedish power system and explores the question whether internal ex-ante
self-balancing can efficiently reduce the need for balancing power. Applying
internal ex-ante self-balancing, every power generating company re-schedules
its own power plants in order to balance its commitments towards other mar-
ket actors with its newest production forecast. This is done shortly before the
hour of delivery.

To assess the value of this self-balancing, possible trading and scheduling
decisions for power generating companies are modelled based on a hydro-
thermal generation portfolio within the framework of the Nordic electricity
market design. The model is based on a sequence of mixed-integer linear
optimisation problems for the clearing of the different sub-markets. Both the
data and the model have an hourly time resolution. In a case study, the model
is applied on a simplified test-system. The need of real-time balancing by the
transmission system operator, the total variable generation cost of the system,
as well as the extent to which the power generating companies re-scheduled
their production are then used as indicators to evaluate self-balancing.
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Chapter 1

Introduction

This chapter motivates the research that was conducted, defines its objectives, out-
lines the state-of-the-art, and lists the contributions that have been achieved.

1.1 Background

A rising awareness for global climate change and its potential effects on our environ-
ment, economy, and on welfare in general, has led to a re-thinking in many fields of
politics. As power generation is responsible for significant emissions of greenhouse
gases, energy policy is one of those fields. To reduce negative effects, governments
introduced, for example, emission trading schemes combined with emission caps (as
implemented in the EU [1]); they adjusted their strategies, e.g. aiming at a reduced
energy consumption and increased energy efficiency (for example, as part of the
20-20-20 initiative in the EU [2]); they agreed on internationally binding targets
on emission limits (Kyoto [3], EU [4] etc.), and also employed tax instruments (for
example energy and emission taxes as recently introduced in Australia in 2012 [5]).

One major strategy to reduce the negative effects of power generation is the use
of renewable energy sources (RES). In electricity generation, these sources include
hydro power, wind power (on-shore and off-shore), biomass, solar power (photo-
voltaic and concentrated solar thermal power), geothermal power (deep geothermal
boreholes or local geologic anomalies), tidal and wave power. Depending on the
strictness of the RES definition, also waste-to-fuel concepts, peat, landfill gas, and
gas from sewage treatment plants could be listed here. Compared to electricity gen-
eration in fossil-fuelled power plants, the use of RES other than hydro power has
been significantly more expensive in the past. This was caused by several factors
resulting in comparatively low costs of conventional fossil-fuel based technologies,
as well as factors contributing to relatively high costs of RES technologies. Ex-
ternal costs of fossil-fuel based technologies that have not been internalised in the
generation price, kept the operation cost of those power plants artificially low. In
contrast, RES technologies were especially expensive because they could not bene-

1



2 CHAPTER 1. INTRODUCTION

fit from cost-decreasing effects of economies of scale in manufacturing. While the
latter type of reasons is market-conform, external costs, however, cannot be inter-
nalised in a market by the market. Due to this reason, the market fails in providing
the optimal price-quantity combination [6]. Based on this argument, new political
interventions, as those listed above, have been justified. Through some of them,
fossil-fuel based generation has been subjected to parts of its external costs. Other
methods, e.g. RES support schemes, can be regarded as attempts to internalise
external benefits. These support schemes range from fixed feed-in tariffs and in-
vestment subsidies to market based instruments, such as tendering procedures for
renewables, or certificate markets with fixed quota obligations [7]. While all those
instruments are various, they aim at common goals: a more environmental friendly
energy production, decreased dependency on fuel imports, as well as regional de-
velopment, industrial policy goals (triggering innovations) and active labour policy
(employment) [8]. Finally, an underlying motivation might also be the will to pre-
pare possible back-stop technologies – that are alternative technologies which are
not dependent on depletable fossil fuels [9] – for the future [10].

There are controversial discussions about the appropriate levels of financial sup-
port for power generation technologies as well as about suitable heights of emission
caps or taxes. This is partly because the external costs and benefits can only be
estimated. In many cases, conventional power generation technologies have also
received – or still do receive – financial support or indirect subsidies which can
deteriorate the competitive situation for RES [11]. Ideally, all generated electricity
(and this holds for all commodities in general) should be subjected to the costs it
implies for society. In the same line of arguing, the RES support should be as high
as the positive external effects of using the technology. As long as conventional
power generation technologies are not fully subjected to their external costs or sup-
ported, less competitive RES need a higher support which exceeds their external
benefit. In the short-run, the support might temporarily even be higher in order to
“level the playing field” for RES deployment and, this way, allow for future benefits
from learning curve effects and economies of scale [12].

In 2010, the energy production from RES provided 833 TWh/year in Europe1,
i.e. 24.4 % of the total electricity production, Table 1.1. Hydro power is domi-
nating the renewable energy generation, but wind power plays an important role
contributing with 16.6 % to the total RES production. Hydro power has been –
and will continue to be – an important source for generating electricity, but the po-
tential for new hydro power stations in Europe is limited. Reference [14] quantifies
the potential for new hydro power which is technically and environmental feasible
as well as economically viable to 310 TWh/year. That would be 9 % of 2010’s total
electricity generation in Europe.

1The value is stated for the Entso-E member countries, representing nearly all European
countries. Entso-E comprises the 27 EU countries plus Norway, Iceland, Switzerland, as well as
Croatia, Bosnia and Herzegovina, Montenegro, Serbia, and Macedonia. Albania is not a member
of Entso-E [13].
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Table 1.1: RES electricity generation in the Entso-E member countries during 2010.
Data from [13].

Production [GWh/year] Share

Hydro 584 343 70.1 %
Wind 138 271 16.6 %
Solar power (PV, CSP) 21 220 2.5 %
Other RES 89 298 10.7 %

Total RES 833 132 100 %
Total generation 3 408 428 −

After hydro, wind power is the RES technology with the lowest levelised cost of
electricity. These costs per MWh estimate the average generation cost considering
capital cost, fixed and variable operation and maintenance costs as well as fuel
costs. For an on-shore wind turbine the levelised cost of electricity ranges between
59 EUR/MWh and 90 EUR/MWh according to [15]. In that study, the costs have
been calculated for three different wind yield scenarios ranging around a base sce-
nario that is representative for wind farms in Germany. Comparing those levelised
costs of electricity with the ones of other generation technologies, wind power seems
to be the cheapest RES technology except hydro power, Figure 1.1.

Comparing the levelised cost of variable and non-dispatchable renewable energy
sources like run-of.the-river hydro power plants, wind power or solar power, with
fully dispatchable power plants can though only be interpreted in a very limited
way. This is because those costs do not consider that the value of electricity changes
between every hour depending on supply and demand [19]. The comparison, how-
ever, explains why wind power – encouraged by RES support schemes – has in
many countries reached a significant share in both the installed generation capacity
and the energy generated.

An overview on wind power generation in Europe during 2010 is provided in Ta-
ble 1.2. For comparison, data for the United States, China, and India is included as
well. As those three countries cover a large geographical area, they consist of several
sub-systems. The data shown in the table depicts, however, the situation on the
national level, i.e. substantial variations between the sub-systems are possible. The
United States, China and India, followed by Germany and Spain, have the highest
installed wind power worldwide (end of 2010), together accounting for roughly 70 %
of the total 200 GW that are installed [22]. Spain and Germany produce most wind
power in Europe; however, looking on the share between wind power production
and gross electricity consumption, Denmark, Portugal and Spain are eye-catching.
In terms of electricity generation from wind power, Sweden, Finland and Norway
play a minor roll on the European level. It should though be observed that the
newly installed wind power capacity in Sweden amounted to 604 MW in 2010, while
the corresponding values for Spain and Germany were 1516 MW and 1493 MW [22].
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Figure 1.1: Overview on the range of the levelised costs of electricity (LCOE) for
RES. The costs are specific to different locations: hydro (Sweden, Austria), wind
onshore (Germany), tidal (United Kingdom), biomass (the Netherlands), photo-
voltaic I (southern France/southern Spain), wind offshore (Europe), photovoltaic II
(Germany), wave (United Kingdom). Reference [17] estimates the costs for the sec-
ond quarter of 2012, while Reference [16] is based on the costs projected around
2009 for power plants that are planned to be commissioned at the end of 2015;
Reference [18] is based on costs observed between 2000 and 2006.

In relation to the installed capacity (1560 MW at the end of 2009), the increase in
Sweden is however significant (+39 %).

Sweden is part of the Nordic synchronous area, physically comprising Norway,
Sweden, Finland and Eastern Denmark.2 The power generation in that area is
dominated by hydro power, Table 1.3. While some of the hydro power plants are
run-of-the-river power plants, the available storage capacity of the reservoirs has
a significant level (134 TWh [23]), especially when comparing it to the total elec-
tricity production of approx. 380 TWh/year. According to the European Climate
and Energy Package [8], the share of RES in Sweden has to increase to 49 % of
the national energy consumption. To reach this goal, Sweden aims – apart from
higher energy efficiency and an increased use of biofuels in the transportation sec-
tor – at a large-scale deployment of wind power: according to the planning target,
30 TWh/year, i.e. approx. 20 % of the national net electricity production in 2010,

2Iceland is also member of the collaboration group of the Nordic transmission system operators,
but Iceland is not connected to neither the Nordic nor the Central European power system. Hence,
when referring to the Nordic countries I refer to Norway, Sweden, Finland and Denmark.
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Table 1.2: Overview on wind power generation during 2010. The share shows the
ratio between electricity from wind power and total generation. European data
from [20], data for US, China, and India from [21].

Country Wind power gen. Total electricity gen. Share
[GWh/year] [TWh/year]

Spain 44 165 303 14.5 %
Germany 37 793 628 6.0 %
United Kingdom 10 183 381 2.7 %
France 9969 569 1.8 %
Portugal 9782 54 18.1 %
Italy 9126 302 3.0 %
Denmark 7809 39 20.0 %
Netherlands 3993 118 3.4 %
Sweden 3502 149 2.4 %
Ireland 2815 29 9.7 %⋯
Norway 895 125 0.7 %⋯
Finland 294 81 0.4 %⋯
United States 95 202 4361 2.2 %
China 55 000 4195 1.3 %
India 20 600 920 2.2 %

are intended to be generated by wind power in 2020 [24].

Power systems have been designed to manage a certain degree of variations,
e.g. to handle outages in production units and load variations. Nevertheless, high
wind power penetration levels are challenging due to the inherent and uncertain
variability of wind power generation: as the wind speed is changing, so is the
electric power generation of a wind farm. Regarding uncertainty, research leading
to improved forecast tools is one component that might reduce this problem. Even
though wind power variations can be partly smoothed when aggregating wind farms
in different areas and over a country, as will be shown for Sweden in Chapter 3,
significant wind power variations constitute additional challenges to the system
operation, e.g. the activation of sufficient reserves. Wind power variations might
also be correlated to other variations, e.g. the inflow to the hydro reservoirs [25].
Depending on the sign of the correlation, this can facilitate or hamper the operation
of the power system.

From societies’ point of view, it is important to operate the power system in the
most efficient way, i.e. using its flexibility when this increases the overall benefit.
The electricity market is the place on which most parties are interacting. Following
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Table 1.3: Electricity generation mix and national consumption in the Nordic coun-
tries in 2010. Data from [13].

Production [TWh/year]
NO SE FI DK Total Share

Hydro 117 66 13 0 196 51 %
Nuclear 0 56 22 0 78 20 %
Fossil 5 8 31 26 70 18 %
Wind 0.8 3.5 0.3 7.8 12.4 3 %
Other RES 0 12 10 3 25 7 %

Total generation3 123 145 77 37 382 100 %
National consumption 130 147 88 36 401 −

the idea of market liberalisation, the price is the essential signal to all market actors.
That implies that the prices are carrying the information on the actual state and
the future situation of the power system. It should be designed to resemble physical
reality as precisely as possible, it is a means to integrate wind power – and all other
RES, conventional power generation, and even the demand side – into the power
system. Here, the electricity market plays a significant role: appropriate market
rules can help to operate the system more efficiently, e.g. by offering incentives to
bid flexibility into the market. This way, a “good” market design might lead to a
more efficient operation of the power system.

1.2 Research objectives and scope

The way the market is designed becomes crucial to exploit the existing flexibility
in the power system and to increase the efficiency in its operation: inappropriate
market designs will counteract all technical achievements. This holds especially
in liberalised electricity markets, because here, the market is the medium through
which the players are interacting before the real-time operation during the period
of delivery.

Many ideas on how to improve the market design have been suggested and dis-
cussed in literature. They include, for example, the suggestion not to limit price
spikes in magnitude and frequency, e.g. [26], because this is an effective market
signal to balance load and demand [27]. Sufficient price spikes could also encourage
investments in more flexible generation and demand [26]. Another suggestion to
maintain appropriate investment incentives is to switch from an energy-only market
where generation is only paid per MWh towards a market that also includes ca-
pacity payments, e.g. [28]. This is based on the argument that investment risks are
very high due to volatile electricity prices, long construction times and high sunk

3Differences due to rounding and, in case of Finland, to non-identifiable generation.
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costs for power plants, as well as drastic price revenue changes if there is slightly
more capacity installed than demanded [28]. Different set-ups for capacity markets
are, for example, discussed in [29]. Another field is the debate on efficient RES
support schemes. Here, it is argued that the exposure of RES to market signals,
mainly the prices, does constitute a higher investment risk, but it does lead to a
more efficient use of system resources, see, for example, [30], [31]. Closely related
to this suggestion is the claim that the priority feed-in of RES, which is a corner-
stone of energy policy in many countries, causes dead-weight losses to society: this
happens if wind power is not curtailed when there is an oversupply of electricity
on the market which results in negative prices if those are allowed [32]. Another
important field is the distribution of balancing costs on the market actors. Here, it
is, for example, discussed which schemes or mechanisms offer appropriate incentives
for higher forecast accuracy of variable RES, such as wind power, and which mech-
anisms can force power generating companies to bid according to their expected
generation [31], [33], [34].

To expand the opportunities of market actors to reduce their imbalance volume,
i.e. the deviation between their generation during the hour of delivery and what
they have committed themselves to on the market, liquid intraday markets are
of importance [34], [35]. An alternative possibility is the coordination between
several generating companies to diversify their portfolios and to benefit of negatively
correlated characteristics (e.g. wind and hydro in Mid-Norway [25]). Of course,
also hedging on the financial market, and the adaptations of bidding strategies to
better represent uncertainties could contribute to lower imbalance volumes [35]. On
average, reduced imbalances will also result in lower balancing costs for which the
companies have to stand. Moreover, larger system imbalances, which are difficult
to handle [36], are then less likely to occur. This is exactly what this thesis aims
to contribute to analysing whether stronger balancing obligations on the market
actors by enforced internal ex-ante self-balancing can efficiently reduce the system
balancing needs.

Applying internal ex-ante self-balancing, a power generating company re-sche-
dules its power plants in order to balance its commitments towards other market
actors with its newest production forecast. This is done shortly before the final and
binding production plan is submitted to the TSO, and hence, before the hour of
delivery (ex-ante). In contrast to trading, this re-scheduling is only related to the
own power plants of a power generating company. This thesis explores the question
whether enforced ex-ante self-balancing within a power generating company that
owns several power plants can efficiently reduce the need for activation of tertiary
reserves in the power system. Internal ex-ante self-balancing – which in main part
of this thesis will be referred to only as self-balancing – could be advantageous, if
efficiency gains, measured as changes in welfare, could be achieved from the system
perspective.

The model developed for assessing self-balancing should be able to handle a
highly simplified test-system that comprises the main characteristics of the Swedish
power system including its electricity market. These characteristics include:
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� The power system dominated by hydro power;
� Significant hydro power generation located far away from the load centre;
� Significant wind power penetration in the future power system;
� One hour trading periods;
� A fully-fledged “physical”4 electricity market with day-ahead, intraday and

balancing market;
� The intraday market offers only limited possibilities to trade because it it

lacks liquidity;
� Procurement of regulating power through a 45 minuites-ahead bidding of up-

and down-regulation reserves to the TSO;
� Power generating companies are exposed to imbalance costs for the deviations

from their commitment to the day-ahead and the intraday market during the
hour of delivery;

� Obligations for power generating companies not to have systematic imbal-
ances.

Intraday markets allow market actors to adjust for their own deviations. That
might be efficient to minimise the imbalance costs from the producer perspective,
as well as the total volume of regulating power that has to be activated by the
TSO. However, often only very small volumes are traded on intraday markets as
[34] reveals. The traded volume on the Nordic intraday market Elbas was, for
example, between 3.1 and 6.1 TWh/year during 2010 according to [38] while the
total consumption in the Nordic countries amounted to 400 TWh [39]. In many
models, it is, however, assumed that intraday markets are perfect; for example, in
[35] where a model was developed to derive the optimal bidding strategy for a power
generating company using multi-stage stochastic programming. Each sub-markets,
including the intraday market, is represented by one of the stages in the problem
formulation considering those markets as perfectly liquid.

The approach of modelling adopted in this thesis has similarities to the one
used in [40]. There, the authors also focus on uncertainty due to wind power
forecast errors. Their main goal is to assess the value of different wind power
forecasting methods, and especially the use of probabilistic forecasts consisting of
several scenarios. The model is basically a three-step market model as the one
presented in this thesis. The three steps are: compiling a first schedule based on
day-ahead wind power forecasts for each hour of the day in question, adjusting the
day-ahead schedule of selected power plants based on updated wind power forecasts,
and the activation of reserves in real-time to adjust for deviations between the
updated forecast and the actual wind power generation. All the optimisation steps
are though run centrally using the whole pool of power plants (economic dispatch

4Here, the term “physical” is used to distinguish the day-ahead, the intraday, and the balancing
market from the financial market which is not subject to physical constraints. The balancing
market is, however, the only market where delivery of electricity is binding. Commitments to the
day-ahead and the intraday market can be compensated through imbalance payments. Hence,
those two markets are no physical markets following the stricter definition used in [37].
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[37]). In contrast to that, this thesis focuses on de-central re-dispatch decisions that
are internally made in the companies. That is the core of self-balancing.

To assess the value of self-balancing, possible trading decisions for power gen-
erating companies are modelled in different situations based on a hydro-thermal
generation portfolio within the framework of the Nordic electricity market design,
see Section 2.3.1. The model is based on a sequence of mixed-integer linear opti-
misation problems for the clearing of the different sub-markets. Both the data and
the model have an hourly time resolution. The need of real-time balancing by the
TSO, the total variable generation cost of the system, as well as the extent to which
the generating companies re-scheduled their production are used as indicators to
evaluate self-balancing.

Necessary pre-conditions for the developed model are:

� That all power generating companies are exposed to imbalance costs for their
deviations, i.e. where the TSO spreads out the real-time balancing costs on
those companies that had deviations. This is, for example, the case in Spain
and the Nordic countries;

� That the balancing power is procured through a balancing market after the
closure of the day-ahead and intraday markets;

� That the Intraday market exhibits a lack of liquidity and can, therefore, not
be modelled as a perfect market.

The scope of this thesis is limited by several factors: first of all, the model
is applied on a very simplified fictitious test-system. This was though necessary
to keep the level of complexity manageable during the development of the model.
Second, it is assume that imbalances only stem from wind power forecast errors,
and not, for example, from unforeseen load variations or power plant outages. This
assumption is motivated by the focus on power systems with high wind power
penetration. Third, it is assumed that rational power generating companies have an
incentive to bid according to their expected generation if the market is competitive
and a two-price imbalance settlement scheme is applied. This assumption follows
the reasoning in [31], [33]

1.3 Outline

The research followed a series of steps: the project started with a comparison of the
electricity markets in the Nordic countries, Germany and Spain. Next, changes in
market rules that promise potential efficiency gains had to be identified. This was
based on a literature review and on discussions with the members of the reference
group. It was decided to focus on stronger balancing obligations on the market
actors compared to todays’ situation in Sweden where the TSO carries the biggest
burden. In the light of significantly increasing wind power generation, this is a
relevant question not only for the operation of the power system but also to discuss
ways in which the electricity market as such could evolve.
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As wind power generation is subjected to two typical characteristics of several
RES – variability and uncertainty of power generation – those two issues have been
analysed for the Swedish power system. The analysis was conducted for each of the
four bidding areas as well as for the whole Swedish power system.

After that, a first model has been developed to simulate the consequences of
enforced internal ex-ante self-balancing on the operation of a power system and the
market actors. It was then applied on a test system and the obtained results were
analysed.

The thesis first presents the relevant background on competitive electricity mar-
kets (Chapter 2). Next, the analyses of wind power variations and wind power
forecast errors are described (Chapter 3). The description of the model follows in
Chapter 4. Its application on the test-system and the discussion of the findings are
the topics of the Chapter 5. Finally, the thesis is concluded with a summary of
the main findings, a comparison of the developed model with the objectives and an
outlook on future work (Chapter 6).

1.4 Contributions

The main contributions of this licentiate thesis are the following:
� Analysis of wind power variations and wind power forecast errors in Sweden,

Chapter 3;
� Developing a model to study the consequences of internal ex-ante self-balancing.

This model is presented in Section 4 in this thesis.
� Application of the model in numerical examples. The test system is outlined in

Section 5.1. The different settings are explained and motivated in Sections 5.2
and 5.3. The results are then discussed in Section 5.4.

1.5 Publications

The following publications have resulted from this thesis work:
� Article I: R. Scharff and M. Amelin. A study of electricity market design for

systems with high wind power penetration. In Proceedings 8th International
Conference on the European Energy Market (EEM), Zagreb, Croatia, pp. 614–
621, May 2011.
On the one hand, this literature review gives an overview on the Nordic, the
German and the Spanish wholesale electricity market design. This is described
in further detail in Chapter 2. On the other hand, the article introduces into
several issues where adaptations in the market design could contribute to a
more efficient integration of wind power into the power system.

� Article II: R. Scharff, M. Amelin and L. Söder. The influence of internal “ex-
ante self-balancing” on the operation of a power system. Presented at the 7th
Conference on Sustainable Development of Energy, Water and Environment
Systems (SDEWES), Ohrid, Macedonia, July 2012.
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This paper describes the basic model that was developed to assess internal
ex-ante self-balancing as one of the issues identified as relevant in Article I.

� Article III: B.-M. Hodge, H. Holttinen, S. Sillanpää, E. Gómez-Lázaro, R.
Scharff, L. Söder, X. G. Larsén, G. Giebel, D. Flynn, D. Lew and M. Milli-
gan. Wind power forecasting error distributions: an international comparison.
Accepted for presentation at the 11th International Workshop on Large-Scale
Integration of Wind Power into Power Systems, Lisbon, Portugal, November
2012.
This paper compares the statistical properties of wind power forecast errors
in different countries. The analysis for Sweden was done by me.

� Article IV: R. Scharff, M. Amelin and L. Söder. The influence of internal ex-
ante self-balancing on the operation of a power system. Invited and submitted
to Energy, 30th of August 2012.
This paper covers the current status of the model as presented in this thesis in
the Chapters 4 and 5. It contains further clarifications of the work presented
in Article II.





Chapter 2

Competitive electricity markets

Starting from outlining the basic motivation of using markets to schedule the cheap-
est power plants, this chapter describes the design of electricity markets and gives
an overview on the variety of design choices that can be made.

2.1 The market approach

The first country to liberalise its electricity sector was Chile in 1987. Other countries
followed in the succeeding years. Prior to those reforms, electricity generation,
transmission, distribution and retail was in the hands of regional state-owned or
privately-owned but regulated monopolies. This was regarded as the economically
best organisation of the sector, especially to benefit from economies of scale and
scope [41]. The electric grid plays a central role in the value chain, Figure 2.1
because it is essential to transmit electric power from generators to consumers.
Building a parallel grid would increase the overall costs, hence the grid is a natural
monopoly. In addition, investments in the grid are sunk investments which cannot
be used outside sector. Due to this, the incumbent company that owns and/or

Generation

Transmission
and distribution

Trading
and retail

Consumption

☇

e

☇

e

Figure 2.1: Value chain of the electric power supply.
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operates the grid does not face any competition [42]. Reasons to split the value
chain and to reform the sector by introducing competition in those segments of the
value chain that are no natural monopoly are manifold. Three shortcomings of the
old system are most important:
� Inefficient allocation on the electricity market and its input market. This is

caused by the fact that the monopolist is able to influence the market price
for electricity while companies in competitive markets are price-takers. Thus,
they have different strategies to maximise their profit. This affects the amount
of electricity produced (smaller in case of a monopoly) as well as the resources
demanded by the company (input market) [43].

� The incumbent monopolist which owns and/or operates the grid can extend its
monopoly position further to the upstream and downstream markets (electric
power generation and retail) [44].

� Higher costs due to inefficiency in the production do not reduce the market
share of the monopolist [43].

By exposing power generation and retail to competition as well as obligating
the grid owner/operator to offer non-discriminating access to the grid for third
parties, those shortcomings have been mitigated [41]. A perfect market can guar-
antee allocative efficiency by utilising the companies ambition to maximise their
profits to price electricity at its marginal cost, the so-called phenomenon of the
market’s invisible hand described by A. Smith already in 1776 [45]. By regulating
the monopolistic bottleneck of the value chain, i.e. the grid, the ability to extend the
monopolistic part towards power generation and retail became limited. Competi-
tion in those parts increases the pressure on the companies to perform as efficiently
as possible.

Apart from the liberalisation, many countries have also privatised their electric
power sector which reduced the “irresistible opportunities for regulators and politi-
cians to micro-manage and/or “meddle” in the business”, [41]. Instead, politicians
are now facing the challenge of setting an appropriate framework of market rules for
the electricity market, a regulatory framework for the grid operators, and ways to
execute energy policy, for example, in the area of RES [46]. Together, liberalisation
and privatisation in the electricity sector have helped to improve several issues, but
they have also raised new ones. The procurement of rarely-used peak-load reserves,
investments in the grid, and the interference of RES support schemes with the
market are some selected examples. Hence, research is important to identify which
design choices are appropriate for a well-functioning electricity market [41].

There are several main goals what a well-functioning electricity market should
accomplish. The German law on electric power and gas supply, for example, states
the aim to guarantee an as reliable, as efficient, as cheap, and as environmental
as well as consumer friendly electric power supply as possible and that this supply
should be based on a larger share of RES, [47, Article 1, Paragraph 1]. With the
benefits of a perfect electricity market that were outlined above the goals of an
efficient and cheap electricity supply might be reached. A pre-requisite is though
that the electricity market represents the technical characteristics of the power
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Figure 2.2: Actors on an electricity market.

system. This includes transmission limitations, ramping rates of power plants and
flexibility of consumers. Only then, the result of the bidding process and the
following market clearing might be technically feasible.

2.2 The sub-markets

The market design sets the framework of trading; it is subjected to the political
dogma (e.g. more liberalized or regulated). A liberalised market design aims for
competition between the market actors. Perfect competition requires that all actors
are price-takers, i.e. that they have no power to alter the market price with their
trades, and that the market is open for new entrants. Competition is of central
importance because then the price can correctly signals scarcity, and the market
actors will react to this signal by allocating the scarce commodity in an optimal way
[6]. The allocation of power generation and power consumption has to regard a set
of technical constraints. Hence, electricity markets have to represent the technical
characteristics of the power system in an appropriate way otherwise the allocation
might not be technically feasible or might not lead to an efficient operation of the
power system.

In contrast to the former operation of the power system by one vertically in-
tegrated monopoly per region, there are various actors on a liberalized electricity
market. Figure 2.2 illustrates which actors trade electric power before the period
of delivery, and which actors are involved in the operation of the power system. In
addition, it is distinguished between two different market layers: the wholesale, and
the retail market. On the wholesale market, suppliers, traders, balance-responsible
parties1, big consumers and the system operator are active. In contrast, the major-

1In the Nordic countries, all consumption and generation has to be covered by a balance-
responsible party. These players aggregate generation and/or consumption and ensure that for
this portfolio the planned production plus the purchases correspond to the sales plus the expected
consumption. Later, the TSOs settle the imbalances with the balance-responsible parties which
in turn can distribute the costs on the actors they are balance responsible for [48].
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Figure 2.3: Different “commodities” and the respective sub-markets on an electric-
ity market.

ity of the consumers are trading on the retail market and are only seen as aggregated
consumption on the wholesale market. Nevertheless, also the consumers on the re-
tail market are sensitive to price signals, but only those signals that affect them,
i.e. the prices on the retail market. To make this end-consumer flexibility available
to the wholesale market is one idea in the discussion on smart grids [49].

On the wholesale market, the commodity electricity is sold and bought regarding
different contract terms or services. Electric energy is traded with different time
spans to the hour of delivery: two sub-markets, the day-ahead and the intraday
market, follow each other while bilateral trading occurs in parallel, Figure 2.3.
The financial market is a means to hedge against price risks on those three sub-
markets. While electric energy itself constitutes the main commodity, it is also
necessary to fulfil other system needs, amongst them the provision of balancing
capacity. Real-time balancing power can be divided with regard to the time in
which it can be activated: primary reserves are power plants that automatically by
local governor control increase or decrease their production if the electric frequency
of the power system changes. Secondary reserves are activated automatically but
have a response time of several minutes. Tertiary reserves are activated manually
by the TSO; they have the longest response time. Real-time balancing reserves
can be either contracted with the TSO (e.g. primary reserves) or procured through
a bidding process (e.g. tertiary reserves) [50]. From the system perspective, those
real-time balancing reserves are complementary products to electric power, so-called
system services. From the power generating companies’ point of view, they might,
however, be substitutes because a power plant that is already planned to operate on
its maximum cannot further increase the generation. Some other system services
are reactive power provision and black start capability. They are mostly contracted
bilaterally and are not considered in this thesis.

So far, one essential complementary product to electricity has been omitted:
the transmission capacity. To deliver electric power, a transmission network is
required to bridge the distance between generation and demand. This grid is subject
to congestions when the maximum transmission capacity on one line is reached.
However, for the trading on the electricity market, it is not the physical transmission
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capacity, but the transmission capacity set by the TSO which is relevant2. The
first one can be reduced by security margins due to stability considerations. The
resulting maximum available transmission capacity can be efficiently integrated into
the electricity trading by implicit auctions [52].

In many European countries, generators are only paid for the electricity they
have generated (so-called energy-only markets, payment per MWh). However, ca-
pacity payments (payment per MW) for selected generation capacity can exist in
the member states of the European Union, even though their deployment is re-
stricted to situations where security of supply is insufficient and generation capacity
cannot be attracted without capacity payments, [53, Article 8]). One example is
a so-called peak-load arrangement in which the system operator or the regulator
contracts generation capacity for peak-load periods through a tender. The power
generating company is then remunerated with a capacity payment to keep this ca-
pacity available as a reserve [29]. Peak-load arrangements are, for example, used
in Sweden [54], and since the re-entry into the nuclear phase-out also in Germany
[55]. Capacity payments are problematic because they might lead to distortions on
the other parts of the electricity markets [29], [34].

2.3 Electricity markets in practice

The results of the market settlements, reflected in the prices, as well as the ex-
pectations of these prices are of highest importance to the market actors, since
they base their decisions on them. Today, most electricity markets in Europe are
national markets. Some countries have one common electricity market, e.g. the
Nordic countries or Spain and Portugal; others have build common sub-markets,
e.g. the joint German, Austrian, French and Benelux day-ahead market. Lately,
also markets for real-time balancing power have been extended across national bor-
ders in some regions, for example, Western Danish and Dutch generation companies
can bid in the German real-time balancing market and vice versa [56]. In Europe,
there is a clear political target towards further coupling and joining of sub-markets,
Art. 6 in [53].

Many similarities can be found between the Nordic, the German and the Spanish
electricity markets, e.g. the general structure depicted in Section 2.2. Other criteria
are different:

� Market architecture: interconnection/timing between sub-markets, internal
congestion management;

� Concerning the design of the day-ahead market: requirement of participation,
bid caps and floors, design of the intraday market(s);

� Degree of market coupling (between countries);
� Congestion management on interconnectors between markets;

2In this context, it should also be noted, that due to the cost of grid expansion it would not
be optimal to enforce the grid as much as possible so that the power system could always allow
for the cheapest generation mix [51].
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Table 2.1: Overview. Data for 2009 from [17] and [19]-[27]

Nordic Germany Spain

Predominant
generation

Hydro-thermal Thermal Thermal

Consumption 376 TWh 527 TWh 259 TWh

RES except hydro
per consumption

NO: 0.8 % 13.0 % 16.0 %
SE: 9.8 %
FI: 10.5 %
DK: 19.3 %

Primary RES
support scheme

NO and SE:
green
certificates

Feed-in tariffs Option feed-in
premium or
feed-in tariff

FI: fiscal
incentives
DK: feed-in
tariff and
feed-in premium

Interconnection
capacity to neigh-
bouring countries:
absolute and in rel-
ation to peak load

5910 MW exp. 13 600 MW exp. 1600 MW exp.
5410 MW imp. 13 900 MW imp. 1400 MW imp.
9.5 % 21 % 6 %

� System characteristics and the political environment.
It should be noted that the system itself as well as the environment are different,
too, as Table 2.1 shows. Germany and Spain are dominated by thermal power
generation whereas in the Nordic system about 51 % of the electricity is generated in
hydro power stations [13]. The storage possibility of considerable amounts of water
and energy introduces an “inter-temporal” aspect [57]. The sizes of the systems,
the amount of RES generation as well as the strategies chosen to encourage RES
deployment are different, too.

2.3.1 The Nordic countries

In this section, we outline the design of the Nordic electricity market. Certain issues
are, though, handled differently between the Nordic counties; then, the Swedish
market is chosen for reference.

On Elspot, the Nordic day-ahead market, actors make commitments to sell
and to buy a certain amount of energy during a fixed hour of the next day. Later,
the actors can adjust their positions on the intraday market, Elbas. Because all
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Figure 2.4: Price zones in the Nordic electricity market, source [58].

final deviations from these commitments are priced in the imbalance settlement,
precise trading on the day-ahead and the intraday markets is important. Besides
the time of closure, the day-ahead and the intraday market deviate by the applied
price-forming mechanism: while the day-ahead market is an auction with marginal
pricing, continuous trading with pay-as-bid pricing is applied on the intraday mar-
ket. In practice, liquidity on both markets is highly different: high on the day-ahead
market and low on the intraday market [34]. Bilateral trading plays a minor role
as trade between two different price zones, see Figure 2.4 is obliged to be settled
on Elspot or Elbas because the transmission capacity between the price zones is
integrated in the trading on the power exchange (implicit auction).

To hedge against price risks on the day-ahead and the intraday market, actors
can agree on financial contracts. The traded volume in the Nordic financial market
is significant (larger than the sum of the national consumptions) [59]. It is, however,
a purely financial trading which has no direct influence on the physical situation as
it is not linked to physical fulfilment (i.e. power delivery or consumption) but only
to a cash settlement.

Another important sub-market is the balancing market3. Deviations from the
supply and the demand commitments on the day-ahead and the intraday markets

3The Nordic balancing market is often called regulating market, and the procured real-time
balancing power regulating power.
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can never be excluded: a risk for power plant failures, demand and supply forecast
errors, as well as line interruptions always remains. The four Nordic TSOs instanta-
neously keep the balance between generation and load by activating real-time bal-
ancing reserves. In Sweden, this is, for example, done by automatically responding
primary reserves and manually activated tertiary reserves. Those primary reserves
are contracted in advance by the Swedish TSO, Svenska Kraftnät. After a
short while, they are released by manually activated reserves. This way the pri-
mary reserves can be restored and are available for the next balancing needs. In the
Nordic countries, the manually activated reserves for up- and down-regulation are
procured in one common bidding list. This way, the cheapest ones can be activated
as long as long as transmission limits are not restricting the choice of reserve power
plants. The price is set by the reserve on the margin [48]. A good overview other
European real-time balancing power markets can be found in [60].

Via the so-called ex-post imbalance settlement, the cost for real-time balancing
are spread out on the market players after the hour of delivery. The expectations
of these costs affect their bidding strategy in the upstream markets. In Sweden, the
imbalance settlement is done through balance responsible parties, each of which ag-
gregates generation and/or consumption. Two separate imbalances are computed
for each balance-responsible party and for each price zone: a generation imbalance
and a consumption imbalance. For the generation imbalance, a two-price system
is applied. This penalizes the generation imbalances of a balance-responsible party
only if they are opposite to the system’s predominating direction of real-time bal-
ancing during the hour in question. Balance-responsible parties that contributed
to the systems imbalance are obliged to buy imbalance power from the TSO at the
price of the most expensive activated regulating bid (marginal pricing) if their own
imbalance is negative (higher commitment on the day-ahead and intraday markets
than what was delivered during the hour). If it is positive, they have to sell imbal-
ance power to the TSO at the price of the cheapest activated real-time balancing
bid. If the balance responsible party’s imbalance was supporting the system, it will
be priced at the day-ahead market price [48]. For the consumption imbalances, a
one-price system is applied. There, the price is not depending on the overall system
imbalance. Two-price imbalance settlement rules are discussed conflictive [33], [61],
[62]. One issue is, for example, to which extent they force the power generating
companies to bid on the day-ahead market closely to their expected production in
each certain hour.

2.3.2 Germany

The day-ahead market covers Germany and Austria. Trading on the power ex-
change is not mandatory and the major part of the electricity generated is traded
bilaterally. Therefore, an overall congestion management approach cannot be in-
tegrated into the electricity trading. Instead, the TSOs use re-dispatching. In the
past, grid capacities were sufficient to enable all trades settled on the power ex-



21

Figure 2.5: Consecutive auctions – the Spanish intraday market design.

change. Only if that is not possible, market splitting with five predefined areas
corresponding to the balancing areas of the TSOs would come into force [63].

Financial long-term trading (EEX Power Derivatives), day-ahead trading
(EPEX Spot) and continuous intraday trading (EPEX Intraday) are possible.
In addition to volume coupling with Elspot, EPEX Spot got price-coupled with
the French, Belgian and Dutch electricity markets that also cover Luxembourg.
This way, a bid in one of the countries is automatically included in the other
countries and congestions between them are handled implicitly. After gate closure
of the day-ahead market, continuous trading on the intraday market is possible from
15:00 until 75 minutes prior to delivery (pay-as-bid pricing). It covers Germany
only and bids are limited to ± 9999 EUR/MWh [64]. A special characteristic of
the German balancing market is its low liquidity and its comparatively high price
level [31].

2.3.3 Spain/Portugal

The Spanish electricity market was merged with the Portuguese one in 2007 forming
the Iberian electricity market Mibel [65]. The internal bottleneck between Spain
and Portugal is handled by splitting the market into a Spanish and a Portuguese
price area [66]. Bilateral trading is only possible before the closure of the day-
ahead market. But even though the participation at the power exchange is not
mandatory, additional capacity payments, which are rewarded to those generators
trading through the power exchange, lead to a quasi-mandatory power exchange
[67], [68], [69].

The market operator OMEL operates a day-ahead market which is followed by
trading possibilities on six consecutive intraday markets that are cleared after each
other, see Figure 2.5. Each auction uses marginal pricing and covers a decreasing
number of hours the later the session starts. The first trading possibility is the
auction starting at 16:00. Here, electricity for all hours of the next day plus the
last three hours of the actual day can be traded. The session closes at 17:45. In
the following session starting at 21:00 and closing 45 minutes later, electricity can
be traded for the hours between 1 and 24. Hence, the minimum time lag is always
3:15 hours. The next sessions close at 1:45 (hours 1-24), 4:45 (hours 8-24), 8:45
(hours 12-24) and 12:45 (hours 16-24) [67], [68], [70]. Trading on the intraday
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market requires trading activities on the spot market (either through the exchange
or bilateral) for the same hour [71]. In addition to the combination of intraday
markets and the real-time balancing market the system operator has the possibility
to open an additional deviation market with marginal pricing right before the hour
of delivery in case it is likely that the difference between forecasted load and traded
energy is exceeding the reserve capacity [67].

The interconnector capacities to neighbouring countries are low. Hence bal-
ancing has to be done mainly within the market area [67]. The French-Spanish
interconnector capacities are auctioned explicitly [72].

Two peculiarities can be found in the Spanish market: first, tariffs for final
consumers are regulated by the government [63], [69]. Second, an interim rule
entitles incumbent generators that were active before the liberalisation in 1997 to
additional payments. These payments protect companies from price signals and
market risks. For details on those so-called Competition Transition Costs see [69].
Both peculiarities are likely to cause inefficiencies as also emphasized by [63].



Chapter 3

Wind power variations and
forecast errors

Wind power generation has different characteristics than generation from conven-
tional power plants. Two of those are the variability of the wind power output and
the uncertainty connected to it. To deal with variations that cannot exactly be fore-
cast poses a challenge for the integration of wind power into the existing power
system.

This chapter provides an analysis of wind power variations and forecast errors
in Sweden which does not only serve as a practical introduction into the nature of
wind power generation; the results of the analysis also motivate the investigation on
distributed balancing mechanisms for wind power deviations, the problematic dealt
with in this thesis.

This work is part of an ongoing study in the IEA Task 25 working group.
The aim of that study is to compare variability and uncertainty in wind power
generation between different countries. While for the IEA Task 25 working group
only the situation in Sweden as a whole country is of interest, this chapter presents
an analysis also on the level of the four Swedish bidding areas. The analysis in
this chapter does not strictly follow the standards of the working group, but some
methods, namely the study of ramp rates in wind power generation as a function
of the wind generation level, the scatter plots in Figures 3.5, 3.6 and those in the
appendix, as well as the quantile-quantile plots, have been used here as well.

3.1 Variability in output

Wind speed varies both in different time-scales and between different locations. The
generation of wind power plants is also subjected to these variations. The kinetic
energy in the wind Ewind, kin is calculated as

Ewind, kin = 1

2
%Av3 (3.1)
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where A is the swept area, % the air density, and v the velocity of the wind [73].
Variations in the wind speed amplify the variations in the power output because
the kinetic energy of the wind is proportional to the cube of the wind speed.

In general, there are sites with higher wind yields and those with lower ones.
This depends on the local climate (mean wind speed, extreme weather events,
seasonal and annual changes etc.) as well as on the technical design of the wind
farm (wind profiles, hills and obstacles, turbulences, roughness, shading effects etc.)
[74, Chapter 4] and [75]. Variations in the wind power generation are occurring
on different time-scales. They range from fast variations (seconds), over short-
term variations (minutes to hours) to long-term variations (months to years) [75].
Some of these time-scales are, however, less relevant than others for wind power
integration and also for the model developed in this thesis. To select the most
relevant ones, literature frequently refers to a meteorological study from Van der
Hoven in 1956 [76]. There, a common pattern for wind power variations, the so-
called van der Hoven spectrum was recorded and analysed. This spectrum is of
importance because its pattern was observed for wind turbines in different areas.
The spectrum shows several characteristics that apply universally:

� Wind speed is significantly varying between periods of 4 days. This is shown
by a distinct peak at a frequency of 0.01 cycles per hour in the spectrum
which corresponds to a period length of 100 hours per cycle. The variations
on this time scale are explained by changing weather conditions;

� Wind speed is also varying strongly in the 1-minute range. Here, a second
peak occurs in the spectrum which is due to turbulences hitting the turbine;

� Variations between days can also be noticed but they are less frequent and
less strong than variations between periods of 4 days;

� Variations around the period of 1 hour are not strong. Observe that this is
the time period where persistent forecasts are often applied, see Section 3.2.1;

� Variations in the second-to-second range are small.

Smoothing effects, which reduce variability, can be observed when considering
the power output on the level of the wind farm (several wind turbines within one
wind farm) and when aggregating the wind power production over several sites in
a larger geographic area [77]. This is the reason why the effects of turbulences
in the 1-minute time-range are levelled between several wind turbines [75]. The
same holds for wind speed variations in the time-scale of seconds which are also not
translated into variations in the wind power output. The latter one is, however,
not only due to the smoothing effects when regarding a whole wind farm, but also
due to the inertia of the rotor [75].

For the problem and the model presented in this thesis, the total of all variations
is important because the model is intended to contribute to a more efficient handling
of these variations. Also the fact that variations between the hours are smaller is
relevant as it explains the quality of persistent forecasts for short forecast horizons
in the close future.
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3.1.1 Impact on operation

While discussing the impacts of increased wind power generation, both variability
and uncertainty in power output are relevant. In the following, it is, however,
distinguished between those two peculiarities because the focus of this section lies
on impacts that stem from the variability in the output.

Impacts of wind power variations on the operation of the power system are
manifold: First, this variability results in a capacity credit of wind power which is
significantly lower than 1. This indicates, simply speaking, that wind power plants
contributes less to supply adequacy in the system than fully dispatchable and 100 %
reliable power plants would [78] 1.

Second, wind power variations – even if they could be perfectly predicted – cause
a need for additional back-up capacity [62]. These reserves are needed for balancing
the power system in real-time, i.e. to compensate variations in the minutes time-
range. All balancing actions – in the Nordic power system that is the provision
of primary frequency reserve and the manual activation of up- or down-regulating
bids [48] – will subject the production plans to changes. This often coincides with
a deviation from the optimal generation level which causes higher operation costs
due to decreased efficiency [80].

Closely related to this is, third, the available transmission capacity in the elec-
trical grid: as long as the grid is not congested, smoothing effects can be realised
if wind power plants are dispersed over a larger geographic area. However, if no
free transmission capacity can be allocated, those benefits are lost and balancing
reserves have to be activated including demand side management or the curtailment
of wind power [80].

3.1.2 Impact on market

Variability does not only affect the operation of the power system, but also the
economic situation of the wind farm owners and the whole trading on the electricity
market. In contrast to many other types of power generation, wind power can
be bid into the market at very low prices because of the low marginal cost of
power generation [27]. Due to this reason, wind power generation pushes into
the electricity market at the beginning of the merit order curve affecting trading
possibilities for basically all other actors.

Variability in power generation increases the variability in the residual demand
which has to be met by conventional power plants. The prices on the electricity
market will follow thess variations, i.e. they will exhibit stronger and/or more fre-
quent price spikes. But price volatility also decreases the predictability of revenues.
This, in return, is expected to lower the investment incentives for risk-averse actors
[27], [81].

1For a detailed description of different methods to calculate the capacity credit of wind farms
see also [79].
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Prices are not only expected to become more volatile, they might even become
negative. This a quite unique characteristic of electricity markets [82]. Negative
prices can occur when energy from non-dispatchable and varying RES, such as wind
power, is offered to the market at low or no costs while the reduction of conventional
power generation can, at the same time, only be reduced at high costs. If the
inflexibility of conventional power plants and the variations in the output of RES
coincide, it is economically profitable to accept low or negative electricity prices
during a short time, because those losses are lower than the costs for re-scheduling
the conventional generation [83].

Wind power generation, bid into the market at low prices, might trigger changes
in the merit order curve due to the reasons outlined before. As a result, flexible
generation (quickly starting and fast ramping units) and price-responsive consump-
tion including energy storage is expected to profit from more volatile prices as they
can deploy price differences in a flexible way [84]. The most inflexible base load
and medium load plants might, however, loose from this development, especially,
when their efficiency level is low: their producer surplus, i.e. the difference between
the electricity price and the marginal cost [37], might not any longer be sufficient
to recover the comparatively high fixed cost of those power plants. Besides the
high marginal generation cost due to low efficiency levels, this is also because the
electricity price tends to be lower [27], [81].

3.1.3 Sweden

In this section, results from the analysis of variations in Swedish wind power gener-
ation are presented and discussed. The first part of the analysis includes a compar-
ison between the frequency distribution of wind power generation to the one of the
load and the net-load. The second part addresses the characteristics of the observed
wind power ramp rates. Finally, it is checked whether both the wind generation
levels and their hourly variations show patterns depending on the time of day.

Data Svenska Kraftnät, the Swedish TSO, provided data with the observed
wind power generation in an hourly resolution for the four Swedish bidding areas.
To obtain the wind power production for the whole country, the observations for
the four bidding areas are added. For a map of the bidding areas, see Section 2.3.1.
The data covers all 8760 hours of the year 2011. Within that year, the total wind
power production was 6.19 TWh.

The hourly load values are publicly available on Svenska Kraftnät’s web
page [85] and cover all hours of the year.

During 2011, the installed wind power capacity increased from 2006 MW to
2750 MW according to Energimyndigheten’s list of approved wind power plants
that receive electricity certificates [86]. This list does not account for wind power
plants that have been dismantled between January 1, 2011 and July 3, 2012. For
the year of 2011, this effect only amounted to 18 MW according to [87] and is,
therefore, neglected in this thesis. Table 3.1 shows how the installed capacity, as
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Table 3.1: Installed wind power in Sweden year 2011. Data retrieved from [86]

Bidding area Installed wind power
Jan 1, 2011 Jan1, 2012

SE1 113 157
SE2 383 495
SE3 861 1266
SE4 649 832

Sum 2006 2750

regarded in this thesis, is distributed between the four bidding areas. It is worth
noticing that the newly installed capacity was high: it amounted to 37 % of the
total installed capacity at the beginning of the year.

Results As a starting point for the analysis, the frequency distribution of wind
power is discussed. In order to compare the distributions for all four Swedish
bidding areas (SE1–SE4) and the one for the whole country of Sweden (labelled
SE), wind generation is normalised by the installed capacity in each area. To
represent the significant increase in installed wind capacity during the year, it is
assumed that the newly build capacity was increasing linearly under the year. The
occurrences of the resulting wind power production levels as a share of the installed
capacity are then plotted in Figure 3.1.

A peculiarity in the data is that wind generation levels higher than 100 % indi-
cated in area SE1. Here, 87 % of the hours in which the generation level exceeds
the physically possible one occur in the November and December of 2011. This
might occur due to inaccuracies regarding the installed capacity or defective mea-
surements of wind power generation in that area. It is, however, not due to the
assumption of a linearised increase in the installed capacity as the peculiarity re-
mains, though slightly reduced, even if the whole capacity is assumed to be installed
at the beginning of 2011.

For Sweden as a whole, Figure 3.1(a) displays the corresponding wind power
frequency distribution. The wind generation level varies between 0.6 and 84.8 %.
The distribution is close to a Weibull distribution. Fitting wind power generation
with Weibull distributions is common [74]; for Sweden as a whole, the distribution
could be well approximated by a Weibull distribution with a shape parameter of
1.6101 and a scale parameter of 0.3312.

Comparing Figure 3.1(a) with Figures 3.1(b)–3.1(e), one can clearly notice
smoothing effects: in all the four individual areas, wind generation levels exceed
85 %; this is, however, not the case for Sweden as a whole. Similar effects can be
observed on the side of lower wind generation levels: while low generation levels
occur often for all individual areas, their occurrence is significantly reduced when
regarding Sweden as a whole. This is also shown in the statistical parameters of
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Figure 3.1: Frequency distribution of wind power generation levels in Sweden.
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Table 3.2: Statistical parameters of the wind generation level distributions.

Data range Spread Mean Standard dev. 1st quartile 3rd quartile

SE 0.8419 0.2964 0.1886 0.1472 0.4231
SE1 1.3353 0.3552 0.2599 0.1086 0.5450
SE2 0.9030 0.3019 0.2254 0.1132 0.4573
SE3 0.9027 0.2937 0.2225 0.1109 0.4321
SE4 0.9163 0.2868 0.2368 0.0909 0.4438

Table 3.3: Statistical parameters of the load level distributions.

Data range Spread Mean Standard dev. 1st quartile 3rd quartile

SE 0.6690 0.6072 0.1322 0.5025 0.6990
SE1 0.6562 0.5778 0.1116 0.4906 0.6506
SE2 0.5835 0.6765 0.1108 0.5894 0.7554
SE3 0.6976 0.5962 0.1344 0.4905 0.6889
SE4 0.7055 0.5763 0.1402 0.4637 0.6728

the distributions which are listed in Table 3.2. In this thesis, the spread R of a
distribution dist is always calculated as

R =max(dist) −min(dist). (3.2)

The standard deviation is significantly reduced for Sweden as a whole. The same
holds for the spread, but to a lower extent.

Comparing the variations in the wind generation levels with those of the load,
wind generation turns out to be much more volatile. Here, the load levels are
calculated as the actual load in relation to the observed peak-load of the area during
2011. Some statistical parameters of these load level distributions are compiled in
Table 3.3. Here, it can be seen that the load frequency distributions mostly have
significantly lower spreads and standard deviations. The corresponding frequency
distributions are plotted in Figure 3.2 in blue colour. At first, it can be noticed that
the load frequency distributions follow the same pattern: for no area, load levels
smaller than 29.5 % can be observed. The distributions might be approximated
by a normal distribution even though all distributions exhibits a tail to the right
and a slight positive skewness, i.e. load levels smaller than the mean occur more
frequently. As the peak-load of area SE3 is significantly higher than in all other
areas, it is area SE3 that dominates the load frequency distribution for the national
level. In contrast to the freuquency distributions of the wind generation levels, no
clear smoothing effects can be observed.

For the integration of wind power, the interaction of load and wind power gener-
ation is important. Hence, the net-load (load less wind generation) is plotted in the
same graphs in red. Here, one can observe a shift to the left, i.e. the mean values are
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Figure 3.2: Frequency distribution of load and net-load levels in Sweden.
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Table 3.4: Statistical parameters of the net-load level distributions.

Data range Spread Mean Standard dev. 1st quartile 3rd quartile

SE 0.6816 0.5781 0.1299 0.4779 0.6658
SE1 0.6836 0.5456 0.1106 0.4638 0.6106
SE2 0.6418 0.6243 0.1124 0.5417 0.6937
SE3 0.7097 0.5765 0.1330 0.4733 0.6675
SE4 0.7726 0.5307 0.1394 0.4236 0.6208

lower than for the load level distributions. This is reasonable because wind genera-
tion decreases the residual load that has to be covered by other power plants. This
effect is especially well visible in areas SE2 and SE4. The corresponding statistical
parameters are listed in Table 3.4.

One conclusion that can be drawn from Figure 3.2 is that current wind gen-
eration levels are just slightly changing the net-load distribution; the net-load is
mainly following the load patterns. If wind penetration level increases, changes are
likely to be more visible.

The frequency distributions gave a first picture on the variability of wind gen-
eration and smoothing effects. The same type of distributions have been analysed
for the load and the net-load in order to assess the frequency distributions in wind
generation in the overall context. Another important aspect is the speed with which
wind power generation is varying. This can be captured by studying the ramp rates
in wind power output. Those ramp rates ∆w,norm(t) are calculated as the change
in wind generation normalised with the installed capacity Pw,inst in the wind power
plants:

∆w,norm(t) = Ew(t) −Ew(t + 1)
Pw,inst

, (3.3)

where Ew(t) is the electric power generated by the wind turbines in hour t. There-
fore, all ramp rates ∆w,norm(t) are in % of installed wind power. Because the
installed wind power is assumed to rise linearly during the whole year, the installed
capacity varies from hour to hour and the wind ramp rates are computed as

∆w,norm(t) = Ew(t)
Pw,inst(t) − Ew(t + 1)

Pw,inst(t) . (3.4)

Figure 3.3 shows how frequently ramp rates of different heights occur in wind
power generation. Again, this is plotted for Sweden as a whole and for every
individual bidding area. The normalised ramp rates are shown as a percentage of
the installed wind capacity in the area in question. The frequency distributions
are quite symmetric and exhibit different levels of variability. The maximum ramp
rates for both up-ramps, which have positive values, and down-ramps, which have
negative values, are indicated in the graphs. Other statistical parameters as, for
example, the skewness are listed in Table 3.5.
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Figure 3.3: Frequency distribution of normalised wind power ramp rates in Sweden.
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Table 3.5: Statistical parameters of the normalised wind ramp rate distributions.

Data range Spread Mean Standard dev. 1st quartile 3rd quartile

SE 0.2114 0.0001 0.0198 -0.0115 0.0115
SE1 0.5872 0.0000 0.0499 -0.0237 0.0239
SE2 0.3837 0.0000 0.0368 -0.0186 0.0185
SE3 0.2937 0.0001 0.0261 -0.0139 0.0142
SE4 0.4299 0.0001 0.0324 -0.0156 0.0159

In relation to the installed capacity, the spread of the ramp rates is highest for
area SE1 and lowest for SE3 and SE. Regarding Sweden as a whole, a significantly
reduced variability is expected due smoothing effects. This smoothing might sub-
stantially be due to the large geographical distance between southern and northern
Sweden. Despite from the plots, this can as well be seen in the lower intra-quartiles
distance and the reduced standard deviation in Table 3.5.

Regarding the area SE1, the higher variability should be questioned because of
the peculiarity that was revealed in the wind-level plots. If the installed capacity is
erroneous this will distort the normalised ramp rates as well. If the installed wind
capacity in area SE1 would, for example, be underestimated, the normalised wind
ramp rates would be overestimated. Comparing the absolute wind ramp rates is,
however, not an appropriate alternative because they have to be seen in context to
the installed capacity.

Another interesting question is at which wind power generation levels the vari-
ations are strongest. On a single wind turbine’s level, the highest variations might
be expected when the wind speed exceeds the individual cut-out level. If this limit
is reached, the turbine is stopped and generation drops from maximum output to
zero. Plotting the ramp rates as a function of the wind generation level can pro-
vide an answer to when variations are strongest. The analysis, which was done for
all Swedish bidding areas and the national level, shows that the before mentioned
trend cannot be transferred to neither the national nor the regional levels: the plots
that were obtained show the same patterns for all areas; as an example, the results
for area SE3 are depicted in Figure 3.4.

The graph shows the maximum and the average up- and down-ramps as well as
the bandwidth around the average in which 50 % of all ramps occur, the so-called
inter-quartile distance. The wind generation has been grouped into 20 classes,
i.e. from 0 to 5 %, from 5 % to 10 % etc.2 It is clearly visible that the maximum ramp
rates do not occur at the highest generation levels, but during medium generation
levels. The same holds for the average ramp rates as well as the inter-quartile
distances around the averages. Towards the lower and higher generation levels, the
average ramp rates as well as the size of the bandwidth are reduced. This implies
smaller deviations of the ramp rates from the average.

2More precise the intervals are [0,5 %), [5 %,10 %), . . . , [95 %,100 %].
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Figure 3.4: Normalised ramp rates as a function of the wind generation level for
area SE3.

So far, the data was processed for the whole year, irrespective of the time. Fi-
nally, also the time information should be included into the analysis. To do so, the
monthly averages of the wind generation levels as well as the wind ramp rates have
been computed for each hour of the day. As expected, the wind generation levels
show no clear pattern regarding the time of day. That means that no clear depen-
dency can be established between the time of day and the wind generation level.
If local wind speed would be predominated by day-cycles in weather conditions,
repeating patterns could be expected. Such clear patterns would be visible in plots
depicting the monthly averages of wind generation levels per hour. In Figure 3.5
such a plot is shown for Sweden as a whole. Areas SE2 and SE3 show similar plots.
Those plots as well as the ones for the other areas can be found in the appendix.

The scatter plot clearly shows that wind power generation is lower in summer.
Besides this, one can notice slightly higher wind generation levels in the early
morning and evening hours between April and October: In April, these are the
hours 6, 7, 18, and 20. In the following months, it is one or two hours earlier in the
morning and later in the evening, i.e. it follows earlier sunrises and later sunsets.
In July this reverses and in October is is the hours 9 and 17–19 that are slightly
higher. However, this pattern is very feeble.
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Figure 3.5: Monthly averages of wind generation levels per hour for area SE.
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Figure 3.6: Absolute monthly average ramp rates in wind power generation per
hour of the day for area SE.

When examining the average ramp rates in wind power generation for each hour
of the day, averaged over one month, the same feeble pattern as before is visible,
again. This time, slightly more distinguishable, but only for areas SE, SE2 and SE3.
Again, as an example, the scatter plot for Sweden as a whole is shown, Figure 3.6.
The plots for areas SE1 to SE4 are compiled in the appendix.

3.2 Uncertainty in output

3.2.1 Wind power forecasting

Wind power forecasts usually predict the energy production within a certain time
and for a certain area [88]. In literature, it is, however, common to speak about
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wind power forecasts instead of wind energy forecasts or forecasts for the output of
wind power.

Wind power forecasts are important for different tasks of different actors in the
electricity market:
� The TSO uses wind power forecasts for the estimation of balancing needs,

i.e. the level of necessary operating reserves [89].
� The power generating companies that own wind farms incorporate the fore-

casts into their day-ahead and intra-day bidding strategies (a model for this
is, for example, presented in [35]) as well as into their scheduling decisions
[90].

� Wind power forecasts might also be used by the TSO to predict where bot-
tlenecks in the transmission grid might occur [89].

� They might also be used for the scheduling of power storage, for example, by
companies that operate pumped hydro storage plants [89].

As the accuracy of the forecasts is anti-proportional to the forecast horizon,
the relevant forecast horizons differ depending on the tasks the forecasts should
facilitate. In general, they can cover the time from the very near future (minutes
ahead) until some days ahead [89].

According to the length of the forecast horizon, forecasts up to 6–10 hours can
be referred to as short-term forecasts and forecasts up to 3 days as longer-term
forecasts. This definition varies in literature; this thesis follows [91], [92]. Another
characteristic is the time resolution: while short- and longer-term forecasts often
have an hourly resolution, sub-hourly forecasts have a more detailed resolution.
Those forecasts can, for example, capture meaningful information for secondary and
tertiary frequency control because, here, the operational time-scale ranges between
seconds and minutes as well as between minutes and one hour, respectively.

Short- and longer-term wind power forecasting models are highly dependent
on weather forecasts from so-called numerical weather prediction models as well
as technical information on the wind turbines [93]. They briefly work in the way
illustrated in Figure 3.7: First meteorological wind speed forecasts are obtained.
Those are valid for the ground level – the boundary layer – in a certain area. Hence,
they have to be transformed to a wind speed forecast at the hub hight of the site.
This and the succeeding conversion into wind power output of that turbine can be
computed in two different ways: either through finding and applying a statistical
relation between the forecast wind speed for the boundary layer and the power
output using statistical methods and training with data series or through a physical
model of the lower atmosphere. In order to finally predict the wind power output
of a region, up-scaling algorithms are applied [88], [89], [93].

Depending on their forecast horizon, the main input data, i.e. weather and tur-
bine data, vary in their importance: for longer-term forecasts the weather forecast
is of central importance; for short-term forecasts, the most recent wind power or
wind speed observations gain importance [90], [92]. To reduce the dependency on
updated weather predictions [90] as well as to improve the quality of the forecast
[92], weather prediction models and online measurements are combined. Here, it
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Figure 3.7: Structure of a physical wind power forecast model, based on [93].

should be emphasised that the dependency on updated weather forecasts is critical
because numerical weather prediction models require some few hours of computa-
tion time and are therefore only run 2–4 times a day [88]. This is also one reason
why sub-hourly forecasts are mainly persistent forecasts – one of the simplest form
of wind power forecasts – where the predicted wind power generation equals the
observed generation level at a chosen time. For sub-hourly forecasts this shows to
be sufficiently accurate because the output changes slowly in this time-scale, see
Section 3.1 and [90]. Persistence forecasts are also often applied if other models are
not available [88].

According to [94], the most frequently used forecast models give so-called point
forecasts specifying one single generation level. Additional value can be added by
including information on the likely range of the forecast error connected to each
point forecast [88], [89] or by displaying an interval in which the expected value
will range for a given probability level [94]. The latter type is a so-called interval
forecast.

3.2.2 Accuracy

In this thesis, the definition for accuracy follows [95] where accurate forecasts cor-
respond to observations. To be effectively used for the tasks mentioned at the
beginning of Section 3.2.1, wind power forecasts have to be appropriately accurate:
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� Inaccurate forecasts imply that the TSO has to procure more reserves to keep
the same safety margins in generation;

� Inaccurate forecasts also imply that the TSO has to reserve more transmission
capacity to keep the same safety margins in transmission;

� For power generating companies, inaccurate wind power forecasts may result
in sub-optimal bidding and scheduling decisions.

� In countries where electricity is traded on a liberalised market and where all
actors are exposed to imbalance costs if they cannot meet the generation level
to which they have committed themselves to, the quality of wind power fore-
casts plays an important role in the day-ahead and intra-day trading because
it directly affects the imbalance costs which the company is facing. Due to
this, there is a positive monetary value of accurate forecasts [88].

� Within the scheduling process of each power generating company (liberalised
electricity market) or within the unit-commitment process of a central sys-
tem operator (centralised market), accurate wind power forecasts reduce the
uncertainty in the scheduling which leads to lower operating costs [90].

� The lower the wind power forecasting error, the better deviations can be
compensated before real-time. As this, in general, comes at a lower cost than
real-time balancing, the regulating costs can be reduced.

For a detailed review on the value of accurate forecasts, see [91, pp. 68–71].
To measure the degree to which forecasts follow the observations, several mea-

sures can be computed. Besides the mean deviation – i.e. the mean error – these
are the mean absolute error and the root mean square error of the forecast [96].
Especially the latter one is frequently calculated to assess the accuracy of wind
power forecasts [93].

The absolute forecast error of a wind power forecast for the time t is

ε(t) = xforecast(t) − xobservation(t). (3.5)

To facilitate the comparison of forecast errors, the absolute forecast error can be
normalised with the installed wind power capacity Pw,inst:

εnorm(t) = ε(t)
Pw,inst(t) . (3.6)

For a series of n normalised forecast errors εnorm(t) which constitute the forecast
horizon τ , the corresponding normalised root mean square error rmsenorm(τ) be-
comes

rmsenorm(τ) =
√∑nt=1 εnorm(t)2

n
, (3.7)

Here, the summation includes all n forecast errors and n observations for the time
between t = 1 and t = τ .

There are two ways a forecasting model delivers errors: systematic errors on
the one hand and non-systematic ones on the other. Systematic forecast errors
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are reflected in a continuous bias between the forecast and the observations for
several forecasts. A mean of the forecast error distribution which deviates from
zero is an indicator for that. Non-systematic forecast errors are erratic deviations
from the observations, i.e. single deviations around the mean of the forecast error
distribution [96]. A further differentiation as, for example, outlined in [93], [95],
[97] is not done here.

In general, the root mean square error for several wind power forecasts covers
systematic and non-systematic forecast errors [96]. The common decomposition of
the root mean square error, e.g. [98], [99], applied on the random variable Xε of
the wind power forecast errors ε(t) emphasises this. Here,

rmse2 = E[(Xε − µ)2] (3.8)

where E[(Xε − µ)2] is the expected value of the square of the forecast error and
where µ is the mean error of the perfect forecast, i.e. µ = 0. Modifying the equation,
one obtains

rmse2 = E[(Xε −E(Xε) +E(Xε))2] (3.9a)

= E[(Xε −E[Xε])2 + 2(Xε −E[Xε])E[Xε] + (E[Xε])2] (3.9b)

= E[(Xε −E[Xε])2]´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
σ2
(Xε)

+2 (E[Xε] −E[Xε])´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
0

E[Xε] + (E[Xε])2 (3.9c)

= σ2(Xε) + (E[Xε])2. (3.9d)

This means that two error sources contribute to the root mean square error: on
the one hand a constant bias resulting in E[Xε] ≠ 0; on the other hand deviations
around E[Xε] which are captured in the variance σ2(Xε). This allows for further
interpretation. The systematic part includes a bias in the mean as well as a bias in
the standard deviation. However, as noted in Section 3.2.1, wind power forecasts
are corrected for systematic errors to the extent to which this is possible. Hence,
the mean of the forecast error distribution tends to be close to zero. This will also
be shown for real forecast error distributions that are analysed in Section 3.2.3.

In general, wind power forecasts tend to become more accurate
� if the forecast is aggregating several wind turbines within one wind farm,
� if wind farms are aggregated over a larger area benefiting from smoothing

effects due to different characteristics of various sites,
� and if the forecast horizon is short.

These positive effects on the accuracy of wind power forecast were observed in
several case studies, see [80], [89], [90], [94] for an overview. Section 3.2.3 also
provides evidence for the geographical smoothing effect for larger areas in Sweden.

3.2.3 Sweden

In this section, results from the analysis of forecast errors in Swedish wind power
generation are presented and discussed. First, the frequency distributions of the
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Table 3.6: Missing data for the year 2011.

Missing days Number of hours

10 Jan 24
16 Jan 24
28 Feb 22
1 – 30 Mar 720
23 – 24 Apr 48
12 – 13 Jun 48
12 Aug 24
18 Sep 24
7 Oct 24
23 Nov 24
30 Nov 24
11 – 12 Dez 48
18 – 31 Dez 336

Total 1390

forecast errors are discussed. This includes changes in accuracy due to geographical
aggregation of wind farms. Then, it is investigated whether the forecast errors are
normally distributed.

Data The Swedish TSO, Svenska Kraftnät, runs wind power forecasts for
the next five days at least once every morning at 8 o’clock. These forecasts are
sometimes updated during the day. The model that Svenska Kraftnät uses to
compute the wind power forecasts is a commercial model called Vitec Aiolus
WindPower. This is a hybrid model combining parts of a physical forecast model
with parts of a statistical forecast model [100].

For this work, Svenska Kraftnät provided hourly day-ahead wind power
forecasts for each of the four Swedish bidding areas. For a map of the bidding
areas, see Section 2.3.1. In contrast to the above mentioned forecasts, the forecasts
used here are pure day-ahead forecasts, i.e. they are done for day d in the morning
of day d − 1 and they have not been updated later. Hence, the forecast horizon is
approximately 16 − 39 hours ahead.

To obtain forecasts for the wind power production in the whole country, the
forecasts for the four bidding areas were added. The data set also includes the
observed wind power generation with the same hourly and geographical resolution.
Again, the observations were added to receive the wind power production in the
whole country. The observed wind power generation values are the ones that Sven-
ska Kraftnät uses to settle the produced wind energy with the operator of the
wind farms. For some hours the forecasts and/or the observations were missing and
could not be retrieved; they are listed in Table 3.6. It should be noted that 76 % of
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Table 3.7: Root mean square forecast errors.

Data range Root mean square errors
Non-normalised Normalised

SE 176 MWh/h 0.0770
SE1 26 MWh/h 0.1887
SE2 56 MWh/h 0.1293
SE3 101 MWh/h 0.0994
SE4 74 MWh/h 0.1017

the missing hours belong to the months of March and December. After removing
those hours, 7390 hours of the year 2011 remained.

In order to normalise the forecast errors, the installed wind power capacity is
important. As in the study on wind power variations in Section 3.1.3, the installed
wind power capacity is assumed to increase linearly between its values for the
beginning of the year 2011 and the beginning of the year 2012. Those values are
listed in Table 3.1. For further details check Section 3.1.3.

Results The accuracy of the wind power forecasts is assessed by the root mean
square error. Comparing the obtained values which are listed in Table 3.7, one can
clearly see that the accuracy of the forecasts differs depending on the area they are
made for: the normalised rmse is significantly higher for the northern bidding areas
(SE1 and SE2) than for the southern ones (SE3 and SE4). This might be explained
by smoothing effects because the installed capacity in the southern bidding areas
is approximately three times as large as the one in the two northern areas.

Comparing the root mean square errors for the individual bidding areas with
the error for the aggregated nation-wide forecast for Sweden (data range SE), show
that the nation-wide forecast is significantly more accurate. As Sweden covers a
large geographical area from the north to the south, a significant improved accuracy
in the nation-wide wind power forecast due to geographical smoothing effects has
been expected.

To visualise the distributions, histograms are plotted. Here, the forecast errors
are grouped in several bins. The area of each bin is proportional to the relative
frequency with which this group occurred in the data, i.e. the total area of all bins
equals 1 [101]. The histograms were constructed calculating the bin width wbin

for the data for Sweden as a whole according to the Freedman/Diaconis rule [102,
Chapter 4]

wbins = 2(Q3 −Q1)
3
√
n(distSE) (3.10)

where Q3 and Q1 are the third and first quartiles and n(distSE) is the number of
forecast errors in the data set for the nation-wide forecast. The same bin width
is applied for all four histograms in Figure 3.9 to simplify the comparison. This



42 CHAPTER 3. WIND POWER VARIATIONS AND FORECAST ERRORS

Table 3.8: Statistical parameters of the forecast error distributions.

Forecast Spread Mean Standard dev. Skewness Excess kurtosis

SE 0.5785 -0.0075 0.0766 -0.9107 1.4028
SE1 1.2696 0.0021 0.1887 -0.9488 0.8899
SE2 0.9595 -0.0168 0.1282 -0.7602 0.6607
SE3 0.7112 -0.0161 0.0981 -0.9527 1.3108
SE4 1.0100 0.0084 0.1013 -0.6815 2.2595
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Figure 3.8: Histogram of the wind power forecast errors in Sweden. The red curve
shows a probability density function of normal distribution that was fitted to the
observed wind power forecast error distribution.

results in a different number of bins because the spread R of the distributions is
different. The number of bins nbins is then calculated by

nbins = maxt(εnorm(t)) −mint(εnorm(t))
wbins

= R

wbins
. (3.11)

The statistical parameters that correspond to the plotted forecast error dis-
tributions are listed in Table 3.8. The characteristics of the Swedish wind power
forecasts are analysed based on those statistical parameters and the histograms in
Figure 3.8 and 3.9. The values for the spread between the maximum and the
minimum observed forecast error, the mean and the standard deviation are helpful
to compare the accuracy of the forecasts. In the following, the listed parameters
are described one after another.
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Figure 3.9: Wind power forecast errors plotted as histograms for each Swedish
bidding area. The red curves each show the probability density function of a normal
distribution that was fitted to the observed forecast error distribution.

The spread of the distributions varies. It is significantly smaller for SE than
for any of the other distributions which is due to geographical smoothing. It can
also be noted that the spread is always dominated by the left tail, as visible in the
histograms. This means that large negative forecast errors, which underestimated
the wind power output, Eq. (3.5), occurred more often than large positive forecast
errors. This might be regarded as a tendency to “conservative” forecasts connected
to risk aversion. Whatever the reason, this tendency is limited to larger forecast
errors (≥ 15 %, here) in the tail region of the histogram.

The mean values of the forecast error distributions are very close to zero. This
shows that the forecasts hardly have any bias which is what was expected because
the forecasts are corrected for systematic errors.

The standard deviations show again clear aggregation benefits due to geograph-
ical smoothing: the standard deviation is smallest for the aggregated forecast SE.
The deviation also seems to behave inversely proportional to the installed capacity:
it is lowest for SE, followed by SE3, SE4 and SE2 while it is considerably higher
for the northernmost bidding area SE1.

Skewness is a measure for the symmetry of a probability distribution and is
calculated as the third central moment of the normalised forecast error distribution
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[102, Chapter 4]. If the skewness is negative, positive forecast errors are more
frequently than negative ones even though the left tail is longer than the right one.
Hence, the curve gets steeper on the right side3. A symmetric distribution has
zero skewness [102, Chapter 4]. All five forecast error distributions have a negative
skewness, i.e. they are steeper on their right sides which is clearly visible in the
histograms. This is interesting because it means that there is a tendency towards
positive forecast errors as long as they are small. The opposite tendency is only
valid for larger forecast errors that are included in the long left tails.

The kurtosis is another shape measure which indicates how pronounced the peak
of the distribution is. It is the fourth central moment of the normalised forecast error
distribution. A normal distribution has a kurtosis of 3. For comparing distributions
in relation to normal distributions, the so-called excess kurtosis which resembles the
differences to the normal distribution is often used:

excess kurtosis = kurtosis − 3. (3.12)

All Swedish forecast error distributions show a positive excess kurtosis, i.e. they
have a more pronounced peak than a Gaussian distribution with the same mean
and the same standard deviation. This behaviour is called leptokurtic [102, Ap-
pendix A]. It is especially intense for the distribution SE4 as can be seen in the
histograms.

So far, the properties of the forecast error distributions have been described.
The analysis showed significant smoothing effects leading to much more accurate
forecasts when aggregating wind power forecasts for the whole country. Similar
smoothing effects could also been indicated for area SE3 which has the highest
installed capacity in wind power. It was also interesting to see that large forecast
errors are more frequently underestimating wind power generation, while smaller
forecast errors tend to overestimate the production. To end this chapter, the anal-
ysis is extended to answer the question whether Swedish wind power forecast errors
could be well approximated by normal distributions as this is a very common praxis
as stated, for example, in [94]. While the distributions of wind speed forecast errors
are generally very close to Gaussian probability distributions, this does often not
hold for wind power forecast [93], [94]. To check this for the Swedish wind power
forecasts, four methods are applied: visual inspection of the forecast error distribu-
tions in histograms, a goodness-to-fit test, quantile-quantile plots and inspection of
the cumulated density functions.

As described before, Swedish forecast error distributions are skewed and have
more pronounced peaks than the fitted normal distributions. A very high peak is
visible in the distribution SE4 while the distribution SE1 is strongly skewed. They
also have quite long tails on their left side.

To test the distributions for normality in an arithmetical way, a goodness-of-fit
test was made for each distribution. This test aims at approving or rejecting the null

3This holds if the mean equals zero. In general, a negative skewness indicates that values
which are larger than the mean occur more frequently.
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hypothesis that the forecast errors are not normally distributed, as so-called one
sample goodness-to-fit test. No goodness-of-fit tests can give a fully exact decision
because the tests are based on the outcomes of a random process. Hence, they can
only approve or reject the null hypothesis with a certain degree of certainty [102,
Appendix A]. Here, the maximum probability of rejecting a correct null hypothesis,
the so-called significance level, was set to 1 %.

Amongst a variety of tests, the Lilliefors test was used which is a modification of
the Kolmogorov-Smirnov test. The latter one was developed for continuous random
variables and, unlike the χ2 goodness-of-fit test, it works without grouping the
realisations of the random variable in classes [102, Appendix A]. According to
[103], the Lilliefors test is superior to the Kolmogorov-Smirnov test if used for tests
of normality even though the probability of rejecting a wrong null hypothesis, the
so-called test power is small. The test was run for each Swedish bidding area and
for Sweden as a whole. The results showed that the null hypothesis is rejected for
all distributions at a 1 % significance level. This supports the claim that the wind
power forecast errors cannot be well approximated by normal distributions.

This can also be visualised using quantile-quantile plots. In those plots, the
quantiles Qε of the observed forecast error distribution are plotted against the
corresponding quantiles QN(0,1) of a standard normal distribution. Figure 3.10
graphically illustrates the construction of Q-Q plots for the area SE14. Here, for
example, the 40 % quantiles Q0.4,ε and Q0.4,N(µ,σ) are calculated for both the ob-
served forecast error distribution as well as for the normal distribution with the
same mean and standard deviation as observed, Figure 3.10(a). This yields

P(εnorm ≤ Q0.4,ε) = 0.4 ⇔ Q0.4,ε = −0.0001 (3.13a)

P(εnorm ≤ Q0.4,N(µ,σ)) = 0.4 ⇔ Q0.4,N(µ,σ) = −0.0457 (3.13b)

where P(εnorm ≤ X) is the probability that random variable εnorm, which is the
observed normalised forecast error is smaller than a certain level X. Because it is
common that the reference quantiles in Q-Q plots are from the standard normal
distribution, the value Q0.4,N(µ,σ) obtained in Eq. (3.13b) has to be transformed
into the corresponding standard normal quantile Q0.4,N(0,1) following

Q0.4,N(µ,σ) = Q0.4,N(µ,σ) − µ
σ

(3.14)

where the mean and the standard deviation for the forecast error distribution for
area SE1 are used: µ = 0.0021 and σ = 0.1887. This yields the standard normal
quantile −0.2533. The quantile-quantile pair is then plotted in the Q-Q diagram,
Figure 3.10(b). Other quantile pairs are obtained for different probabilities.

Q-Q plots can be read in the following way: if both random variables are iden-
tically distributed, then

Qsample = QN(0,1), (3.15)

4A similar illustration is provided in [104]. This reference offers amongst others a well-
explained outline on Q-Q plots.
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Figure 3.10: Cumulative probability distribution and quantile-quantile plot for SE1.



47

i.e. the sample quantiles are equal the standard normal quantiles. The Q-Q plot
will then be a straight line with the slope 1 passing through the origin.

If the variables follow the same type of distribution but with different means,
the line in the Q-Q plot will show that the sample quantiles are a linear function
of the standard normal quantiles, but that this function is shifted:

Qsample = QN(0,1) + µ. (3.16)

Hence, the Q-Q plot remains a straight line with the slope 1, but it is no longer
passing the origin.

If the variables are from the same type of distribution but with different standard
variations, the line in the Q-Q plot will be straight showing linearity, and passing
through the origin because the distributions have the same mean, but the slope will
be different:

Qsample = σ ⋅QN(0,1). (3.17)

Q-Q plots are especially suitable to compare the tails of the distributions, be-
cause the quantiles for different probability levels change significantly in the tail
regions, and, hence, differences can be easily visualised here [104]. Imagine, for
example the 5 %-quantiles in Figure 3.10(a). Here, the Q-Q plot emphasise the
deviation in the left tail: within this tail, the quantiles of both distributions are
further apart than in the centre of the distributions. The Q-Q plot will, therefore,
show larger slopes, Figure 3.10(b).

Because the Q-Q plot is highly non-linear, it is not suitable to approximate
the forecast error distribution for SE1 by a normal distribution. This would, for
example, underestimate large negative forecast errors. This result is in line with
the visual inspection of Figure 3.9(a).

All five Q-Q plots are printed in Figure 3.11. All plots show non-linearity
between the quantiles, i.e. they visualise that the normal distribution would not be
a suitable approximation for the forecast error distribution. This is especially true
for the left tails: in this region, they all exhibit small slopes in the Q-Q plot. This
means that the quantiles of the normal distribution grow faster than ones of the
forecast errors. For the right tails, this behaviour is exactly in the opposite way:
thick tails on the right side are represented by increasing slopes, which is the case
for SE3 and SE4. In case the slope is constant on the right side, for example for
SE, the tail does not diverge significantly from the normal distribution.

To assess the suitability of an approximation by a normal distribution in the
centre of the observations, cumulative density functions are better suited than Q-Q
plots. For the Swedish areas, they are plotted in Figure 3.12 together with the cu-
mulative density functions of the fitted normal distributions. Here, on can see that
especially around the mean, the normal distributions are no suitable approximation
because they do not represent the negative skew of the forecast error distributions.
This is most strongly observable for area SE1.

Finally, to conclude the second part of the analysis of forecast errors, it can
be said that all four methods that were applied here as tests for normality led to
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Figure 3.11: Quantile-quantile plots for Swedish wind forecast error distributions.
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Figure 3.12: Cumulative probability distributions for Swedish wind forecast errors.
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the same result rejecting the use of fitted normal distributions to approximate the
Swedish forecast error distributions. Hence, the use of other distributions should
be investigated. In the forthcoming article from the IEA Task 25 working group,
hyperbolic distributions are investigated more in detail. For a coherent summary
of this chapter please see the first part in Section 6.1.



Chapter 4

Internal ex-ante self-balancing

One issue of interest that could facilitate the efficient integration of wind power
is to shift parts of the balancing responsibility on the power generating companies.
The idea is to reduce the real-time balancing need for the TSO by demanding power
generating companies to minimise their expected imbalances. To comply with this,
the power generating companies re-schedule their production based on updated pro-
duction forecasts. To quantify the value of such a more distributed balancing re-
sponsibility, a model has been developed and applied on a test-system.

4.1 Motivation of internal ex-ante self-balancing

The model that is described in this chapter is used to assess whether enforced
balancing within a power generating company can mitigate challenges stemming
from the variability and uncertainty of wind power output.

Like outages in power plants, forecast errors affect the generation which is avail-
able during the hour of delivery. This can result in imbalances between the commit-
ments that the company has made on the day-ahead and intraday markets and the
actual power generation that it delivers to the power system. If the commitments
cannot be met, the resulting deviations are balanced by the TSO in real-time. The
balancing of these deviations comes at a cost [7]. In the Nordic countries as well as
in other European countries such as Spain, the TSO spreads out the balancing costs
on the companies that had deviations. This way, all power generating companies
are exposed to imbalance costs in relation to the extent they did not meet their
commitments.

To minimise the need for real-time balancing by the TSO, power generating
companies could be obliged or encouraged by stronger incentives to more accu-
rately comply to their commitments. This could be achieved by enforced balancing
responsibilities on all power generating company that own several power plants.
Applying internal ex-ante self-balancing, a power generating company re-schedules
its power plants in order to balance its commitments towards other market actors

51
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with the newest production forecast. This is done shortly before the final (binding)
production plan is submitted to the TSO and hence before the hour of delivery (ex-
ante). In contrast to trading, this re-scheduling is only related to the own power
plants of a power generating company. Due to reasons of simplicity, internal ex-ante
self-balancing will in the following be referred to as self-balancing, only.

To assess the value of self-balancing for the power system, possible trading de-
cisions for power generating companies are modelled based on a hydro-thermal
generation portfolio within the framework of the Nordic electricity market design,
see Section 2.3.1. If stronger ex-ante balancing responsibilities can reduce real-time
balancing needs while not increasing total costs significantly, it could be advanta-
geous from the system perspective.

4.2 Scope of and overview on the model

Each power plant is linked to a power generating company f . It is assumed that
these companies face imbalance costs in relation to their imbalances as it is, for
example, the case in the Nordic countries and in Spain. These costs can be spread
out on the companies directly or – as in case of the Nordic countries – indirectly
via balance responsible parties that aggregate production and/or consumption and
are charged by the TSO for imbalance costs [48].

In the model, imbalances only occur due to imperfect forecast of the wind power
generation, i.e. the model neglects other variations on the generating side such as
power plant outages. Also the load is assumed to be perfectly known, because the
focus of the project is on the effects of high wind power penetration on the power
system. Wind power generation is here not allowed to be bid into the balancing
market. Furthermore, we assume that the final production plans which the power
generating companies decide upon have to be in balance with their latest production
forecast, i.e. there is no room for strategic gaming.

The model contains three parts: day-ahead trading, the balancing market and
– in case of self-balancing – a third optimisation step. On each of the decision
steps represented here, the power generating companies consider the results from
the preceding steps. Trading possibilities on down-stream markets that are cleared
on a later point in time are not foreseen by the actors, i.e. we assume that they,
for example, do not consider the future possibility to bid into the balancing market
while placing their bids on the day-ahead market. The companies are, however,
aware that imbalances can result in additional costs and hence, it is assumed that
they minimise their deviations by bidding according to their expected generation.

Two strategies are treated in the model:

� No self-balancing (Strategy 1 ), i.e. the balancing market is settled based on
the binding production plans that reflect the day-ahead forecast.

� Self-balancing based on updated wind power forecasts (Strategy 2 ). This
results in changed production plans. On those, the real-time balancing will
then be based.
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Figure 4.1: Overview on the model for one specific hour.

The sequence of modelling is shown in Figure 4.1. In the base case, a model
run excluding self-balancing is compared with the results of a run including self-
balancing. The main key-indices of interest are the total generation cost (system
perspective), the volume of activated balancing energy, and the extent to which
the companies re-scheduled their generation portfolio during the self-balancing. In
addition, the producers’ costs are compared to see whether there is an incentive to
self-balance.

Here, we study a simplified electricity market with just one price zone, consisting
of a day-ahead market, where trading can be done until noon the day before the
hour of delivery, and a balancing market on which up- and down-regulating bids
can be placed until 45 minutes before the hour of delivery. This implies that the
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model is developed for electricity markets where balancing power is procured in a
spot-market after the closure of the day-ahead and intraday markets.

Intraday trading between the power generating companies is not allowed in
the model, because many intraday markets including the Nordic intraday market
Elbas have exhibit only low liquidity [34]. To model not-perfectly liquid intraday
markets is one of the main subjects for the continuation of this project as outlined
in Section 6.2.

The model is implemented in Matlab, the optimisation problems are formu-
lated and solved in the program package Gams using the Cplex solver. The
simulation is repeated for 24 consecutive hours. Dependencies between the hours,
such as hydrological coupling (several power plants in the same river system), wa-
ter balances (storage in reservoirs), or start-and-stop constraints in thermal power
plants are not considered. The time resolution is one hour.

The decisions of each company f are described by the day-ahead schedule
xda(i, b), the self-regulation decisions xsb(i, b), and the activated balancing power
xup(i, b) and xdown(i, b), where each power plant i is characterised by several gen-
eration segments b ∈ B(i). In each segment, the generation cost per MWh c(i, b)
are constant.

A nomenclature is provided at the end of this thesis.

4.3 Steps of the model

In the following, the steps of the model as shown in Figure 4.1 are explained in
detail.

4.3.1 Bidding to the day-ahead market (Block Ê)

In the model, the demand is assumed to be price-inelastic and constant for all hours;
the quantity Dda is bid at an infinite willingness to pay (or any number higher than
the most expensive generation bid).

On the generation side, wind, hydro, and thermal power plants are considered.
For each power plant i several bids b can be generated. Assuming perfect com-
petition, good information, and well-behaved costs, the quantities xbidda(i, b) and
the prices pbidda(i, b) of the bids are set according to the capacity for each pro-
duction segment and its true short-term variable1 generation costs c(i, b) [37]. The
amount of segments, and hence also of bids, is varying between the plants. The
short-run variable generation costs are constant within one segment but increase
from segment to segment, i.e. we assume increasing piece-wise linear cost functions.

Wind power plants are assumed to have negligible generation cost [27]. The
wind power forecasts, which are input to the model and not generated within it,
are imperfect. To reduce the imbalances costs that stem from the ex-post imbalance

1The fixed part of the generation cost can be disregarded because they are not relevant for
operative decisions [6].
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settlement (Block Ñ), the companies bid exactly those quantities into the market
that match their estimated power generation.

Hydro power plants are treated independently as if they were located at dif-
ferent rivers. Moreover, all hydro stations have significant reservoirs in order to
simplify the discharge decision to a “sell-or-not-sell” decision. The hydro power
generating companies are bidding into the day-ahead market at prices considering
their expectations on future electricity prices even though their operating costs are
assumed to be zero. This behaviour is due to the storage possibilities they have,
which results in an opportunity cost for water that is discharged at a price lower
than the expected future electricity prices. Hence, it is in line with the assumption
on perfect competition.

For each hydro power plant, an efficiency function is assumed that is constant
between a minimum production and a certain water discharge. If the discharge is
exceeding that point, the efficiency drops to a lower level (higher hydraulic losses
[105]). This can be represented by different bids in combination with an appropriate
minimum generation level: while the price for the first bid is the expected future
electricity price, the efficiency loss implies that the second bid will be offered to
the market at a higher price. The points of best efficiency might be on different
production levels for different power plants.

The bids for the thermal power plants are placed according to the generation
cost c(i, b) of each segment b.

4.3.2 Day-ahead market (Block Ë)

The power generating companies put bids consisting of several quantity-price cou-
ples (xbidda(i, b),pbidda(i, b)) on the day-ahead market as described before. The
day-ahead market is modelled as an auction. The market clearing aims at max-
imising the total surplus which is equivalent to minimising the generation cost in
the case of a price-insensitive demand. In this case, the producers’ revenue equals
the consumers’ cost and the consumers’ value is infinite. The market clearing is
subject to procuring exactly as much energy as demanded:

min
xda(i,b)

∑
i

∑
b

xda(i, b)pbidda(i, b) (4.1a)

s.t. 0 ≤ xda(i, b) ≤ xbidda(i, b) ∀ (i, b) (4.1b)

∑
b

xda(i, b) ≥ xmin(i)uda(i) ∀i (4.1c)

∑
b

xda(i, b) ≤ xmax(i)uda(i) ∀i (4.1d)

∑
i

∑
b

xda(i, b) =Dda (4.1e)

uda(i) = ⎧⎪⎪⎨⎪⎪⎩
1 if ∑b xda(i, b) ≥ 0,

0 otherwise.
∀i (4.1f)
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where xda(i, b) is the accepted volume of the bid (xbidda(i, b),pbidda(i, b)).
Given all bids, the optimisation variables xda(i, b) are set to minimise the gen-

eration cost of the system, Eq. (4.1a). Bids can also be partly accepted, Eq. (4.1b).
The binary variable uda(i) shows the status of each power plant and equals 1 if at
least one segment is generating, Eq. (4.1f). This binary is necessary to implement
the minimum and maximum generation limits xmin(i), Eq. (4.1c)−(4.1d).

All accepted bids are paid the same price set by marginal pricing, i.e. the day-
ahead market price pda (price per MWh) equals the bid price of the most expensive
production segment that was committed to balance the demand:

pda = max
(i,b) ∶ xda(i,b)>0

{pbidda(i, b)}. (4.2)

This price equals the value of the dual variable of the load balance constraint,
Eq. (4.1e).

4.3.3 Commitment (Block Ì)

In a liberalised electricity market, the power generating companies commit their
units on such a level that they can comply with the total volume of the own bids
that have been accepted on the day-ahead market. The accepted volume is directly
linked to the day-ahead market price pda of the specific hour, Eq. (4.2). All bids
that were higher than this price have not been accepted. The bid on the margin,
i.e. the bid at the price pda might, however, be only partly accepted, Eq. (4.1b).

To minimise their operation cost, the power generating companies commit their
units with the lowest generation cost first. If the assumptions on the perfect market
hold, this decentralised commitment will yield the same result as a model optimising
the dispatch of all power plants centrally [37]. This motivates why the resulting
xda(i, b) from Block Ë can be used for the unit commitment also in a liberalised,
perfect electricity market.

4.3.4 Internal ex-ante self-balancing (Block Í)

Following Strategy 2, the generating companies have the possibility to re-schedule
their own generation close to real-time. This way, they can take advantage of up-
dated production forecasts on the wind power generation. In the model, persistent
forecasts are applied, i.e. the actual observations of the wind power generation in
the hour t − τ serves as the updated forecast for the hour t [88].

For wind power plants, the available generation for self-balancing xself (i, b) is
changed according to the updated wind power forecast.

For the other power plants, the generation costs for the self-balancing pself (i, b)
are the same as in the day-ahead bid prices, but only for those production segments
that have partly or fully been committed day-ahead (Block Ì). The remaining
segments – those that are available but that have not been committed yet – are
assumed to be more expensive (αsb times higher than the corresponding bids to the
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day-ahead market, where the cost factor αsb ≥ 1 is a parameter that can be varied).
These higher costs are important to represent the additional costs that occur if
power plants are re-scheduled close to or in real-time. This can, for example, be
due to increased wear and tear due to higher ramp rates, risk premiums in case
short-term changes have a negative impact on the reliability of the units, start/stop
costs, or financial losses if spillage in the hydro reservoirs is a consequence of the
re-scheduling. Higher labour costs because people have to take the re-dispatch
decisions in the control rooms are not included here as they represent a fixed cost
of re-dispatch which is neglected in the model.

In case a segment that was fully committed day-ahead becomes partly or com-
pletely de-committed in the self-balancing decision, the variable generation costs
are reduced by less than generation cost resembled in the price of the bid to the
day-ahead market pbidda(i, b). This is necessary to include the re-scheduling cost
also for the de-commission of power plant segments. The reduction in operating
costs is assumed to amount to (2 − αsb) ⋅ c(i, b) per MWh which is not committed
any longer. If the segment was, however, only partly committed day-ahead, no
re-scheduling costs would apply and the operation cost would be reduced by c(i, b)
per MWh that is not scheduled any longer.

For the mathematical formulation, we pick one power generating company f
which aggregates the power plants J(f ). The self-balancing problem is then for-
mulated as a cost minimisation problem for this company:

min
xsb(i,b)

∑
i∈J(f )

∑
b

[xsb(i, b)pself (i, b) +m ⋅ xshort(f ) + β(i, b)] (4.3a)

s.t. 0 ≤ xsb(i, b) ≤ xself (i, b) ∀ i ∈ J(f ),∀ b (4.3b)

∑
b

xsb(i, b) ≥ xmin(i)usb(i) ∀ i ∈ J(f ) (4.3c)

∑
b

xsb(i, b) ≤ xmax(i)usb(i) ∀ i ∈ J(f ) (4.3d)

∑
i∈J(f )

∑
b

xsb(i, b) + xshort(f ) =Dre =Dda (4.3e)

xshort(f ) ≥ 0 (4.3f)

usb(i) = ⎧⎪⎪⎨⎪⎪⎩
1 if ∑b xsb(i, b) ≥ 0,

0 otherwise,
∀i ∈ J(f ) (4.3g)

β(i, b) =
⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

(αsb − 1) c(i, b) (xda(i, b) − xsb(i, b))
if xda(i, b) = xbidda(i, b)

and xsb(i, b) < xda(i, b),
0 otherwise,

∀i ∈ J(f ),∀ b (4.3h)

where m is a large positive number (penalty factor).
The objective of each power generating company is to minimise its generation

cost, Eq. (4.3a) by determining the optimal production plan (decision variables
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xsb(i, b)). The second term in the objective adds a penalty if the company cannot
fulfil the power balance constraint Eq. (4.3e). In those cases, the generation poten-
tial according to the updated forecast is too low to fulfil the day-ahead commitment
and the power-balance constraint forces xshort(f ) > 0. Due to the penalty term, the
problem avoids xshort(f ) > 0 whenever possible. The last term in the objective
adjusts for re-dispatch costs that amount to (αsb − 1) ⋅ c(i, b) per MWh of reduced
generation in case segments that have been fully committed day-ahead are partly
or completely de-committed in the self-balancing decision.

If, for example, the segment (̂i, b̂) was bid into the day-ahead market at a price of
100 SEK/MWh and the day-ahead market price became higher than this bid price,
then the segment got fully committed day-ahead. If the generation level in that
segment is now reduced in the self-balancing decision, the relevant re-scheduling
cost would amount to β(̂i, b̂) = 10 SEK/MWh if αsb = 1.1. The effect of this as well
as how the cost factor αsb changes the generation cost is illustrated in Figure 4.2:
Here, αsb was assumed to equal 1.1, that implies that the generation cost increase
by 10 % for the self-balancing problem compared with the day-ahead cost. But only
for those segments that have not been committed day-ahead, here, the one on the
right. The other segments can produce on the same costs as day-ahead because they
have already been committed. The only segment were a reduction in the generation
level would come at additional re-dispatch cost, is the second segment from the left.
Apart from the wind power plants, this segment was the only one which was fully
committed day-ahead. As wind power plants are assumed to generate at negligible
short-term variable cost and as they are subjected to forecast errors and wind speed
variations, they do not face re-dispatch cost.

In case the updated wind power forecast predicts a higher wind power generation
during the hour of delivery, generation in other power plants is reduced in the
self-balancing decision. Due to the additional re-scheduling costs if generation is
reduced in segments that have been fully committed day-ahead, the optimisation
problem reduces generation in those segments that have not been fully committed
day-ahead. Only if the volume in those segments is not sufficient, the remaining
reduction will be done in the segments that have been fully committed day-ahead.
In the opposite case when the expected wind power generation is predicted to be
lower than what was forecast one day ahead, generation has to be increased in the
remaining segments. Again, the optimisation problem will first increase generation
in those segments that have not yet been fully committed day-ahead. Only if this
is not yet sufficient, other segments will be committed, too.

In total, the problem yields a solution where exactly the same total generation
that was committed day-ahead will be scheduled again, as long as this is feasible.
Depending on the variations in the wind power forecasts, the generation might
though be provided by different power plants and production segments.
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Figure 4.2: Impact of higher generation cost if re-scheduling is done shortly before
the hour of delivery. Here, αsb is set to 1.1.
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4.3.5 Bidding to the balancing market (Block Î)

The bids to the balancing market are placed after the preceding step (Block Ì or
Block Í depending on the chosen strategy). Up-regulation (down-regulation) bids
can be placed for power plants that can increase (decrease) their generation. In
a perfectly competitive market, the price at which the bid is placed displays the
variable cost of up-regulation (value of down-regulation) in the specific segment b of
power plant i and it can be assumed that no capacity is withheld. Hence, the quan-
tity which is bid into the balancing market depends on the planned commitment
after Block Ì (Strategy 1) or Block Í (Strategy 2), respectively:

� Up-regulation bids (xbidup(i, b),pbidup(i, b)) are placed for the generation
that is not already committed;

� Down-regulation bids (xbiddown(i, b),pbiddown(i, b)) are placed for the com-
mitted production;

� No bids are placed for intermittent wind farms because they are not certainly
available.

Regulation bids might be activated by the TSO with short time of notice. That
implies quick changes in the operation of the power plants, for example, ramp
up/down, start up, or stop down. These changes are assumed to be more expensive
compared to day-ahead scheduling. To represent the higher costs, the cost for up-
regulation are set αup/down times higher and for down-regulation αup/down times
lower than the costs reflected in the day-ahead market bids. This holds for all
segments, irrespective whether they have been partly committed day-ahead or not.
As the cost factor for self-balancing, also αup/down > 1 is a parameter that can be
varied.

4.3.6 Balancing market (Block Ï)

The balancing market is a physical market in the sense that the offered capacity
has to be available to the TSO. The offered energy also has to be available for
activation within the whole period of delivery.

The transmission grid is not represented in the model. Hence, transmission
constraints are neglected and the cheapest bids can always be activated by the
TSO who is responsible for the real-time balancing. Prices are uniform and set
by marginal pricing. For activated up-regulation power the up-regulation price
pup ≥ pda is paid by the TSO, while in case of down-regulation the TSO receives
the down-regulation price pdown ≤ pda from the generating company that is buying
the energy instead of generating it in its own power plants.

In case of up-regulation, the real-time balancing aims at minimising the up-
regulation cost. This is very similar to the problem formulation for the day-ahead
market clearing, Eq. (4.1a)–(4.1f), except that the index da needs to be changed
to up and that the minimum/maximum generation constraints, Eq. (4.1c)–(4.1d)



61

have to be adjusted by the available volume:

∑
b

(xda/sb(i, b) + xup(i, b)) ≥ xmin(i)ureal(i) ∀i (4.4a)

∑
b

(xda/sb(i, b) + xup(i, b)) ≤ xmax(i)ureal(i) ∀i, (4.4b)

where the notation da/sb is used to symbolise that either the day-ahead values
(Strategy 1) or the ones according to the self-balancing (Strategy 2) are used. The
binary variable ureal(i) is set similarly to uda(i) in Eq. (4.1f) ensuring that minimum
generation limits are not violated when the plant is running.

In case of down-regulation, the objective is to maximise the costs saved by
activating down-regulation bid, i.e. the value of absorbing excess power from the
system and reducing the own production:

max
xdown(i,b)

∑
i

∑
b

xdown(i, b)pbiddown(i, b) (4.5a)

s.t. 0 ≤ xdown(i, b) ≤ xbiddown(i, b) ∀ (i, b) (4.5b)

∑
b

(xda/sb(i, b) − xdown(i, b)) ≥ xmin ureal(i) ∀i (4.5c)

∑
b

(xda/sb(i, b) − xdown(i, b)) ≤ xmax(i)ureal(i) ∀i (4.5d)

∑
i

∑
b

xdown(i, b) =Dda/sb −Dreal, (4.5e)

where xdown(i, b) is the activated down-regulation volume of the bid(xbiddown(i, b),pbiddown(i, b)) and the notation da/sb is used to symbolise that
either the day-ahead values (Strategy 1) or the ones according to the self-balancing
(Strategy 2) are used.

4.3.7 Real-time balancing (Block Ð)

In case of Strategy 1 (no self-balancing), the latest production schedule is the one
according to the commitment after the day-ahead market closure (Block Ì). In case
of Strategy 2, the latest production plan is, however, set and submitted to the TSO
after the self-balancing (Block Í). In both cases, new information is arriving until
real-time. For example, on power plant outages, demand changes or wind speed
fluctuations. (So far, the model only considers the latter ones.) These variations
cause a need for real-time balancing, except for the unlikely case that they totally
compensate each other.

For stable system operation, it is necessary to keep the generation-consumption
balance. Therefore, the TSO procures tertiary reserves through the balancing mar-
ket (Block Ï). In reality, this regulating capacity is activated for the necessary
period only, and not for the whole hour. Reserves can also be activated at some
point within the hour. In the model, the situation is highly simplified by regarding
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real-time balancing on an hourly basis, i.e. considering regulating energy [MWh]
during one hour rather than regulation capacity [MW]. Hence, a bid can either be
activated for the whole hour or it is not used at all. It also implies that the model
represents only up- or down-regulation, while in reality, both can occur within the
same hour.

4.3.8 Ex-post imbalance settlement (Block Ñ)

The way the TSO is distributing the balancing costs (Block Ð) is important: first,
to calculate the imbalance costs of the generating companies. And second, because
the exposure to imbalance costs is the reason why the power generating companies
try to minimise their imbalances through the self-balancing decision. In the model,
we assume a two-price imbalance mechanism, which prices

� imbalances that contribute to the prevailing direction of the system’s imbal-
ance at the regulating price (up- or down-regulation price respectively)

� while deviations in the opposite direction (mitigating the balancing need of
the system) are priced at the day-ahead market price.

Such a two-price imbalance settlement is, for example, applied in Spain, in the UK,
and in the Nordic countries [31]. Under this scheme, a rational generating company
has an incentive to bid according to its expected generation [31], [33].

4.3.9 Key-indices

To assess the value of self-balancing, three key-indices are compared:

� Volume of activated up- or down-regulation (Block Ð);
� Total generation cost Cgen for the system, resulting from either the day-

ahead commitment (Block Ì) or the re-scheduled production plan in case of
self-balancing (Block Í). In both cases, the costs due to real-time balancing
(Blocks Ï and Ð) have to be included.

� Generation and imbalance costs of the producers.

The volumes of up- and down-regulation are given as ∑i∑b xdown(i, b) and∑i∑b xup(i, b), respectively.

The generation cost from the day-ahead commitment equals the value of the
objective in the problem formulation for the day-ahead market clearing, Eq. (4.1a).
The objective of the self-balancing problem, Eq. (4.3a), yields the generation cost
of the re-scheduled production plan as long as the penalty term m ⋅ xshort is sub-
tracted from the objective. Changes within the hour of delivery (due to activated
regulating bids) can either increase (up-regulation) or decrease (down-regulation)
the generation cost for the hour in question. Hence, for Strategy 1 (superscript S1)

CS1gen =∑
i

∑
b

[xda(i, b) c(i, b) + xup(i, b)pbidS1up(i, b)
− xdown(i, b)pbidS1down(i, b)],

(4.6)
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and for Strategy 2 (superscript S2)

CS2gen =∑
i

∑
b

[xsb(i, b)pself (i, b) + xup(i, b)pbidS2up(i, b)
− xdown(i, b)pbidS2down(i, b)].

(4.7)

Observe that the up- and down-regulation prices depend on the relevant final pro-
duction plan and hence the chosen strategy.

The generation and imbalance cost are computed individually for each power
generating company. The generation cost for the binding production plan and those
for the activated real-time balancing provision are calculated in a similar way as
in Eq. (4.6) and (4.7) but summing only over the power plants of the company in
question (i ∈ J(f )). Then, the imbalance costs are added according to the imbalance
pricing scheme. Finally the revenue Rup/down(f ) from activated balancing power
(Block Ð)

Rup/down(f ) =
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
∑i∈J(f )∑b xup(i, b)pup if up-regulation,∑i∈J(f )∑b xdown(i, b)pdown if down-regulation,

0 otherwise,

∀f (4.8)

is subtracted.





Chapter 5

Application on a test-system

This chapter first describes the test-system on which the model from Chapter 4
has been applied. The test system is a simplified power system that was used to
develop, to improve and to validate the model. The results that are shown and
discussed afterwards, serve as numerical example and allow some conclusions on
the consequences of self-balancing.

5.1 The test system

The test-system consists of two power generating companies with, in total, ten
power plants. The basic characteristics of those plants are listed in Table 5.1.
Together, they have to cover the price-inelastic demand of 1298.5 MW.

Table 5.1: List of power plants for the test-system. While the installed capacities
are based on existing power plants, the minimum levels are fictitious and were
arbitrarily chosen.

Plant Company Type Inst. cap. Min. cap.[MW] [MW]
1 1 hydro 94 20
2 1 hydro 57.6 20
3 1 hydro 103.5 20
4 1 hydro 223 100
5 2 hydro 590 100
6 1 wind 60 -
7 1 wind 400 -
8 2 wind 400 -
9 1 thermal 80 40
10 2 thermal 125 62.5

65



66 CHAPTER 5. APPLICATION ON A TEST-SYSTEM

Table 5.2: Chosen quantity and generation costs for each segment.

Notation: Quantity [MWh] / Generation cost [SEK/MWh]

Plant i Segments b

1 75 /100 19 /113 – –
2 40 /100 17 /113 – –
3 80 /100 24 /113 – –
4 200 /100 23 /113 – –
5 200 /100 200 /105 100 /110 90 /113
6 37 /0 – – –
7 245 /0 – – –
8 245 /0 – – –
9 20 /200 40 /220 10 /250 10 /300
10 50 /200 50 /230 25 /280 –

The assumed quantities and prices of the production segments that are bid into
the day-ahead market are compiled in Table 5.2. Those prices include all costs that
are relevant for the operative decisions, see Section 4.3.1 for details.

Hourly wind power forecasts for the Nord Pool bidding area DK2 (Eastern
Denmark) are scaled to serve as wind power forecasts for the test-system. The
observed actual production is also taken from Nord Pool’s market data [38] and
scaled with the same factor to adjust the forecasts and observations to the installed
wind power capacity in the test-system. The scaling factor is 1.09. For the updated
forecast, the observed generation in hour t − 2 is chosen.

To assess whether self-balancing can be profitable, the simulations were run for
one day where

� Forecast errors were sufficiently large to clearly observe changes in the key-
indices for the Strategies 1 and 2,

� The forecast error of the day-ahead forecast was larger than the one of the
updated (persistent) forecast,

� Wind generation was varying significantly during the day.

Figure 5.1 gives an overview on the wind power generation during October, 2011,
in DK2. It exhibits large variations. In this way, October 4, which was chosen for
the simulations, can be regarded as a “usual” day, but with a less than average
wind generation level.

The relative forecast errors, measured as the difference between the forecast and
the observed wind generation level in % of the observed wind generation level are
plotted in Figure 5.2. It should be observed that most of the extremely high relative
forecast errors occur during hours of low observed wind power generation, i.e. the
absolute forecast errors do not exhibit these high and distinct peaks. Calculating
the forecast errors measured as the root mean square forecast error, see e.g. [96],
resulted in significantly higher errors for the day-ahead forecast during October
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Figure 5.1: Wind power production in DK2 during October, 2011. Data from [38]
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Figure 5.3: Wind power input data for Oct. 4, 2011: day-ahead forecast (thin solid
line), updated forecast (dotted), and observed production (bold). Data from [38]

4 (28.2 %) and slightly lower errors for the updated forecast (6.6 ⋅%) than for the
corresponding values for the whole month of October (day-ahead error 10.8 %, error
of the updated forecast 8.5 %).

As a consequence, this implies that the value of self-balancing – which depends
partly on the quality difference between the day-ahead and the updated wind power
forecast – tends to be overestimated; at least with regard to the month of October,
2011.

The wind power production, its day-ahead forecast and the updated forecast
are plotted in Figure 5.3. The day-ahead forecast is overestimating the wind power
generation for all hours. Hence, a need for up-regulation is expected to occur in
all hours for the strategy without self-balancing. The persistent forecast does both
over- and underestimate the wind generation level. In hours 1–4, the updated
forecast is lower than the observed generation. Due to this underestimation, down-
regulation is expected to be activated if self-balancing is applied.

5.2 The base case

In the base case, the cost factors for self-balancing αsb and real-time balancing
αup/down are set to 1.1 both. That implies that the costs for increasing generation
while self-balancing and also while responding to the TSO’s real-time balancing calls
are both 10 % higher than for the day-ahead commitment. Decreasing generation
while self-balancing and also while responding to the TSO’s real-time balancing
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Figure 5.4: Base case: comparison of the regulation volumes applying Strategy 1
(solid) and Strategy 2 (dotted). If the volume is negative, up-regulation is ac-
tivated to balance the system in real-time. Positive volumes imply a need for
down-regulation.

calls comes also at a re-dispatch cost of 10 % of the day-ahead generation cost.
For details, see the explanation in Sections 4.3.4 and 4.3.5. In both cases, the
uplifts are important to represent the additional costs that occur if power plants
are re-scheduled close to or in real-time.

As the day-ahead forecast is always higher than the realised production, up-
regulation is demanded during all hours in Strategy 1. If self-balancing is ap-
plied (Strategy 2), the operation is re-scheduled based on the updated forecast.
If both companies would have unlimited flexibility, the real-time balancing need
would follow the difference between the observations and the updated forecast,
i.e. down-regulation in the first four hours, up-regulation between hours 5 and 9,
etc. However, the flexibility of each companies’ portfolio is limited. This implies
that not every company can re-schedule its power plants in a way that the volume∑i∈J(f )∑b xda(i, b), to which the company f has committed itself on the day-ahead
market, can be achieved. For the chosen day, this results in xshort(f ) > 0 for hour 4.
Although the effect is not well visible in Figure 5.4 – the hourly system imbalance
became −0.9 MWh for hour 4 – there is a need for up-regulation in hour 4. If both
companies could have fully self-balanced their generation, there would instead be a
need for down-regulation amounting to the difference between the updated forecast
and the observed wind production depicted in Figure 5.3.

The comparison of the generation costs from the system perspective is depicted
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Figure 5.5: Base case: comparison of generation costs (system perspective) apply-
ing Strategy 1 (solid black line) and Strategy 2 (dotted black line). Also shown:
comparison of the generating companies’ costs applying Strategy 1 (solid) and Strat-
egy 2 (dotted) for owner 1 (red) and owner 2 (blue).

in the upper part of Figure 5.5. For the base case described above, the total
generation costs, Eq. (4.6) and (4.7), are higher during 21 of the 24 hours for
the self-balancing strategy. Only in the hours 7–9 both strategies yield the same
generation costs, which leads to 3.6 % higher costs over the day.

Figure 5.6 shows the distribution of these total generation costs between the
scheduling steps to which they are due. The distribution between the real-time
balancing costs (red curves marked up/down S1 and up/down S2 ) and the gen-
eration costs according to the day-ahead/self-balancing commitment (blue curves
marked da and sb) follows the expectations: as the balancing need is decreased
with self-balancing, the balancing costs are significantly reduced, while the com-
mitment after self-balancing yields higher costs than the day-ahead commitment.
That means costs are merely shifted. Observe that the benefit of smaller real-time
balancing needs is not monetarily regarded here.

From the perspective of the power generating companies, self-balancing also
leads to higher costs on average, as can be seen in Figure 5.5. Against this trend,
there are though three hours where self-balancing is profitable to one of the gen-
erating companies. Hence, they have an incentive to self-balance their deviations
ex-ante during hour 1 for owner 1 and hours 2–3 for owner 2. In those hours the
profits range between 5 and 8 % for one power generating company, while the losses
for the other one are higher on average.
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Figure 5.6: Base case: generation costs day-ahead commitment Strategy 1
(Curve da), and real-time balancing cost for Strategy 1 (Curve up/down S1 ); gen-
eration cost according to re-scheduling Strategy 2 (Curve sb), and for Strategy 2
(Curve up/down S2 ).

5.3 Modifications of the base case

In the base case, the generation cost for self-balancing and real-time balancing were
assumed to be equal within the same segment because both the re-scheduling ac-
tions and the decisions on the bids to the balancing market are taken around the
same time. The activation of the real-time balancing bids is, however, at a signif-
icantly shorter time of notice. In Sweden, the balancing agreement [106] subjects
the companies that have provided bids to the balancing market to a maximum
response time of 15 minutes. As shorter lead-times might imply higher re-dispatch
costs, different combination of cost factors for self-balancing and real-time balanc-
ing have been studied. Changes in the cost factors highly affect the system’s overall
generation costs for both strategies, see Table 5.3. Changing the cost factors does,
however, neither change the commitment (day-ahead and self-balancing) nor the
quantities of the bids to the balancing market because the companies still try to
minimise their imbalance volume. Only the prices connected to these commitments
and these bids are affected. The different results listed in Table 5.3 clearly show
how dependent the value of self-balancing is on those cost factors.

To see whether self-balancing can become beneficial in any situation, the sim-
ulations have been re-run for extreme cases. On the one hand, this is for the case
when generation costs are equal for real-time balancing and self-balancing . On
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Table 5.3: Modifications of the segments’ generation costs: comparison of total
generation costs (system perspective) for both strategies.

αsb αup/down Average benefit Hours where
of Strategy 2 [%] benefit occurs

1.1 1.1 −3.6 7, 9
1 1 −3.3 –
1.1 1.2 −1.6 7–9, 19
1 1.1 −1.3 7–14, 16
1.1 1.3 +0.2 1, 6–10, 18–20, 23–24
1.1 1.4 +2.0 1–10, 15–16, 18–24
1.1 1.5 +3.6 1–10, 15–16, 18–24
1 1.5 +5.7 1–24

the other hand, is the case where the costs for real-time balancing are significantly
higher than the ones for self-balancing.

In the first case, where the cost factors αsb and αup/down were set to 1, self-
balancing showed never to be beneficial from the system’s perspective. This is
reasonable, because in that case the system can be balanced in real-time by power
plants that have the same generation costs as they would have for self-balancing.
The fundamental difference is though that via the balancing market bids from all
companies can be activated, while in the case self-balancing only segments from
each company’s own portfolio can be used. This makes self-balancing inefficient.
Computing the costs for the generating companies reveals nearly the same situation
as shown before in Figure 5.5.

On average, up-regulating prices on Nord Pool show to be to higher than
the day-ahead prices and down-regulation prices to be lower than the day-ahead
prices [38]. Based on that, one might argue that the cost factors should be higher
than 1 and that the before mentioned extreme case should not be considered. This
is, however, not an appropriate conclusion, because the observed prices on the
balancing market give no evidence about the relation between αsb and αup/down.
And, as it is shown in the following, it is the difference between the cost factors
that is of major importance.

The more the uplifts between self-balancing and real-time balancing differ, the
more increases the value of self-balancing as Table 5.3 also reveals. To answer
the question which maximum uplifts for real-time balancing might be appropriate,
it should be noted that high αup/down can occur because the prices for real-time
balancing power are set by the most expensive unit that was activated during the
hour. In the current version of the model, single hours are investigated, i.e. the
uplift shown in the real-time balancing prices is not an average over a longer period
of time, but an hourly value and set by most expensive up-regulation bid that was
activated during the hour and the least expensive down-regulation bid, respectively.
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Figure 5.7: Modifications of the segments’ generation costs with αsb = 1 and
αup/down = 1.5: comparison of generation costs (system perspective) applying Strat-
egy 1 (solid, black line) and Strategy 2 (dotted, black line). Also shown: Generating
companies’ costs applying Strategy 1 (solid) and Strategy 2 (dotted) for owner 1
(red) and owner 2 (blue).

Due to this, αup/down = 1.5 can be considered realistic.
It is, though, much more complicated to justify a certain minimum cost-factor

for self-balancing, because re-scheduling costs of power generating companies are
not accessible. If there would be a liquid intraday market, those prices might serve
as estimates. In order to pick an extremely favourable case for self-balancing, it
is assumed that there are no differences in the marginal costs between day-ahead
commitment and self-balancing, but significantly higher marginal costs for real-time
balancing (αsb = 1, αup/down = 1.5). Due to the argument given in the preceding
section, such a low cost factor for self-balancing can only be chosen for illustrative
purposes. The results of the simulation show, that under those conditions, self-
balancing becomes the superior strategy. In most hours, it is also profitable from
the individual producers’ perspective, see Figure 5.7.

5.4 Discussion of the results

The simulations have shown that the value of self-balancing is highly dependent
on the underlying cost factors. Due to this reason, two extreme cases were studied
besides the base case setting. As self-balancing showed to be inefficient in the
one case, but beneficial in the other, it can neither be suggested nor rejected as
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a valuable suggestion to share the balancing responsibility more efficiently. Here,
refinements in the model and reliable estimates for self-balancing costs are required
to come to a substantial answer regarding the benefits from the system perspective.

From the power generating companies’ point of view, the simulation showed
that the value of self-balancing to the companies does on average follow the same
trend as the value from the system perspective. There are, however, both occasions
where one owner faces incentives to self-balance while it is neither profitable for the
other owner nor from the system perspective, and occasions where the benefit from
the system perspective is clearly translated into benefits for the power generating
companies. Regarding the importance of the two perspectives, it is though the
system perspective that values higher, as it assesses self-balancing from a welfare
point of view. If this would show to be positive (negative) it should, however, be
ensured that the power generating companies face sufficient incentives to apply (not
apply) self-balancing.

Two more things should re-called for the discussion of the results: First, as
stated in Section 4.3.4, re-dispatch cost do not only consist of variable costs that
depend on the extent to which re-dispatch occurs, such as start/stop costs. There
are also re-dispatch costs of a fixed nature, for example labour cost for dispatch-
personnel. These costs are not dependent on the extent of re-dispatch. They can,
however, be assumed to be higher for power generating companies that always self-
balance compared to those that do only re-dispatch their production if regulating
bids got activated by the TSO. Hence, these costs only occur for Strategy 2 but not
for the one without self-balancing. Those costs are neither included in the model
nor quantified in this thesis, but they will reduce the value of self-balancing.

Second, as shown in Figure 5.4, the need for real-time balancing by the TSO is
reduced if the power generating companies self-balance their expected deviations.
If the system imbalances can successfully be reduced not only on average but for
the majority of the time, the risk of a power deficit where load has to be shed
because too little generation is available to cover the load is reduced. As those
situations are extremely rare, the economical loss is hard to estimate. It depends
on the potential damage in case of a power deficit and the probability with which
such a rare situation occurs. Due to this reason, it is also difficult to quantify the
value of lower system imbalances. In the model, this positive value has therefore
been neglected. It should, however, be observed that including this value would
also increase the value of self-balancing and, hence, work in the opposite direction
of the aforementioned fixed re-dispatch costs.
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Conclusion

The conclusions summarise the work that was conducted, recall the objectives, and
outline the future work.

6.1 Summary of the thesis

This thesis dealt with challenges linked to the integration of significant wind power
capacity in a power system. The work was divided into three main parts: a review
of three existing electricity markets and a list of market rules that are currently
discussed to facilitate the efficient integration of wind power. Second, variability
and the uncertainty of wind power generation in Sweden was analysed. This was
done as these two characteristics are the cornerstones for the research problem
dealt with in the third part. For that part, a model has been developed to assess
the consequences of stronger ex-ante balancing obligations on the power generating
companies. To analyse the consequences and to validate the model, the model was
applied on a simplified test system. In the following, the central parts of this thesis
are summarised.

Variability and uncertainty of wind power generation

The analysis of wind power variability and uncertainty contributed to a better
understanding of these two important characteristics of wind power generation.

By the end of 2011, Sweden had 2750 MW installed wind power capacity. Those
power plants were – when regarding the hourly generation in Sweden as a whole
– during 50 % of the time operating on generation levels between 14.7 and 42.3 %
of the installed wind capacity, i.e. between 40 and 116 GWh/h. These figures are
based on the inter-quartile distance of the wind generation levels. The total spread
was, as it would be expected, much higher showing variations in the generation
level between 0 and 84.2 %. The hourly ramp rates, however, do not exceed 10.8 %
of the installed capacity and, here, the inter-quartile distance is even significantly
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lower. It was also shown that the highest ramp rates do not occur when wind
power generation is at its maximum, but they occur on generation levels between
30 and 60 %. Strong patterns for both the ramp rates and the generation levels as
a function of the time of day could not be observed.

The accuracy with which the Swedish transmission system operator predicts
the wind power generation in Sweden was also subject of an analysis. Here, it was
shown that forecast errors larger than 20 % of the installed wind capacity, that
is errors larger than 550 MWh/h, are mainly negative, i.e. they underestimate the
wind generation level. For small forecast errors, the opposite holds. Comparing
forecast accuracy for each individual bidding area, it was revealed that the level of
accuracy is positively related to the amount of installed wind capacity. This made
area SE3 the area with the best wind power forecasts and area SE1 the one with
the lowest forecast accuracy.

In both analysis, strong smoothing effects regarding the generation levels, the
ramp rates and the forecast errors were observed when wind power plants were
aggregated over the whole country. This was shown comparing the correspond-
ing frequency distributions between for the four Swedish bidding areas with the
aggregated one representing the national level.

Finally, it was – based on different methods – shown that Swedish wind forecast
errors cannot be approximated by a normal distribution in an appropriate way.
Here, other distributions might prove more accurate.

Benefits from smoothed wind power variations and reduced forecast errors when
aggregating wind power plants over the a larger area can only be realised if the
transmission capacity between the different areas allows for exports and imports
between the different areas. As transmission capacity is limited, it is also relevant
to consider more efficient ways to handle this variability and uncertainty in wind
power output at least partly more regional.

The key-findings from this part of the work show the relevance of research
around the topic of how to handle the challenges connected to the varying and
not perfectly predictable wind power generation, especially the need to find more
efficient solutions to handle the balancing of wind power forecast deviations.

Internal ex-ante self-balancing

In the Swedish power system, all market actors are subjected to costs if their
generation/consumption deviates from what they committed themselves to and if
these deviations increase the overall need for balancing actions. This constitutes
an incentive for each actor to minimise its expected imbalance costs, and it might
also constitute an incentive to minimise its expected imbalance volume before the
trading period. In real-time, the system is then fully balanced by the TSO. As the
TSO has to activate reserves for this purpose, all balancing actions come at a cost.

The question whether the imbalance costs that the power generating companies
are facing are high enough to give incentives to minimise the expected deviations
or not is not in the focus of this work. Here, those incentives are assumed to be
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appropriately high and the research question is whether efficiency gains can be
expected if power generating companies would intensify their efforts to minimise
their expected imbalances before the hour of delivery. This was defined as ex-ante
self-balancing.

In the model, it was assumed that the companies re-schedule their production
according to the latest wind power forecasts around one hour before the hour of
delivery. To minimise the expected deviations, the companies do not trade with
other companies but use their own portfolio only. This is why it is called internal
ex-ante self-balancing in this thesis. The resulting production plan is then com-
municated to the TSO and the total generation stated here will be the base for
calculating the imbalances ex-post for each power generating company. The model
solves a set of consecutive mixed-integer optimisation problems to represent the
bidding and scheduling decisions of the actors. To analyse the potential benefits of
internal ex-ante self-balancing it is applied on a test-system.

The two most important assumptions that have to be re-called when interpreting
the results are
� The assumption of an illiquid intraday market,
� The assumption that at each optimisation step later optimisation steps are

not anticipated.
The first assumption is founded on the fact that many intraday markets exhibit a
lack of liquidity hampering trading possibilities. Assuming a perfect intraday mar-
ket would hence falsely represent reality. Therefore, intraday markets are excluded
from the model.

The second assumption means that when, for example, bidding to the day-ahead
market, companies do include the possibility to bid to the balancing market into
their calculus.

With the developed model it could be shown that:
� If power generating companies are to a larger extent subjected to balancing

responsibilities, self-balancing can lead to both a more or a less costly opera-
tion of the power system. This strongly depends on how much the generation
costs increase if the units get re-dispatched closer to real-time and in real-
time. More detailed, it is the difference in the underlying generation costs
between the day-ahead commitment, the hour-ahead self-balancing, and the
activation for real-time balancing as discussed in Sections 4.3.1 and 5.1. The
reason to implement different cost factors is increasing re-scheduling costs the
shorter the lead time between re-scheduling decision and actual re-scheduling
action. If those cost differences are too low, self-balancing is not beneficial
in terms of total generation cost. However, already for moderate differences
(10 % higher generation cost for self-balancing than for day-ahead commit-
ment, and real-time balancing cost that are 30 % higher than the generation
cost for day-ahead commitment), internal ex-ante self-balancing can decrease
the total generation cost in the power system.

� From the power generating companies’ point of view, it was important to
analyse the consequences of self-balancing on the generation and imbalance
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cost of each company. Here, the simulation showed that the minimisation of
the expected imbalance volume on average does follow the same trend as from
the system perspective. There are, however, both occasions where one owner
faces incentives to self-balance while it is neither profitable for the other actors
nor from the system perspective, and occasions where the benefit from the
system perspective is clearly translated into benefits for the power generating
companies.

Recalling the objectives that were described in Section 1.2 the following ones
have been met: regarding a significant amount of wind power, using one hour
trading periods, representing a day-ahead and balancing market, considering that
the market actors are exposed to imbalance costs and modelling obligations on
the power generating companies to minimise their expected imbalance volume. In
addition, the intraday market is considered as fully illiquid, i.e. no trade is assumed
to be possible on that market.

As the model deals with all hours individually, dependencies between the bids
or commitment decisions of different hours are not considered. Hence, the model
is not able to capture ramping constraints or start-up and stop decisions. This is
probably the most important simplification in both the model and the test-system.
It helps to reduce complexity but it does of course limit the significance of the
findings.

Geographical differences between the load and the generation centres are not
represented because transmission constraints and price areas are not yet imple-
mented.

Those unmet objectives are part of refinements that are planned for future work.
But especially the modelling of intraday trading with limited liquidity is likely to
pose a more complicated challenge.

6.2 Future work

Refinement of the model

To deeper assess the value of distributed balancing obligations, some limitations of
the model and the test-system have to be overcome. This is one task for future work.
Here, the focus should be on including inter-hour dependencies. This will allow for
improvements in the modelling of the hydro and the thermal power plants. Here,
collaboration with my colleague Yelena Verdanyan who works on optimal bidding
strategies for hydro power producers would be valuable. The model would then be
able to deal with minimum and maximum ramp rates as well as unit commitment
restrictions for start-up and stop decisions.

The model should also be extended by an anticipation of the effect of self-
balancing on the system imbalance: in order to minimise its imbalance cost a
power generating company should only self-balance if this can be done cheaper than
the expected imbalance cost. The real-time balancing cost depends on all bids to
the balancing market and the system imbalance that has to be balanced. Hence,
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companies need an estimation on the relation between their own self-balancing
cost and the real-time balancing cost of the other market actors. This estimate
might be taken from earlier market outcomes. Furthermore, the companies also
need an estimate for the volume of the system imbalance. In the model, the latter
estimate is easier to find than in reality as long as the model does not include other
uncertainties than the wind power generation, e.g. load forecast errors.

Two smaller improvements could be the use of Swedish data on observed wind
power generation and wind power forecasts which are now available. This is in-
teresting as the simulations could then be run for different areas having different
accuracy levels in their forecasts. In addition the assumption of a constant de-
mand level could be relaxed by a 100 % certain demand cycle for each day. Then,
interactions between variations in wind power and load could be represented as
well.

In order to increase the significance of the findings, it is also necessary to enlarge
the test system. This includes not only an improved modelling of generation and
demand as described before, but also the representation of transmission constraints
and connected to that the implementation of price areas in the model. This way,
another important characteristic of the Nordic power system could be captured.

Finally, two questions should be qualitatively addressed in future work: what is
the value of lower system imbalances and how could it be translated into a monetary
value? Which possibilities do power generating companies with wind farms have to
compensate possible competitive disadvantages due to the size of their company?
This is especially relevant if one would model different bidding zones in the market
because this would – in case of congestions in the the transmission between the
areas – reduce the number of competitors in each area.

Modelling intraday markets with a lack of liquidity

The issue of intraday markets that exhibit a lack of liquidity has come up during
the work that was presented in this thesis. To assess the consequences of internal
ex-ante self-balancing, it would be relevant to model a choice between internal
and external ex-ante self-balancing. This means that power generating companies
could either self-balance using their own portfolio or by trading with other power
generating companies close to real-time on an intraday market. The main challenge
here is, however, the modelling of a not fully liquid intraday market. This is relevant
not only because there is a consensus in the general discussion that intraday markets
are an important means to facilitate the integration of non-dispatchable and varying
RES. But also because trading on intraday markets is increasing. Then, it would
no longer be appropriate to neglect intraday markets.

Simulation tool

The aim of the overall project is to develop a tool with which the interaction
between the electricity market and the operation of the electric power system can
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be simulated. The primary application for this tool is to systematically analyse the
market outcome under varying market rules and to explain the consequences for the
different market actors and the system as a whole. In this way, the project might
contribute to answer to following questions: How can the electricity market be re-
organised to better utilise the existing flexibility in the power system (generation,
transmission, demand)? How does this contribute to a more efficient integration
of wind power? Which changes in the market set-up are necessary to attract more
than the existing flexibility?

In order to develop the model further towards such a tool, several improvements
and extensions are necessary. Beyond those that have been outlined above, this
means that the model has to be applicable on other discussed changes in the market
rules. For example, different imbalance settlement schemes, capacity payments,
shorter trading periods or different RES support schemes.
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Nomenclature

Sets
I Set of power plants
i ∈ I One power plant
B(i) Set of production segments for power plant i
b(i) ∈ B(i) One production segment of one power plant
F Set of power generating companies
f ∈ F One power generating company
J(f) ⊂ I Sub-set of power plants of company f

Indices
da Day-ahead market
sb Re-scheduling due to self-balancing
down Balancing market (down-regulation)
up Balancing market (up-regulation)
real Observation◇ Sub-markets/steps, ◇ = {da,sb,up,down,real}

Variables & parameters
xbid◇(i, b) Quantity of bid
pbid

◇
(i, b) Price of bid

xself(i, b) Available quantity for self-balancing
pself(i, b) Cost of self-balancing
x◇(i, b) Generation (quantity)
p◇ Market prices
u◇(i) Commitment (binary)
xshort(f ) Shortage in self-balancing
c(i, b) Variable generation cost per MWh of segment
CSgen Generation cost of strategy S
Rup/down(f ) Revenue from real-time balancing
αsb Factor for generation cost, self-balancing
αup/down Factor for generation cost, real-time balancing
D◇ Demand
xmin(i) Minimum generation
xmax(i) Maximum generation



Appendix

Scatter plots for the analysis of wind generation levels and wind ramp rates. The
plots for Sweden as a whole can be found in Section 3.1.3.
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Figure 6.1: Monthly averages of wind generation levels per hour for area SE1.
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Figure 6.2: Monthly averages of wind generation levels per hour for area SE2.
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Figure 6.3: Monthly averages of wind generation levels per hour for area SE3.
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Figure 6.4: Monthly averages of wind generation levels per hour for area SE4.
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Figure 6.5: Monthly average absolute ramp rate in wind power generation per hour
of the day for area SE1.
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Figure 6.6: Monthly average absolute ramp rate in wind power generation per hour
of the day for area SE2.
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Figure 6.7: Monthly average absolute ramp rate in wind power generation per hour
of the day for area SE3.
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Figure 6.8: Monthly average absolute ramp rate in wind power generation per hour
of the day for area SE4.
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gung auf dem ordnungspolitischen Prüfstand”. In German. In: Zeitschrift
für Umweltpolitik und Umweltrecht 29 (2006), pp. 313–347. url: http :

//www.wiwi.tu- clausthal.de/fileadmin/Volkswirtschaftslehre/

RePEc/pdf/SpringmannZfU.pdf.

87

http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2003:275:0032:0046:EN:PDF
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2003:275:0032:0046:EN:PDF
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2003:275:0032:0046:EN:PDF
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=COM:2008:0772:fin:EN:PDF
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=COM:2008:0772:fin:EN:PDF
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=COM:2008:0772:fin:EN:PDF
http://unfccc.int/resource/docs/convkp/kpeng.pdf
http://unfccc.int/resource/docs/convkp/kpeng.pdf
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:332:0041:0042:EN:PDF
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:332:0041:0042:EN:PDF
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:332:0041:0042:EN:PDF
http://www.comlaw.gov.au/Details/C2012C00579
http://www.comlaw.gov.au/Details/C2012C00579
www.optres.fhg.de/OPTRES_FINAL_REPORT.pdf
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2009:140:0016:0062:EN:PDF
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2009:140:0016:0062:EN:PDF
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2009:140:0016:0062:EN:PDF
http://www.wiwi.tu-clausthal.de/fileadmin/Volkswirtschaftslehre/RePEc/pdf/SpringmannZfU.pdf
http://www.wiwi.tu-clausthal.de/fileadmin/Volkswirtschaftslehre/RePEc/pdf/SpringmannZfU.pdf
http://www.wiwi.tu-clausthal.de/fileadmin/Volkswirtschaftslehre/RePEc/pdf/SpringmannZfU.pdf


88 BIBLIOGRAPHY

[11] Was Strom wirklich kostet. Vergleich der staatlichen Förderung und gesamt-
gesellschaftlichen Kosten von konventionellen und erneuerbaren Energien.
Condensed version. In German. Commissioned study. Forum Ökologisch-
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