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Abstract

During the last two decades, increase in electricity demand and
environmental concern resulted in fast growth of power production from
renewable sources. Wind power is one of the most efficient alternatives.
Due to rapid development of wind turbine technology and increasing size
of wind farms, wind power plays a significant part in the power production
mix of Germany, Spain, Denmark and some other countries.

Wind power has to be build in areas with good wind potential.
The best conditions for installation of wind power are, thus, in remote
areas free of obstacles, and consequently with low population density.
The transmission system in such areas might not be dimensioned to
accommodate additional large-scale power plants. Insufficient transmission
capacity problem, however, would emerge for any type of new generation,
planned in similar conditions, although wind power has some special features
that should be considered solving this problem.

In this thesis the four possibilities are considered. One possibility is
to revise the methods for calculation of available transmission capacity.
Another solution for large-scale integration of wind power in such areas
is to reinforce the network. This alternative however may be expensive and
time consuming. Since wind power production depends on the wind speed,
the wind farm utilization time is only 2000-4000 hours a year, and power
production peaks not necessarily occur during periods with insufficient
transmission capacity. Therefore wind energy curtailment may be considered
as an alternative for large-scale wind power integration. It is also possible to
store excess wind energy during the periods with insufficient transmission
capacity. Conventional power plants with possibilities of fast production
control (e.g. hydropower plants or gas power plants) may also be employed
for this purpose.

There is a lot of research regarding first two measures, therefore, this
thesis provides a review and summarized conclusions from the existing work
and further concentrates on development of the methods for estimation of
wind energy curtailment and evaluation of wind energy storage possibility
in hydro reservoirs.

Methods similar to probabilistic production cost simulation are
developed for estimation of wind energy curtailment. The developed
methods are applicable to discrete variables (measurements) and also
generalized for continuous variables with known distribution.
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For evaluation of wind energy storage possibility the optimization
problem is formulated, the objective of this evaluation is to minimize the
costs for power production under consideration of the future water value.
The developed method allows us to analyze previous years of operation
of the power system (e.g. dry, wet and normal year) and evaluate physical
possibilities for wind energy storage. The developed methods are than tested
for Swedish power system and the results are also summarized in this thesis.



Acknowledgements

This licentiate thesis concludes my work carried out at the Department
of Electrical Engineering, Royal Institute of Technology (KTH) since
November 2001.

First of all, I would like to express my gratitude to my supervisor
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Chapter 1

Introduction

1.1 Background

During the last two decades, increase in electricity demand and
environmental concern resulted in fast growth of power production from
renewable sources. Wind power is one of the most efficient alternatives.
Due to rapid development of wind turbine technology and increasing size
of wind farms, wind power plays a significant part in the power production
mix of Germany, Spain, Denmark and some other countries.

Similarly to hydropower, wind power has to be build in immediate
proximity to the resource - wind. The best conditions for installation of
wind power are, thus, in remote areas free of obstacles, and consequently
with low population density. The transmission system in such areas might
not be dimensioned to accommodate additional large-scale power plants.
For example, currently, integration of wind power in northern Sweden is
discussed. Since most of the Swedish hydropower is concentrated in the
North, the transmission system to the southern and central parts of the
country is congested during some time already now.

It should, however, be pointed out that insufficient transmission capacity
problem would emerge for any type of new generation, planned in similar
conditions, although wind power has some special features that should be
considered solving this problem. Wind power is an intermittent, variable
power output technology, which cannot be easily predicted and controlled.
On the other hand, the wind turbine generator utilization time is only
2000-4000 hours per year. Wind speed usually follows seasonal variations

1



2 Chapter 1. Introduction

[5] and the real-time wind speed measurements (and sometimes even
temperature measurements) are available from the wind farm.

Large scale integration in ares with limited export capability is a
relatively new problem for the wind power field and, therefore, there is
not much research in this area, although the methods elaborated for other
purposes e.g. grid expansion, generation expansion, generating capacity
adequacy assessment, production planning etc. could be revised and applied
in this area.

In this thesis four alternatives for large-scale wind power integration
in areas with limited export capability are considered, Figure 1.1. In the
following, the existing work and need for further research is discussed for
each alternative.

Wind power in area with limited export capability

Transmission system
reinforcement

Revision of the methods
for calculation of available
transmission capacity

Excess wind energy
curtailment

Excess wind energy
storage

Figure 1.1: Alternatives for large-scale wind power integration in areas with
limited export capability

One possibility is to revise the methods for calculation of available
transmission capacity, e.g. use dynamic estimation of transmission capacity,
thus, higher transmission could be allowed in some periods, see e.g. [63],
[10], [15]. In [31] it is shown that methods and assumptions for calculation of
available transmission capacity differ between TSOs and even harmonization
of these methods could result in increase of cross boarder transmission
capacity.

Another solution for large-scale integration of wind power in such areas
is to reinforce the network (e.g. new transmission lines, shunt reactive power
compensation, series compensation, etc.). Since this measure is widely used
to improve operation of power system in general (not only in case of large
scale wind power integration) there exist well developed methods that can
be readily applied to find the best solution in each particular project, see
e.g. [50]. This alternative, however, may be expensive and time consuming.
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Since wind power production depends on the wind speed, the utilization
time of wind turbine generator is only 2000-4000 hours per year and
production peaks do not necessarily occur during the periods with
insufficient transmission capacity. Therefore, wind energy curtailments may
be considered as an alternative for large-scale wind power integration. This
possibility has been suggested in e.g. [26] although the assessment of this
measure was not provided. Thus, there is a need for development of
the methods that would help to evaluate this alternative for new-coming
projects.

Instead of energy curtailment, the storage of excess wind energy during
the periods with insufficient transmission should also be considered. The
methods for optimal operation and sizing of energy storage in wind power
application are developed in [36], [37]. Conventional power plants with
possibilities of fast production control (e.g. hydropower plants or gas power
plants) may also be employed for this purpose. The possibility of wind
energy storage in hydro reservoirs has been considered in connection with
several different problems, e.g. generation expansion [38], and generation
scheduling for hydropower utility considering investments in wind power [66],
[67]. Only in [60] wind energy storage in hydro reservoirs was considered in
connection with congestion problems1 in the network. In [60] it is suggested
that stored wind energy is used as soon as congestion is relaxed. The
approach may, thus, be further improved by introducing different strategies
for stored energy disposal.

Initially, the purpose of this thesis was to understand the causes of
transmission limitations and methods to calculate available transmission
capacity and to look into the possibilities for large-scale wind power
integration in areas with congestion problems. As mentioned above, four
possibilities were considered, Figure 1.1, although it is not excluded that
there may exist some other options. Since there is a lot of research regarding
first two measures, the thesis provides a review and summarized conclusions
from the existing work and further concentrates on development of the
methods for estimation of wind energy curtailment and evaluation of wind
energy storage possibility in hydro reservoirs.

The next section provides more extensive outline of the thesis.

1Congestion problem is a situation when it is economically motivated to transfer more
power than available transmission capacity allows.
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1.2 The outline of the thesis

The first chapter (Chapter 2) starts with definitions of transmission limits.
It also gives an overview of the methods applied by European transmission
system operators (TSOs) to determine available transmission capacity. This
overview is mainly based on references [31] and [23]. The aim of the overview
is to demonstrate and explain the reasons for the difference between the
physical transmission capacity and available transmission capacity defined
by TSO. Based on available publications, possible measures to increase
transmission capacity are also discussed. The measures concern not only
transmission system reinforcement but also possibilities to improve the
methods for determination of available capacity that in turn may result
in transmission capacity increase. Congestion management is an alternative
to transmission capacity increase, therefore a short summary on congestion
management is presented. At the end of the chapter a brief description
of Swedish power system is provided as an example of power system with
congestion problems.

Chapter 3 gives a short summary on wind power, starting with
meteorological phenomena and concluding with descriptions of different
wind turbine generator (WTG) types. The impact of wind power on
transmission limits is then discussed. To insure the secure operation of
the power system with significant level of wind power penetration there
arose a necessity for connection requirements for WF. This connection
requirements, among other issues, would reduce the impact of wind power
on the transmission limits. Some countries have chosen to create separate
requirements just for wind power, others try to apply existing grid codes to
the WF. In Chapter 3 the main aspects of such requirements from Germany,
Denmark, Sweden, Scotland and Ireland2 are compared. In the framework
of this thesis the requirements concerning active power reduction, reactive
power compensation and protection are of the main interest although the
requirements concerning other aspects may be used in the future work (e.g.
for assessment of necessary regulation possibilities, etc.).

Since possibilities of wind energy curtailment and wind energy storage
in hydro reservoirs are considered for the test-case of large-scale wind power
integration in northern Sweden, a brief overview of wind power in Sweden

2The choice of the countries is dictated by availability of the source rather than by
installed wind power capacity.
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is provided at the end of the Chapter 3.

Chapter 4, first, provides an overview of two alternatives to transmission
capacity increase:

• excess wind energy curtailment during congestion situations;

• excess wind energy storage in hydro reservoirs.

Then the evaluation methods developed in this thesis for both alternatives
are described in details.

In Chapter 5 the methods described in Chapter 4 are applied to the
test-case of large-scale wind power integration in northern Sweden. In the
beginning of the chapter the detailed description of the available data as well
as assumptions are provided. Then each estimation method is tested with
different amount of wind power in northern Sweden. In case of wind energy
curtailment economical comparison with transmission system reinforcement
suggested by Swedish TSO Svenska Kraftnät (SvK) in [2] is made. In the
case studies it was shown that wind energy curtailment during the periods
with congestion problems in the system is more economically motivated,
than transmission system reinforcement. With wind energy storage in hydro
reservoirs, wind energy curtailment can be reduced. The impact of the
assumptions on the results of the case study is also discussed.

Chapter 6 reports the main findings and conclusions of the thesis. It
should be pointed out that large-scale grid integration of wind power is a
very wide subject and this thesis have only touched upon some problems,
therefore Chapter 6 also provides ideas for future work.

1.3 Contribution of the thesis

The main contributions of the thesis are listed bellow:

• An overview of the methods applied by different TSOs to determine the
available transmission capacity and measures to increase transmission
capacity are presented. Difference between physical transmission
limits and available transmission capacity defined by TSO is clarified.

• The impact of wind power on available transmission capacity is
discussed.
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• The main aspects of requirements for connection of large-scale wind
farms in Germany, Denmark, Sweden, Scotland and Ireland are
summarized and compared.

• Two alternatives for large-scale integration of wind power, when
available transmission capacity is given, are suggested: wind energy
curtailment and excess wind energy storage in hydro reservoirs (see
Figure 1.1). New methods are developed for evaluation of these
alternatives.

• The developed methods are tested for the case study concerning
large-scale wind power integration in mountainous areas in northern
Sweden. Several wind power penetration levels are tested. The results
were reported and discussed in details.

1.4 The list of publications

Work performed during this thesis is summarized in the following
publications:

• J. Sveca3, L. Söder, Wind Power in Areas with Limited Export

Capabilities, in Proceedings of The World Wind Energy Conference
and Exhibition, 2-6 July 2002, Berlin, Germany

• J. Sveca, L. Söder, Wind Power Integration in Areas with Congestion

Problems and Storage Capabilities, in Proceedings of EWEA European
Wind Energy Conference, 16-19 June 2003, Madrid, Spain

• J. Sveca, L. Söder, Wind Power Integration in Power Systems with

Bottleneck Problems in Proceedings of IEEE Power Tech Conference,
23-26 June 2003, Bologna, Italy

• J. Matevosyan, L. Söder, Evaluation of Wind Energy Storage in

Hydro Reservoirs in Areas with Limited Transmission Capacity, in
Proceedings of the Fourth International Workshop on Large-Scale
Integration of Wind Power and Transmission Networks for Offshore
Wind Farms, 20-21 October 2003, Billund, Denmark

3Surname is changed to Matevosyan in 2003
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• J. Matevosyan, T. Ackermann, S. M. Bolik, Comparison of

International Regulations for Connection of Wind Turbines to the

Network, in Proceedings of Nordic Wind Power Conference, NWPC’04,
1-2 March 2004, Göteborg, Sweden

Some of the results of the thesis are summarized in the following chapters
of the book, Wind Energy in Power Systems, edited by T. Ackermann (to
be published by John Weiley&Sons, Ltd in October 2004 ):

• Chapter 23: Wind Power in Areas with limited Transmission Capacity

• Chapter 7: Technical Regulations for the Interconnection of Wind

Farms to the Power System (with T. Ackermann and S. Bolik)

The results were additionally presented at

• Swedish Wind Energy Conference Vind 2002, 6-7 November, Malmö

• Sveriges Energitinget 2003, 11-12 March, Eskilstuna





Chapter 2

Transmission limits

First, this chapter will define the factors that limit transmission capability

of AC power lines, i.e. thermal limits, voltage and rotor angle stability

considerations. Then an overview of the methods used by different TSOs

to determine available transmission capacity will be given along with some

methods to increase transmission capacity. A brief section on congestion

management is also provided. At the end of the chapter an overview of the

Swedish transmission system and it’s bottlenecks is presented.

2.1 Definitions

This section provides general definitions and overview of the factors that
limit transmission capability of the AC power lines in order to describe the
essence of the problem with some simple examples. The possible impact of
wind power on transmission limits is further discussed in section 3.3

2.1.1 Thermal limits

The thermal limit of an overhead transmission line is reached when the
electric current flow heats the conductor material up to a temperature above
which the conductor material gradually loses mechanical strength and sags
due to conductor expansion, thus clearance to ground is decreased.

The maximum allowable conductor temperatures based on annealing
considerations are 127 ◦C for conductors with high aluminium content
and 150 ◦C for other conductors [39]. However the maximum permissible

9
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conductor temperature is further limited by conductor age, geometry,
the heights of the towers and the security standards regarding clearance
to ground. Therefore, the maximum allowed continuous conductor
temperature varies from 50 ◦C to 100 ◦C [31].

The maximum allowable current (or so called current-carrying capacity)
depends on the ambient temperature, wind velocity, solar radiation, surface
conditions of the conductor, and altitude above the sea level [32].

Under steady-state conditions of wind velocity, temperature, solar
radiation and electric current the heat-balance equation is:

qc + qr = I2R+ qs, (2.1)

where qc [W/km] is convected-heat loss, qr is radiated-heat loss[W/km], I
is current [A], R is effective AC resistance of the conductor [Ω/km], qs heat
received from solar radiation [W/km] .

From the heat-balance equation electric current can be expressed as
follows:

I =

√

qc + qr − qs
R

(2.2)

The expressions for qc, qr and qs as well as detailed computational example
are provided in [32].

Figure 2.1 illustrates the dependence of current-carrying capacity on
wind speed and temperature for one type of ACSR conductor [56].
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Figure 2.1: Dependence of current-carrying capacity on wind speed and
temperature for ACSR conductor, Curlew, 2 Al-wires, 593 mm2

Other network elements such as breakers, voltage and current
transformers and power transformers could further restrict the transmission
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capacity (TC) of some network branches. The thermal limit of the
transmission line is then given by the lowest rating of the associated
equipment.

The maximum allowable current is bounded to maximum allowable
active power transfer by the following expression:

Pmax = Imax · Umin · cosϕmin (2.3)

where Imax is maximum allowable current, Umin is minimum voltage level,
which is expected during the normal operating conditions, cosϕmin is the
expected minimum power factor at full load [70]. Thus, improving load
power factor and increasing minimum voltage the allowed active power
transfer can be increased.

2.1.2 Voltage stability

Voltage stability is the ability of the system to maintain steady acceptable
voltages at all buses in the system under normal conditions and after being
subjected to the disturbance [39]. Instability occurs in the form of a
progressive fall or rise of voltages in some busses. A possible outcome of
voltage instability is loss of load in an area or outages. Furthermore, loss
of synchronism may result from these outages or from operation under field
current limit [64].

For the real power system it may be difficult to separate voltage stability
and angle stability. Thus, to give an overview of the pure voltage stability
problem, a two-terminal network is considered, Figure 2.2. It consists of a
constant impedance load ZLD with a constant power factor cosϕLD supplied
by constant voltage source US via a transmission line. The transmission line
is modelled as series impedance ZL∠θL.

The current magnitude (in p.u.) can be calculated using Ohm’s law as
the magnitude of the sending end voltage divided by the magnitude of total
impedance between sending and receiving ends:

I =
US

√

(ZL cos θL + ZLD cosϕLD)
2 + (ZL sin θL + ZLD sinϕLD)

2
(2.4)

Voltage magnitude at the receiving end is then equal to UR = I ·ZLD and
active power at the receiving end can be calculated as PR = UR · I · cosϕLD,
i.e. PR = I2 · ZLD · cosϕLD.
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ZL∠θL UR∠δ

PR + jQR

ZLD∠ϕLDUS

I

Figure 2.2: Two-terminal network

The relationship between transferred power and the voltage can be
illustrated by so called nose curve Figure 2.3.
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Figure 2.3: Nose curve for the system in Figure 2.2 US = 1 p.u. load with
no reactive power demand QR = 0 (ϕLD = 0), purely reactive impedance of
the transmission line is assumed ZL = jXL = j0.2 p.u. (θL = 90◦)

If load impedance ZLD is gradually decreased current increases. As long
as ZLD is greater than line impedance ZL the increase in current is more
significant than decrease in voltage at the receiving end and transferred
power increases. This corresponds to the upper branch of the nose curve.
When ZLD becomes lower than ZL the decrease in voltage is faster than
increase in current and transmitted power decreases. This corresponds to the
lower branch of the nose curve and gives unacceptable operating conditions
for many devices and may be voltage unstable. In this thesis only the
operation at the upper branch of the nose curve is considered. [64], [34], [61]
are referred for further reading on this subject.



2.1. Definitions 13

From the Figure 2.3 follows that transmitted power PR cannot exceed
PRmax for a given transmission line. Point (PRmax, URmax) in the nose curve
is called maximum loadability point. The point marks maximum power
transfer for the particular line and power factor.

Figure 2.4 shows, nose curves for two-terminal model in Figure 2.2 for
different values of load power factor. The locus of critical operation points
is shown by dotted line in the figure. As already mentioned above,only the
operating points above the critical points represent satisfactory operation
conditions; a sudden change of the power factor can cause the system to go
from stable operating conditions to an unacceptable or unstable, operating
conditions [39].

Improving power factor at the receiving end of the line by local reactive
power compensation (unity or leading load power factor) higher maximum
active power transfer can be permitted. Transmission of the large amounts
of reactive power (lagging load power factor at the receiving end) results in
lower maximum active power transfer. Local reactive power compensation
also results in voltage increase at the receiving end. The amount of
compensation should, thus, be chosen to keep the voltage at the receiving
end within the acceptable limits.
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Figure 2.4: Nose curve for system in Figure 2.2 with different load power
factors

The line length has a significant impact on the voltage stability. A line
reactance increases with the line length and reactive power consumption of
the transmission line at heavy loading causes a decrease of maximum power



14 Chapter 2. Transmission limits

transfer. Due to chosen normalization, it is difficult to see the impact of line
length in Figure 2.3. Furthermore, for the lines longer than 100 km shunt
capacitance of the transmission line should also be considered. Figure 2.5
illustrates the performance of the lines with different length1 with unity load
power factor.
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Figure 2.5: Relationship between receiving end voltage, line length, and load
of the transmission line

In Figure 2.5, Po is so called natural load - the power delivered by the
transmission line when it is terminated by its surge impedance Zc (i.e.
ZLD = Zc). Surge impedance Zc is defined as Zc = (LL/CL), where LL

and CL are respectively inductance and shunt capacitance of the line per
unit length. For the line length above 400 km shunt capacitance partly
compensates the reactive power consumption of the line but result in high
voltage at the receiving end especially at the light loading when reactive
power consumption of the line is lower. For the lines longer than 600 km
the receiving voltage at natural load is on the lower branch of the nose curve,
such operation is likely to be voltage unstable [39].

2.1.3 Rotor angle stability

Rotor angle stability is the ability of interconnected synchronous machines
to remain in synchronism [39]. Assume a simple two-machine system,
Figure 2.6, where machine 1 is a synchronous generator feeding power to the

1Here the shunt capacitance of the transmission line is considered



2.1. Definitions 15

~ ~UG UM

XG XL XM

0

0.2

0.4

0.6

0.8

1

1.2

0 50 100 150 200

P
Pmax

δ

Figure 2.6: Two-machine system and power-angle relationship

synchronous motor, machine 2. The power transferred from the generator to
the motor is a non-linear function of angular separation between the rotors
of the two machines and given by

P =
UGUM

XT
sin δ, (2.5)

where XT = XG+XL+XM . The relationship (2.5) is plotted in Figure 2.6.
When δ = 0 power output is zero, then power output increases up to δ =
90 and after that further increase of angular separation of two rotors will
result is power decrease. Therefore, there is a maximum power that can be
transferred between two machines.

Under steady-state there is an equilibrium between the input mechanical
power and output electrical power in each generator. If the system is
perturbed, then this equilibrium is upset and that results in acceleration
of the rotors in some machines and deceleration of the others according to
the law of motion of the rotating body [39]. If one machine runs faster the
rotor position of this machine with respect to the rotor of slower machine
will advance. According to (2.5) part of the load will thus be transferred
from slower machine to the faster machine, which will result in decreased
speed difference and angular separation. Above a certain δ, increase in
angular separation will result in decrease of power transfer and, thus, further
increase of δ. This will lead to instability [39].

The rotor angle stability phenomenon is separated into two categories:
small-signal stability and transient stability. Small-signal stability is ability
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of the power system to remain in synchronism after small disturbances, e.g.
small load or generation changes.

Transient stability is the ability of the power system to maintain
synchronism, when subjected to severe transient disturbances. Stability
depends on both initial operating state and the severity of the disturbance
[39]. The disturbances, which are usually considered in transient stability
studies are phase-to-ground, phase-to-phase-to-ground or three-phase short
circuits. They are usually assumed to occur on the transmission lines. The
fault is cleared by the opening of the appropriate breakers to isolate the
faulted element.

In the real power system it is difficult to sperate pure voltage stability
phenomenon and pure rotor angle stability phenomenon, since they can
interact with each other, especially during and after the disturbance in
the system. Dynamic simulations of the whole system or a part of it are
necessary to investigate voltage and rotor angle stability and they impact on
maximum power transfer. The role these simulations play in determination
of available transmission capacity is discussed in the next section.

2.2 Determination of transmission capacity by

European TSOs

Transmission capacity is determined by transmission system operators
(TSO). Due to decentralized responsibility for the operation of
interconnected systems each TSO has access to data on network
configuration, associated equipment, operational statistics only with respect
to its own system. Therefore, the methods for determination of TC within
the area of responsibility of respective TSO and cross-border transmission
capacity are different. Available TC depends not only on technical properties
of the respective system, but also on the assumptions, economic and security
considerations of respective TSO.

2.2.1 Determination of cross-border transmission capacity

To provide consistent capacity values, European TSOs are publishing net
transmission capacities (NTC) twice a year. For each border or set of
borders, the NTC is determined individually by all adjacent countries and,
in case of different results, negotiated among involved TSOs.



2.2. Determination of transmission capacity by ETSO 17

In [31] the approaches of TSOs to determine the transmission capacity
between EU member states, Norway and Switzerland were studied.
According to these studies the methods applied by TSOs follow the same
general pattern, Figure 2.7:

1. A base case network model that reflects a typical load flow situation
is prepared (base case exchange, BCE).

2. According to the transport direction for which power capacity should
be determined, generation is increased by small amount in the
exporting country and decreased by the same amount in the importing
country, simulating an incremental commercial power exchange ∆E.

3. The resulting simulated network state is checked for fulfilment of
individual TSO’s security criteria.

4. The highest feasible exchange shows how much power that additionally
can be transferred for the given base scenario. Then the BCE is added
to ∆E to obtain the total transmission capacity (TTC).

5. Uncertainties from numerous sources are associated to the
determination of transmission capacity (e.g.unnplanned failures of
network elements, weather conditions, inadvertent exchange, errors
in generation and load prediction etc.). Some of these uncertainties
are considered explicitly in the security assessment (step 3). Others
are treated implicitly by means of summarized transmission reliability
margin. The transmission reliability margin is then subtracted from
total transmission capacity (calculated in step 4) to obtain final NTC.

Although the general pattern is similar, the interpretations and
definitions are different for different TSOs. For example NTC depends
on assumptions of the base case (step1). The base scenario may change
in next calculation cycle and influence NTC even if technical parameters
remain constant. Modelling of generation increase/decrease ∆E also differs
among TSOs. Some TSO divide ∆E between all generators in their area of
responsibility proportionally to the base case dispatch (e.g. SvK, Statnett,
German TSOs), others divide ∆E between chosen generators by economic
considerations (e.g. Fingrid). For the neighboring areas due to lack of data
the generation increase/decrease is usually modelled proportionally to the
base case. These differences in turn may affect NTC.
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Figure 2.7: Net transmission capacity determination

When determining limits of feasible network operation, some TSOs
consider a differentiation of thermal limits throughout the year and
throughout their areas of responsibility (e.g. SvK, Finngrid, Elkraft,
Statnet). Others apply probabilistic model based on meteorological
statistics (e.g. TSOs in Belgium and Great Britain). Some TSOs assume
constant ambient conditions throughout the entire year (e.g. Eltra, German
TSOs).

The maximum allowed continuous conductor temperature differs largely
from one TSO to the other with values from 50◦C to 100◦C. Some TSOs
allow higher continuous current limits in (n− 1) contingency situations, i.e.
outage of a single network element. However, the percentage of accepted
overloads is different for different TSOs. Many TSOs tolerate higher current
limits in contingency situations only when the loading can be decreased by
means of TSO actions bellow normal limits within short time (10-30 min).

Voltage stability and rotor angle stability are assessed for normal system
operation as well as operation after (n−1) contingencies that are considered
relevant for security assessment. Some TSOs investigate not only single
failures, but also certain failure combinations. Nordic TSOs (Fingrid,
Stanett, Svenska Kraftnät) consider busbar failures as the severity of
possible consequences endangers the security of the system. The methods
for uncertainty assessment as well as sources of uncertainties considered are
also different between TSOs.

Apart from determination of NTC twice a year, available transmission
capacity (ATC) is also determined on weekly or daily basis. Available
transmission capacity is calculated as a difference between NTC and already
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allocated transmission capacity (AAC) due to bilateral contracts [23], Figure
2.8. The pattern for NTC determination is the same as before, although
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Figure 2.8: Available transmission capacity determination

base case is now reflecting a load flow forecast based on day-before snapshots
and sometimes weather forecasts. System models are updated according to
known changes in topology and switching status. Weather forecasts are used
by some TSOs to allow higher thermal transmission limits. As there are less
uncertainties in short term horizon transmission reliability margin can be
decreased. Because of these factors actual net transmission capacity can
vary substantially from the NTC values calculated twice a year.

2.2.2 Determination of TC within the country

For the area of responsibility of each TSO complete system models are
used for assessment of the available transmission capacity. The methods
are similar for all TSOs but the security standards and base scenario
assumptions may differ.

As mentioned above, thermal limits are evaluated for each particular line
depending on material, age, geometry, the heights of the towers, the security
standards imposing limitations on clearance to ground etc. There can be
different policies regarding tolerance of overloads during the contingencies.

Different scenarios are elaborated for load flow calculations that are used
for voltage stability assessment at normal operation and after most frequent
and severe contingencies. The selection of failures to be assessed is based
on implicit distinction between ”frequent” and ”rare” failure and between
”severe” and ”minor” consequences [31]. As discussed in the previous
subsection the types of considered contingencies are different.
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Rotor angle stability is investigated by performing dynamic simulations
of the system during and after the fault. The transmission limits for the
power lines are defined by the most severe set of conditions.

Inner transmission limits are taken into account in security assessment
for cross-border capacity allocation; during system operation (to provide
corrective measures in case of congestion: re-dispatch of the generators,
switching, load shedding); to prepare technical prerequisites for new
generation, etc.

2.3 Measures to increase TC

2.3.1 ”Soft” measures

The ”soft” measures may result in increase of transmission capacity at low
costs, these measures mostly concern cross border transmission capacity
however some of them may be applied to increase the TC within the country:

• Harmonization of determination methods between adjacent TSOs.
Transparency regarding the base case assumptions [31].

• Consideration of ambient temperature and wind speed statistics, when
determining NTC.

• Use temperature and wind speed forecasts for day-ahead capacity
allocation.

• The deterministic (n − 1) criterion imposes under certain conditions
unnecessary high congestion costs for both power producers and grid
operators. On the other hand, e.g. during harsh weather conditions,
(n − 1) constraint may not be sufficient to provide secure operation.
One approach to on-line security control and operation of transmission
systems is suggested in [63]. It is based on a probabilistic criterion
aiming at on-line minimization of total grid operating costs, defined
as a sum of expected interruption costs and congestion costs in
specified period of operation. This approach is being studied by
Norwegian TSO and SINTEF research institute. But even the
approach currently applied by Norwegian system operator enables
flexible transmission limit by taking into account various criteria, such
as costs for re-dispatching, weather conditions and system protection.
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The value of reduced congestion is then weighted against the expected
interruption costs and/or possible congestion management costs.
When the value of the reduced congestion is substantially higher
than increase of expected interruption costs, operation with (n − 0)
reliability is applied [10].

• Allow temporary overloading after contingencies. Depending on
ambient temperature short time loading of 30-50% more than rated
is accepted for transformers, breakers and other components without
substantial loss of lifetime [10].

• Exclude unjustified, rare fault considerations from determination of
NTC and ATC.

• Make probabilistic evaluation of operational uncertainties, included in
transmission reliability margin. Risk could in this case be defined as
the probability of undesired measures that have to be taken in the
operational phase, multiplied with the cost caused by such measures
[31].

The preceding set of measures mainly discussed the improvements for
methods of transmission capacity determination. Extensive use of system
protection schemes, especially automatic control actions following critical
line outages, can also be used to relax transmission congestion without
substantial investments:

• Shedding of pre-selected generators

• Shedding of pre-selected loads (industrial)

• Network splitting to avoid cascading events

These schemes are implemented primarily to enable increased transmission
limits not only to reduce consequences of disturbance or interruptions [10].

2.3.2 Possible reinforcement measures - thermal limit

If thermal current limit is the critical factor, reinforcement measures (apart
from the construction of new lines) can either be aimed to increase current
limits of individual lines and/or associated equipment (e.g. breakers, voltage
and current transformers, etc.) or to optimize the distribution of load
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flows to decrease loading of the critical lines. To increase current limits
of individual lines the following measures can be applied:

• Dynamic current-carrying capacity rating: real time monitoring of
line tension or sag as well as line current and weather conditions. This
method reduces the probability of overtemperature even compared to
conservative weather condition assumption (wind speed 0.6 m/s, temp.
15 ◦C), [15].

• Shortening insulators, [31]

• Increasing tensile stress of conductors, [31]

• Heightening towers, [31]

• Exchanging under-dimensioned substation equipment

• Installing conductors with higher loadability, where old supporting
structures can be reused [15]. Recently developed high temperature
low-sag conductors may have about the same diameter as the original
and thus the existing structure may not require any reinforcement.

If it is associated equipment of the line that sets the limit, it can be
exchanged to the one with the higher rating.

The following measures can potentially influence the distribution of load
flows:

• Phase shifting transformers

• Series capacitors or series reactors to adjust the impedances of the
lines

• FACTS elements (including HVDC links) to control, voltage,
active/reactive power flows using power electronics. The phase
shifting transformers and series capacitors or series reactors are usually
the preferred options. FACTS are extremely flexible but also very
expensive. FACTS devices may also negatively affect reliability of the
network by diverting power to weaker parts of the network [15].
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2.3.3 Reinforcement measures - voltage stability limit

In case of voltage limits or when voltage stability is the determining factor for
transmission capacity, additional sources of reactive power (shunt capacitors,
shunt reactors or FACTS elements) can be installed at critical locations to
smoothen the steady state voltage profile and to increase reserves against the
loss of voltage stability. If voltage instability is caused by power transfer at
long distances, series capacitors can be installed to decrease the impedance of
the lines. The applicability of the suggested reinforcement measures depends
on individual network topology.

The obvious and effective measure to increase transmission capacity is
to build a new transmission line. However this is time consuming (about 5
years) and expensive option. The cost of one new transmission line is approx.
4 MSEK/km [2]. During the last years due to environmental concern, it is
difficult to receive a permission for building new overhead transmission lines.

2.3.4 Conversion HVAC transmission lines to HVDC for

higher transmission capacity

One way to increase TC is to convert power lines from HVAC to HVDC.
This allows to increase power transmission rating 2-3 times and reduce
transmission losses [33].

The conversion covers changes to the conductor arrangement on the
tower, the insulator assemblies and the configuration of the conductor
bundle, but not the actual tower structure or the number of towers.
Depending on conditions of existing conductors it is possible to re-use them
for the new HVDC link.

In cases of parallel lines, some tower designs even allow conversion in
stages, so that transmission can be continued in one branch while the other
is converted to HVDC.

An advantage of converting long HVAC lines (>300 km) to HVDC is
that the thermal limit rating can be fully used. This particulary increases
availability of double bipole systems. In case of an outage of one DC line
the remaining bipole system can transmit double the power. As mentioned
above, long HVAC transmission lines cannot usually be loaded to their
thermal rating because of voltage stability problems.

Depending on the condition of the existing system the cost for conversion
from HVAC to HVDC can be from 30% to 50% lower compared to



24 Chapter 2. Transmission limits

construction of a new transmission line. However the construction of the
two converter stations is not included in this figure.

A consequence of conversion to HVDC is that two systems on the both
sides of the HVDC link may become independent from each other regarding
frequency control. This may cause the problems for the systems where
controllable units are concentrated in one part.

2.4 Congestion management

The transmission system is built up together with power production to meet
the expected electricity consumption. For economic reasons it is usually not
over- dimensioned and therefore cannot guarantee the transmission for new
power plants at new locations throughout the entire year.

In order to handle the bottlenecks congestion management methods are
applied. The congestion management methods should deal with short-run
congestion in an economically efficient way and provide incentives for
network and generation investment in the right locations [22]. An overview
of the existing congestion methods is provided in [48] and [68]. In this
section two methods applied in Nordic power market (Nordpool) is briefly
described.

Nordpool power exchange (Sweden, Denmark, Norway and Finland) is
a day-ahead market where the actors submit supply or demand bids for the
next day. These bids are aggregated into supply and demand curves and
the cross point sets the system price.

Every day prior the power exchange opening the system operators define
ATC for Nordpool. When the system price is calculated, the desired flows
are checked against the ATC. If transmission lines are not congested, the
cross point between supply and demand is set without constraints. This is
the case for the Nordpool market during approx. 40% of the year [42]. If
a bottleneck occurs, the market is split into two separate bidding areas on
each side of the bottleneck in order to maintain power transfer limit. Thus
a higher price is established in the receiving end area than in the sending
end area; power is then bought from the sending end area until the ATC
reaches the limit. This method is called market splitting and is applied in
the Nordic power market (Nordpool).

To illustrate this, let us consider a simple example with two areas A and
B operated by two different TSOs, let us assume that ATC between the
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areas is limited to 100 MW, load and generation bids in each area are shown
in Figure 2.9. In area B the spot price will be 150 SEK/MW. 200 MW will
be sold to local load, 100 MW will be sold to area A at price 150 SEK/MW.
In area A 100 MW will be bought from generator 1, 100 MW will be bought
from area B, 200 MW will be bought from generator 2. The spot price in
area A therefore will be 200 SEK/MW. Income from buying power in area
B at 150 SEK/MW and selling to area A at 200 SEK/MW is then divided
between TSOs. If there would be no transmission limit the spot price would
be 150 SEK/MW and power would be bought from generator 2 in area A
and from area B.

Gen1:300MW-200SEK/MW

Gen2:100MW-100SEK/MW
Load: 400 MW

Gen: 500MW-150SEK/MW
Load: 200 MW

Max 100MW

A B

Figure 2.9: Example of market splitting

In order to manage the bottlenecks during the actual operation hour TSO
runs frequently updated load flow simulations for normal operation of the
network to check correspondence for thermal and voltage stability margins.
The same load flows are performed for operation after (n− 1) or sometimes
even a sequence of contingencies. The transmission limit is defined by the
most severe conditions. In fact this limit can be exceeded but with a great
risk for equipment failure or even voltage collapse. The calculated limits are
compared with actual load flow. If the bottleneck occurs in actual operation
hour, the corrective measures are taken by TSO in terms of re-dispatch of
selected power plants on each side of the bottleneck or through disconnection
of interruptible loads. The price for re-dispatching in each area is given by
bid curve in a separate regulating market. The purchase will be made by
TSO at price that is higher than the unconstrained price and the sale at
price that is lower than unconstrained price [63]. Thus the the system
operator will take additional costs for congestion. This method is called
counter-trading and is used e.g. within Sweden and within each price area
in Norway.
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2.5 Swedish power system

Concluding this chapter it is worthwhile to give a short overview on Swedish
power system. The methods presented in this thesis were elaborated mainly
taking Swedish situation into consideration although the methods can be
applied to other power systems with similar problems.

The Swedish transmission system was historically built up to use
hydropower as efficiently as possible following the expected increase in
electricity consumption. The total installed capacity of generating units
is about 32 000 MW of which 51.2% is hydropower, 29.8% is nuclear power,
18.1% thermal power. Installed wind power corresponds to about 1.1% of
the total installed capacity [47].

About 85% of all hydropower is concentrated in the northern part of the
country. The electricity consumption in this area is rather low, around 20%
of total total consumption in Sweden. As a result the strong transmission
system was built between northern and southern Sweden [2]. Eight long
(500-1000 km) 400 kV transmission lines connect the northern part of the
transmission system with central and southern parts, where the main load
is concentrated.
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Figure 2.10: Duration curves of power transmission through Cross section 2

Power transmission in Sweden varies from year to year depending on
water inflow in the river systems. Thus, transmission is increasing during
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wet years and decreasing during dry years. Within a year power transmission
depends on seasonal changes (snow melting, temperature variations), within
a day power transmission varies with load variations. It also depends on
market prices. Generally the highest transmission is during the spring flood
and cold winter days and it reaches its peaks during the daytime. During
these periods power transmission between North and South (so called Cross
section 2) is almost at the limit, which is determined by SvK as 7000 MW.
However during about 4000 hours of the year power transmission is lower
than 60% of total transmission capacity, Figure 2.10.

Figure 2.11: Existing transmission limitations in Nordic power system

To increase transmission capability of Cross section 2, nine series
compensators are already installed, increasing transmission capacity of the
power lines with 40%-60% [65], [2]. North of the Cross section 2, four
additional series compensators can be installed if necessary and economically
efficient. Transmission capacity of the lines can, thus, be increased up to
30% [2].

There are also other bottlenecks within Swedish power systems and
with neighboring countries, Figure 2.11. The bottleneck between northern
Sweden and central Sweden is defined by voltage stability considerations, the
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bottleneck between central part and southern part of Sweden is defined by
thermal limits. The bottlenecks with the neighboring countries are generally
defined by thermal limits.

Every day prior the opening of power exchange Swedish TSO Svenska
Kraftnät (SvK) is defining the ATC for the lines connecting Sweden to the
neighboring countries, see also subsections 2.2.2-2.2.3. The bottleneck in
the price setting stage are managed by market splitting, section 2.3. This
concerns only the bottlenecks with the neighboring countries. There are no
separate price areas within Sweden. In operation phase the counter-trading
is applied by SvK, see section 2.3.



Chapter 3

Wind power and impact on

transmission limits

In this chapter first a short insight into wind power will be given starting with

meteorological phenomena and concluding with descriptions of different wind

turbine generator types. Then the impact of wind power on transmission

limits will be discussed. At the end of the chapter a brief overview of wind

power in Sweden will be given.

3.1 Wind power

3.1.1 Wind

The air masses move due to difference in thermal conditions. This movement
is the result of conversion of thermal energy into kinetic energy. The
motion of air masses is either a global circulation with seasonal cycles,
or a regional phenomenon. The regional phenomenon is determined by
orographic conditions, i.e. surface structure of the area as well as by global
phenomenon [27].

For wind power applications the most important regional winds are
sea-land-breeze, mountain-top-mountain-valley-wind.

• Sea-land-breeze occurs due to temperature difference of the air masses
over the sea and over the land. The heated masses from the land
rise and colder air flows from the sea. In some places the process is
reversed at night.

29
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• Mountain-top-mountain-valley-wind occurs because the air heated at
the mountain is rising and colder air flows from the valley to the
mountain top.

When the air masses flow over the rough surface near the ground, their
speed is reduced. A gradient of wind speed variation with the height is
different depending on surface structure and defined with so called roughness
length. The roughness length varies for different surface structures, e.g.
roughness length is 0.01 m for lawn, 1 m for town or forrest [27].

A logarithmic expression exists to estimate variation of wind speed at
different height, depending on roughness length:

vh = vr
ln
(

h
zo

)

ln
(

hr
zo

) (3.1)

where vh is wind speed at certain height h, vr is wind speed and the reference
height hr, zo is roughness length. From this expression it is obvious that the
best conditions for integration of wind power are in areas free of obstacles,
e.g. far from industrial centers, offshore or on the mountain slopes. Thus
the best conditions for wind power are in areas with low population density.
The power system in these areas is usually weak. This is why new planned
wind farms (WFs) are facing problem of limited transmission capacity more
often than conventional generation that is usually built close to industrial
centers.

3.1.2 Wind speed variation

Wind speed varies continuously as a function of time. Within a few
seconds it can deviate considerably from the mean value, however seasonal
variations of the wind speeds have cyclic behavior. In order to evaluate
potential for future WF the wind speeds are measured continuously during
a longer period. If there is no meteorological data available the wind speed
frequency curve can be modelled by a continuous mathematical function, the
probability density function. For wind speeds the Rayleigh or more general
the Weibull functions are representative [12]:

fV (v) =
β

α

( v

α

)β−1
e−(

v
α)

β

(3.2)
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where v is a wind speed in m/s, β and α are the shape and scale parameters of
Weibull distribution (β=2 in the Rayleigh distribution). Detailed derivation
of shape and scale parameters is provided in Section 4.2.3 .

3.1.3 Energy in the wind

The kinetic energy for the wind stream flowing through the area A, is

E =
1

2
mav

2 (3.3)

where ma is mass of the air flow passing through area A over a given time.
The mass in turn also depends on the wind speed, since more air flows
through the area if the wind speed is increased:

ma(t) = ρA
dx

dt
= ρAv(t) (3.4)

where ρ is air density [kg/m3]. Substituting equation (3.4) to (3.3) the power
in the wind (energy per unit time) is

P0 =
1

2
ρAv3 (3.5)

3.1.4 Power of the wind vs. mechanical power of the

turbine

Kinetic energy of the air masses is further converted to mechanical energy
in the wind turbine rotor, which results in reduced speed of the air mass.
In reality not all the kinetic energy in the wind can be extracted, as the air
mass would be stopped completely in the intercepting rotor area.

The theoretical optimum for utilizing the power in the wind by reducing
its velocity was by Betz in 1926. According to Betz the theoretical maximum
power that can be extracted from the wind is:

PBetz =
1

2
ρARv3cp,Betz =

1

2
ρAv30.59 (3.6)

Therefore even assuming lossless power extraction only 59% of the wind
power could be utilized. Actual power coefficients cp are lower, WTGs with
good blade profile may reach cp of about 0.5.
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3.1.5 Electric power generation

In the generator of WTG mechanical energy is converted to electrical energy.
The conversion system is schematically shown in Figure 3.1, [57].

Figure 3.1: Wind energy conversion system

Present WTGs can be divided into 3 main types [52]:

1. fixed speed with squirrel cage induction generator,

2. variable speed with doubly fed induction generator,

3. variable speed based on direct drive synchronous generator.

In the fixed speed concept, rotor and squirrel cage induction generator
are connected via a gearbox. The stator windings are connected directly
to the grid. The variation of rotor speed is very small. For excitation, the
squirrel cage induction generator consumes reactive power from the grid.
This reactive power demand is compensated locally by shunt capacitors or
SVC.

In the variable speed concept, the rotor and the doubly fed induction
generator are connected via a gearbox. The stator windings are connected
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directly to the grid. The excitation is provided from the grid through
AC/DC/AC converter. As the rotational speed of the rotor varies, the
electrical frequency of the rotor current can be adjusted by converter control
to keep the frequency of the rotor current close to 50 Hz. In this concept
the nominal power of the converter is often only 1/3 of the generator rating.

In the last concept, turbine rotor and synchronous generator are
connected directly, without gearbox. The synchronous generator is
connected to the grid via full rating AC/DC/AC converter. Thus,
mechanical speed of the rotor is decoupled from grid frequency, which makes
variable speed operation possible.

WTG reaches the highest efficiency (highest power coefficient cp) at the
rated wind speeds, which is usually between 12-16 m/s. At this wind speed
the rated capacity of the generator is reached. Above this wind speed the
mechanical power has to be controlled in order to prevent the generator
operation above its rated capacity. There are two main principles of such
control: stall control and pitch control.

For the fixed speed concept the stall control is often applied. Due to
airfoil profile the air stream creates turbulence in high wind speed conditions
on the other side of the rotor blade. This so-called stall effect results in
reduction of aerodynamic forces and subsequently power output of the rotor
[1]. The advantage of this concept is that it does not require investments
in additional control equipment. The disadvantages are that stall effect is
difficult to calculate exactly and maximum power output is achieved only at
one wind speed, Figure 3.2. Stall controlled turbines have to be shut down
once a specific wind speed is reached (cut-out wind speed).

Pitch control is achieved by pitching the turbine rotor blades around
their longitudinal axis, thus, the relative wind conditions and subsequently
aerodynamic forces are affected so that the power output remains constant
after rated power is reached [27], Figure 3.2. At high wind speeds some
pitch controlled turbines can gradually change to no-load mode (pitch angle
approx. 70 degrees), dash-dotted part of curve 1 in Figure 3.2. This feature
is applied in order to provide gradual power reduction at high wind speeds.
The requirements to gradual WF power output reduction are stated in
connection rules of some TSOs, see section 3.4.
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Figure 3.2: Power curves of pitch controlled (curve 1) and stall controlled
(curve 2) WTGs

3.2 Evaluation of WF’s power output and energy

yield

When a WF is planned in an area with limited transmission capacity, there
exist several important factors that have to be considered in evaluation of
WF’s power output and energy yield:

• Wind power production curve Pw(v) provided by manufacturer is
applicable for standard conditions of 15◦C air temperature, 1013 mBar
air pressure (0 m above the see level) and 1.225 kg/m3 air density 1,
see e.g. [8], [18]. This power curve can be represented by following
equation:

Pw =
1

2
AR · ρ · v3cp(v) (3.7)

where cp is power coefficient (also called overall efficiency)including
efficiency of WTG’s transmission system.

In Figure 3.3, power curve for BONUS 600 kW turbine is shown. The
first power curve is given for standard conditions. At the air density
conditions other than standard the power curve 1 is not valid anymore,

1This standard conditions does not apply for offshore wind turbines. There is no
agreement between manufacturers at the moment, since waves are influencing the behavior
of wind.
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Figure 3.3, curve 2 and 3. This is because air density is a function
of ambient temperature and pressure, ρ(p, t◦C). If power coefficient is
assumed independent of ambient conditions the power output of WTG
is then calculated as follows:

Pw =
1

2
AR · ρ(p, t◦C) · v3cp(v) (3.8)

ρ(p, t◦C) =
p

(t◦C + 273)Rgas
(3.9)

p - pressure [Pa], (t◦C + 273) - temperature [K] and Rgas=287 [J kg−1

K−1] - gas constant for air.
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Figure 3.3: Power curve for BONUS 600 kW, depending on ambient
conditions

If we assume that pressure depends only on height above see level
(where the turbine is installed), then

Pw =
1

2
AR ·

p

(t◦C + 273)Rgas
· v3cp(v) (3.10)

From the Figure 3.3 follows that at certain conditions (curve 2) the
power curve of WTG is almost the same as at standard conditions,
but in some cases the difference is more significant (curve 3).

• Wind is a variable and uncontrollable primary energy source. Due to
this fact WTGs have low utilization time, the hours with rated power
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production do not necessarily coincide with peak power transmission in
the considered transmission line. Furthermore, not all WTGs within
a WF meet same wind speed, thus, maximum power production of
the WF is not necessarily equal to sum of rated power productions of
each WTG, Figure 3.4, [49]. Due to these reasons there could be just
some hours per year, when transmission limit is exceeded because of
wind power. The question arises whether it is economic to increase
TC to cover all possible situations? This is treated in the subsequent
chapters.
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Figure 3.4: Power curve of a modern large-scale wind turbine and smoothed
WF power curve, normalized by number of turbines in WF, [49]

3.3 Wind power impact on transmission capacity

After wind power production is evaluated, considering the aspects
described in the previous subsection, wind power can be treated as any
conventional generation in evaluation of thermal limits. Moreover, the
wind speed measurements from WF can be used for on-line estimation
of current-carrying capacity of the short transmission lines. As shown in
Figure 2.1, current-carrying capacity is increasing at high wind speeds. In
some areas, where wind speeds are high in winter, the low temperatures also
contribute to the increase of current-carrying capacity. This will allow an
increase of power transmission. However, the on-line estimation becomes
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difficult for longer transmission lines. Wind speed and temperature changes
considerably with the distance and it would be necessary to have wind
speed and temperature measuring equipment in many places along the
transmission line. This option would, thus, become expensive.

As described in preceding subsections, the induction generators, used
in wind power application, consume reactive power. If no reactive
power compensation is provided, this results in lagging power factor at
WF connection point. As shown in Figure 2.4, this may decrease the
maximum power transfer from WF to the network, set by voltage stability
consideration.

Reactive power compensation of WTG is usually provided by shunt
capacitor banks, SVC or AC/DC/AC converter of WTG. Reactive power
compensation provided by shunt capacitor banks depends on voltage at
the connection point and, therefore, may not be sufficient at lower voltage.
However, if continuous reactive power compensation is used (by e.g. SVC
or AC/DC/AC converter), wind power does not have an impact on
maximum power transfer, set by voltage stability considerations. Moreover,
if leading power factor at WF connection point is provided (by e.g. SVC or
AC/DC/AC converter), the maximum power transfer over considered line
could be increased [50], especially, if higher voltage is acceptable at WF
connection point, see subsection 2.1.2.

During and after the faults in the system, the behavior of wind turbines is
different from conventional power plants. Conventional power plants largely
use synchronous generators that are able to continue to operate during severe
voltage transients produced by transmission system faults. Variable speed
WTGs are disconnected from the grid during a fault in order to protect the
converter. If a large amount of wind generation is tripped because of the
fault, the negative effects of that fault could be magnified [26]. This may
in turn affect transmission capacity in areas with significant amounts of
wind power, as a sequence of contingencies would be considered in security
assessment instead of one contingency. Fixed speed WTG may, during a
fault, consume large amounts of reactive power from the system. This may
make recovery from the fault much slower [53]. This fact could also affect
transmission capacity.

In order to ensure the secure operation of power system, the grid codes
are created by TSOs. In the grid codes the requirements to e.g. active power
and frequency control, voltage quality, protection etc. are stated. In the
recent years the requirements for WF were also created in some countries.
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These requirements are analyzed in the next section. If WF can comply
with this requirements, especially, regarding reactive power compensation,
active power reduction and protection, the impact on transmission limits
may be decreased or eliminated.

Integration of large-scale wind power may also have special impact
on determination methods of available transmission capacity due to the
following reasons:

• The power output of the WF depends on wind speeds, therefore
wind forecasts should be used by TSOs to prepare base case for
day-ahead NTC calculation and wind speed statistics to prepare base
case for determination of NTC twice a year. This could result in
higher uncertainties associated with errors in prediction of generation
distribution and therefore increase of transmission reliability margin,
in other words decrease of net transmission capacity.

• WFs have less developed models of generator characteristics compared
to conventional generation. This would make simulation results less
reliable, i.e. some TSOs would choose to increase transmission
reliability margin to account for that.

Apart from impact on TC determination methods wind power
integration also requires higher investments for some of the measures for
increase of TC, e.g. it could be significantly more expensive to provide
sophisticated protection schemes for WFs distributed over an area than for
conventional generation of equivalent capacity [26]. As mentioned earlier
in this chapter, WF are built in remote areas where necessity for grid
reinforcement is higher and more expensive than in areas close to industrial
loads, where conventional generation is usually built.

3.4 Connection rules for large-scale wind farms

The relationship of transmission system operator with all users of the
transmission system (generators, customers, etc.) is set out in grid codes.
The objectives of the grid codes are to secure efficiency and reliability of
power generation and transmission, to regulate rights and responsibilities of
the entities acting in the electricity sector.

In the past there were usually no wind power connected to power system
or the percentage of wind power penetration was extremely small compared
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to total power production. Therefore connection requirements for the wind
farms were originally not included in the grid codes. As wind power started
to develop more actively in the end of 1980’s each network company that
was facing the increasing amount of WF developed its own connection rules.

The reason why the established requirements for connection of
conventional generation could not apply to WTG is a difference in design
concepts and, consequently, operation principles. In wind power application
induction generators are mainly used, in variable speed WTG electrical grid
frequency and mechanical rotor frequency of WTG are decoupled, wind
power production is variable and difficult to dispatch and control, etc. These
factors result in different behavior of WTGs during normal operation and
faults in the system.

During the 1990s, the connection rules were harmonized on a national
level, e.g. in Germany and Denmark. This harmonization process involved
national network associations as well as national wind energy associations,
which represented the interests of wind farm developers and owners.

Table 3.1: Wind power capacity installed during the last years in some
European countries, [MW]

Country 1995 1999 2001 2002 2003(June)

Germany 1136 4445 8734 12001 12836
Spain 145 1530 3550 4830 5060
Denmark 619 1742 2456 2881 2916
Netherlands 236 410 523 678 803
Italy 25 211 700 788 800
UK 200 356 525 552 586
Sweden 67 220 318 328 364

In recent years rapid development of wind turbine technology (see
Figure 3.5) and increasing wind power penetration (see Table 3.1) has
resulted in continuous reformulation of the connection requirements and
creation of requirements for wind power even on transmission level. Some
TSOs still have unified requirements for all production units, which makes
it very difficult for WTG producers and WF developers to fulfil. Other
TSOs have defined special requirements for wind power based on existing
requirements for conventional production units.
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Unfortunately, the continuously changing network rules as well as the
liberalization of the power marked make a comparison or evaluation of
the already very complex connection rules very difficult and only a small
amount of literature exists, on this topic [7], [14]. The comparison is however
important and useful due to the following reasons:

• Analysis and comparison of connection requirements may help to
reduce controversies between WF developer and network operator.
This may also concern wind power impact on the transmission limits.

• The fulfilment of new connection requirements is a challenge for
WTG producer. New hardware and control strategies have to be
developed. The comparison of connection requirements in different
countries might help WTG producers to get better overview of the
existing rules.

• Provide better understanding of relevant issues for those countries,
regions or utilities that are in the process for developing connection
requirements for WFs.

• Understand differences between national rules, which might lead to
European or even worldwide harmonization.
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Figure 3.5: Vestas technology development

In this section the most important aspects of connection requirements of
TSOs in western Denmark (Eltra), E.ON Netz one of five German TSO’s
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(E.ON), Electricity Supply Board National Grid in Ireland (ESBNG), TSO
in Sweden (SvK) and guidance note of Scottish Power Transmission &
Distribution and Scottish Hydro-Electric (Scottish) for WF are discussed
and compared. These documents generally contain minimum requirements
by TSO to the WF owner (or generally power producer) to ensure the
properties essential for power system operation, regarding security of supply,
reliability and power quality.

Eltra’s requirements apply to WF connected to transmission networks
with voltage levels above 100 kV [17]. Scottish guidance note apply to all
WF with registered capacity ≥5MW, irrespective of the connection voltage
level [51]. This guidance is a proposal to changes in Scottish grid code
regarding connection of WFs. Similarly, connection requirements from SvK
concern all wind turbine generators or WFs with rated power >0.3MW,
up to 100 MW and above [55]. It should be pointed out that [55] states
requirements to all production sources, although with regards to some
aspects, e.g. frequency control, special requirements are stated for wind
power. E.ON’s requirements for connection of wind power are also a part
of the grid code, similarly to SvK, some special requirements are stated for
wind power. E.ON. requirements are changing continuously; in this section,
[19] is used for comparison. It applies to WF connected to high voltage
networks (60, 110 kV) and extra high voltage networks (220 kV, 380 kV).
Finally, ESBNG has elaborated a proposal for requirements to connection of
wind farms [21]. This is mainly a clarification of how the existing grid code
[20] should be interpreted for connection of WF, although some requirements
are specially adapted to make it easier for WF to comply with.

3.4.1 Active power control

The exchange of power in the grid has to be in balance. Changes in power
supply or demand can lead to a temporary unbalance and, thereby, affect
operating conditions of power plants as well as consumers. The requirements
to active power control are thus stated in order to ensure stable frequency
in the system, prevent overloading of transmission lines, insure that power
quality standards are fulfilled, avoid large voltage steps and inrush currents
at start-up and shut down of WTG, see Table 3.2.
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Table 3.2: Requirements to active power control

Condition Requirement Source
Active 1 min average ≤ production limit +5% of max. power of WF Eltra
power

at any time ≤ registered capacity E.ON,
ESBNG,
Scottish

Active power reduction to ≤ 20% of max. power (by
change individual control of each WTG) when demanded:

in 2 sec Eltra
in 5 sec SvK

reduction ≥ 10% per minute E.ON
increase ≤ 10% per minute

in any 15 minute period active power change ESBNG
is limited to:
5% rated power of WF per minute (WF < 100 MW)
4% rated power of WF per minute (WF < 200 MW)
2% rated power of WF per minute (WF > 200 MW)

60 MW per hour, 10 MW over 10 min, 3 MW over Scottish
1 min (WF < 15 MW)
4 × reg. capacity per hour, reg.capacity/1.5 over
10 min, reg.capacity/5 over 1 min (15 MW < WF < 150 MW)
600 MW per hour, 100 MW over 10 min, 30 MW over
1 min (WF > 150 MW)

Start-up WF shall contain a signal clarifying the cause of former Eltra
shut-down that should be a part of logic managing
start-up of WTG for operation

WF should comply with requirement to active Scottish,
power change E.ON

WF should comply with requirements to voltage quality E.ON,
Scottish,
Eltra,
ESBNG

Shut-down high wind speed must not cause simultaneous stop Eltra,
of all WTGs SvK

no more than 25% of registered capacity may be Scottish
tripped phased reduction of power output over
30 min period

It should be pointed out that Scottish guidance note and ESBNG state
requirements to maximum active power change that should be complied with
during start-up, shut-down and wind speed change. On the other hand Eltra,
E.ON and SvK state their requirements to active power change in order to
ensure sufficiently fast down regulation possibilities in case of necessity.
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3.4.2 Frequency control

Frequency in the power system is an indicator of the balance between
production and consumption. For the normal power system operation the
frequency should be stable and close to its nominal value. In Europe the
frequency is usually between 50±0.1 Hz and falls out of 49-50.3 Hz range
very seldom.

To keep the balance between production and consumption primary and
secondary control is used. The primary control units increase/decrease
their generation until the balance between production and consumption is
restored and frequency has stabilized, although it is lower than nominal and
primary control reserves are partly used. The time span for this control is
1-30 seconds [58].

In order to restore the frequency to its nominal value and release used
primary reserves the secondary control is employed with a time span 10-15
min (e.g. Sweden, Ireland). The secondary control, thus, results in slower
increase/decrease of generation. In some countries automatic generation
control is used in other countries the secondary control is accomplished
manually by request from the system operator [58].

At normal operation the power output of a WF can vary 10-15%
of installed capacity within 15 minutes [40]; this could lead to
additional imbalances between production and consumption in the system.
Considerably larger variations of power production may occur at and after
extreme wind conditions.

The requirements to frequency operation range are based on the
experience with conventional synchronous generators that have stability
problems due to frequency changes. The induction machines have no such
problems and therefore frequency operation range is more an issue of a
control strategy [7].

ESBNG requires WF to include primary frequency control possibility
of 3-5% (as required for thermal power plants) into control of WF power
output. ESBNG and some other regulations also require WF to be able
to participate in secondary frequency control. This can be achieved at
overfrequencies by shutting down some WTGs within WF or by pitch
control. Since wind cannot be controlled, power production at normal
frequency would be intentionally kept lower than possible, so that the WF is
able to provide secondary control at underfrequencies. Figure 3.6 illustrates
the requirements to frequency range tolerance and frequency control.



44 Chapter 3. Wind power and impact on transmission limits

53

52.5

52

51.5

51

50.5

50

49.5

49

48.5

48

47.5

47

46.5

46

45.5

45

44.5

>
1

m
in

106%

110% 110%

102%

102%

104% 104%

103%

99.4%

99% 99%

98% 98% 98%

95%

96%

95% 95% 95% 95%95%

94% 94% 94%

100.6%
100.8%

101% 101%

Continuous

continuous

continuous continuous

> 25 min

> 5 min 10 min

30 min

20 min

>10s 20s 20s

disconnection
after 0.3 s

disconnection
after 0.3 s

not mentioned not mentioned not mentioned

not mentioned fast automatic
disconnection

fast automatic
disconnection

not mentioned not mentioned

> 30 min

reduced power

volt. 95-105%

> 30 min

reduced power

volt. 95-105%

> 30 min

< 5 % power

reduct.

volt. 95-105%

> 30 min

< 5 % power

reduct.

volt. 95-105%

> 60 min
< 10% power reduct.
at volt. 85-90%
or 105-110%;

continuous at
volt. 95-105%

h

continuous at
volt. 95-105%

continuous at
volt. 95-105%

Power reduction
2% per 0.1 Hz

disconnection
within max 1 s

disconnection
within max 1 s

60 min

60 min

Time limited

power reduct.

1% per 0.1 Hz

Power reduction
4% per 0.1 Hz

Eltra SvK (>20 MW) SvK (<20 MW) Scotland ESBNG E.ON

Hz

Figure 3.6: Requirements to frequency range tolerance and frequency control

3.4.3 Voltage

Utility and customers equipment is designed to operate at certain voltage
range and quality. Voltage regulators and control of reactive power at the
generators and consumption connection points is used in order to keep the
voltage within required limits and avoid voltage stability problems. WTGs
should also contribute to voltage regulation in the system; the requirements
either concern a certain voltage range that should be maintained at the point
of connection of WTG or WF, or certain reactive power compensation that
should be provided.
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Reactive Power Compensation

Required reactive power compensation is defined in terms of power factor
range and are shown in Figure 3.7.
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In the Swedish regulations [55] the demand for reactive power
compensation is expressed in terms of permissible voltage range. According
to this regulations large (> 100 MW) and medium size (20-50 MW) wind
farms should be able to maintain automatic regulation of reactive power
with voltage as reference value. Reference value should be adjustable within
at least ±10% of nominal operating voltage.

Voltage quality

Voltage quality assessment of the WF is based on the following concepts:

• Rapid voltage changes: single rapid (f=0.03-0.3 Hz) change of voltage
RMS value, where voltage change is of certain duration (e.g. occur at
switching in the wind farm)
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• Voltage flicker: low frequency (up to approx. 17 Hz) voltage
disturbances

• Harmonics: periodic voltage or current disturbances with frequencies
n× 50 Hz, where n is an integer.

Voltage variations and harmonics can damage or shorten the lifetime of
the utility and customer equipment. Voltage flicker causes visible variations
of light intensity in bulb lamps.

Mainly the compared documents refer to existing voltage quality
standards, i.e. no special rules are stated for wind power. Eltra’s and
Scottish requirements state that rapid voltage changes should be generally
less than 3% of nominal voltage at the WF connection. Eltra also puts
additional requirements on rapid voltage changes depending on frequency of
change (until a frequency of 10 times per hour < 2.5%, until a frequency 100
times per hour < 1.5%) and defines special requirements to the long term
and short term flicker and harmonic distortion [17].

3.4.4 Tap-changers

The tap-changing transformers are used to maintain predetermined voltage
levels. This is achieved by alternating transformer winding ratio.

In E.ON regulations, it is recommended to equip the WF with a
tap-changing grid transformer so the transformer ratio can be varied and
the voltage at the point of connection to the network can be controlled.
Similarly, Scottish guidance note states that wind farms with capacity of
100 MW and above shall have manual control tap-changing transformers to
allow the grid control to dispatch the desired reactive power output. Wind
farms between 5 MW and 100 MW may use this method if they have their
own transformer, or may use other methods of controlling reactive power
agreed with Scottish Power at the application stage. ESBNG requires that
each transformer that connects a WF to the network shall have on-load
tap-changer. The tap step should not alter the voltage ratio at the HV
terminals by more than

• 2.5% on the 110 kV system;

• 1.6% on the 220 kV to 400 kV systems
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3.4.5 Wind Farm Protection

Dynamic behavior of the wind turbine generators during and after different
disturbances and transient stability of the power system is discussed in
details in e.g. [52]. With insignificant amount of wind power penetration,
small WF can be allowed to disconnect during the fault in order to protect
itself. However this does not apply to large WF. If the fault occurs in
the system, the immediate disconnection of large WF would put additional
stress on already perturbed system.

After the large disturbances it may happen that several transmission
lines are disconnected and part of the network may be isolated (or islanded);
imbalance between production and consumption may occur in this part of
the network. As a rule wind farms are not required to be disconnected,
as long as certain voltage and frequency limits are not exceeded. Eltra’s
regulations additionally require WF to take part in frequency control in
island conditions. E.ON Netz does not require island capabilities for wind
farms.

High short-circuit currents, under- and overvoltages during and after
the fault can also damage WTGs and associated equipment. The relay
protection system of the WF should therefore be designed to pursue two
goals:

• Comply with requirements for normal network operation and support
the network during and after the fault;

• Secure WF against damage from the impacts occurring at faults in the
network
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Table 3.3: Requirements to wind farm protection

Conditions Requirement Source
Fault tolerance 3-phase faults on a random line or transformer Eltra

with definitive disconnection without any attempt
to re-closing
2-phase fault on a random line or transformer
with unsuccessful re-closing.

Tolerance of See Figure 3.6 All
overfrequency
Tolerance of U = 0%, WF disconnection after > 0.25 s SvK (> 100MW)
undervoltages U < 90%, WF disconnection after > 0.75 s
(during and after U = 25%, WF disconnection after > 0.25 s SvK (< 100MW)
the fault),
see Figure 3.8 U = 0%, WF disconnection after > 0.1 s Eltra

U < 60% . . . 80%, WF disconnection after 2 . . . 20 s

U = 20%, WF disconnection after > 0.7 s E.ON
U < 80%, WF disconnection after > 3 s

0% ≤ U < 90%, WF (installed after 01.2004) Scottish
disconnection after > 0.14 s
15% ≤ U < 90%, WF (installed before 01.2004)
disconnection after > 0.14 s

50% ≤ U < 90%, WF disconnection after > 0.6 s ESBNG
Tolerance of U < 90%, WF disconnection after 500 ms Scottish
undervoltages
(general), U < 80%, WF disconnection after 3-5 s E.ON
see Figure 3.8
Tolerance of WF should not trip within normal operating Scottish
overvoltages voltage range, incl. the 15 minute
(general), overvoltage (defined in Grid code)

see Figure 3.8
For overvoltages (not specified) a protection Eltra
time of 30-60 seconds, to be estimated
further

Tolerance of U > 115% (at 275 kV) or U > 120% (at 132 kV), Scottish
overvoltages WF disconnection after 250 ms
(island conditions),
see Figure 3.8 U > 120%, < 100 ms, voltage reduction Eltra
Power control reduction to ≤ 20% of max. power in 2 s Eltra

(by individual control of each WTG), after
fault clearance.

In Table 3.3 the requirements regarding fault tolerance, under and
overvoltage protection and requirements during the islanding are compared.
Although WF protection regarding, e.g. over- and underfrequency, over- and
undervoltage etc., is not treated separately in some regulations, it is entailed
that WF protection system comply with the requirements discussed in the
preceding subsections.
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ESBNG grid code states that internal faults should be disconnected
within:

• 120 ms for 110 kV system;

• 100 ms for 220 kV system;

• 80 ms for 400 kV system.

Furthermore, it is required to equip power plant with under/over
frequency protection, under/over voltage protection, differential protection
of generator transformer, backup protection (including either generator
overcurrent protection, voltage controlled generator overcurrent protection,
or generator distance protection). The settings for protection are not
discussed in details.
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3.4.6 Modelling information and verification

Interaction between a power plant and the power system during faults is
usually verified by means of simulations. To make such simulations possible,
WF owners are required to provide system operator with necessary models.
To verify WF models and WF’s response to faults in the power system,
registration equipment shall also be installed. Scottish guidance note and
Eltra regulations state that models for WFs should be well documented and
agree with the tests on corresponding WTG prototypes. Eltra additionally
requires models for each individual WTG type in case if WF consists of
several WTG types. Scottish and Eltra regulations demand installation of
fault recorder for verification. The recorded variables required by Eltra are:
voltage, active/reactive power, frequency and current at a WF connection
point; voltage active/reactive power, rotating speed for a single WTG of
each type within a WF. The recorded variables required in Scottish guidance
note are: 3-phase currents, 3-phase voltages and wind speed. SvK requires
detailed documentation of WFG’s technical data. Due to the fact that
ESBNG mainly applies the same requirements to WF as to conventional
power plants modelling issues are not treated yet. E.ON regulations also do
not treat WF modelling issue, although it could be expected in the future
versions.

3.4.7 Communication and External Control

Unlike the other aspects of regulations discussed above, requirements to the
communication are quite similar in all considered documents. All regulations
require voltage, active power, reactive power and operating status signals
available from a WF. Scottish, Eltra, and ESBNG require also wind speed
signal be available. Additionally, Scottish guidance note demand real-time
wind direction, frequency control status (enabled/disabled), abnormalities
resulting in WF tripping/start-up within 15 minutes. Similarly to
Scottish guidance note, ESBNG requires wind direction, but also real-time
temperature and pressure. Svk demands from WFs information about
regulation capabilities. ESBNG and E.ON require WF transformer tap
position.

Besides external signals from WFs the requirements to external control
possibilities are also stated in some regulations. Some of these requirements
were already mentioned in preceding subsections. SvK and Eltra also
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state additional requirements to control possibilities. Svk requires that WF
>20MW manual local or remote control within 15 min after the fault should
be provided to make possible: disconnection from the network, connection
to the network and regulation of active and reactive power output. Eltra
require possibility to connect/disconnect WTG externally.

As pointed out in the beginning of this section, the requirements
are based on existing grid codes, written for conventional synchronous
generators and most requirements are, therefore, well defined only for rated
operation of WF. It is necessary to define the requirements for the whole
operating range of WF. To make it easier for WF manufacturers to comply
with the interconnection regulations a more harmonized approach would be
useful.

3.5 Wind Power in Sweden

Concluding this chapter the short overview of wind power development in
Sweden is given.

The development of wind power in Sweden is much slower compared to
e.g. Denmark, Germany and Spain. The installed capacity of wind power
amounts to 384 MW (September 2003) that corresponds to 659 WTGs [16].

The WFs and WTGs are mostly spread along the southern coast, on and
near shore of the islands of Gotland and Öland, Figure 3.9. One of the causes
of such slow development is that about 50% of power is already produced
by renewable source - hydropower. The existing transmission system also
requires reinforcement as it contains several bottlenecks already now, Figure
2.11.

The Swedish government proposed a bill [29] on planning objectives for
wind power. According to this bill the objective for 10 TWh of annual wind
power production should be achieved up to 2015. The bill was approved
in 2002 and since then several studies were conducted in order to draw up
prerequisites for integration of wind power in Sweden.

State energy authority Energimyndigheten has prepared a report on
areas with favorable conditions for integration of wind power in Sweden.
One of the proposed alternatives was development of large-scale wind power
in a mountainous area in the north of the country. Favorable wind conditions
and more economical solutions than for offshore WFmake the area attractive
for this purpose, although transmission capacity may be limited, Figure 2.11.
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Figure 3.9: Wind power in Sweden

In 2002 the Swedish government commissioned TSO Svenska Kraftnät
to draw up overall prerequisites for integration of large-scale wind power
(10TWh) in mountainous and offshore areas. In the resulting report the
case with 4000 MW (utilization time 2500 hours) of wind power penetration
in northern Sweden was considered [2]. According to the report, 5 new
400kV-transmission lines with the total cost of 20 000 MSEK would be
necessary to make electricity transmission available during 100% of the year.



Chapter 4

Alternatives for large-scale

integration of wind power

In this chapter the alternatives for large-scale integration of wind power

in areas with limited transmission capacity, apart from power system

reinforcement, are discussed. First, an overview of the two alternatives

studied in this thesis is provided. Then evaluation method for each

alternative is presented in details.

4.1 Overview

Transmission capacity should not be increased at any cost. The optimal
balance should be found between extra income and costs for additional
transmission capacity. It is obvious that it normally will not be optimal
to remove a bottleneck completely. Furthermore, the increase of TC may
be time-consuming and expensive. Therefore, some other alternatives
are necessary to handle the congestion problems and make large-scale
integration of wind power possible.

One possibility is curtailment of excess wind energy, when transmission
system is congested.

Another alternative to integrate wind power with partly or without
grid reinforcement is to control power transmission with power storage
devices or with conventional power sources, where fast power output
regulation is possible e.g. gas turbines or hydropower in power systems
with large hydro reservoirs (e.g. Sweden, Norway, Canada). During high

53
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wind power production situations and simultaneous congestion problems in
the transmission system, hydropower production on the same end of the
bottleneck can be reduced and water stored in hydro reservoirs, Figure 4.1.
Thus, wind power production would not be effected by the congestion
problem and curtailment of wind power would not be necessary. Stored
water can then be used by hydropower plant (HPP), when bottleneck is
relaxed [43].

Hydropower

Other power sources

Wind power

Load

Other power sources

LoadTransmission is limited

Figure 4.1: Power system with hydro and wind power production on the
same side of the bottleneck

In this thesis both alternatives are modelled and evaluated for the test
system. The estimation methods are presented in the subsequent sections.
The case study and results are presented in the next chapter.

4.2 Methods for estimation of wind energy

curtailment in areas with limited TC

This section are describes the methods for estimation of wind energy
curtailments. Wind energy curtailments were previously evaluated as an
alternative to grid reinforcement e.g. in [60], where this alternative was
considered for a particular network during one year in order to show
how much automatic generation control for avoiding transmission line
overloading can influence annual wind energy output. In [26] as well as
in some grid connection requirements, e.g. [17], [55], the possibility of wind
energy curtailments, particulary in case of congestion problems is mentioned.

In this thesis the estimation methods for wind energy curtailments are
developed for the basic system shown in Figure 4.1. The estimation methods
are based on analysis of statistical data for power transmission through the
studied transmission line and wind speed measurements from the actual site.
These methods can be used at the early stage of pre-feasibility study for the
project but when the wind speed measurements are already available. The
estimation methods can also be used by WF developers, by TSO preparing
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technical prerequisites for connection of WF or by authorities for evaluation
of large-scale projects.

4.2.1 General assumptions

The following assumptions and approximations are made for the estimation
methods:

• Statistical data (wind speed and power transmission measurements)
are assumed representative for the studied site.

• The wind speed measurements are adjusted to the hub height of the
WTG according to (3.1).

• The power production of the chosen WTG is calculated using a power
curve Pw(v) provided by WTG manufacturer, e.g. Figure 3.2. All
WTGs within one WF are assumed to meet the same wind speed
simultaneously. Calculated power production of one turbine is then
scaled to represent the production of the whole WF (alternatively, it
is possible to use smoothed WF production curve, see Figure 3.4).

• All WTGs within one WF are assumed 100 % available.

• ATC for the studied lines is assumed to be determined in accordance
with Chapter 2 and is constant during the studied period.

• Only active power flows are considered in the estimation methods.

• It is assumed that all produced wind power may be consumed on the
other side of the bottleneck.

4.2.2 Simplified estimation method

The simplified method for estimation of wind energy curtailment in area
with limited TC is based on the simplified assumption that wind power
production and power transmission through the studied transmission line
have correlation coefficient 1. This means that maximum power transmission
will occur at the same time as expected maximum wind power production,
see also Appendix A.1. This assumption may not necessarily be realistic for
the studied site but it represents the most extreme situation that can occur.
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To analyze the transmission and wind power production data over the
long time period, it is convenient to use duration curves. Transmission
duration curve (TDC) shows for each given transmission level the number
of hours, when this transmission level was exceeded, Figure 4.2. Wind power
production duration curve (WPDC) shows for each given production level
the number of hours, when this level was exceeded, Figure 4.2. As wind
power production and power transmission are assumed to be correlated with
correlation coefficient 1, TDC and WPDC can be summed to represent new
duration curve for desired power transmission, including power production
of the studied WF, Figure 4.2.
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Figure 4.2: Wind power production, actual transmission, desired
transmission duration curves TDC, WPDC, TDC+WPDC and transmission
limit C for simplified estimation method. The shaded area corresponds to
the amount of wind power that should be spilled.

When wind power production is too high, it could be impossible to
transfer all generated power because transmission capacity is limited. If
excess wind power cannot be stored it has to be curtailed. With the
assumptions listed above wind energy curtailment can be estimated as
follows:

Wspill =

∫ tC

0

(TDC(t) +WPDC(t)− C)dt, (4.1)

where C is the transmission limit in MW, and tC is number of hours
when TDC(t) + WPDC(t) ≥ C, i.e. TDC(tC) + WPDC(tC) = C . The
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percentage of spilled wind energy can now be expressed as follows:

ξ =
Wspill

Ww
· 100% (4.2)

where Wwind is energy generated by WF during the studied period T :

Ww =

∫ T

0
WPDC(t)dt (4.3)

Figure 4.2 illustrates the example of the results of the estimation method.
The shaded area corresponds to the total necessary wind energy curtailment.
This figure will be further discussed in Chapter 5, when presenting a case
study.

4.2.3 Probabilistic estimation method

This method is close to probabilistic production cost simulation [9]1.
Applying the probabilistic estimation method, it is possible to calculate
probability that transmission limit is acceded, similarly to loss of load
expectation in probabilistic production cost simulation. It is also possible
to estimate the amount of necessary energy spillage, similarly to expected
energy not served. For this estimation method wind power production and
power transmission are assumed to be independent variables.

Depending on the amount of available data, the probabilistic method
can be split into discrete probabilistic method and continuous probabilistic
method.

Discrete probabilistic method

In the majority of cases, when plans for new wind farms are assessed,
long-term wind speed measurements are available from the site. If power
transmission data series (not necessarily for the same period) is available,
the discrete probabilistic method can be used for estimation of possible wind
energy curtailments.

For simplicity, let X be the amount of power in MW transmitted through
the bottleneck before wind power is installed. Let Y correspond to expected

1The original reference [4] is in French
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wind power production in MW. As mentioned above X and Y are assumed
to be discrete independent variables 2.

The distribution function for transmitted power and corresponding
probability mass function are FX(x) = P (X ≤ x), fX(x) = P (X = x),
where P (X ≤ x) is the probability that transmission X is less than or equal
to a level x and P (X = x) is the probability that power transmission X is
exactly x. For the discrete case:

fX(x) = P (X = x) = freqX(x)/N (4.4)

where freqX(x) is frequency of level x MW, N is number of measurements;

FX(x) = P (X ≤ x) =
∑

i:xi≤x

fX(xi) (4.5)

Similarly, distribution function and probability mass function is expressed
for wind power output Y , FY (y) = P (Y ≤ y), fY (y) = P (Y = y). Using
long-term wind speed measurements, the power output Y of the planned
WF can be obtained from the power curve of the WTG. Then distribution
and probability mass functions of Y are calculated. Now we introduce the
discrete variable Z, such that Z = X + Y . Z is the desired transmission
after wind power is installed in the area with the bottleneck problems. Its
probability mass function fZ(z) is obtained from the convolution expression
as follows [30]:

fZ(z) =
∑

x

fX(x)fY (z − x) =
∑

y

fX(z − y)fY (y) (4.6)

The distribution function of the discrete variable Z is:

FZ(z) =
∑

i:zi≤z

fZ(zi) (4.7)

Figure 4.3 illustrates the results of the discrete probabilistic estimation for
the same case as in Figure 4.2. As FZ(z) = P (Z ≤ z), the value 1− FZ(C)
in Figure 4.3 corresponds to the probability that the transmission limit C
is exceeded.

2Although another notation was used for wind power production and power
transmission before in the text, the simple notation X,Y, Z, is chosen here in order to
make equations more understandable
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Figure 4.3: Wind power production, actual transmission, desired
transmission duration curves 1 − FX(x), 1 − FY (y), 1 − FZ(z) and
transmission limit C for discrete probabilistic estimation method

Continuous probabilistic method

Continuous probabilistic method is a generalization of discrete probabilistic
method and can be applied when long-term measurements are not available.
Variables X, Y, Z can then be assumed continuous3 with known probability
distribution. For power transmission variable X, the Gaussian function with
known mean m and standard deviation σ is assumed. This distribution
function is representative for the load. Power transmission distribution
function is closely related to load distribution, therefore, the Gaussian
distribution function is chosen in this case. The probability density function
for the Gaussian distributed variable is expressed as follows:

fX(x) =
1

σ
√
2π

e
−(x−m)2

2σ2 (4.8)

The corresponding distribution function is:

FX(x) =

∫ x

−∞

fX(u)du =
1

σ
√
2π

∫ x

−∞

e
−(u−m)2

2σ2 du (4.9)

3Note that for continuous variable e.g. X, probability density is fX(x) = P (x1 < X <

x2), for the finite interval (x1, x2), where x1 < x2
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As discussed in subsection 3.1.2, for wind power application Rayleigh
or Weibull distribution is used. For the Weibull distribution the shape
parameter β can be adjusted to achieve better fit to the discrete data. The
probability density function is:

fV (v) =
β

α

( v

α

)β−1
e−(

v
α)

β

(4.10)

The corresponding distribution function is

FV (v) =

∫ v

0
fV (u)du =

β

αβ

∫ v

0
uβ−1e−(

u
α)

β

du (4.11)

where v is a wind speed in m/s, β and α are the shape and scale parameters
of Weibull distribution.

The mean value v̄ and the variance σ2V of the Weibull distribution are
given by the following expressions, see Appendix A.2 for derivation:

v̄ = αΓ

(

1 +
1

β

)

(4.12)

σ2V = α2Γ

(

1 +
2

β

)

− v̄2 (4.13)

If the mean and variance of the wind speed for the studied site are known,
the equations (4.12) and (4.13) can be solved directly for α and β. An
approximation for β is provided in [35]:

β =
(σV

v̄

)−1.086
(4.14)

When β is determined (4.12) is solved for α

α =
v̄

Γ(1 + 1/β)
(4.15)

Now from the wind speed distribution it is necessary to define wind
power production distribution function. Power production as a function of
wind speed, or power curve, is expressed according to (3.7). Using simplified
notation, the power output of the wind farm in MW is expressed as follows:

y =
1

2
cp(v)Aρv3 · 10−6 (4.16)
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where y is wind farm power output in MW, A is swept area in m2, cp(v) is
overall efficiency of turbine, ρ is air density in kg/m3.

If wind speed is expressed as a function of power v(y) from (4.16) and
substituted to (4.10) and (4.11), the probability density function fY (y) and
distribution function FY (y) for wind power production can be obtained. In
order to express v(y), the power curve needs to be inverted, however, on the
intervals 0 < v < vcut−in and vrated < v < vcut−out it is not invertible. To
solve this problem, the power curve on these intervals can be approximated
by a smooth, increasing function4. Assuming M wind turbine generators
within a studied WF, the inverted power production function is obtained as
follows:

v(y) = 3

√

2 y · 106
Acp(y) ρM

(4.17)

Substituting (4.17) to (4.10), and (4.11) probability density and
distribution functions for wind power output of the WF are obtained:

fY (y) =
β

αβ

(

3

√

2 y · 106
Acp(y) ρM

)β−1

e
−

(

3

√

2 y·106

Acp(y) ρMα3

)β

(4.18)

FY (y) =

∫ y

0
fY (u)du

=
β

αβ
nβ−1

∫ y

0

(

3

√

y

cp(y)

)β−1

e
−

(

n 3
√

y

cp(y)α3

)β

dy (4.19)

where n =
(

3

√

2·106

AρM

)

The probability density function for the desired transmission fZ(z) is
obtained from the convolution expression [30]:

fZ(z) =

∫ ymax

0
fX(z − y)fY (y)dy (4.20)

4If power curve is approximated by smooth, increasing function on the intervals
0 < v < vcut−in and vrated < v < vcut−out, the probability of each production level
becomes equal to probability of the respective wind speed.
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Substituting fX from (4.8) and fY from (4.18) to (4.20) and after some
simplifications:

fZ(z) =
1

σ
√
2π

β

αβ
nβ−1

∫ ymax

0
e−

(z−m−y)2

2σ2

(

3

√

y

cp(y)

)β−1

e

(

n 3
√

y

cp(y)α3

)β

dy

(4.21)

It is difficult to simplify (4.21) further because of overall efficiency
cp(y), which is not a continuous function, but a set of experimentally
obtained values. cp(y) can be calculated from the power curve of the WTG
provided by manufacturer that is a set of discrete values obtained from
test measurements. The overall efficiency cp(y) depends on aerodynamic
performance, internal mechanical transmission system type and generator
design of the WTG. Due to the choice of measured points we take cp(y)
by piecewise monotone function and approximate it by piecewise linear
function, Figure 4.4.
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Figure 4.4: Example of piecewise linear approximation of overall efficiency
curve cp(y) of the WTG with rated power 610 kW.

Equation (4.21) is then modified as follows:

fZ(z) =
βnβ−1

αβσ
√
2π

∑

i=1:S





∫ yi+1

yi

e−
(z−m−y)2

2σ2

(

3

√

y

aiy + bi

)β−1

e

(

n 3
√

y

(aiy+bi)α
3

)β

dy





(4.22)
where S is the number of linear segments of overall efficiency curve cp(y);
aiy + bi is equation of a linearized segment i; i is integer number:

ai =
cp(yi+1)− cp(yi)

yi+1 − yi
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bi = cp(yi)− aiyi = cp(yi+1)− aiyi+1 ∀ i ∈ [1, (S − 1)]

Finally the distribution function of desired power transmission is
calculated:

FZ(z) =

∫ z

0
fZ(z)dz (4.23)

1 − FZ(C) corresponds to the probability that the transmission limit C is
exceeded. The area under 1− FZ(C ≤ z <∞) is equal to wind energy that
should be spilled.
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Figure 4.5: Wind power production, actual transmission and desired
transmission duration curves 1−FX(x), 1−FY (y), 1−FZ(z) for continuous
(solid lines) and for discrete (dash-dotted lines) probabilistic estimation
methods

Figure 4.5 illustrates the results of continuous probabilistic estimation
method using known distribution functions for the same case as the
other methods. In Figure 4.5 duration curves for wind power production,
transmission before wind power is installed and desired transmission are
shown. For comparison the results of discrete probabilistic method, Figure
4.3 are placed on the same figure.

4.2.4 Direct method

Since wind power is only planned in the studied area, it is not possible
to compare the results of the estimation methods, presented above, with
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actual measurements. However, wind speed measurements v(k) for the
studied site and power transmission measurements Pt(k) for the studied
line from the same time period with the same time resolution may be used
for this purpose. For each time step k the wind speed measurement v(k)
should be converted to expected wind power output Pw(k) using power
curve, as before. The desired power transmission (with wind power) is
then calculated as Pd(k)=Pw(k)+Pt(k) for each time step k, thus, actual
correlation between power transmission and wind speed during the studied
period is taken into account. If transmission limit C is assumed constant,
wind energy curtailment for each time step where transmission limit is
exceeded, i.e. where Pd(k) > C, can be calculated as Pspill(k) = Pd(k)− C.
Total wind energy curtailment at certain level of wind power penetration in
the studied area is:

Wspill =
∑

k

Pspill(k) (4.24)

The percentage of spilled wind energy can be expressed in accordance with
(4.2), where Ww can be calculated by (4.3) or as follows:

Ww =
∑

k

Pw(k) (4.25)

The resultant wind energy curtailment at each level of wind power
penetration is considered as the actual case. In this thesis the results of
other estimation methods are compared with the direct method in order to
illustrate the impact of different assumptions on the results, see Chapter 5.

4.2.5 Comparison of estimation methods for wind energy

curtailments

The application of the suggested methods depends on available time and
data as well as necessary accuracy, see Table 4.1.

The simplified and discrete probabilistic methods require wind speed
measurements from the studied site as well as power transmission
measurements for the studied line. However, as the assumption about
the correlation between power transmission and expected wind power
production is made (correlation is 1 or 0) there is no need for synchronous
data series5.

5Data series for the same time period
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Table 4.1: Comparison of estimation methods for wind energy curtailments

Method Data requirement Advantages Disadvantages
Simplified statistical data easy to calcul. assumption of corr=1 may

no need for synch. not be representative
input data series

Probabilistic statistical data no need for synch. assumption of corr=0 may
discrete input data series not be representative
Probabilistic parameters of Weibull no need for long assumption of corr=0 may
continuous and Gaussian distrib. input data series not be representative

tangled for different
WTG types

Direct synch. data series considers actual input data difficult to
correlation obtain

If only the mean value and the variance of the Weibull distribution for the
wind speed and Gaussian distribution for power transmission are available
the continuous probabilistic method may be used.

The simplified method is straight forward and may be applied in areas,
where wind speed and power transmission are strongly correlated. For the
areas where correlation between wind speed and power transmission is lower
than 1, the simplified method gives the worst case approximation of wind
energy curtailments. If there is low or no correlation between wind speed
and power transmission, the probabilistic methods (discrete or continuous)
give more accurate results. This is shown in a case study, see Chapter 5.

For the estimation methods it is assumed that all WTGs within one WF
are of the same type, which is not always true. This complication can be
easily treated in simplified and discrete probabilistic production method,
but the continuous method becomes rather tangled because of it.

4.3 Wind energy storage in hydro reservoirs

4.3.1 Overview of the existing work

The interest for this alternative has increased during the last couple of years.
It is studied by utilities (e.g. Vattenfall [44], Hydro-Quebec [38]) as well as
by research organizations (e.g. SINTEF in Norway [60], NTNU in Norway
and VTT in Finland [66], [67])

This alternative has been studied in connection with several different
problems. In [38] this option is considered in generation expansion planning
for a hydropower utility. Two possibilities are compared: investments
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in new hydropower plants (HPP) v.s. new wind farms. Deterministic,
linear programming is used; the results of the work show that wind/hydro
production mix allows more economic management of hydro reservoirs.

In [66], [67], EMPS model, which is widely used for forecasting future
price development (see also [24]), is applied to analyze how wind power
will effect future prices. This research is aimed to hydropower utilities,
considering investments in wind power. WF is modelled as run-of-river HPP
(i.e. HPP without reservoir). In EMPS model water inflow and demand
are stochastic variables. Certain market price scenario corresponds to
each inflow scenario. The studies have shown that, in case of common
scheduling of wind power and hydropower production, wind power can help
for better management of hydro reservoirs compared to individual scheduling
of hydropower production.

In [38], [67], and [66] it seems however difficult to separate the impact of
congestions in the system from impact of the market price on the results.

In [60] wind energy storage in hydro reservoirs is considered in connection
with bottleneck problems in the network. The paper shows to what extent
automatic generation control(wind and hydro) for avoiding line overloading
may influence the annual energy output of each of these production sources.
Two options are compared:

1. While transmission is not congested, HPP and WPP produce
according to production plan and actual wind speed respectively.
When transmission congestion occurs in the line, HPP production is
decreased and wind power may still produce. Water saved in hydro
reservoirs is used as soon as possible after congestion is relaxed.

2. While transmission is not congested, same as in 1). When congestion
occur in the line, wind power production is decreased (i.e. excess
wind energy curtailed) but HPP production is in accordance with
production plan.

Linear programming is applied in order to simulate HPP production
plan based on deterministic loads, water inflows, and electricity prices.
Uncertainties with regard to water inflow, wind speeds and market prices
as well as HPP participation in regulating market are not considered. This
provides a sufficient basis to quantify relative impact of congestions in the
system and automatic generation control.
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In this thesis a method for evaluation of possibilities excess wind energy
storage in reservoirs of the hydropower plants (HPP) is developed. The aim
of this method is to analyze previous years of operation (e.g. dry, wet and
normal year) of the power system with bottleneck problems and conclude
what physical possibilities for wind energy storage existed. The results of
such analysis are helpful in the decision-making about the size of the WF in
areas with congestion problems.

The method is rather close to the latter reference, [60], although there
are some differences in modelling and input data, as will be shown later in
this section6. From the results of the method it is easy to see directly the
impact of wind power on hydropower planning due to congestion problems
in the system.

The method can be directly applied for utilities with hydropower
production considering future investments in wind power. If WF and
HPP are owned by different utilities, the trade-off between wind energy
curtailment and storage in hydro reservoirs will be made within a framework
of liberalized electricity market. However, even in this case, the suggested
method can be used as the estimate of storage possibilities.

4.3.2 Overview of evaluation method

Since the demand of electricity does not match the natural flow in the rivers,
there are reservoirs located upstream of the most hydropower plants. Large
reservoirs are capable to store water from the spring flood to the winter
when the demand is high. Smaller reservoirs are suited to match the electric
demand variations on weekly or daily basis. These capabilities can be used
to store wind energy during the periods with congestion problems. When
congestion occurs, hydropower production may be decreased, allowing WF
to still produce power without curtailment. Water that is stored in hydro
reservoirs can be considered as stored wind energy. The storage capabilities
of HPP are consequently defined not only by the size of hydro reservoir but
also by the pre-scheduled hydropower production.

When evaluating the possibility to use hydropower for wind energy
storage, the main complication is that hydropower production is planned
differently by different production utilities. There is a large variation in
modelling regarding a level of details, representation of uncertainties etc.

6Reference [60] was presented at the same occasion as the method developed here, see
[54], so these two projects were performed simultaneously
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The planning strategies are confidential. Furthermore, the strategies are
not always optimal, because of unexpected events, e.g. generator outages
or participation in the regulating market etc. Therefore, in order not to
overestimate the possibilities of hydropower storage, one may use known
production of HPP for previous years of operation and analyze physical
storage capabilities of hydro reservoirs at different levels of wind power
penetration.

The same simplified model as before, Figure 4.1, is used for the
evaluation. It is assumed that all generated wind power can potentially
be consumed on the other side of the congested line.

Figure 4.6 shows the flow chart of the evaluation method. Potential wind
power production is estimated using wind speed measurements from the
studied year. For each time step k the power production is calculated from
the wind speeds, using WTG power curve and scaled to represent different
penetration levels (box A). Data regarding power consumption during the
same year is used (box B). Real hydropower production, discharge and
spillage of each HPP in the studied system, for each time step k during
the studied year is assumed as hydropower production plan (box C). If
power transmission (box D) is not congested (box E, NO), hydropower is
produced according to production plan (as in box C). When the congestion
occurs (box E, YES), the hydro production is reduced, i.e. wind energy is
stored in hydro reservoir in order to minimize wind energy curtailment (box
F). Hydropower production plan is modified, in order to use stored water
optimally during the subsequent hours of operation (box F). This is one of
the main differences from the method suggested in [60], where stored water
is used in the subsequent hours as soon as possible.

The optimization problem is defined in order to reschedule HPPs to
allow storage of excess wind energy in hydro reservoirs during congestions
and utilization of stored water in the subsequent hours (i.e. for boxes D, E
and F).

4.3.3 Mathematical formulation of the optimization

problem

Model for hydropower generation as a function of discharge

The generation of each unit in a HPP is a non-linear function of
upstream and downstream reservoir levels, efficiency of turbine/generator
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Figure 4.6: The flow chart of the evaluation method

set and water discharge. Generation functions for all units form the
HPP’s production curve, which is non-concave. The discharge-generation
relationship may be approximated by piecewise linear functions. Local
best efficiency points of the true generation function and the point of
maximum discharge are chosen as breakpoints, Figure 4.7. The slope of
each linear segment is called production equivalent, µis. With piecewise
linear approximation of generation function, linear programming methods
can be used to solve the optimization problem.

Since real HPP production, discharge and spillage are used as a
production plan (box C), it is possible to use actual production equivalent,
i.e. considering the changes in generation function with change of upstream
and downstream reservoir level. However, it should be pointed out that
wind energy storage in hydro reservoirs (box F) would result in increase of
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Figure 4.7: hydropower generation as a function of discharge. Generation
functions are shown for three different reservoir levels (RL), RL1 < RL2 <
RL3

hydro reservoir levels and, thus, may lead to higher production equivalents
in subsequent hours and, on the contrary, modification in HPP production
plan to use stored water (box F) may then result in decrease of production
equivalents down to their initial values (as in box C), when congestion is
relaxed. These effects are not considered in this thesis.

Objective function

In this evaluation method the benefit for the power system as a whole
is considered, i.e. benefit from producing more power with wind and
hydro instead of more expensive power sources. However, if necessary, the
optimization model can be adjusted to evaluate benefits for the particular
actors, e.g. HPP owners or WF owners. The following references may be
addressed for the basics in hydropower planning [45], [46].

The objective of this evaluation is to minimize the costs for power
production under consideration of the future water value. The water value
indicates the benefit of using the water in the future instead of using it
during the studied period.

In this model, power sources other than wind and hydro have been
combined to a slack source. The cost for power production can, thus, be
expressed as
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zsl = csl
∑

k∈K

Psl(k) (4.26)

The value of saved water is defined as:

ze = ce
∑

i∈I

xi(T + 1)
∑

i∈Γi

γi (4.27)

As our study concern the previous years of operation, the expected price
ce, i.e. the price at the end of studied period is assumed known. The average
production equivalent γi is assumed for water value calculation:

γi =

∑

s∈Si
µisūis

∑

s∈Si
ūis

, ∀ i ∈ I (4.28)

where ūis is maximum water discharge in plant i, in segment s of production
curve; µis is production equivalent in plant i, in segment s of production
curve (slope of the respective segment).

The objective function is now formulated as follows:

z = min
(

zsl − ze
)

(4.29)

Hydrological constraints

The hydrological constraints describe couplings between adjacent HPPs. In
hydropower production planning the hydrological constraints are usually
formulated as follows:

xi(k + 1) = xi(k)−
∑

s∈Si

uis(k)− spi(k) + wi(k)

+
∑

j∈Ωi





∑

s∈Sj

ujs(k − τij) + spj(k − τij)



 , ∀ i ∈ I, ∀ k ∈ K

(4.30)

where xi(k + 1), uis(k), ujs(k), spi(k), spj(k), xi(k) are variables,wi(k) and
xi(0) = xo

i are parameters.
The reservoir content of the particular HPP is affected by spillage and

discharge in HPPs directly upstream. The delay time τij between HPP j
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and HPP i directly downstream is assumed to be defined in Hj hours and
Mj minutes. The discharge considering the delay time is then expressed as

ujs(k − τji) =
Mj

60
ujs (k −Hj − 1) +

60−Mj

60
ujs (k −Hj) ,

∀ j ∈ Ωi, ∀s ∈ Sj , ∀ k ∈ K (4.31)

Analogously, the spillage considering the delay time can be determined
[59].

For our evaluation method the hydrological constraints (4.30) need to
be adjusted as follows:

xi(k + 1) = xi(k)−
∑

s∈Si

uis(k)− spi(k) + wi(k)

+
∑

j∈Ωi





∑

s∈Sj

ujs(k − τij) + spj(k − τij)





+
∑

s∈Si

(

∆Pis(k)

µis
−∆uis(k)

)

+
∑

j∈Ωi

∑

s∈Si

(

−∆Pjs(k − τji)

µjs
+∆ujs(k − τji)

)

,

∀ i ∈ I, ∀ k ∈ K (4.32)

Note that since known HPP operation series is used as production plan
(box C in Figure 4.6), discharges uis(k), ujs(k), spillage spi(k), spj(k) are
known parameters, rest of the terms are variables. The last two terms
(in large parentheses) include the effect on hydro reservoir content from

storage of wind energy in hydro reservoirs ∆Pis(k)
µis

and from the disposal of

stored water ∆uis(k), in the local station and the stations directly upstream

(
∆Pis(k−τji)

µis
,∆uis(k− τji)). As it was defined above, storage of wind energy

in hydro reservoirs means a decrease of HPPs production, ∆Pi(k) in MW.
However reservoir content in hydrological constraint is expressed in HE, this
means that we have to convert the decrease of production, ∆Pi(k), to HE,
i.e. corresponding decrease of discharge, using HPP’s production function,
Figure 4.7.
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The decrease of discharge should not exceed planned discharge uis(k):

0 ≤ ∆Pis(k)

µis
≤ uis(k), ∀ i ∈ I, ∀ s ∈ Si, ∀ k ∈ Kc (4.33)

Initial reservoir content is set as:

xi(0) = xo
i (4.34)

Hydro reservoir content and water discharge should always be within the
limits set by technical and environmental constraints, i.e.:

0 ≤ xi(k) ≤ x̄i, ∀ i ∈ I, ∀ k ∈ K (4.35)

0 ≤ uis(k) + ∆uis(k) ≤ ūis, ∀ i ∈ I, ∀ s ∈ Si, ∀ k ∈ K (4.36)

Additional water spillage due to wind energy storage in hydro reservoirs
is not allowed in the evaluation model. It seems meaningless to integrate
large-scale wind power if it results in energy spillage at other power plants.

Energy storage and load balance constraints

In the evaluation method it is assumed that planned hydropower production
should only be reduced during the congestion situations in order to allow
wind power production without or with lower energy curtailment. Since the
previous years of operation are studied the need for wind energy storage
during congestion situations for the considered two-area model, Figure 4.1,
can be expressed as follows:

∑

i∈I

∑

s∈Si

∆Pis(k) ≤





∑

i∈I

∑

s∈Si

µisuis(k) + P̄w(k)−D1(k)



− P̄12, ∀ k ∈ K

(4.37)
Term

∑

i∈I

∑

s∈Si
µisuis(k) corresponds to known power production in

HPP i, hour k. Constraint (4.37), thus, states that wind energy storage
should be less than or equal to potential wind energy curtailment during
congestion situation.

If transmission is not congested, no wind energy is saved in hydro
reservoirs:
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∑

i∈I

∑

s∈Si

∆Pis(k) = 0, ∀ k ∈ Knc (4.38)

Otherwise, if transmission is congested there should be no additional
hydropower production, i.e.:

∑

i∈I

∑

s∈Si

∆uis(k) = 0, ∀ k ∈ Kc (4.39)

The optimization problem will also be subjected to power balance
constraints:

D1(k) =
∑

i∈I

∑

s∈Si

[µis(uis +∆uis)−∆Pis] + Pw(k)− P12(k)

D2(k) ≤ Psl(k) + P12(k), ∀ k ∈ K (4.40)

Term
∑

i∈I

∑

s∈Si
[µis(uis +∆uis)−∆Pis] corresponds to adjusted

production in HPP i. Less or equal sign is used in power balance equation
for second area to represent the assumption that all produced wind power
can be consumed on the other side of the bottleneck.

In addition power transmission should always be within limits:

P12(k) ≤ P̄12(k), ∀ k ∈ K (4.41)

Depending on available data, transmission limit can be assumed constant
or varying in time.

Capacity of wind power sources and slack source are limited by the
following constraints:

0 ≤ Pw(k) ≤ P̄w(k), 0 ≤ Psl(k), ∀ k ∈ K (4.42)

The difference between Pw(k) and P̄w(k) corresponds to amount of wind
energy curtailment during hour k.

Additional discharge during the studied period should be less or equal
to amount of saved water due to wind energy storage.

∑

k∈K

∑

s∈Si

∆uis(k) ≤
∑

k∈K

∑

s∈Si

∆Pis(k)

µis
, ∀ i ∈ I (4.43)
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4.3.4 Impact of wind energy storage on HPP’s efficiency

Hydropower production is generally scheduled at the operation points with
best efficiency. In actual operation, the reduction of water discharge in
order to store wind energy in hydro reservoir may occasionally result in
displacement of HPP operation point to the point with lower efficiency,
Figure 4.8 (above). Since piecewise linear representation of production curve
is used in our model, this effect is not considered.

If hydropower is used for excess wind energy storage, this efficiency
reduction can be avoided by allowing wind power storage only down to
the next best efficiency point, Figure 4.8 (bellow). The rest of excess wind
energy then has to be curtailed or stored in another hydro reservoir.

Discharge

Generation

ui(k)

Pi(k)

DPi(k)

Dui(k)

ui(k) planned discharge

Pi(k)

Pi(k)

planned production

Dui(k) decrease of discharge

D decrease of production

new operation point
best efficiency point

Discharge

Generation

ui(k)

Pi(k)

DPi(k)

Dui(k)

ui(k) planned discharge

Pi(k)

Pi(k)

planned production

Dui(k) decrease of discharge

D decrease of production

new operation point
best efficiency point

Figure 4.8: Impact of wind energy storage on HPP’s efficiency
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To account for this, a more detailed representation can then be used
in hydropower production planning stage. For example mixed integer
programming may be employed to schedule hydropower plants at local best
efficiency points [45].

Large-scale wind power integration may also result in more frequent stops
and start-ups of hydro turbines. Frequent stops and start-ups may cause
wear-and-tear of hydro generators and, consequently increased risk of failure
at start-up. The detailed discussion on start-up costs in provided in [46].
Number of hydro unit stops and start-ups may be decreased by including
start-up costs in hydropower production planning, [45].



Chapter 5

Case study

In this chapter the wind energy curtailment estimation methods and

evaluation of wind energy storage in hydro reservoirs are applied in the case

study. The case study concerns the Swedish power system and the possibility

for integration of up to 4000 MW wind power in northern Sweden. First the

description of the model used for the case study and common assumptions are

stated. Then results for each method are presented in details and discussed.

5.1 Model, input data, assumptions

The suggested alternatives to grid reinforcement for large-scale integration
of wind power are tested for the Swedish power system. The case with up to
4000 MW (≈ 10 TWh) wind power in northern Sweden is studied in order
to compare the alternatives described in the previous chapter with the grid
reinforcement suggested in [2].

To adopt the model for the case study to the two area model in
Figure 4.1, Sweden is divided into two parts, North and South of Cross
section 2 (in Figure 2.11). Thus, we have a two-area model with mainly
hydropower production and load on one side of the bottleneck, where also
up to 4000 MW wind power are tested, and thermal power production and
load on the other side of the bottleneck.

Power transmission through the bottleneck is assumed constantly limited
to 7000 MW. The power flow on the other transmission lines are for
simplicity assumed unaffected by wind power integration. This assumption
is not realistic as there exist transmission possibilities to Norway and

77
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Finland, see Figure 2.11, but represents the worst case scenario for the
Cross section 2.

Data from January-November 2001 are used for the case study. Hourly
loads in northern Sweden including export/import to the neighboring
countries and hourly production in northern Sweden are used to calculate
hourly power transmission in 2001 (see also Figure 2.10). Wind power
production is calculated using 10-minute average wind speed measurements
from the site Sourva in northern Sweden (additional information about this
site is available in [5] and [13]). From these wind speed measurements hourly
average wind speeds are calculated and converted to power using the power
curve for a 600 kW pitch controlled with turbine. Then, calculated power
output is scaled to represent different levels of wind power penetration in
northern Sweden.

It is assumed that all produced wind power can be consumed on the
other side of the bottleneck, i.e. if transmission would not be congested wind
power would replace more expensive production sources on the electricity
market on the southern side of Cross section 2.

Only active power flows are considered for the case study. In the Swedish
power system maximum transmission capacity in Cross section 2 is set by
voltage stability limits. If WF operates in accordance with the Swedish
grid connection requirements (see Section 3.4), compliance with transmission
limit 7000 MW can still be defined by active power flow only.

5.2 Estimation of wind energy curtailments.

5.2.1 General results

Some of the results for simplified, discrete probabilistic and continuous
probabilistic methods were already presented in Chapter 4 in Figures 4.2,
4.3 and 4.5 respectively. These figures illustrated the results with 2000 MW
wind power integrated in northern Sweden. Each figure indicates number
of hours (simplified estimation), or probability (probabilistic estimation),
when transmission limit is exceeded as well as potential energy curtailments.
Figure 4.5 also shows that both probabilistic methods (discrete and
continuous) give quite close results. This can be explained by our choice
of parameters α, β and m for Weibull and Gaussian distributions in the
continuous estimation. In this case study, the parameters were calculated
from the same statistical data as used in discrete estimation. Also the
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Gaussian and the Weibull distribution functions itself have proved to be
quite good approximation. Since the results of continuous and discrete
probabilistic methods are so close, only discrete probabilistic method is
considered in the proceeding analysis.

For other wind power penetration levels similar calculations were made.
Figure 5.1 illustrates the percentage of wind energy that has to be curtailed
at various wind power penetration levels. The results from simplified
estimation, discrete probabilistic and direct method are placed on the same
figure. For the direct method 4 various penetration levels of wind power are
tested.
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Figure 5.1: The percentage of wind energy that has to be spilled at various
wind power penetration levels, estimated with simplified method, discrete
probabilistic method and direct method

Direct method is used in this thesis to illustrate how the results of
estimation method agree with ”reality”. Since in a direct method the
synchronous data series for wind speed and power transmission are used, the
actual correlation between these two data series is included in the results.
The actual correlation coefficient during 2001 between wind speed in Sourva
and power transmission, calculated from these data series is -0.06, i.e. during
that year the highest wind speeds in northern Sweden were during the time
when transmission was somewhat lower than the maximum. Therefore, the
resulting wind energy curtailment points from direct method are lower than
the curtailment curve calculated by probabilistic method. As mentioned
in the previous chapter the synchronous data series may not be available.
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Furthermore, more extensive analysis of data series is necessary to make
the conclusion about actual dependency between wind speed and power
transmission. In the following analysis the results of probabilistic methods
are used to insure that wind energy curtailment is not underestimated.

Table 5.1: The percentage of spilled wind energy at various levels of wind
power penetration

Installed Transm. limit Spill, % Spill, %
wind power [MW] exeeded [h] (discrete probabilistic method) (direct method)

1000 94 1.9 0.8
2000 453 5 3.4
3000 750 10.1 7.4
4000 1019 16.7 12.4

5.2.2 Economical evaluation

Transmission grid reinforcement is economically motivated only if the costs
for the wind energy curtailment exceed the costs for new transmission
lines. The following economic evaluation is made in order to compare these
costs. According to [2] 4000 MW of additional transmission capacity costs
20 000 MSEK, which at 10% interest rate and 40 years lifetime gives 2 000
MSEK/year. This corresponds to five new 400 kV transmission lines with
transmission capacity of approximately 800 MW/line. Therefore, if new
lines were build, it should reduce wind energy curtailment with at least 400
MSEK/year.

In Figure 5.2 (left) spillage of wind energy from Figure 5.1 is expressed
in MSEK/year, assuming that curtailed wind energy costs 0.3 SEK/kWh.
According to Figure 5.2 (left), at 4000 MW penetration of wind power, wind
energy curtailment will cost approximately 455 MSEK/year1. If the new line
is built, 800 MW of wind power can be transmitted without curtailment and
the residual 3200 MW will be subject to a spill of 11.6 % of wind energy, see
Figure 5.1. The cost of wind energy curtailment is then 260 MSEK/year,
Figure 5.2 (left). This means that the new transmission line will decrease
costs for spill to 455-260=195 MSEK/year. According to [2], the cost for
this line is 400 MSEK/year. Therefore it is not economically motivated to
build a new line under the assumptions made.

1This analysis is performed for results from the probabilistic method
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Figure 5.2: Wind energy curtailment expressed in MSEK (Mkr) per year, at
energy cost of 0.3 SEK/kWh (left), at energy cost of 0.4 SEK/kWh (right)

Now let us assume that wind energy curtailment costs 0.4 SEK/kWh
and analyze spillage costs versus grid reinforcement costs the same way as
before, Figure 5.2 (right). The total cost for curtailed wind energy at 4000
MW wind power penetration is 600 MSEK/year in this case; for 3200 MW
it is 346 MSEK/year. Consequently, a new transmission line decreases costs
for energy spillage to 600-346=254 MSEK/year. The conclusion is that even
in this case it is not economically motivated to build a new line.

5.2.3 Impact of the assumptions on calculation results

It is important to point out that the preceding analysis provides answers
two questions:

• How much wind energy is curtailed?

• Is it economically motivated to build a new line?

The estimated wind energy curtailment may change with the
assumptions. However, as the assumptions are the same for each level,
the relative difference in the results for each level of wind power penetration
will still be the same. Therefore the answer to the second question will not
change, unless the costs for the transmission line are estimated differently
(e.g. with lower interest rate). A new transmission line may also decrease a
risk for capacity deficit, the cost for a new line could then be split between
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TSO andWF developer. This corresponds to lower costs for the transmission
line in the analysis above.

The following explains how the changes of assumptions may influence
estimated wind energy curtailment:

• In the preceding analysis wind data from one site and the power curve
of one turbine were used and scaled to represent various wind power
penetration levels. In reality, however, the wind power turbines will
be of various types and spread around a wide area. Wind energy
curtailments are likely to occur at high wind speeds. With large spatial
distribution of wind turbines it will be more unusual for all turbines
in the studied area to face the same high wind speed simultaneously.
The studies on spatial smoothing effect are provided e.g. in [3], [25],
[49].

• It was assumed in the analysis that all WTGs are of the same type.
This is not always true and may have different impact on wind energy
curtailment. Assume for example that turbines designed for low wind
speed sites, i.e. with lower rated wind speed and lower rated power, are
used at high wind speed sites. Thus, wind power production peaks will
be reduced, but annual energy yield may still be the same. Depending
on annual power transmission variations this may help to reduce wind
energy curtailment.

• WTGs were assumed available during 100% of the time. However
according to [16] availability of the WTGs varies between approx. 95%
and 100% on yearly basis depending on weather conditions, age
of WTG etc., [16] If availability of the WTGs is included in the
estimation methods, the resulting wind energy spillage will decrease.
The methods for modelling of availability of WFs are provided e.g. in
[28], [69], [6] and might be incorporated in wind energy curtailment
estimation methods in future.

• Transmission limit assumed in this case study is defined by TSO
is constant. However, as it was described in subsection 2.3.1, it is
possible to define the transmission limits as e.g. a function of weather
conditions, power prices and other factors affecting the grid operating
costs. Then the transmission limit becomes variable and the spillage
of wind energy could be affected. The impact will generally depend on
correlation between wind power production and transmission limit.
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• It was assumed that there is no wind energy storage in hydropower
plants during wind power production peaks. In reality, the storage
should be profitable for hydropower plant owners because spilled wind
energy is free, but water can be saved at high wind situations and
give certain revenue later. If this is used, the wind energy spillage can
be substantially reduced. This will be further discussed in the next
section.

The estimation methods are based on the assumption that wind power
can be consumed in southern Sweden. If the congestion problem occur
more often, the consumption variations would need to be balanced by power
plants south of Cross section 2. It is possible that it is less expensive to
build new line so that consumption variations could be balanced by northern
hydropower. If transmission to Norway and Finland can be used to balance
this variations, the problem will be less significant. This will be further
studied in the future.

5.3 Evaluation of wind energy storage in hydro

reservoirs

It is difficult to incorporate this alternative of wind energy storage in hydro
reservoirs into curtailment estimation methods as the decisions about wind
energy storage and disposal of stored water are made solving optimization
problem, which is time dependent. The wind energy curtailment estimation
methods on the other hand are based on analysis of statistical data (i.e.
frequency of occurrence of certain power levels). However, the impact of
wind energy storage on energy curtailment can be studied for a certain time
period in the past to provide an indication of its extent. As already pointed
out above, year 2001 is considered.

In Sweden more than 50 % of yearly energy production is generated
by HPPs. Most of these HPPs are situated in northern Sweden and have
considerable storage capability. However, operation data from HPPs in only
one river was available for this study. Therefore it is assumed that only one
hydro reservoir system, Figure 5.3, can be employed for wind energy storage.
The operation of other HPPs is left unchanged.
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Figure 5.3: Hydro reservoir system used for wind energy storage in the case
study

Installed capacity of the studied hydro reservoir system is 536 MW. Total
reservoir capacity of this system is about 1 TWh2, which is about 3 % of
total Swedish reservoir capacity. Table 5.2 provides some data regarding
reservoir content, number of units, maximum discharge, installed capacity
of each HPP in the studied system [59], [62], [11] and [71]3.

Table 5.2: Initial data for the studied hydro system

HPP No. delay Res. Res. Res. average res. No. Inst. Max.
and name time upper lower start prod. const. of cap. disch.

to next limit limit level equiv. gen.
[h:min] [m] [m] [m] [MWh/he] [he/cm] units [MW] [HE]
Hi : Mi h̄i h

i
ho

i
γi λi P̄i ūi

1 Gejman 1:00 645.6 641 645.4 2.32 5.6 2 65 28
2 Klippen 8:00 520.3 524.6 522.82 0.52 230.6 1 28 54
3 Ajaure 2:00 431 440.5 440.04 0.48 60.9 2 80 168
4 Gardiken 5:00 375 395 389.26 0.36 121 2 60 166
5 Juktan 0:00 411.6 397.6 409.16 0.48 114.5 1 23 48
6 Umpluspen 0:30 345 351.4 351.42 0.27 437 3 91 334
7 Stensele 2:00 318 318.5 318.34 0.16 28 2 50 323
8 Grundfors 5:00 298.5 299.5 299.42 0.29 40 3 94 325
9 Rusfors - 264.3 264.8 264.75 0.10 90.48 2 45 462

2All HPPs downstream S9, Figure 5.3, are disregarded in this study. Considering that
water from reservoirs S1 - S9 will also pass other stations downstream the total reservoir
capacity is over 3.5 TWh.

3An attempt was made to gather all data available, compare it and check
correspondence with operation data in 2001. Therefore the data in Table 5.2 may not
completely correspond with data stated in [59], [62], [11] and [71]
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The content of the reservoir xi, is a function of water level in the
reservoir. When the water level is on the lowest limit (given in Table 5.2)
the content of the reservoir is zero. As water level increases the content
of the reservoir also increases. In reality the surface area of the reservoir
also increases, i.e. an extra cm of water corresponds to more HE at higher
reservoir levels. Here, however, it is assumed that the reservoir area is
constant and therefore reservoir content is a linear function of the reservoir
level:

xi(k) = λi · 100(hi(k)− hi) (5.1)

Using this expression maximum reservoir and initial reservoir content is
obtained for each station.
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Figure 5.4: Example of equivalents at certain occasion

The example of production equivalents at a certain occasion is shown in
Figure 5.4. Hourly discharge, spillage and power production in 2001 at each
HPP of the studied system were given by [71]. Expected market price ce

is assumed to 198 SEK/MWh, which is actual market price at the end of
studied period (end of November 2001). Cost of power from the slack source
csl is assumed 500 SEK/MWh. Other data (load, wind power production,
production of other HPPs) is in accordance with section 5.1.

5.3.1 Case study with 1000 MW wind power, results

The main results of evaluation of wind energy storage in hydro reservoirs
are provided in this subsection for explanatory purposes for the case with
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1000 MW wind power in northern Sweden. Figure 5.5 presents actual
power transmission in 2001 and desired power transmission if 1000 MW of
wind power would be installed in northern Sweden in 2001. For illustrative
purposes transmission duration curves are shown, i.e. number of hours when
transmission was exceeding a certain level. From Figure 5.5 follows that with
1000 MW of wind power transmission limit was exceeded during 94 hours of
the year and 28719 MWh of wind energy would be subjected to curtailment.
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Figure 5.5: Duration curve of power transmission over Cross section 2 in
Jan.-Nov. 2001 (curve 1), desired transmission duration curve with 1000
MW wind power (curve 2), transmission limit (curve3)

The optimization problem described by equations (4.26)-(4.29) and
(4.31)-(4.43) is solved to study how wind energy storage in hydro reservoirs
affects these values.

With the studied hydro system (Figure 5.3, Table 5.2) acting as the
storage for excess wind energy during congestion problems wind energy
curtailment is reduced to 5926 MWh, i.e to about 20 % of the initial level.

Wind power production is shown in Figure 5.6 for several hours in the
studied period. Due to high variability of the wind power production it is
difficult to illustrate hourly production during the whole year.

Figure 5.7 shows how power transmission is effected by new wind
power production (curve 1) and by wind energy storage in hydro reservoirs
(curve 3) during the same hours. The period with high power transmission
was chosen for illustrative purposes.

Due to the fact that only one river system with total installed capacity
of 536 MW is assumed to be employed for wind energy storage it is quite
difficult to see from Figure 5.7 how the disposal of saved water effects
the transmission. Total power transmission during the studied period is
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Figure 5.6: Desired wind power production (curve 1), wind power production
with excess wind energy curtailment during congestion situations (curve 2),
wind power production with excess wind energy storage in hydro reservoirs
(curve 3)

3500

4500

5500

6500

7500

8500

330 350 370 390 410 430 450

Time (h)

P
o
w

e
r

tr
a
n
s
m

is
s
io

n
(M

W
) 1

2

3

Figure 5.7: Desired power transmission, with 1000 MW wind power
(curve 1), actual power transmission in 2001 (curve 2), power transmission
with excess wind energy storage in hydro reservoirs (curve 3)

31.88 TWh for the case when wind power is curtailed during the congestion
situations and 31.92 TWh for the case when excess wind power is saved in
hydro reservoirs and disposed later on. The effect of wind energy storage on
hydro reservoir level for large reservoir 3 and small reservoir 7 (see Figure
5.3 and Table 5.2) is shown in Figure 5.8 and Figure 5.9 respectively.

The optimization problem is solved using linear programming methods,
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Figure 5.8: Content of reservoir S3: actual values for Jan. - Nov. 2001
(curve 1), with wind power storage is hydro reservoirs (curve 2), maximum
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Figure 5.9: Content of reservoir S7: actual values for Sept. - Nov. 2001
(curve 1), with wind power storage is hydro reservoirs (curve 2), maximum
reservoir content (curve 3)

i.e. all equations (4.26)-(4.29) and (4.31)-(4.43) are solved simultaneously.
Therefore the model tends to reduce reservoir content in the beginning of
the period, Figure 5.8 and Figure 5.9, to have more margin for wind energy
storage when necessary. In other words, in the beginning of the period the
additional discharge is higher than amount of water, stored due to congestion
problems during preceding hours. However condition (18) does not allow
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total additional discharge be greater than total stored power over the studied
period. This keeps hydropower production close to production plan (actual
production in 2001).

5.3.2 General results, 1000-4000 MW of wind power

penetration

Similar evaluations were made for the cases with 2000, 3000 and 4000 MW of
wind power penetration in northern Sweden. The same small hydro system
Figure 5.3 is assumed to be the only one to participate in wind energy
storage during congestions in the transmission system. Table 5.3 illustrates
the results.

Table 5.3: The percentage of spilled wind energy at various levels of wind
power penetration, with and without energy storage in hydro reservoirs

Installed Transm. limit Wind energy Wind energy
wind power, [MW] exceeded, [h] spillage, [%] spillage, [%]

without storage with storage

1000 94 0.8 0.3
2000 453 3.4 2.9
3000 750 7.4 7.3
4000 1019 12.4 12.4

For comparison the results without wind energy storage in hydro
reservoirs for year 2001 with different levels of wind power penetration, from
Table 5.1, are placed in this table.

Since it the system participating in wind energy storage is very small
the impact of storage to wind energy curtailments becomes less significant
at higher levels of wind power penetration.

5.3.3 Discussion and conclusions

The evaluation method for hydro reservoir system on Ume river, presented
in the previous subsection, is modelled in optimization software GAMS. The
model can be adjusted to study another hydro reservoir system (or several
systems). The input data (hydropower operation data, expected wind power
production data) are included externally and can be easily changed to test
different cases, e.g. dry or wet year, year with higher or lower wind speeds.



90 Chapter 5. Case study

The method is functioning and give realistic results. The main advantage
of this method is that it is quite fast (about 10 min, for the case with 1000
MW wind power penetration)4. This means that many different situations
may be tested.

The main principle of the suggested method can be summarized as
follows, if there is a bottleneck in the studied system, excess wind energy
that cannot be transferred is stored (as water) in hydro reservoirs if possible,
otherwise wind energy is curtailed. Stored water is then used in optimal for
HPP way.

The results presented in the previous subsections have proven that using
storage capabilities of hydro reservoirs more wind power can be installed in
areas with limited transmission capacity and curtailment of wind energy is
thus minimized. Further more the existing transmission lines are batter
utilized, because more energy can be transferred during a year. This
principle is economically beneficial for the power system as a whole.

The method can be directly applied by hydropower utilities, considering
investments in wind power, in decision-making about the size of WF. In case
of separate ownership, the trade-off between wind energy curtailment and
storage in hydro reservoirs will be made within a framework of liberalized
electricity market. In case if the problem is local, i.e. wind power causes
congestion of one particular short transmission line with low transmission
capability mutually beneficial agreement may be achieved between local
HPP owner (if any) and wind power owner, alternatively some wind energy
may be curtailed. The last two possibilities will be studied in future.

4The calculation time with different levels of wind power penetration depends on
number of hours when transmission is congested, since each additional hour introduces a
new equation with new variables
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Conclusions and future work

In this chapter the conclusions of the thesis are summarized with the
reference to main contributions. The list of contributions is therefore
repeated for convenience, supplemented with main conclusions and ideas
for the future work:

• An overview of the methods applied by different TSOs to determine the
available transmission capacity and measures to increase transmission
capacity was presented.

The overview has shown that available transmission capacity is not
a fixed value determined only by technical properties of the system.
It also reflects policies and assumptions of different TSOs. In order
to increase transmission capacity both ”soft” measures that concern
methods of capacity determination and ”hard” measures that concern
installation of new equipment and building new transmission lines can
be applied. Necessity for these measures concerns any type of new
generation developing in areas with limited transmission capacity, not
only wind power.

In the future it would be useful to collect more detailed information
regarding the costs and efficiency of different types of transmission
system reinforcement. Then optimal mix of reinforcement measures
can be chosen and its cost evaluated. This information can be further
used in comparison with wind energy curtailment and possibility of
storage in hydro reservoirs.

91
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It is also necessary to study further advantages and disadvantages
with application of probabilistic criterion in transmission capacity
assessment. The research work on this subject continues at SINTEF
research institute in Norway [63], [10] and the results of their research
can be used in assessment of measures to increase transmission
capacity vs possibility of excess wind energy curtailments or storage
in hydro reservoirs.

• The impact of wind power on available transmission capacity was
discussed.

It was concluded that wind speed measurements from WF can be
used for dynamic estimation of thermal capacity limits. If continuous
reactive power compensation can be provided, wind power does not
effect maximum power transfer set by voltage stability considerations.
If leading power factor can be provided at WF connection point, the
maximum power transfer through the considered line will be increased.
Wind power may affect transmission reliability margin because of
uncertain production forecast. Furthermore, due to behavior of the
WTGs during the fault in the transmission system, the consequences
may be more severe. This may put additional limitations on ATC.
However it should be pointed out that WTG manufacturers are
developing control strategies to insure fault ride through capability
of WTGs, thus the latter impact on determination of available
transmission capacity may be eliminated.

The discussion is mostly based on existing literature and some
theoretical ideas, that need to be proved and completed with
simulations. Possibly, the results of some field tests will also be
published in the future.

• The main aspects of requirements for connection of large-scale WFs in
Germany, Denmark, Sweden, Scotland and Ireland were summarized
and compared.

The comparison has shown a great difference in connection
requirements. From the comparison the need for harmonization
of connection requirements becomes obvious. Transmission system
operators, WF developers, and WTG manufacturers may benefit from
the unified requirements.
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As WTG models are developing, it becomes possible to perform
simulations of WTG behavior in power system under normal operation
conditions and after being subjected to a fault. Such simulations may
help to develop requirements for connection of WFs to the network,
which will consider different types of WTGs, variable power production
etc.

• Two alternatives for large-scale integration of wind power, when
ATC is assumed given, were suggested: wind energy curtailment
and excess wind energy storage in hydro reservoirs. New methods
were developed for evaluation of these alternatives. The methods
were tested with the case study concerning large-scale wind power
integration in mountainous areas in northern Sweden. Several wind
power penetration levels were tested. The results were reported and
discussed in details.

The results from the estimation methods have proven that with
suggested alternatives, i.e. excess wind energy curtailment or/and
storage in hydro reservoirs, transmission system reinforcement for
integration of wind power in area with limited export capability may
be less economical option for wind power owner.

The estimation methods for wind energy curtailment, however, may
be further improved as follows:

– Availability of WTGs within one WF as well as of the connection
to the network should be considered.

– Possibility to represent different WTG types within a WF need
to be incorporated in the method.

– WTGs within a WF do not meet the same wind speed
simultaneously, same apply to WFs spread geographically over
the large area. This is not included in the method so far.

– It is useful be able to apply not only constant transmission limit
but also transmission limit variable over the time (e.g. weather
dependent transmission limit). The impact of on-line estimation
of transmission limits on wind energy curtailment should be
studied further.

Regarding wind energy storage in hydro reservoirs it is possible
to continue with considering several scenarios (e.g. same ownership,
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separate ownership, different kinds of mutual agreements), modelling
and comparison of this scenarios.

The results of estimation methods improved as suggested above could
then be compared with optimal grid reinforcement solution and the
best alternative for each project would be obtained.

It is also necessary to study how the large-scale integration of wind
power in area with limited export capability may effect availability of
the regulation reserves, situated in the same area.
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Mathematical definitions

A.1 Correlation Coefficient

The correlation coefficient is a quantity, which gives the quality of the least
square fitting to the original data. To define the correlation coefficient let us
first consider the sum of squared values ssxx, ssyy, ssxy of a set of n points
(xi, yi) about their respective means.

ssxx =
∑

i=1:n

(xi − x)2 =
∑

i=1:n

x2i − nx2 (A.1)

ssyy =
∑

i=1:n

(yi − y)2 =
∑

i=1:n

y2i − ny2 (A.2)

ssxy =
∑

i=1:n

(xi − x)(yi − y) =
∑

i=1:n

xiyi − nx · y (A.3)

For linear least square fitting, the coefficient b in y = a+ bx is given by:

b =
n
∑

i=1:n xiyi −
∑

i=1:n xi

∑

i = 1 : nyi

n
∑

i=1:n x2i − (
∑

i=1:n xi)
2 =

sxy
sxx

(A.4)

and coefficient b′ in x = a′ + b′y is given by

b′ =
n
∑

i=1:n xiyi −
∑

i=1:n xi

∑

i=1:n yi

n
∑

i=1:n y2i − (
∑

i=1:n yi)
2 =

sxy
syy

(A.5)
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The correlation coefficient r2 is then defined by

r =
√
bb′ =

n
∑

i=1:n xiyi −
∑

i=1:n xi

∑

i=1:n yi
√

(

n
∑

i=1:n x2i − (
∑

i=1:n xi)
2
)(

n
∑

i=1:n y2i − (
∑

i=1:n yi)
2
)

(A.6)

A.2 Derivation of mean and variance of the

Weibull distribution

The definition of mean value and variance are

v̄ =

∫ ∞

0
vfV (v)dv (A.7)

σ2 =

∫ ∞

0
(v − v̄)2fV (v)dv (A.8)

The probability density function of the Weibull distribution is defined as
follows:

fV (v) =
β

α

( v

α

)β−1
e−(

v
α)

β

for v ≥ 0 (A.9)

Substituting (A.9) to (A.7):

v̄ =

∫ ∞

0
v
β

α

( v

α

)β−1
e−(

v
α)

β

dv

= {
( v

α

)β

= t, v = α t
1
β , dv =

α

β
t

1
β
−1

dt}

=

∫ ∞

0
α t

1
β
β

α

(

α t
1
β

α

)β−1

e
−

(

α t

1
β

α

)β

α

β
t

1
β
−1

dt

= α

∫ ∞

0
e−tt

(

1+β
β
−1
)

dt (A.10)

Definition of gamma function is:

Γ(x) =

∫ ∞

0
e−ttx−1dt (A.11)
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Thus (A.10) is simplified as follows:

v̄ = αΓ

(

1 +
1

β

)

(A.12)

Similarly,

σ2 =

∫ ∞

0
(v − v̄)2

β

α

( v

α

)β−1
e−(

v
α)

β

dv

= α2
∫ ∞

0
e−tt

β+2
β
−1dt− 2v̄

∫ ∞

0
e−tt

β+1
β
−1dt+ v̄

∫ ∞

0
e−tt

β
β
−1dt

= α2Γ

(

1 +
2

β

)

− v̄2 (A.13)
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