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Abstract

During the last two decades, the 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 the 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.

The best conditions for the development of wind farms are in remote,
open areas with low population density. The transmission system in such
areas might not be dimensioned to accommodate additional large-scale power
infeed. Furthermore a part of the existing transmission capacity might
already be reserved for conventional power plants situated in the same area.

In this thesis four alternatives for large-scale wind power integration
in areas with transmission bottlenecks are considered. The first possibility
is to revise the methods for calculation of available transmission capacity.
The second 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. As wind power production depends on the wind
speed, the full load hours of wind turbine generator are only 2000-4000
hours per year. Therefore reinforcing a transmission network in order to
remove a bottleneck completely is often not economically justified. Wind
energy curtailments during congestion situations is then the third solution
for large-scale wind power integration with less or no grid reinforcement.
The fourth solution is to store excess wind energy. Pumped hydro storage
or battery storage for the large-scale wind farms are still rather expensive
options, but existing conventional power plants with fast production control
capabilities and sufficient storage capacity, e.g., hydro power plants, could
be used for this purpose.

As there is a lot of research work on the first two alternatives, the thesis
provides a review and summarizes the main conclusions from the existing
work. The thesis is then directed towards the development of the methods
for estimation of wind energy curtailments, evaluation of wind energy storage
possibility in hydro reservoirs and development of short term hydro power
production planning methods, considering coordination with wind power.

Additionally in the thesis the strategy that minimizes imbalance costs of
a wind power utility, trading wind power on the short term power market is
elaborated and analyzed
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Chapter 1

Introduction

During the last two decades, the increase in electricity demand and
environmental concern resulted in a fast growth of power production from
renewable sources. Wind power is one of the most efficient alternatives. Due
to the 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 an immediate
proximity to the resource — wind. The best conditions for installation of
wind power are in open, remote areas, with low population density. The
transmission system in such areas might not be dimensioned to accommodate
additional large-scale power infeed. Furthermore, a part of the transmission
capacity (TC) might already be reserved for conventional power plants
located in the same area.

It should, however, be pointed out that insufficient export capability
problem would emerge for any type of new generation, planned in similar
conditions, although wind power has some special features that should be
considered when solving this problem. Wind power is an intermittent,
variable power output technology, which cannot be easily predicted and
controlled. The wind farm full load hours are only 2000-4000 hours per
year. Wind speed usually follows seasonal variations [13| and the real-time
wind speed measurements (and sometimes even temperature measurements)
are available from the wind farm.

Large scale integration of wind power in power systems with transmission
bottlenecks is a relatively new problem for the wind power field. Therefore,
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there is not much research in this area, although the methods elaborated
for other purposes, e.g., grid expansion, generation expansion planning,
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
power systems with transmission bottlenecks are considered, Figure 1.1.

Wind power in power systems with transmission bottlenecks

v N

Revision of the methods
for calculation of available
transmission capacity

Transmission system | | Excess wind energy || Excess wind energy
reinforcement curtailment storage

Figure 1.1: Alternatives for large-scale wind power integration in power
systems with transmission bottlenecks

One possibility is to revise the methods for calculation of available
transmission capacity. For example to use dynamic estimation of the TC,
thus, higher transmission could be allowed in some periods, see [100], [18],
[28], which is particulary advantageous for wind power integration, as wind
speed measurements from the wind farm (WF) can be used for estimation
of the TC of short transmission lines. In [49] it is shown that methods
and assumptions for calculation of available transmission capacity differ
between transmission system operators (TSOs) and even harmonization
of these methods could result in an increase of cross boarder TC. Wind
power integration itself may impact the TC and also affect the methods
for determination of TC. However, in the recent years the requirements
for connection of wind farms to the grid have been elaborated by system
operators. If these requirements are fulfilled the impact of wind power on
available transmission capacity can be minimized.

Another solution for large-scale integration of wind power in such areas is
the network reinforcement (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., [80]. This alternative, however, may be expensive and time consuming.
Wind power production depends on the wind speed, moreover, wind power
production peaks do not necessarily occur during the periods with insufficient
transmission capacity. Therefore reinforcing a transmission network in order
to remove a bottleneck completely is often not economically justified.

Wind energy curtailments during congestion situations is then one of
the solutions for large-scale wind power integration with less of nil grid
reinforcement. This solution has been suggested in, e.g., [42] and some grid
connection requirements for wind turbine generators (WTGs), although the
methods for assessment of this alternative were not provided. Therefore
there is a need for development of new 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 capacity should also be considered.
Pumped hydro storage or battery storage for large scale wind farms is rather
expensive, on the other hand existing conventional power plants capable of
fast production control (e.g., hydro power plants or gas fired power plants)
situated in the same area may be used for this purpose. The coordination
of wind power and hydro power has been studied earlier in connection with
several different problems. In [62] this option is considered in generation
expansion planning, where two investment possibilities are compared: new
hydro power plant (HPP) vs new wind farm. In [103], [104] it is analyzed
how wind power would affect the market price. The research in [103], [104]
is directed towards assisting hydro power utilities considering investments in
wind power. In [61] coordinated operation of several geographically spread
wind parks and aggregated hydro power plant sharing the same transmission
capacity, is simulated for several years, considering the wind and water inflow
uncertainty. None of these papers, however, treats hydro power production
planning for daily operation, considering the coordination with wind power.

The purpose of this thesis is to study 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
power systems with transmission bottlenecks. 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
the first two possibilities, the thesis provides a review and summarizes
conclusions from the existing work. The thesis then further concentrates on
the development of the methods for estimation of wind energy curtailments,
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evaluation of wind energy storage possibility in hydro reservoirs and the
development of short term hydro power production planning methods,
considering coordination with wind power.

The present short term power markets are designed for trading
conventional (dispatchable) generation. The time span after the market
clearing until the delivery hour can be up to 36 hours (Scandinavia) and up
to 38 hours (Spain), any deviations from the submitted production plan are
penalized. As wind speed forecast error increases with increasing prediction
horizon, with forecast being needed 36 or 38 hours ahead of time, wind
generators may be subjected to substantial imbalance costs. Additionally,
in this thesis, the strategy that minimizes imbalance costs of wind power
utility, trading wind power on the short term power market is elaborated,
analyzed and applied to a case study.

The next section provides a more extensive outline of the thesis.

1.1 The outline of the thesis

The thesis is structured as follows. Chapter 2 provides the reader with some
background information of interest for the research topics of this thesis. The
chapter gives a short summary on the wind power development and the
current state in Europe and Sweden in particular, followed by a brief overview
of the Swedish power system and Nordic power market.

The thesis summarizes eight publications.

e Publication A, J. Matevosyan, Chapter 20: Wind Power in Areas
with limited Transmission Capacity, in the book Wind Power in Power
Systems, edited by T. Ackermann, published by John Wiley&Sons,
ISBN 0470012676, January 2005

e Publication B, J. Matevosyan, C. Jauch, T. Ackermann, S. M. Bolik,
International Comparison of Requirements for Connection of Wind

Turbines to Power Systems, Wind Energy Journal, John Wiley&Sons,
Ltd, vol.8, Issue 3, pp 295-306, 2005

e Publication C, J. Matevosyan, T. Ackermann, S. Bolik, Chapter 7:
Technical Regulations for the Interconnection of Wind Farms to the
Power System, in the book Wind Energy in Power Systems, edited
by T. Ackermann, published by John Wiley&Sons, ISBN 0470012676,
January 2005.
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e Publication D, J. Matevosyan, L. Soder, FEstimation of Potential
Wind Energy Curtailment for Wind Power Plants in Power Systems
with bottleneck problems, in the proceedings of EPE-PEMC’2004, 11th
International Power Electronics and Motion Control Conference, 2-4
September 2004, Riga, Latvia.

e Publication E, A. Jaderstrém, J. Matevosyan, .. Soder, Coordinated
requlation of wind power and hydro power with separate ownership,
in the proceeding of the 4th International Conference in Energy
Economics, IEWT’5, February 2005, Vienna, Austria Revised version
of the paper was also presented at the conference Hydropower’05, May
2005, Stavanger, Norway.

e Publication F, J. Matevosyan, L. Séder, Short Term Hydro Power
Planning Coordinated with Wind Power in Areas with Congestion
Problems, in Proceedings of PMAPS 2006, revised version submitted
to Wind Energy Journal, John Wiley &Sons

e Publication G, J. Matevosyan, M. Olsson, L. Séder, Hydro Power
Planning Coordinated with Wind Power in Areas with Congestion
Problems for Trading on the Spot and the Regulating Market, submitted
to Electric Power Systems Research, Elsevier

e Publication H, J. Matevosyan, L. Soder, Minimization of Imbalance
Costs Trading Wind Power on the Short Term Power Market, in
Proceedings of IEEE Power Tech Conference, 27-30 June 2005,
St. Petersburg, Russia, recommended for publication in IEEE PES
Transactions, revised and published in IEEE Transactions on Power
Systems, vol. 21, Issue 3, pp 1396 - 1404, August 2006

These publications are thematically divided into five groups. Chapters 3-7 of
the thesis, summarize respectively each group of the publications. As these
five subjects are only partly interconnected summary of all conclusions in a
separate chapter is omitted. The conclusions are instead provided at the end
of each chapter.

Chapter 3 is a summary of Publication A. The chapter starts with the
definitions of transmission limits. It also gives an overview of the methods
applied by European transmission system operators to determine available
transmission capacity. This overview is mainly based on references [49]
and |37]. The aim of the overview is to demonstrate and explain the
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reasons for the difference between the physical transmission capacity and the
available transmission capacity defined by a TSO. Some possible measures
to increase transmission capacity are also discussed. The measures concern
not only transmission system reinforcement (alternative 2 in Figure 1.1)
but also possibilities to improve the methods for determination of available
capacity (alternative 1 in Figure 1.1) 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
also presented. 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 WTGs. These connection requirements, among other issues, lead to
reduced impact of wind power on the transmission limits (alternative 1 in
Figure 1.1). Some countries have chosen to create separate requirements
just for wind power, others try to apply existing grid codes to the WF.
The main aspects of such requirements from Germany, Denmark, Sweden,
Scotland and Ireland and some other countries' are compared in Publications
B and C. Chapter 4, based on these publications, attempts to answer the
following questions: Why grid connection requirements for wind turbines
emerged and what is the purpose? Why the comparison of the requirements
from different countries is necessary? What are the main aspects defined in
the requirements and why these aspects are important? At the end of the
chapter the main conclusions of the comparison are summarized.

Transmission system reinforcement may be costly and time consuming.
In Chapter 5 wind energy curtailments are considered as an alternative to
transmission system reinforcement (alternative 3 in Figure 1.1), integrating
large-scale wind power into the system with congestion problems. The
chapter starts with a brief introduction and an overview of previous research,
then estimation methods for wind energy curtailments, developed in this
thesis (Publications A and D), are discussed in details. Finally a case study,
concerning large scale integration of wind power in Northern Sweden, is
presented and the main conclusions are summarized.

Publications E-G are summarized in Chapter 6. In this chapter the
possibility to coordinate wind power and hydro power in power systems

!The choice of the countries is dictated by availability of the source rather than by
installed wind power capacity.
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with transmission bottlenecks is considered (alternative 4 in Figure 1.1).
First, the comprehensive overview of the previous research on this subject is
provided, followed by a brief summary of the pre-feasibility study conducted
in Publication E. Then a planning algorithm for a hydro power system
coordinated with a wind farm in area with limited power export capability is
presented in detail. An evaluation algorithm is also developed to study the
impact of the coordinated planning on both wind power and hydro power
utilities in the long term. The developed methods are applied to the case
study. The short summary of the case study and its main findings conclude
the chapter.

Chapter 7, summarizes Publication H. In this chapter the strategy for
minimization of imbalance costs of the wind power utility, trading wind
power on the short term power market is presented. First, some background
and an overview of the previous research on this subject is provided. Then
the main principles of the bidding strategy is briefly presented, followed by
modelling details. The developed bidding strategy is applied to the case
study. The short summary of the case study and its main findings conclude
the chapter.

1.2 Contribution of the thesis

The main contributions of the thesis are listed bellow:

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

e The impact of wind power on available transmission capacity is
discussed.

e The main aspects of the requirements for the grid connection of
large-scale wind farms in Germany, Denmark, Sweden, Scotland and
Ireland are summarized and compared.

e Wind energy curtailments are considered as one of the alternatives to
grid reinforcement, when integrating large scale wind power in power
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systems with transmission bottlenecks. New methods are developed
for the evaluation of this possibility.

Another alternative to grid reinforcement is coordination of wind
power with local hydro power. First, the pre-feasibility study for this
alternative is conducted in the thesis. Then the planning algorithm is
also developed for a multi-reservoir hydro power system in coordination
with a wind farm considering the uncertainty of the wind speed
forecast and the power market prices. The evaluation algorithm is
also developed to study the impact of the coordinated planning on
both wind power and hydro power utilities in the long term.

Finally, an imbalance cost minimizing bidding strategy for a wind
power utility is developed, considering the uncertainty of the wind
power forecast and the imbalance prices.

The developed methods are applied in the case studies concerning
large-scale wind power integration in mountainous areas in northern
Sweden. The results are discussed in the thesis.



Chapter 2

Background

This chapter will provide the reader with some background information of
interest for the research topics of this thesis. The chapter will give a short
summary on the wind power development and the current state in Europe
and Sweden in particular. Then a brief overview of the Swedish power
system and Nordic power market will be provided.

During the last two decades, increase in electricity demand and
environmental concern resulted in fast growth of power production
from renewable energy sources. Wind power is one of the most cost efficient
alternatives. In the 90’s world wide wind capacity doubled approximately
every third year . The cost of electricity from wind power has fallen to one
sixth of the cost in the early 1980’s |2]. This trend continues and, presently,
wind power already plays a significant role in the power production mix of
Germany, Spain, Denmark and some other countries (see Table 2.1).

Wind energy technology itself is also rapidly developing, see Figure 2.1.
This leads to increased size of individual wind turbines (3-5 MW) and, in
turn, to the development of larger wind farms with installed capacity of more
than 100 MW, typically offshore. In the following section a brief overview of
the main wind turbine generator design concepts is provided.
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Table 2.1: Wind power capacity installed during the last 10 years in some
European countries, [38]

Country 1995 | 1999 | 2001 | 2002 2003(June) | 2004 | 2005
Germany 1136 | 4445 | 8734 | 12001 | 12836 16629 | 18428
Spain 145 1530 | 3550 | 4830 5060 8263 10027
Denmark 619 1742 | 2456 | 2881 2916 3118 3122
Italy 25 211 700 788 800 1265 1717
UK 200 356 525 | 552 586 907 1353
Netherlands | 236 | 410 523 | 678 803 1079 1219
Sweden 67 220 318 | 328 364 442 500
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Figure 2.1: Technology development of Vestas wind turbines

2.1 Wind turbine generator design concepts

In the generator of WT'G mechanical energy is converted to electrical energy.
The conversion system is schematically shown in Figure 2.2, [87].
Present WTGs can be divided into 3 main types [86]:

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.
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Figure 2.2: Wind energy conversion system

In the fixed speed concept wind turbine rotor and squirrel cage induction
generator are coupled via a gearbox. The stator windings are connected
directly to the grid. The variation of rotor speed is very small. 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 wind turbine rotor and the doubly
fed induction generator are connected via a gearbox. The stator windings
are connected 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
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speed operation possible.

WTG reaches the highest efficiency (highest power coefficient ¢,) 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 regulation and pitch control.

For the fixed speed concept the stall regulation 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 rated power output is achieved only at one
wind speed, Figure 2.3. Stall controlled turbines have to be shut down once
a specific wind speed is reached (cut-out wind speed).

Power output (MW)

0 5 10 15 20 25 30 35 40
wind speed (m/s)

Figure 2.3: Power curves of pitch controlled (curve 1) and stall controlled
(curve 2) WTGs

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 [43], Figure 2.3. 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 2.3. This feature is
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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 Chapter 4.

2.2 Current state of wind power in Sweden

The Swedish government proposed a bill [45] on planning objectives for wind
power. According to this bill the planning objective for 10 TWh of annual
wind power production should be achieved up to 2015. The bill was approved
in 2002. However, 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 506 MW (May 2006) that corresponds to 771 WTGs,
annual energy production in 2005 was about 870 GWh |79]. The WFs and
WTGs are mostly spread along the southern coast, on and near shore of
Gotland and Oland islands, Figure 2.4a.

950 1350 w1700

Figure 2.4: a. Wind power in Sweden; b. Existing transmission limitations
in Nordic power system, |71]

One of the causes of such slow development is that about 50% of power
is already produced by a renewable source - hydropower. Another reason
was the absence of public subsidies for wind power. In the beginning
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of 2003 so-called transitional subsidies were introduced. The transitional
subsidies are given for a five-year transitional period in which the bonus
is gradually phased out from 1.63 ct/kWh to 0.33 ct/kWh [81]. In May
2003 the electricity certificate system was also introduced. Producers of
electricity from renewable energy sources receive an electricity certificate for
every MWh of produced electricity. This makes it profitable to invest in
new renewable electricity production. To create a demand for electricity
certificates, there is an annual quota obligation on the part of electricity
suppliers to hold electricity certificates corresponding to their sale and use
of electricity during the year. By selling these certificates, the producer
receives an extra income in addition to the sale of electricity [68]. The third
barrier for the faster wind power development in Sweden are the existing
bottlenecks in the transmission system, Figure 2.4b.

There are, however, extensive plans for development of large scale offshore
wind farms in Sweden in the near future. The construction of the wind farm
Lillgrunden offshore in the south-east of Sweden has already been started.
The WF will consist of 48 turbines, with total installed capacity of 110
MW, and is expected to produce annually about 330 GWh. The WF is
scheduled for operation by the end of 2007. Another large scale offshore
wind farm is planned on Krigers flack in the Baltic Sea between Germany
and Sweden about 30 km south off the Swedish cost. The WF would consist
of 128 turbines, with total installed capacity of 640 MW and is expected to
produce annually about 2.1 TWh. It is planned to be constructed in stages
between 2009-2014.

2.3 Overview of the Swedish power system

The Swedish transmission system was 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
33 551 MW of which 48 % is hydropower, 28 % is nuclear power, 22 %
thermal power and 1.3 % is wind power (end of 2004) [91].

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 consumption in Sweden. As a result the strong transmission system
was built between northern and southern Sweden [8]. Eight long (500-1000
km) 400 kV transmission lines connect the northern part of the transmission
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system with central and southern parts, where the main load is concentrated.

Power transmission in Sweden varies from year to year depending
on water inflow in the river systems: increasing during 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 often but not solely during the
spring flood, late autumn and winter and it reaches its peaks during the
daytime [8]. During these periods power transmission between North and
Central part of Sweden (so called Cross section 2) is almost at the limit,
which is determined by Swedish TSO as 7000 MW, Figure 2.4b. However
during about 4000 hours of the year power transmission is lower than 60 %
of total transmission capacity, Figure 2.5. There are also other bottlenecks
within Swedish power systems and with neighboring countries, Figure 2.4b.

year 2000
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Figure 2.5: Duration curves of power transmission through Cross section 2

[10]

As already mentioned above, the existing bottlenecks in the Swedish
transmission system may be one of the barriers to further development of
wind power in Sweden. In 2002 the Swedish government commissioned TSO
Svenska Kraftnat (SvK) to draw up overall prerequisites for integration of
large-scale wind power (10 TWh) in mountainous (in the North) and offshore
areas. In the resulting report the case with 4000 MW (assumed full load
hours  2500) of wind power penetration in northern Sweden was considered
[8]. According to the report, 5 new 400 kV - transmission lines with the total
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cost of 20 000 MSEK would be necessary to make electricity transmission
available during 100 % of the year.

Currently, each particular project receives the permission to be connected
to the transmission network only if available transmission capacity of the
concerned lines is more or equal to rated power of the wind farm. For example
in 2003 three wind power utilities were interested to install successively 30,
60 or 90 MW wind power in the mountains of northern Sweden near to
Norwegian border [74]. The preliminary power production (for 30, 1 MW
turbines) would be about 100 GWh a year. SvK’s 220 kV power line AL7
between Grundfors and the Norwegian border has a total available capacity
of 350 MW. On the Swedish side, 250 MW is reserved for hydro power
production and the rest, 100 MW, is reserved for power exchange with
Norway (transit through Sweden). The power lines are seldom 100 percent
utilized, but still a connection for wind power plants has been rejected. This
example is used later in this thesis for the case studies .

2.4 Overview of the Nordic power market

2.4.1 Spot market

On the Nordic power market Norwegian, Finnish, Swedish and Danish actors
trade in hourly contracts for the 24 hours of the coming day. The spot
market is closing at 12:00 the preceding day. Purchasing and selling curves
are constructed and the point where they cross determines the spot market
price and the volumes being traded during each hour the coming day [94].
With such market structure wind power forecast length should be 12-36
hours to trade on the spot market.

2.4.2 Elbas

Elbas is an adjustment market for the power exchange players in Sweden,
Finland and East Denmark. The market opens for trade for the coming
power exchange day at 15:00 each day, i.e., after the spot market closure.
Trading in hourly contracts is conducted electronically and can take place up
until one hour prior to delivery. In this way, the players get the opportunity
to carry out a final balance of their contracts in order to compensate
themselves for unexpected events occurring after the spot market has closed.
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Trading on Elbas is more beneficial for wind power because more precise
forecasts can be made for the shorter time horizon. However currently Elbas
is not very active and only small amounts of energy are traded there.

2.4.3 Regulating market

The transmission system operator is responsible for physical balance between
production and consumption. Prior delivery hour actors with power reserves
are placing bids for quick (up to 10 min) production increase or decrease
to the so-called regulating market. The bids are arranged in order of price
and form a staircase for each delivery hour. At the end of each hour, the
regulation price is determined in accordance with the most expensive upward
regulation measure that was taken by TSQO, or the cheapest down regulation
measure that was taken by TSO [94].

Since Western Denmark was integrated into the joint regulating
collaboration in January 2006, the regulating market is now common for
Nordic countries.

Wind farm operators could also place bids for upward regulation if
a certain production margin is kept on the WF for this purpose, e.g.,
[23]. The participation in downwards regulation means unnecessary energy
curtailments at the wind farm (excess wind energy cannot be stored to the
next hour). This option is, thus, not economically efficient.

2.4.4 Balance settlement

In the Nordic countries, all bulk electricity production must be traded
through a balance responsible player.  Via balance settlement, TSO
distributes the costs of regulation among balance responsible actors on
the power market. All actors pay or are getting paid for their unplanned
deviations from the balance. The procedures and pricing for balance
settlement differs between Nordic countries. The description of balance
settlement in Sweden follows bellow.

If upward regulation alone was activated the upward regulation price
is paid by players with negative imbalance, while players with positive
imbalance are paid a spot price.

If downward regulation alone was activated the downward regulation
price is paid to players with positive imbalance, while players with negative
imbalance pay a spot price.
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If no regulation took place all actors are settled at spot price.

If both up and downward regulation have been ordered depending on
which regulation had higher volume up or downward regulation price is
applied. If volumes for ordered up and downward regulation are equal the
spot market price is used [94].

For wind power producers there are currently three alternatives [52]:

e To become balance responsible player;

e To trade wind power and have a contract with balance responsible
player for balancing any mismatches;

e To sell all wind power to a balance responsible player. It is easier for
balance responsible player to keep the balance if there is a flexibility
in the production or consumption portfolio.



Chapter 3

Transmission limits
Publication A

The chapter summarizes Publication A. 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 will be also provided.
Finally the impact of wind power on transmission limits will be discussed.

Power transmission in a system may be subjected to the thermal limits of
the conductors and associated equipment as well as to limits defined by
voltage and rotor angle stability considerations. Thermal limits are assigned
to each separate transmission line and the respective equipment. Limits
arising from voltage and rotor angle stability considerations are always
studied by taking into account the operation of the entire interconnected
power system or a part of it.

3.1 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

19
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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 [63]. However the maximum permissible
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 [49].

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 [53]. Figure 3.1
illustrates the dependence of the conductor current-carrying capacity on
wind speed and ambient temperature [96].
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Figure 3.1: Dependence of current-carrying capacity on wind speed and
temperature for ACSR conductor, Curlew, 2 Al-wires, 593 mm?

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

3.2 Voltage stability limit

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 a disturbance [63]. Instability occurs in the form of a progressive



3.2. Voltage stability limit 21

fall or rise of voltages in some buses. A possible outcome of voltage instability
is loss of load in an area or generation outages. Furthermore, loss of
synchronism may result from these outages or from operation under field
current limit [101].

The relationship between transferred power and the voltage can be
illustrated by so-called nose curve. Figure 3.2 shows nose curves for
two-terminal network (consisting of constant voltage source on the sending
end, transmission line with certain impedance and load on the receiving end)
for different values of load power factor. The locus of critical operation points
is shown by dotted line in the figure. 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 [63].

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 3.2: Nose curve for the two-terminal network with different load power
factors
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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
transfer. Figure 3.3 illustrates the performance of the lines with different
length, assuming unity load power factor.
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Figure 3.3: Relationship between receiving end voltage, line length, and load
of the transmission line

For the line length above 400 km capacitance of the transmission line
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,
series reactive power compensation is used to reduce the reactance of the
line and thus consumption of the reactive power [63].

3.3 Rotor angle stability

The rotor angle stability phenomenon is separated into two categories:
small-signal stability and transient stability. Small-signal stability is ability
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
[63]. The disturbances, which are usually considered in transient stability
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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 reality it is difficult to separate 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 their impact on maximum
power transfer. The role these simulations play in determination of available
transmission capacity is discussed in the next section.

3.4 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.

In [49] the approaches of TSOs to determine the transmission capacity
between EU member states, Norway and Switzerland were studied.
According to this study the methods applied by TSOs follow the same general
pattern (summarized in Publication A). The interpretations and definitions
are, however different for different TSOs. For example NTC depends on
assumptions of the base case load flow. The base scenario may change in
next calculation cycle and influence NTC even if technical parameters remain
constant. Modelling of generation increase/decrease, with regard to base case
load flow, also differs among TSOs.

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.,
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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 Kraftnét) 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 determined on weekly or daily basis.  Available
transmission capacity is calculated as a difference between NTC and already
allocated transmission capacity (AAC) due to bilateral contracts [37],
Figure 3.4. The pattern for NTC determination is the same as before,
although base case is now reflecting a load flow forecast based on day-before
snapshot and sometimes also weather forecast. 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 also less uncertainties in short term horizon, the actual net
transmission capacity can vary substantially from the NTC values calculated
twice a year.
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Figure 3.4: Available transmission capacity determination
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3.5 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 again the security standards and base scenario
assumptions may differ.

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 [49]. As discussed in the previous
subsection the types of considered contingencies are different.

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. The inner transmission limits can put
additional limitations on cross border transmission capacity.

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

3.6 Measures to increase TC

The measures to increase transmission capacity can be summarized in two
groups: the "soft" measures and reinforcement measures.

The "soft" measures concern the improvements for the methods of
transmission capacity determination and, thus, may result in increase of
transmission capacity at relatively low costs. The list of some "soft"
measures is provided in Publication A. These measures mostly concern
cross border transmission capacity however some of them may be applied
to increase the TC within the country.
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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. The main purpose of these
schemes would be primarily to enable increased transmission limits not only
to reduce consequences of disturbance or interruptions [18].

The reinforcement measures to increase transmission capacity are
discussed bellow.

If thermal current limit is the critical factor, reinforcement measures
(apart from the construction of new lines) can either be aimed to increase
of the current limits of individual lines and/or associated equipment (e.g.,
breakers, voltage and current transformers, etc.) or to optimize the
distribution of load flows to decrease loading of the critical lines. The list of
the possible measures is also provided in Publication A.

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
to mitigate voltage stability problems. 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.

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

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 [8]. During the last years due to environmental concern, it is
difficult to receive a permission for building new overhead transmission lines.
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3.7 Congestion management

In order to handle the bottlenecks congestion management methods are
applied. The congestion management methods should deal with short-term
congestion in an economically efficient way and provide incentives for
network and generation investment in the right locations [36]. An overview
of the existing congestion methods is provided in [73] and [105]. In this
section two methods applied in Nordpool are briefly described.

Every day prior the spot market opening the system operators define
ATC for the market. When the system price is calculated, the desired flows
are checked against these ATC values. 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 [66]. 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. The income from buying power in the low price area and selling
power in the high price area is divided between involved TSOs. This method
is called market splitting and is applied in the Nordic power market.

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 T'SO 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 the regulating market. The purchase will be made by TSO at
price that is equal or higher than the unconstrained upward regulation price
and the sale at price that is equal or lower than unconstrained downward
regulation price |95]. The system operator will take additional costs for
congestion. This method is called counter-trading and is used, e.g., within

!The voltage stability can be assessed base on the load flow only, see [99]
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Sweden and within each price area in Norway.

3.8 Wind power impact on transmission capacity

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:

e Wind power production curve provided by manufacturer is applicable
for the standard conditions of 15°C air temperature, 1013 mBar air
pressure (0 m above the see level) and 1.225 kg/m3 air density 2.

In Figure 3.5, power curve for BONUS 600 kW stall regulated 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, Figure 3.5, curve 2 and 3. This is because air density
is a function of ambient temperature and pressure.
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Figure 3.5: Power curve for BONUS 600 kW, depending on ambient
conditions

In pitch controlled wind turbines this effect is less significant. The
wind turbine still reaches the rated power production but at higher

2These standard conditions do 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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wind speed than in the standard conditions. Therefore there will be
fewer hours with rated wind power production than in the standard
conditions.

e WTGs have low full load hours and the hours with rated power
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 less often equal to the sum of rated power productions of each
WTG, Figure 3.6, [75]. 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? As it will be shown further in the thesis
sometimes it is more economic to curtail or store excess wind energy
during transmission congestion periods.
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Figure 3.6: Power curve of a modern large-scale wind turbine and smoothed
WF power curve, normalized by number of turbines in WF, [75]

After wind power production is carefully evaluated considering aspects
described above, 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 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
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capacity. This will allow an increase of power transmission. However,
the on-line estimation becomes 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.

The induction generators, mainly 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. 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 by controlling 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, which is typical for systems recovering from a fault. However,
if continuous reactive power compensation is used (by, e.g., SVC or control of
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, the maximum power
transfer over the considered line could be increased [80].

During and after the faults in the system, the behavior of wind turbines
is different from conventional power plants. Conventional power plants use
synchronous generators that are able to continue to operate during severe
voltage transients produced by transmission system faults. Earlier, variable
speed WTGs were allowed or in some countries even required to disconnect
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 [42]. 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 a recovery from the fault
much slower [85]. This fact could also affect transmission capacity.

In order to ensure the secure operation of power system, the grid codes
are elaborated by TSOs. In the grid codes the requirements to, e.g., active
power and frequency control, power quality, protection etc. are stated. In
the recent years the requirements particulary for WTGs were also created
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in some countries. If WTGs can comply with these requirements, especially,
regarding reactive power compensation, active power reduction and voltage
operating range during and after the fault, the impact on transmission limits
may be decreased or eliminated. The grid codes of some European countries
are further discussed in the next chapter.

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

e 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.

e 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 a 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 [42]. 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.






Chapter 4

Requirements for connection of

wind turbines to power systems
Publications B and C

The chapter summarizes Publications B and C. This chapter will discuss
grid connection requirements (GCR) for wind turbines. The chapter will try
to answer the following questions: Why GCRs for wind turbines emerged
and what is the purpose? Why a comparison of GCRs from different
countries is necessary? What are the main aspects defined in GCRs and why
these aspects are important? At the end of the chapter the main conclusions
of the comparison will be summarized.

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 the 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
to total power production. Therefore connection requirements for the wind
farms were originally not included in the grid codes. As wind power
technology started to develop more actively in the end of 1980’s, each network
company that was facing the increasing amount of WFs developed its own

33
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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, wind power production is variable
and difficult to dispatch and control, etc., see Chapter 4 in [2] for a detailed
description of different wind turbine design concepts. 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.

Increasing share of wind power in overall production mix of the countries,
development of wind turbine technology and connection of larger wind farm
directly to the high voltage grids have resulted in continuous reformulation
of the requirements for WT'Gs even on transmission level. It was already
mentioned in the previous chapter that if WF can comply with these
requirements the impact of wind power on transmission limits may be
decreased or eliminated. That is why the comparison of the GCRs in different
countries is also of interest for this thesis.

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 WTGs based on the existing
requirements for conventional production units.

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 [15], [24], [34]. The comparison is however
important and useful due to the following reasons:

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

e The fulfilment of new connection requirements is a challenge for WTG
producers. New hardware and control strategies have to be developed.
The comparison of connection requirements in different countries might
help WTG producers to get a better overview of the existing rules.
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e Provide a better understanding of relevant issues for those countries,
regions, or utilities that are in the process for developing connection
requirements for WEs.

In Publication B the most important aspects of connection requirements
of TSOs in western Denmark (Eltra), [32], E.ON Netz, one of five German
TSO’s (E.ON), [33], Electricity Supply Board National Grid in Ireland
(ESBNG),[35], TSO in Sweden (SvK), [93] and guidance note of Scottish
Power Transmission & Distribution and Scottish Hydro-Electric (Scottish),
[82], for WTGs 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.

In Publication C additionally the recommendations for connection of
wind turbines to medium and low voltage networks of Denmark [26],
[27], Sweden [92], Germany [102], UK [30], [31] and Norway [84] are
compared. In contrast to transmission grid connection requirements,
these recommendations are usually not obligatory and directed towards
distribution network companies, wind turbine manufacturers and WF
operators as well as others that are interested in connecting wind farms to
the low or medium voltage network. The objective is to establish guidelines
for wind turbines and networks in compliance with applicable standards for
power quality and reliability of supply. The guidelines also deal with the
technical data needed to assess the impact of wind turbines on power quality
and discuss the requirements to be met by networks to which wind turbines
are to be connected (power quality on the customer side).

Most of the considered grid codes and the connection recommendations
include requirements to active power control, frequency range and frequency
control, and reactive power control, fault tolerance and wind farm control
in order to insure secure system operation during and after faults.
The importance of these aspects is briefly explained in the subsequent
subsections.

Since connection requirements, especially those newly and specifically
developed for wind farms, are subject to frequent revision it is difficult to
make comparison that is always up to date. Thus in this thesis (Publications
B and C) the requirements in force, or published as proposals, at the end
2003 - beginning 2004 are considered.
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4.1 Active power control

From a power system operator’s point of view the ability to control active
power is important for two reasons: during normal operation, to avoid
frequency excursions; during transient fault situations to guarantee transient
and voltage stability.

To secure stable power system operation the power production and power
consumption in the grid has to be in balance. Changes in power supply
or demand can lead to a temporary imbalance in the system and thereby
affect operating conditions of power plants as well as consumers. To avoid
long-term unbalanced conditions the power demand is forecasted and power
plants are adjusting their power production respectively. The requirements
for 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 WTGs.

Power control is also important for transient and voltage stability during
faults. When a 3-phase short circuit fault occurs in the system the voltage
at the generator terminals drops to a level depending on the location of the
fault, and the WTG might not be able to export as much power as is input
by the wind. This leads to imbalance between input mechanical power and
output electrical power and the wind turbine and therefore acceleration of the
turbine. This in turn implies higher reactive power demand of the generator
after the fault is cleared and thus much more difficult for the voltage recovery
at the WF terminals, see section 4.4 for further details. If the mechanical
power can be reduced efficiently as soon as a fault occurs, the turbine can be
prevented from going into over speed [3]. Considering turbines with directly
grid connected induction generators, the reactive power demand is then less
after the fault is cleared, which helps re-establishing the grid voltage [4].
Another concern from the viewpoint of the power system operator is the rate
with which power is ramped up after a fault is cleared. The requirement for
ramp rates is made to avoid power surges on the one hand, and to avoid
that generation is missing because generators ramp up too slowly on the
other hand. Both cases would mean power imbalance, which could lead to
instability although the initial fault is cleared.

Power control is required in all considered connection requirements for
WTG. The requirements vary greatly and depend among other factors
mainly on the short circuit capacity of the system considered. The lower the
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short circuit capacity the more demanding is the power control necessary for
keeping the system stable during and after a fault.

4.2 Frequency range and 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 rated value. In Europe the
frequency is usually between 50 £0.1 Hz and falls out of 49-50.3 Hz range
very seldom.

The imbalance has to be catered for by the generation, since load is
usually not controllable. For this purpose primary and secondary frequency
control is used (e.g., Nordic power system). The primary control units
increase or decrease their generation until the balance between production
and consumption is restored and the frequency has stabilized. The frequency
is then not necessarily stabilized on its rated value and primary control
reserves are partly engaged. The time span for this control is 1-30 seconds.
In order to restore the frequency to its rated value, and to release engaged
primary reserves, the secondary control is employed with a time span of
10-15 min. In some countries automatic generation control is used, in other
countries the secondary control is accomplished manually by request from
the system operator.

At normal operation the power output of a WF can vary 10-15 %
of installed capacity within 15 minutes [64].  This could lead to
additional imbalances between production and consumption in the system.
Considerably larger variations of power production may occur during and
after extreme wind conditions. When comparing the frequency operating
ranges the stiffness of the grids considered has to be borne in mind. Small
systems are more prone to deviate from rated frequency in case of unbalance
between load and generation than large systems. The Danish system and the
Scottish system for example become small when their few connections to their
neighboring systems are lost. In addition the Danish system is weakened
due to the many small, dispersed generators; and the Scottish system is
embedded in the British system, which is inherently small, compared to the
system on the European continent. Figure 4.1 illustrates the requirements for
frequency range tolerance and frequency control in the considered countries,
see Publication B for further details.
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Figure 4.1: Requirements for frequency range and frequency control of WF.

A transient fault in an interconnected power system can lead to swings
in the system frequency. It is desirable that the frequency tolerance of
generators is as wide as possible, to avoid that under such post fault
conditions the situation gets worse because generation gets disconnected.

Extensive frequency operating ranges have effects on the operation of
turbines. The speed of constant speed WTGs depends directly on the grid
frequency. The aerodynamic properties of the WTG’s blades is nonlinearly
depending on the tip speed ratio, and hence on the speed of the turbine [48].
In case of the Scottish system constant speed stall WTGs are practically
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ruled out by the new requirements. The power of constant speed stall
controlled turbines, in higher wind speeds, drops more than pro rata with
frequency [90], which is not allowed according to the Scottish requirements.
Variable speed turbines, on the other hand, can run at the desired speed
irrespective of the grid frequency.

4.3 Reactive power control

Utility and customers’ equipment is designed to operate at certain voltage
rating. Voltage regulators and control of reactive power at the generators’
and consumers’ connection points are used in order to keep the voltage within
the required limits, and to avoid voltage stability problems, see section 3.2.
WTGs are also required to contribute to voltage control in the power system.

In Figure 4.2 the reactive power requirements are compared in terms
of power factor. Note that the notation "lagging" on this figure refers to
production of reactive power and "leading" to absorption of reactive power.
In generator sign convention the current lags the voltage when reactive and
active current are positive. In Figure 4.2 only the operating limits are
considered, i.e., it is not taken into account under which voltage conditions
the respective amount of reactive power is demanded.

E.OM > 100 MW
— Scottish
- - -ELTRA distri.
— -E.ON < 100 MW
— ESBNG

[
%]
1

0 lagging 1 leading 0

power factor

Figure 4.2: Comparison of power factor ranges as required by the different
grid codes.
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Reactive power is in the first instance required to compensate for the
reactive power demand of the generator, transformer and other inductive
equipment, so that the wind power installation does not burden the power
system with reactive power demand. If the wind power installation absorbs
reactive power, the thermal capacity of the conductors, connecting the
installation with the power system, is to a lesser extend available for
active power transfer. In addition the voltage at the generator terminals
is suppressed due to the voltage drop caused by the reactive current flowing
into the wind power installation, see sections 3.2 and 3.8.

The second reason for reactive power requirements is that generators
can actively control the voltage at their terminals by controlling reactive
power exchange with the grid. Especially during transient faults, the
voltage has to be supported since the reactive power demand of induction
generators increases when the voltage drops [65], [5]. The requirement to the
voltage operating range are discussed in the next section. Generators with
voltage source inverters can support the system voltage at their terminals
by exporting reactive power [6], in order to boost their active power export
during the fault and hence mitigate the problem of acceleration.

The reason why generators are also required to absorb reactive power
(leading power factor), as illustrated in Figure 4.2, is operating conditions
like lightly loaded system conductors, see section 3.2.

Comparing the reactive power requirements for connection of WFs to
the high voltage networks [32], [33], [35], [93] and [82] with recommendation
for connection of WTGs to medium and low voltage networks [26], |27],
[92], [102], [30] and [84] it becomes clear that the more WFs get similar
to conventional power plants (big capacity and connected to a high voltage
level), the wider the power factor range demanded, see Publications B and
C for details.

4.4 Transient fault and voltage operating range

The response of the power system to a disturbance (frequency changes due
to generator trips or load changes; voltage drops due to a short circuit, etc.)
is determined mainly by the generators.

Previously, almost all power has been generated by conventional
synchronous generators connected directly to the grid. The response of such
generators under various disturbances has been studied for decades. Wind
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turbines use different types of generators (squirrel cage induction generators
or generators that are connected to the grid via power electronic converter).
The interaction of this generator types with the grid is different from that
of conventional synchronous generators [2].

In the early 90’s wind turbines were allowed to disconnect from the
network during the fault to protect itself against damage. However, as
wind power penetration continues increase, the additional loss of significant
amount of generation during the fault may put the stability of the power
system at risk. Thus, in connection requirements is stated that wind farms
are now required to "ride through" the fault for a certain time without
disconnection.

When a 3-phase short circuit fault occurs in the system the voltage at
the generator terminals drops to a level depending on the location of the
fault, and the WTG might not be able to export as much power as is input
by the wind [65]. If a WF is connected by a radial feeder only, and a 3-phase
short circuit occurs on this feeder, the WF can only export as much power
as is dissipated in the resistances of the generators, transformers, lines and
the fault. Only in Eltra WFs are exempted from having to attempt to ride
through transient faults that open circuit the WF terminals. The amount
of power dissipated during such a fault is, depending on the operation point
of the WF, often only a fraction of the mechanical input power. As soon as
the circuit breakers open, to isolate and clear the fault, the WF is isolated
and cannot export any power. Hence during the fault, and even more during
the clearance of the fault, the WTGs can only store the mechanical energy
by accelerating. As long as the WTGs are freely accelerating the slip in the
generators (assuming induction generators) is zero. But acceleration implies
that the slip after the clearance of the fault is bigger than prior the fault. The
bigger the slip, the bigger the reactive power demand of the generator, and
this implies that it is much more difficult for the voltage at the WF terminals
to recover after the fault is cleared. The longer it takes for the voltage to
recover, the longer the period during which the WT is in unbalance between
mechanical input power and electrical output power, i.e., the WT accelerates,
or at least draws more reactive power [4], [59], [85].

In case of a 2-phase fault, the unbalance between input and output power,
as well as the speed and reactive power demand problem, as described
above, are less severe. But with this type of fault the voltage becomes
unbalanced and this implies that the current becomes unproportionately
more unbalanced, again assuming induction generators. This can be
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explained by means of the equivalent circuit of induction machines where
the rotor resistance is divided by slip. Under normal operation slip is small
(< 0.1), i.e., the rotor resistance is big. If the voltage at the generator is
unbalanced it contains a negative sequence (NPS) component. This NPS
voltage rotates in opposite direction of the grid voltage; hence considering
this NPS voltage, slip is very big (approximately 2), i.e., the rotor has a
small resistance. This implies that the NPS component of the grid voltage
drives a large NPS current, which might trip the protection equipment and
hence prevents the turbine from riding through the fault.
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Figure 4.3: Requirements for voltage operating range of WF.

In Publications A and B the voltage operating ranges and the
corresponding trip times are compared. The comparison considers the
requirements in terms of "WTGs have to stay connected to the grid".
Requirements stating delay times after which WTGs have to disconnect once
they no longer need to stay connected are not deemed important. This is
done so because, from the viewpoint of WTGs, the time during which severe
operating conditions have to be tolerated is most relevant. The comparison
of the different voltage operating ranges and their corresponding trip times
in Figure 4.3 shows merely outermost operating limits. This means that
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no correlation to active or reactive power, as specified in the connection
requirements, is considered here.

4.5 Power quality

Power quality is related to factors that describe the variability of voltage
levels as well as distortion of voltage and current waveforms |64|. Depending
on the time scale of the phenomena the various power quality parameters
fall into different categories, such as harmonics, voltage flicker, rapid voltage
variations, inrush currents, etc. Voltage variations and harmonics can
damage and shorten the lifetime of the utility and customer equipment.
Voltage flicker causes visible variations of the light intensity in bulb
lamps. Inrush current may cause nuisance tripping of the equipment by
its protection.

Individual wind turbines might cause power quality problems at start up
of the wind turbine, as well as, due to rapid wind speed variations, pitching
rotor blades, connection/disconnection of reactive power compensation.
However, these problems do not occur simultaneously at all wind turbines
and therefore they are mainly cancelled out within larger wind farms.
On the other hand power quality problems cause more concern in the
distribution networks due to the direct impact on the customers. Therefore,
more attention is paid to power quality aspects in the recommendations
for connection of wind turbines to medium and low voltage levels, see
Publication C for details.

4.6 Discussion of the connection requirements

The brief overview of the interconnection regulations presented in
Publications A and B and summarized above shows that the regulations
vary considerably and that it is often difficult to find a general technical
justification for the different technical regulations that are currently in use
world-wide. This applies particularly to power quality regulations such as
flicker and harmonics limits.

Many of the differences in the technical regulations are caused by different
wind power penetration levels (percentage of wind power installed capacity
in the production mix of the concerned power system) in the national power
systems and different power system robustness. For instance, countries with
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a rather weak power system such as Scotland or Ireland have to consider
the impact of wind power on network stability issues, which means that
they require fault-ride-through capabilities of WTGs already at a lower
wind power penetration level compared to countries which have very robust
Systems.

Discussions with wind turbine manufacturers showed that they would
prefer a greater harmonization whenever possible, but they generally also
say that they are able to comply with the different technical regulations.
They are, however, much more concerned about the continuous changes in
the technical standards world-wide, the very short notice for updates and
changes and the little influence WTG manufacturers have on these aspects.
Large WTG manufacturers, for instance, employ 4 to 5 or even more experts
to keep track of the ongoing changes in technical regulations and to document
the technical capabilities of their wind turbines. Smaller wind turbine
manufacturers, which cannot employ as many experts in this area, often
stay out of certain national markets because they cannot follow the changes
in regulations and the corresponding required technical documentation and
validation of the technical capabilities of their product.

In addition, new network interconnection regulations increase the costs
of wind turbines. According to wind turbine manufacturers, allowing wind
turbines with doubly-fed induction generators to "ride through a fault", as
defined in many European regulations for wind turbines, increases the total
costs of a wind turbine by up to 5%.

Hence, it can be summarized that interconnection regulations should be
harmonized in areas that have little impact on the overall costs of wind
turbines, i.e., power quality regulations. In other areas, interconnection
regulations should take into account the specific power system robustness,
the penetration level and/or the generation technology. Therefore,
interconnection standards of different countries may also vary in the future
between. It is important that national regulations should aim at an overall
economically efficient solution, i.e., costly technical requirements such as a
"fault-ride-through" capabilities of wind turbines should only be included if
they are technically required for a reliable and stable power system operation.



Chapter 5

Wind energy curtailments in
areas with limited transmission

capacity
Publications A and D

The chapter is based on Publication A (subsection 20.6.2.) and Publication
D, but contains more details regarding modelling and results of the case
study. In this chapter wind energy curtailments are considered as an
alternative to costly and time-consuming transmission system reinforcement,
integrating large-scale wind power into the system with transmission
bottlenecks. The chapter will start with a brief introduction and an overview
of previous research, then estimation methods for wind energy curtailments,
developed in this thesis, will be discussed in detail. Finally the case study,
concerning large scale integration of wind power in Northern Sweden, will
be presented and main conclusions will be summarized.

The transmission system reinforcement in order to increase transmission
capacity may be time-consuming and expensive. Furthermore, under
deregulated market conditions it is also not clear how the investments for
a new transmission capacity should be divided between TSO, production
utilities and distribution companies. Different policies for distribution of
wind farm grid connection costs and grid reinforcement costs apply in

45
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different countries, see Chapter 18 in [2| for an overview and the examples
from Denmark, Sweden, Germany and UK. Some of these policies are
ambiguous and it might take additional time to solve the controversies.

Additionally, transmission capacity should not be increased at any cost.
The optimal balance should be found between extra benefit and costs for
additional transmission capacity. It is obvious that it normally will not be
optimal to remove a bottleneck completely. Thus, 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 is congested.

Wind energy curtailments were previously evaluated as an alternative to
grid reinforcement, e.g., in [97], 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 [42] as well as in some grid connection
requirements, e.g., [32], [93], 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 5.12.

Hydropower f
Other power sources Other power sources
Load

Wind power
Load

Transmission is limited

Figure 5.1: Power system with hydro and wind power production on the
same side of the bottleneck

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 by WF
developers at the early stage of pre-feasibility study for the project but when
the wind speed measurements are already available or wind speed probability

!The calculation method applied in that paper is called "direct method" later in this
chapter and used for comparison with the other estimation methods developed in the
thesis.

2This figure is further used in the next chapter, where coordination between wind farm
and hydro power system is discussed, that is why hydro power is also mentioned on the
figure.



5.1. General assumptions 47

distribution can be estimated, by TSO preparing technical prerequisites
for connection of WF to the network or by authorities for evaluation of
large-scale wind power integration projects.

5.1 General assumptions

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

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

e The power production of the WTG is calculated using its power curve,
provided by manufacturer. WTG is assumed to be pitch controlled.

e All wind turbine generators are assumed to be of the same type.

e All WTGs within one WF are assumed to meet the same wind speed
simultaneously. This assumption can be relaxed using the a wake effect
model developed in [57] ®, however this model require statistical data
on wind direction and data about the WF layout. The wake effect can
be considered when evaluating particular projects.

e All WFs within the area with limited export capacity are also assumed
to meet the same wind speed simultaneously. The models for so called
smoothing effect due to geographically spread wind farms are developed
in, e.g., [75] and [9]. These models require data about wind direction
and location of the wind farms. Thus this effect can be included when
evaluating particular projects.

e Available transmission capacity for the studied lines is assumed to be
determined by TSO and is constant during the studied period.

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

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

3The wake effect model from [57] is also briefly summarized in subsection ITL.B of
Publication H.



48 Chapter 5. Wind energy curtailments

5.2 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.

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 5.2. Wind power
production duration curve (WPDC) shows for each given production level
the number of hours, when this level was exceeded, Figure 5.2. 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 WFs, Figure 5.2.
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Figure 5.2: 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 energy that should be curtailed.
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When wind power production is too high, it could be impossible to
transfer all generated power because transmission capacity is limited. If
excess wind energy cannot be stored it has to be curtailed. With the
assumptions listed above wind energy curtailment can be estimated as
follows:

Wit = /0 “(TDC(t) + WPDC(t) — O, (5.1)

where C' is the transmission limit in MW, and {¢ is number of hours
when TDC(t) + WPDC(t) > C, ie., TDC(tc) + WPDC(tc) = C. The
percentage of spilled wind energy can now be expressed as follows:

Ws %,
n= pr” - 100% (5.2)

where W, is energy generated by WF during the studied period T
T
Wy = / WPDC()dt (5.3)
0

Figure 5.2 illustrates the example of the results of the estimation method.
The shaded area corresponds to the total necessary wind energy curtailment.

5.3 Probabilistic estimation method

This method is close to probabilistic production cost simulation [14]*.
Applying the probabilistic estimation method, it is possible to calculate
probability that transmission limit is exceeded, similarly to loss of load
expectation in probabilistic production cost simulation. It is also possible to
estimate necessary wind energy curtailments, similarly to expected energy
not served. For this estimation method wind power production and power
transmission are assumed to be independent stochastic variables.

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

4The original reference [11] is in French
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5.3.1 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 a power
transmission data series (not necessarily for the same period as wind speed
measurements) is also 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
wind power production in MW. As mentioned above X and Y are assumed
to be discrete independent variables °

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

fx(x)=P(X =x) = fregx(z)/N (5.4)

where fregx(z) is frequency of level x MW, N is number of measurements
per year;

Fx(z) = P(X < x) Z Fx () (5.5)

Similarly, distribution function and probability mass function is expressed
for wind power output Y, Fy(y) = P(Y <v), 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 4+ 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 [46]:

fo My (z—a) = fx(z=y)fv(y) (5.6)
Yy

SHere the notation X,Y,Z, is chosen for wind power production and power
transmission in order to make equations more understandable
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The distribution function of the discrete variable Z is:

Fz(z) = > fz(z) (5.7)

1:2; <z

Figure 5.3 illustrates the results of the discrete probabilistic estimation for
the same case as in Figure 5.2. As Fz(z) = P(Z < z), the value 1 — Fz(C)
in Figure 5.3 corresponds to the probability that the transmission limit C' is
exceeded.
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Figure 5.3: Wind power production, actual transmission, desired
transmission duration curves 1—Fx (z), 1—Fy (y), 1—Fz(z) and transmission
limit C for discrete probabilistic estimation method

According to [79] availability of the WTG varies between approx. 95%
and 100% on yearly basis depending on weather conditions, age of the
WTG etc. The method for deriving probability distribution function of WF
production considering availability of WTGs is developed in [44], [106] and
[83] and is shortly summarized in Publication D. Figure 5.4 illustrates the
results of the discrete probabilistic method considering 95% availability of
the wind turbines within WF. For comparison the results form Figure 5.3
where 100% availability of WTG was assumed are also placed on the same
plot. The difference between results is not so significant but still might give
some refinement to the estimation method.
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Figure 5.4: Wind power production, actual transmission, desired

transmission duration curves 1—Fx (z), 1—Fy (y), 1—Fz(z) and transmission
limit C for discrete probabilistic estimation method; WTG availability —95%,
solid curves; WTG availability=100%, dashed curves

5.3.2 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 continuous® with known probability
distribution. Power transmission distribution function is closely related
to load distribution. In some cases Gaussian distribution function is
representative for the load. Thus, for power transmission variable X, the
Gaussian function with known mean m and standard deviation ¢ is assumed

here. The probability density function for the Gaussian distributed variable
is expressed as follows:

Fx(z) = m}ﬂe‘(ézé’” (5.8)

The corresponding distribution function is:

Fx(x)z/x Fx(u)du=— /w S (5.9)

oV 2T

fNote that for continuous variable, e.g., X, probability density is fx(z) = P(z1 <
X < x2), for the finite interval (z1,z2), where z1 < z2
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For wind power application Rayleigh or Weibull distribution is used [43|. For
the Weibull distribution the shape parameter § can be adjusted to achieve
better fit to the discrete data. The probability density function is:

/6_1 v B8
fv(v) = b (3> e (%) (5.10)
o\«
The corresponding distribution function is
v v w\B
Fy(v) :/ fv(u)du = % W 1e(2) du (5.11)
0 a” Jo

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

The mean value ¥ and the variance 0‘2/ of the Weibull distribution are
given by the following expressions, see Appendix A.2 for derivation:

5 =al <1 + ;) (5.12)

0% =ao’T (1 + ;) — 7? (5.13)

If the mean and variance of the wind speed for the studied site are known,
the equations (5.12) and (5.13) can be solved directly for o and . An
approximation for [ is provided in [55]:

—1.086
8= (%) (5.14)
v
When [ is determined (5.12) is solved for «
v
e 5.15
“TTO+1/8) (5.15)

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 as follows, using simplified notation:

1

Y= icp(v) Apv® 1078 (5.16)

where y is wind farm power output in MW, A is swept area in m?

overall efficiency of turbine, p is air density in kg/m?.

’ Cp(v) Is
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If wind speed is expressed as a function of power v(y) from (5.16) and
substituted to (5.10) and (5.11), 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 < Veyt—in and Vpgred < UV < Vcut—out it 18 not invertible that is
several values of v correspond to one value of y. To solve this problem, the
power curve on these intervals can be approximated by a smooth, increasing
function, Figure 5.57. The probability of each production level then becomes
equal to probability of the respective wind speed.
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Figure 5.5: Powe curve of the WT'G with rated power 610 kW [16], on the

intervals 0 < v < Veyt—in and Upgted < U < Ueut—our approximated by a
smooth, increasing function (dashed line).

Assuming M wind turbine generators within a studied WF, the inverted
power production function is obtained as follows:

s/ 2y-106
v(y) = \/7Acp(y)pM (5.17)

Substituting (5.17) to (5.10), and (5.11) probability density and
distribution functions for wind power output of the WF are obtained:

B 2y - 108 A=l _(3% ’
_ M 3 Acp(y)pMa 5.18
fY(y) ng < ACp(Z/)ﬂM) e ( )

"For illustrative purposes the deviation of the approximated power curve from the real
one is somewhat exaggerated on the figure.
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Fry) = [ fr(udu
Y /; Y y . 5.1 7(n %/IB)ﬁ
_ nﬂl/o (3 ) e @) gy (5.19)

ol cp(y)

_ ( 3/2108
where n = (N/ApM)

The probability density function for the desired transmission fz(z) is
obtained from the convolution expression [46]:

Ymax
f2(2) = /0 Fx(z — o) fy (9)dy (5.20)

Substituting fx from (5.8) and fy from (5.18) to (5.20) and after some
simplifications:

B
Ymax o m—y)2 £—1 7
fZ(Z) = ! ﬂnﬁ_l/ 6_% <3 ’ > e(n v cz)(y)ag) dy
ovamel o & (v)
(5.21)

It is difficult to simplify (5.21) further because of overall efficiency
¢p(y), which is not a continuous function, but a set of experimentally
obtained values. ¢,(y) can be calculated from the power curve of the WT'G
provided by manufacturer that is a set of discrete values obtained from
test measurements. The overall efficiency ¢,(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 c,(y) by
piecewise monotone function and approximate it by piecewise linear function,
Figure 5.6.

Equation (5.21) is then modified as follows:

B
p-1 Yi 2—m—y)2 -1 ( #)
fa(z) = 2" 3 / e <3 i > o\ Voo ) g,

" aBoy2r e a;y + b;

(5.22)
where S is the number of linear segments of overall efficiency curve c,(y);
a;y + b; is equation of a linearized segment i; 4 is integer number:

cp(Yit1) — cp(yi)
Yi+1 — Yi
bi = cp(yi) — aiyi = cp(Yiv1) — aiyiv1 Vi e [1,(S —1)]

a; =
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Figure 5.6: Example of piecewise linear approximation of overall efficiency
curve ¢,(y) of the WTG with rated power 610 kW.

Finally the distribution function of desired power transmission is
calculated:

Fue) = [ aleis (5.23)

1 — Fz(C) corresponds to the probability that the transmission limit C' is
exceeded. The area under 1 — Fiz(C' < z < o0) is equal to wind energy that
should be spilled.

Figure 5.7 illustrates the results of continuous probabilistic estimation
method using known distribution functions for the same case as the
other methods. In Figure 5.7 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
5.3 are placed on the same figure. The chosen continuous distribution
functions for wind power production and power transmission approximate
quite good the discrete distribution functions obtained from statistical data.

5.3.3 Direct method

Since wind power is only being planned, it is not possible to compare
the results of the estimation methods, presented above, with any actual
measurements. However, wind speed measurements v(k) from a site and
power transmission measurements P;(k) for its associated transmission line
(see Figure 5.1) for the same time period with the same time resolution
may be used for this purpose. For each time step k the wind speed
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Figure 5.7 Wind power production, actual transmission and desired
transmission duration curves 1 — Fx(z),1 — Fy(y),1 — Fz(z) for continuous
(solid lines) and for discrete (dash-dotted lines) probabilistic estimation
methods

measurement v(k) should be converted to expected wind power output
P, (k) using power curve, as before. The desired power transmission (with
wind power) is then calculated as Py(k)=P,(k)+P;(k) for each time step
k, thus, actual correlation between power transmission and wind speed
during the considered 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 P;(k) > C, can be calculated as
Pypin(k) = Py(k)—C. Total wind energy curtailment at certain level of wind
power penetration is:

Wepitt = Y Popiur (k) (5.24)
2

The percentage of spilled wind energy can be expressed in accordance with
(5.2), where W, can be calculated by (5.3) or as follows:

Wo = Pu(k) (5.25)
k

The resultant wind energy curtailment at each level of wind power
penetration is considered as the actual case. In this thesis the results of
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Table 5.1: Comparison of estimation methods for wind energy curtailments

Method

Data requirement

Advantages

Disadvantages

Simplified

statistical data

easy to calcul.

no need for synch.

input data series

assumption of corr=1 may
not be representative

Probabilistic
discrete

statistical data

no need for synch.

input data series

assumption of corr=0 may
not be representative

Probabilistic
continuous

assumption of corr=0 may
not be representative
tangled for different

parameters of Weibull
and Gaussian distrib.

no need for long
input data series

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

the simplified and probabilistic estimation methods presented above are
compared with the direct method in order to illustrate the impact of different
assumptions on the results.

5.3.4 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 5.1.

The simplified and discrete probabilistic methods require wind speed
measurements from the studied site as well as power transmission
measurements (or estimated duration curve) 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 series®.

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 in the next subsection.

®Data series for the same time period
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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.

5.4 Case study, estimation of wind energy
curtailments

The developed estimation methods for wind energy curtailments are tested
on the Swedish power system. The case with up to 4000 MW (= 10 TWh)
wind power in northern Sweden is studied in order to compare economical
losses due to wind energy curtailments with investments necessary for the
grid reinforcement suggested in [8], this study is also briefly mentioned in
section 2.2.

To adopt the model for the case study to the two area model in Figure 5.1,
Sweden is divided into two parts, North and South of Cross section 2 (in
Figure 2.4b). 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 Finland, see
Figure 2.4.b, 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 2.5). 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 [13| and [21]). 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.
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5.4.1 General results

Some of the results for simplified, discrete probabilistic and continuous
probabilistic methods were already presented above in Figures 5.2, 5.3
and 5.7 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 5.7 also shows that both probabilistic methods (discrete and
continuous) give quite close results. This can be explained by our choice
of parameters «, 3 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
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.
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Figure 5.8: 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

For other wind power penetration levels similar calculations were made.
Figure 5.8 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
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figure. For the direct method 4 various penetration levels of wind power are
tested.

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 tendency was that 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. 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 5.2: The percentage of spilled wind energy at various levels of wind
power penetration

Installed Transm. limit Spill, % Spill, %
wind power [MW] | exceeded [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

5.4.2 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 [8] 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 a new



62 Chapter 5. Wind energy curtailments

lines were build, it should reduce wind energy curtailment with at least 400
MSEK /year.

MKr 1400
1200}
1000}
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Installed wind power, MW

Figure 5.9: Wind energy curtailment expressed in MSEK (Mkr) per year, at
energy cost of 0.3 SEK/kWh and 0.4 SEK/kWh

In Figure 5.9 spillage of wind energy from Figure 5.8 is expressed in
MSEK /year, assuming that curtailed wind energy costs 0.3 SEK/kWh.
According to Figure 5.8 and Figure 5.9 at 4000 MW penetration of wind
power, 15.4% of wind energy will be curtailed with cost of approximately
410 MSEK /year.

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 10.5% of wind energy, see Figure 5.8. The cost of wind energy
curtailment is then 220 MSEK /year, Figure 5.9. This means that the new
transmission line will decrease costs for spill to 410-220=190 MSEK /year.
According to [8], the cost for this line is 400 MSEK /year. Therefore it is
not economically motivated to build a new line under the assumptions made.

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 5.9. The total cost for curtailed wind energy at 4000 MW
wind power penetration is 540 MSEK /year in this case; for 3200 MW it is
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300 MSEK /year. Consequently, a new transmission line decreases costs for
energy spillage to 540-300—240 MSEK /year. The conclusion is that even in
this case it is not economically motivated to build a new line.

5.4.3 Impact of the assumptions on calculation results

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

e How much wind energy is curtailed?
e [s 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
TSO and WF 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:

e 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 [9], [40],
[75].

e [t 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
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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.

e Transmission limit assumed in this case study is defined by TSO is
constant. However, as it was described in sections 3.4 and 3.5, 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.

e It was assumed that there is no wind power production coordination
with power production at local conventional power plants, local flexible
load or any kind of storage. If this is used, the wind energy spillage
can be substantially reduced. This will be further discussed in the next
chapter.

The estimation is 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 could be further studied in the
future.



Chapter 6

Coordination of wind power
and hydro power in power
systems with transmission
bottlenecks

Publications E, F, G

In this chapter the possibility to coordinate wind power and hydro power
. power systems with transmission bottlenecks will be discussed. First,
the comprehensive overview of the previous research on this subject will be
provided, followed by a brief summary of the pre-feasibility study conducted
i Publication E. Then a planning algorithm for a hydro power utility
coordinated with wind power wutility in area with limited power export
capability developed in Publications G and F will be presented in details.
An evaluation algorithm developed to study the impact of the coordinated
planning on both utilities in the long term will also be given in details. The
developed methods are applied to the case study. The short summary of the
case study and its main findings will conclude this chapter.

In the preceding chapter the possibility of wind energy curtailment in
power system with transmission bottlenecks was considered as one of the
alternatives to transmission grid reinforcement. Another alternative would

65
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be to store excess wind energy during the congestion situations and use
it later, when congestion is relaxed. A battery storage or pumped hydro
storage for large scale wind power is still very expensive. On the other
hand existing conventional power plants with possibility of fast production
control and sufficient storage capacity (e.g., hydro power plants or gas fired
power plants) situated in the same area may be used for this purpose.

6.1 Overview of previous research

The interest for coordination of wind power and hydro power has increased
during the last couple of years. It is studied by utilities (e.g. Vattenfall [69],
Hydro-Quebec [62]) as well as by research organizations (e.g. SINTEF in
Norway [97], [98], [61], NTNU in Norway and VTT in Finland [103], [104],
Universidad Carlos III de Madrid in Spain, [7]),

The coordination of wind power and hydro power has been studied in
connection with several different problems. The research can be divided into
two main categories:

1. "Pre-feasibility" studies, where coordination possibility is evaluated for
different purposes, using available tools [103], [104], [69], [97], [98] or
developing new evaluation methods [62], [61], Publication E;

2. Planning methods that is development of new planning methods for
hydro power utility considering coordination with wind power [60],
[22], [7], Publication F and G.

In [62] the coordination option is considered in generation expansion
planning, where two investment possibilities are compared: new hydro power
plant vs new wind farm. In [103], [104] the effect of wind power on the market
price is analyzed. The research in [103], [104] is directed towards assisting
hydro power utilities considering investments in wind power.

In [97] and [98] 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 of WF and and HPP for avoiding
line overloading may influence the annual energy output of each of these
production sources. [61] offers further in-depth evaluation of the coordination
possibility. The coordinated operation of several geographically spread
wind farms and aggregated hydro power plant! sharing same transmission

"Equivalent of the HPP system, modeled as one HPP
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capacity, is simulated over a period of several years, considering wind
and water inflow uncertainty. The simulation uses coordination strategy
that maximizes wind power penetration. The paper shows that due to
coordination, significantly more wind power can be developed in the studied

area.
In Publication E several coordination strategies are elaborated which
consider separate ownership of wind power and hydropower. The

coordination strategies are then evaluated using historical data of water
inflow and wind speed measurements from the studied site. The evaluation
method is rather close to the latter reference, [97|, although there are
some differences in modeling and input data. Also in contrast to [97], in
Publication E, several coordination strategies are suggested, modeled and
evaluated.

None of the papers above, however, treats hydro power production
planning for daily operation, considering the coordination with wind power.

In [60] the dynamic programming algorithm is presented for a daily
planning of coordinated operation of wind parks and generic energy storage
in area with limited export capability. In [22] the optimization problem is
formulated for daily production planning of wind park and pumped storage
hydro power plant, though transmission bottlenecks are not considered.
Also, in [|60] and in [22] the storage is owned by the wind power utility,
wind power production is assumed to be deterministic and multi-reservoir
hydro power systems are not considered. These limitations are overcome in
planning algorithms developed in this thesis in Publications F and G.

One of the most recent publications on coordinated planning of wind
and hydro power plants is [7|. In that paper the coordination is applied in
order to minimize WF imbalance costs, section 2.4. Thus, the coordination
with HPPs is employed only on the intra-day market. Actual wind power
production is considered known, spot market prices and imbalance penalties
are treated as deterministic. The transmission constraints are not considered
in the planning.
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6.2 Coordination strategies for wind power and
hydro power with separate ownership

In this thesis also the "pre-feasibility" study of wind-hydro coordination in
areas with limited export capacity has been conducted first?.

The coordination of wind power and hydro power production may take
many different forms. Some of the possible strategies are elaborated in this
thesis in Publication E:

1. Business as usual-"uncoordinated case"; The HPPs system is
managed as if there was no wind power. Both wind power and
hydro power are produced if transmission capacity is not exceeded.
If the congestion occurs, wind power is curtailed. An advantage of
this strategy is that no coordination is necessary, but the amount of
curtailed wind energy can be large.

2. Buy wind power production; In this strategy the HPP owner buys
the whole wind power production every hour and then manages the
operation as if he owned the WF too. Wind or water are spilled,
or stored if possible, when the total production exceeds maximum
transmission capacity.

3. Store hydro power and sell later on the spot market; During
congestion in the transmission line, the hydro power owner can decrease
the hydro power production, if it is possible to store water. The WF
can then use available transmission capacity. Stored power at the HPPs
is sold later at the spot market. It is assumed that wind power owner
is paying hydro power owner for each MW of transmission capacity
that is made available due to coordination with HPPs.

It is important to note that the hydro power producer can reduce the
production only at hours with congestion. HPP production can only
be increased (compared to the production plan for the uncoordinated
case) when there is no congestion in the transmission lines.

4. Forced regulation; During congestion in the transmission lines,
the hydro power owner must decrease the hydro power production

2This study was conducted by A. Jiderstrom as a thesis for M.Sc. degree, under
supervision of J. Matevosyan
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(compared to the production plan for the uncoordinated case), if it
is possible to store water. The WF can use available transmission
capacity. Stored power at the HPPs is sold later at the spot
market. Economical losses due to the forced reduction of hydro power
production are assumed compensated by the system operator, who in
turn benefits from grid tariffs due to more intensive utilization of the
transmission lines. This strategy can be put into effect, e.g., by special
agreement between involved parts or by applying counter-trading to
the transmission line in question, see section 3.7.

The strategies are modeled for a particular case study. Wind speed
measurements from the studied site are used to simulate WF operation.
Linear programming is applied in order to simulate HPP production for
each strategy based on deterministic loads, wind speeds, 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 evaluations still provides a sufficient basis to quantify
relative impact of the transmission bottlenecks and coordinated operation
of wind and hydro power plants. The results of coordinated operation
(strategies 2-4) are compared to the uncoordinated strategy. As this study
was conducted just as a pre-feasibility study the modeling details are not
discussed here and the reader is suggested to consult Publication E for
details. The results of the case study are summarized in section 6.5.

In Publication F and G the planning algorithm for hydro power in
coordination with wind power according to strategy 3 is developed. The
planning algorithm is presented in detail in the following sections.

6.3 Overview of the planning algorithm

In this thesis the daily planning algorithm is developed for a conventional
multi-reservoir hydro power system coordinated with a wind farm. Tt
considers the uncertainty of the wind power forecast (Publications F and G)
and the uncertainty of the spot and regulating market prices (Publication
G).

Wind power and hydro power are assumed to be owned by different
utilities. It is assumed that the wind farm and the HPP system share the
same transmission lines, but that the hydro power utility has priority to
use the transmission capacity. Consequently, coordination is necessary in
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order to minimize wind energy curtailments during congestion situations on
the transmission lines. The wind power utility is assumed to be paying the
hydro power utility for the coordination service.

A hydro power system is assumed to be coordinated with a WF in the
following way: for each hour of the coming day, if transmission congestion is
expected, the hydro power utility decreases its planned production depending
on constraints of the hydro reservoirs. Energy is then retained in the hydro
reservoirs and the wind farm can use available transmission capacity. Each
MW of stored hydro power corresponds to 1 MW of transmission capacity
that is made available for excess wind energy. Stored hydro power can then
be used in the hours without congestion. This corresponds to coordination
strategy 3 in the preceding section.

The hydro power utility and the wind power utility are assumed to be
price takers. Cooperative behavior of the hydro power utility is also assumed.
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Figure 6.1: Flow chart of the daily hydro power planning coordinated with
wind power
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The planning algorithm developed in this thesis (Publications F and G)
is shown on the Figure 6.1. In this section a brief overview of the planning
algorithm is provided. The modeling details are explained in the following
sections.

The hydro power planning for the coming day is assumed to be conducted
at 11:00 the day before, in order to place the bids on the spot market that
closes at 12:00, section 2.4. For the day to which the planning refers (the
planning day) input data are loaded (blocks 1-2): the water inflow, the initial
reservoir content at the beginning of the planning day and the final reservoir
content at the end of the current week, the spillage and the discharge in the
preceding hours to account for the water delay time between the reservoirs
and the spot prices.

In order to deal with uncertainty of the spot prices a set of the spot
price scenarios is used. Each spot price scenario corresponds to a particular
realization of the stochastic process. Here, to generate a set of spot price
scenarios, sampling from historical spot price time series is employed. Equal
probability is assigned to each spot price scenario.

The set of spot price scenarios form a scenario tree. The root node of
the tree corresponds to a known spot price at the time of planning. The
tree then branches into the nodes of the subsequent hours. Each node has
a unique predecessor node but possibly several successors. The branching
continues to the nodes of the last hour of the planning day [51]. The number
of the nodes for the last hour of the planning day corresponds to the total
number of spot price scenarios. The schematic structure of the spot price
scenario tree is shown in Figure 6.2.

I l I I
0 (k-1) k k+1
Time, h
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Figure 6.2: Schematic example of the spot price scenario tree.
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The wind power utility is assumed to pay to the hydro power utility
for the coordination service. Therefore it is important in the coordinated
planning to keep track of the exact amount of hydro power production
changes due to wind power and congestions on the transmission lines. For
this purpose the planning is divided into two parts:

1. Base case hydro power planning for the spot market without
consideration of wind power (blocks 3-4);

2. Re-planning of hydro power production for the spot market
and regulating market, considering coordination with wind power
(blocks 9-10).

The results of the base case planning - water discharge, hydro power
production, water spillage are passed to the re-planning part of the planning
algorithm as parameters.

The re-planning part of the algorithm requires wind power production
scenarios as an input data. Wind speed forecast is assumed available for the
planning day. Wind speed forecast error is a stochastic process. In this thesis
the wind speed forecast error model is based on Auto Regressive Moving
Average series (ARMA), (block 5). By sampling from ARMA series wind
speed forecast error scenarios can be generated. The sum of the wind speed
forecast and the forecast error scenario represents wind speed scenario for the
coming day with hourly resolution. Wind speed scenarios are converted to
wind power production scenarios (block 6). A special scenario reduction
technique is then used to reduce the number of wind power production
scenarios.

The re-planning part of the planning algorithm also require the regulating
market prices as an input data. For each spot price scenario (from
block 2), a pair of regulating price scenarios (upwards and downwards
regulation prices) is generated. The regulating prices are modeled with
Auto Regressive Integrated Moving Average (ARIMA) series (block 8). The
scenario reduction technique is used to reduce number of scenarios.

In addition to the coming day the rest of the current week is also included
in the planning (block 3 and block 9) for two reasons:

e To account for the wind power that might be produced during the
following days in the re-planning part of the planning algorithm.

e Hydro reservoir content at the end of the week is fixed in accordance
with the mid-term planning, [41];.
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It is possible to use a more flexible representation of the end conditions
for hydro reservoirs. In the short term hydro planning the so-called water
value function is often used. The water value function shows the expected
future income of the hydro power utility as a function of hydro reservoir
content [41]. However, in a discussion with hydro producers, it was pointed
out that by using the water value function the effect on operation of the
hydro power system from coordination with the wind farm would extend to
longer periods. Operation of the hydro power system would then be strongly
affected by coordination with wind power. By fixing reservoir content at
the end of the week to a certain value, the effect of coordination does not
extend beyond that week, although it might negatively affect wind energy
curtailments.

In Publication F only the planning for the spot market is considered,
spot prices are assumed deterministic. The base case planning part (block
3) is formulated as deterministic linear optimization program. In the
re-planning part also only the planning for the spot market is considered,
block 8 is thus excluded from the flow chart in Figure 6.1. The re-planning
problem (block 9) is formulated as a stochastic optimization program - many
wind power production scenarios are considered simultaneously. However,
once the hydropower production bid is placed on the market it cannot
be changed. The solution of the stochastic optimization problem should,
therefore, fulfill the transmission constraints for all wind power production
scenarios, so-called "fat solution", [56].

In Publication G the planning algorithm from Publication F is further
improved?. The base case part of the planning algorithm is optimization
under spot price uncertainty. This part is formulated as a stochastic
program. In the re-planning part the planning for the spot market
is conducted considering coordination with wind power and, as wind
power production is uncertain, hydro power production adjustments are
also planned for each wind power production scenario. Bids for these
adjustments can be made as upward or downward regulation bids to the
regulating market during the day when wind power production forecast
would become more precise. The optimization problem is then formulated
as a two-stage stochastic program with recourse [56] and hydro power

3Since Publication G gives further improvement to the algorithm developed in
Publication F, in the following section the modeling details for the planning algorithm
from Publication G are presented.
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production adjustments are recourse variables. The uncertainty of power
market prices is also considered.

In addition to the planning algorithm discussed above, an evaluation
algorithm has also been developed to quantify the impact from the
coordinated daily planning on the operation of the HPP system and the WF
in the long term. The purpose of this algorithm is to run the coordinated
daily planning successively day by day over a certain period of time (e.g.,
one year). For evaluation it is convenient to choose some period in the past,
so that actual power market prices and wind speeds would be available. The
coordinated and uncoordinated operation could then be compared.

6.4 Mathematical formulation of the planning
algorithm

6.4.1 Base case hydro power production planning

This subsection discusses modeling details of the base case hydro power
planning part, without consideration of wind power, (block 3), Figure6.1.

Generally, hydropower production is planned differently by different
utilities. There is a large variation in modeling for example the degree of
details and representation of uncertainties. Furthermore, actual operation is
not always in accordance with production plan because of unexpected events,
for example generator outages or participation in the regulating market etc.

The hydro power production characteristic of each unit in a hydro power
plant is a family of nonlinear functions of the respective reservoir head,
efficiency of the turbine/generator set and water discharge. The generation
functions of all production units form a family of nonlinear and nonconcave
production curves each for a specified value of the water head [25].

In most short-term planning methods the head dependence is neglected
to avoid nonlinearities, which allows to use a single production curve.
Furthermore this single production curve is usually approximated by either:

e modeling just the best local efficiency points, Figure 6.3, which leads
to linear mixed-integer optimization problem, [70], or

e modeling production curve without head dependance, by a concave
piecewise linear function, e.g., one of the linear functions in Figure 6.3.
This leads to linear optimization problem, [47].
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A more detailed method is presented for example in [25]|, where head
dependence is considered and production characteristic is represented as a
family of nonconcave piecewise linear functions each for specified value of
the head, Figure 6.3.

Linear stochastic optimization problems can be solved in reasonably short
time, in contrast to linear mixed-integer or nonlinear stochastic optimization
problems.  Also, the main focus in this thesis is not on hydro power
planning itself but on coordination with wind power in hydro power planning.
Therefore, the hydro power production characteristic is approximated by
one concave piecewise linear function. The local best efficiency of the
actual generation function and the point of maximum discharge are used as
breakpoints. The slope of each linear segment is called production equivalent,
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Figure 6.3: Hydropower generation as a function of discharge. Generation
functions are shown for three different reservoir levels (RL), RL; < RLs <
RL3

Water inflow uncertainty is neglected in the most short term planning
methods in order to shorten computational time, e.g., in [25], [70]. Water
inflow uncertainty is also less significant in the short term compared to, e.g.,
uncertainty associated with power market prices. Therefore water inflow
uncertainty is usually considered in the mid-term or long term planning [41].

The stochastic optimization (block 3) finds an optimal decision, i.e.,
hydro power production bids to the spot market for each spot price scenario.
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The stochastic decision process then has the same tree structure as the spot
price scenario tree.

Hydrological constraints

The hydrological constraints describe the couplings between the adjacent
HPPs in the multi-reservoir hydro power system.

zi (k+1,n) = zi(k,n) Z uis(k,n) — yi(k,n) + w;(k)

SES;
+ Z Zujs(k—nj,nnj)+yj(k—nj,nnj) ;
JEQ; SESj
V iel,Vke K,Vn e Ny (6.1)

where z;(k+1,7), uis(k,n), ujs(k,n), yi(k,n), yj(k,n), z;(k,n) are variables,
w;(k) is a parameter; Ny is a subset of nodes of the spot price scenario tree
at hour k; n is a child node of node n, nr,; is relative node of node n at hour
k — 7;;, Figure 6.2.

The reservoir content of the particular HPP is affected by water spillage
and discharge of the HPPs directly upstream. The delay time 7;; between
HPP j and HPP i directly downstream is assumed to be defined in H; hours
and Mj; minutes. The discharge considering the delay time is then expressed
as:

Ujs (k — Tji, n’rij) ](\340 Ujs (k H L, nHj_l)
O s (k= Hyonm,) Vi € Qus €

k. e€eK,Vne Nk_nj (6.2)
By analogy, the spillage considering the delay time can be determined [89].
Transmission constraints
Power transmission from the studied site is limited, therefore:

> uis(k,n)pis — D(k) < Pra, Vk€ K,Vn € Ny (6.3)
1€l sES;
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where D(k) is hourly load in the studied site and Pjy is power transmission
limit from the studied site. Both parameters are assumed deterministic in
this paper.

Fixed values

The initial reservoir content is assumed known and reservoir content at the
end of the ongoing week is fixed in accordance with the mid-term production
planning, as discussed in section 6.3:

2:(0) = af; (6.4)

wi(nv Klast) = xéa‘StVn S Nk; (65)

Variable limits

There are also reservoir content, spillage and discharge limitations:
0 <zi(k,n) <z;; 0<y(k,n) <y Viel Yke K,Vne Ny (6.6)

0 <wuis(k,n) <ws, Viel, VseS;, Vke K,YVn € Ny, (6.7)

Objective function

The objective of the hydro power producer is to maximize the expected
income from produced power:

max 2? = Z Z c(k,n)p"(k,n) Z Z wis(kym) s, (6.8)

ke K neNyg i€l seS;

where u;s(k,n) is the water discharge at hour k, at node n of the decision
scenario tree, at a power plant ¢, in a segment s of the production function;
c*(k,n) is a spot price at hour k, at node n of the spot price scenario
tree, D o1 D es, Wis(kyn)pis is, the power that the hydro power producer
would bid on the spot market at hour k, for the price ¢*(k,n), p"(n) is the
probability of the node n

To summarize, the optimization model is as follows: maximize the
objective function (6.8), subjected to the constraints (6.1), (6.3)-(6.7).

As it is mentioned in section 6.3 it is also possible to use so-called water
value function instead of fixing reservoir content at the end of the week. The
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objective function is then a trade off between using the water now or storing
it for the future:

maxz? = Z Z cs(k,n)pn(n)zZuis(k,n)ﬂis

ke K neNy i€l s€S;

NI Y ") wi(Kigst + 1,n)v; (6.9)

neN(Klast+1) el

where ¢f is estimated price for future power generation, v; is future
production equivalent of a power plant 3.

The optimization problem would thus be as follows: maximize the
objective function (6.9), subjected to the constraints (6.1), (6.3)-(6.4) and
(6.6)-(6.7)".

This subsection has presented the modeling details for the base case
part (block 3) of the planning algorithm, Figure 6.1. The results of the
base case hydro power planning (block 4): planned water discharge, HPP
production, spillage, reservoir content - are passed as parameters to the
re-planning program that includes coordination with wind power (block 9).

6.4.2 Wind power forecast error scenarios

In the re-planning part of the planning algorithm, the hydro power plants
are coordinated with a wind farm. Thus, wind power production should be
considered. Day ahead wind power production cannot be predicted with
certainty. In this thesis wind power production scenarios are generated
(blocks 5-7) and used as input data for the re-planning part of the planning
algorithm.

Presently, there are many different techniques for wind speed forecasting,
see [67] for review. In this work a wind speed forecast for the planning day
is assumed to be available.

A model for wind speed forecast error (block 5) is developed in [88].
It is assumed that data concerning accuracy of the forecast are available.
The model then simulates possible outcomes of the wind speed forecast
error whose stochastic properties are close to those of the actual wind speed

“Definition of the optimization problem, using water value function is not included in
Publications F and G.
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forecast error. The model is based on ARMA, [19], defined as:

AV(0) =0; Z(0)=0
AV(k) = aAV (k= 1)+ Z(k) + 8Z(k — 1) (6.10)

where AV (k) is wind speed forecast error in k-hour forecast, Z(k) is random
Gaussian variable with standard deviation oz, a and (8 are the parameters.
These are identified using the least square fitting, minimizing a difference
between sample forecast error variance, based on data from the site, and
modeled forecast error variance, see [88] for details.

An example of the standard deviations of the actual forecast error and
the forecast error modeled with ARMA series are shown in Figure 6.4. In
this example real wind speed data and forecasted wind speeds for 2003 for
East Denmark are used. For each hour of the year there were one actual
wind speed and one wind speed forecast available for the estimation of the
parameters of ARMA series.
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Figure 6.4: Standard deviations of the real wind forecast error (*) and
standard deviations from ARMA series with a = 1.0073, 8 = 0.0327, and
oz = 0.1372 (solid line)

By sampling from the ARMA model (6.10) the set of wind speed forecast
error scenarios can be generated. Equal probability is assigned to each
scenario. The wind speed forecast error scenarios form a scenario tree.

A possible outcome of wind speed forecast error AV (k), corresponding to
hour k£ and node m of the forecast error scenario tree is denoted Av(k,m). A
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wind speed v(k,m) at hour k and node m of the scenario tree is calculated as
a sum of wind speed forecast error Av(k,m) and wind speed forecast v/ (k)
for hour &:

v(k,m) = v/ (k) + Av(k,m),¥Ym € Mj, (6.11)

where M}, is a subset of nodes of the forecast error scenario tree at hour k.

Obtained wind speed scenarios are then converted to wind power
production scenarios (block 6) using power curves of the respective wind
turbines of the WF, see subsection 5.3.2 . Wind power production scenarios
form a scenario tree with the same structure as the wind speed scenario tree.
Wind power production at hour k, node m of the wind power production
scenario tree is denoted P, (k,m).
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Figure 6.5: Example of wind power production scenarios for 60 MW wind
farm for the planning day (Thursday in this example) and for the rest of the
ongoing week included in planning

The wind power scenario model is only applied for the planning day
that is for k& < Kﬁl‘fé. Wind power forecasts for a longer time horizon are
highly unreliable. For the remaining days of the current week included in
the planning, monthly average wind power production P2 is used instead
of wind power scenarios °, shown in Figure 6.5. It is calculated from the

monthly average wind speed derived from statistical data.

5In the following subsections the equations are written in general form, however, for
all k> K P, (k,m) should be substituted by P2

last
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6.4.3 Power market price model
Regulating market price model

This subsection discusses block 8 in Figure 6.1. The model for generation
of regulating market prices is based on ARIMA series [17] and Markov
processes [76]. This model is fully described and motivated in 78] and a
brief description follows.

The regulating market price series used in this thesis are characterized
by the following;:

e There are different prices for upward and downward regulation.

e Not all hours have defined upward and /or downward prices. The prices
are defined if the corresponding quantities of regulating power is larger
than zero.

e The occurrence of upward and downward regulating prices are
negatively correlated.

o If defined, the regulating prices have bounds set by the spot price: the
upward price is always higher and the downward price is always lower
than the spot price.

The models for upward and downward regulation are partly separate, but
are based on the same mathematics. The developed regulating power price
model takes the occurrence of undefined prices into account by modeling the
regulating power prices for hour k as

v | oa(k), b(k) =1,
¢'(k) = { not defined, b(k) =0, (6.12)

where b(k) is a binary stochastic variable. The continuous part of the model,
a(k), is modeled using an ARIMA process, while the discrete part, b(k), is
modeled with a Markov process.

The continuous part reflects the behavior of the prices when they are
defined and can be expressed in terms of the spot price and the difference
between the spot and regulating price as a(k) = ¢*(k)+4d(k). The spot prices
c*(k) are known at this stage, while d(k) are stochastic variables modeled
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with an ARIMA(2,1,2) process:

(1= B)®(B)(0(k) — ") = ©(B)Z(k),
®(B) =1—¢1B — $2B, (6.13)
O(B) =1+ 6,B + 0B

The correlation between the occurrence of upward and downward prices
are handled by using Markov processes to model b%(k) and b%(k), i.e.,
b(k) for upward and downward respectively. Four states covering all
possible combinations of b*(k) and b%(k) can be identified: (b"(k),b%(k)) =
{(0,0),(0,1),(1,0),(1,1)}, with associated probabilities for transition
between states.

The parameters of a(k) and b(k) are estimated by using historical price
series, see |78] for details.

Power price scenario tree

As it is described in subsection 6.3, the planning is conducted before the spot
market closure, and the uncertainty of spot prices, upward and downward
regulating prices should therefore be considered. The stochastic power
market price process is then three-dimensional:

¢ ={C%(k), CUk), C*(k); Yk € K}, (6.14)

where C*®(k) denotes the stochastic spot price at hour k. The regulating
price model described in the previous subsection requires that the spot
prices are known when generating the regulating price scenarios. In this
model, observed historical price series spot market are used as spot price
scenarios. From each spot price scenario, one upward regulation price
scenario, and one downward regulation price scenario are generated by
sampling from the ARIMA model presented in the previous subsection.
Therefore three different types of prices in the expression (6.14) are available.
Equal probability is assigned to each power market price scenario. The
power market price scenarios form a scenario tree. An outcome of the
three dimensional stochastic market price process &, corresponding to
hour k& and node n of the power market price scenario tree is denoted

c(k,n),ct(k,n),c*(k,n).
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6.4.4 Scenario reduction and bundling

Wind power production scenarios (blocks 5-6) and power price scenarios
(blocks 2 and 8) generated as described in the previous subsections form
the scenario trees. To assure that stochastic properties of the process are
represented correctly many scenarios should be generated.

The computational effort for solving scenario-based optimization models
depends on the number of scenarios. Therefore it is necessary to reduce the
original scenario tree so that it would have a smaller number of scenarios but
stochastic properties would not be changed more than necessary compared
to the original scenario tree.

The scenario reduction approach applied here (block 7) is presented in
details in [51] and [29]. The method is based on comparison of the probability
distance between sample probability distribution of the original scenario
tree, P, and sample probability distribution of the reduced scenario tree,
Q). The probability distance trades off scenario probabilities and distance
between scenario values. This method uses the Kantorovich distance, Dy,
of probability distribution. For discrete probability distributions with finitely
many scenarios the Dy is found by solving:

k(P,Q) = pi %M@i,fj), (6.15)

ieJ

where ¢ = {£,} | is n-dimensional stochastic process with the probability
distribution P, which is approximated by finitely many scenarios £ =
{{,i}szl, i = 1,...5 and their probabilities p;; @Q is reduced probability
distribution of &, i.e., support of @) consists of scenarios &, j € {1...S}
and J denotes the set of reduced scenarios, J C {1....S}.

K
cr(€,8) =16 - &), (6.16)
k=1
where | - | denotes some norm on R”, ie., cx measures the distance

between scenarios on the whole time horizon.
The probabilities of the scenarios in the reduces scenario tree are
calculated as:

G=pit+ > b (6.17)
i€J(5)

where J(j) ={i € J : j = j(i)},j(i) € argminjg 7 cx (£, 67),Vie T
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In this reduction method it is possible either to reduce a fixed number of
scenarios or to use a tolerance criteria to decide how many scenarios should
be reduced. The tolerance criteria represents the difference between the
original scenario tree and reduced scenario tree.

The reduction algorithm presented in [51] allows to recursively reduce the
number of nodes in the scenario tree and also modify the tree structure by
bundling scenarios by successive scenario reduction technique. The algorithm
compares the Kantorovich distance of original and reduced subtrees on
{1,.,K},k = K,K —1,...,2,1 and deletes nodes if the reduced tree is
still close enough to the original, Figure 6.6.

< =

Figure 6.6: Construction of a scenario tree by successive scenario reduction
and bundling

Summarizing, subsections 6.4.2, 6.4.3 and 6.4.4 has presented the models
for the input data (wind power production scenario tree, power market price
scenario tree) to the re-planning part (block 9) of the coordinated planning
algorithm.

6.4.5 Hydro power re-planning coordinated with wind
power

This subsection discusses the re-planning part (block 9) of the planning
algorithm, Figure 6.1. If, according to the base case hydro power production
plan (block 4) and wind power production scenario (block 7), transmission
congestion is expected, then planned hydro power production could be
decreased, in order to allow the WF to use available transmission capacity.
For each hour k the subset of node combinations (n,m) of the market
price scenario tree and the wind power production scenario tree, at which
congestion on the transmission lines is expected, can be defined from the
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following condition:

if Z Z pistis(k,n) + Py(k,m) — D(k) > Pia,then k,n,m € K(n,m).
i€l. s€S;
(6.18)
For each hour k the subset of node combinations (n,m), at which no
congestion on the transmission lines is expected, can be defined from the
condition:

if Z Z pistiis(k,n) + Py(k,m) — D(k) < Pia,then k,n,m € K"(n,m),
i€l s€S;

(6.19)
where Zielc ZSESZ' Wistis(k,m) is planned hydro power production in a plant
i, at hour k according to the base case, P,(k,m) is potential wind power
production at node m of the wind power production scenario tree, at hour
k and Py is available transmission capacity.

It is assumed that the hydro power producer is paid for reducing power
production at the stations I., which are sharing the transmission capacity
with the wind farm, as this relieves congestion on the transmission lines
and allows the WF to produce energy that would otherwise be curtailed.
The price ¢, SEK/MWHh, is estimated as yearly average economic losses of
the wind power utility due to wind energy curtailments, based on historical

data:
< Drer, (k) (Xier, P (k) - Py(k) — Pi2)
Ykek, (Zier, PI'(k) + Pl(k) — Pr2)
where P! (k) is hydro power production in stations I, without coordination,
obtained from historical data, PU’;‘(IC) is wind power production calculated
from historical wind speed data and ¢*(k) is a spot price for the same period
in the past. The numerator corresponds to the economical losses due to
wind energy curtailments according to historical data and the denominator
corresponds to total wind energy curtailments in that period. Thus c is
the upper limit for the price that the wind power utility is prepared to
pay the hydro power utility for the coordination. The exact value of the
coordination service price depends on the agreement between the wind power
utility and the hydro power utility. More flexibility could be added, for
example by estimating ¢ as monthly average economic losses due to wind
energy curtailments. Different value of ¢ would then apply to each month.
The stochastic optimization (block 9) determines an optimal decision
that is hydro power production bid to the spot and regulating markets

(6.20)
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for each combination of power market price and wind power production
scenarios. The stochastic decision process then has a tree structure consisting
of combinations (n,m) of nodes of the market price scenario tree and wind
power production scenario tree as shown in Figure 6.7.
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Figure 6.7: Schematic structure of the scenario tree

Hydrological constraints

In the re-planning part of the planning algorithm two new variables are
introduced: additional discharge Aw;s(k,n) and power production decrease
AP;s(k,n). The new variables make it possible to track changes in the
coordinated production plan compared to the base case plan. Additional
discharge Au;s(k,n) converted to power and power production decrease
AP;s(k,n) are added to the hydro power production bids to the spot
market calculated in the base case planning. The details are explained
bellow, when defining objective function. Also, as wind power production
forecast is uncertain, hydro power production adjustments are planned
for each wind power production scenario, PiF(k,n,m) and PZ(k,n,m).
Bids for these adjustments can be made later during the day as upward
or downward regulation bids to the regulating market, when wind power
forecast would become more precise. The re-planning is thus formulated as
a two-stage stochastic optimization program with recourse [56] and hydro
power production adjustments are the recourse variables. The recourse
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variables will emerge in the transmission constraints, as will be shown
further.

SES;

+ Y D whs(k = Tiginey) + yi(k = Tig, )

JEQ; SESj
SES; His
_ Z Z APjs(k_Tji7n7—ij)+P_j1;p(k_Tji7nTij7mTij)
jEQ; s€S; His
Pa (k — Tji, Mgy, mr, )
+ Z Z ( Js jl' Tij Tij +Auj5(k_Tji’nTij)>
jGQi SGSZ' ,u]s
Viel, Vke K, Vn € N.,Vm € M, (6.21)

Here discharges wis(k,n),ujs(k,n) and spillages y;(k,n),y;(k,n) are
already known parameters calculated in the base case planning (blocks 3-4)
and other quantities are variable. The last three rows in (6.21) include
the effect on the hydro reservoir content from the hydro power production
reduction and from the disposal of stored water, in the local station and
the stations directly upstream. The hydro power production reduction
AP;s(k,n) and upward and downward adjustments for the regulating market
PP (k,n,m) and PZ(k,n,m) are in MW. However the reservoir content in
the hydrological constraints is expressed in hour equivalents (HE). Therefore
APis(k,n), P?(k,n,m) and PZ(k,n,m) are converted to the corresponding
water discharge in HE, using the production equivalent u;s of the plant i,
segment s of the production function, see Figure 6.3.

For the rest of the current week included in the planning,
Ki‘g < k < K, deterministic prices and wind power production
are assumed, subsection 6.4.2 , however, the decision variables in the last
hour of the planning day differ, depending on market price scenarios and
wind power production scenarios. Thus, the decision scenario tree from the
last hour of the planning day till the end of the week will still consist of
parallel branches, each emanating from one scenario dependent state in the
last hour of the planning day, Figure 6.7.
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Transmission constraints

Formulating the transmission constraints, let us, first, consider the situation,
where planning for the spot market only is done (Publication F); and
the production plan, once submitted to the spot market, could not be
changed during the day. This means that the solution of the stochastic
optimization problem should satisfy all constraints at any outcome of wind
power production scenarios, the so-called "fat solution", [56].

In the coordinated planning, hydro power production at the stations I.
should only be reduced during the congestion on the line, in order to decrease
wind energy curtailment.

Z Z AP;s(k,n) < Z Z pistis(k,n) + Py(k,m) — D(k) — Pya,

1€l s€S; i€l SES;
Vk,n,m e K(n,m). (6.22)

Constraint (6.22) states that stored wind energy should be less than or equal
to potential wind energy curtailment during the congestion situation (6.18).
Here for each hour £ the minimal wind power production scenario determines
the solution. The excess wind power, compared to minimal wind power
production scenario, would be curtailed in the real time operation in order
to meet the transmission constraint.

Conversely, during the hours when no congestion on the lines is expected
as expressed in equation (6.19), additional hydro power production should

not exceed the transmission capacity margin:

Z Z Auis(ka n)ﬂis < P12 + D(k) - Z Z ,uisuis(kan) - Pg(k‘,m)a
i€l seS; i€l seS;
Vk,n,me K"(n,m). (6.23)

In this constraint for each hour k the maximal wind power production
scenario determines the solution and this corresponds to reserving higher
transmission capacity for the wind, when no congestion is expected in the
transmission line.

Obviously the constraints (6.22) and (6.23) would lead to higher wind
energy curtailments on the one hand and less intensive utilization of the
transmission capacity on the other. These constraints do not include the
flexibility that is offered in the presence of the regulating market.

Now let us assume that after the outcome of wind power production,
Py (k,m*), becomes known the violation of transmission constraints (6.22)
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and (6.23) can be compensated by respective decrease or increase of hydro
power production. These hydro power production adjustments are assumed
to be traded on the regulating market, shortly before the operating hour, i.e.,
when more precise wind forecast is available. The transmission constraints
(6.22) and (6.23) should then be rewritten as follows:

Z Z APis(k,n) + Pl-‘i(k:,n, m) < Z Z Wistis(k,n)

i€l. s€S; i€l. s€S;
+Py(k,m) — D(k) — Pia, Vk,n,m € K(n,m), (6.24)

SN Augg(k,n)pis + PP (k,n,m) < Pry + D(k)
i€l. s€S;
- Z Z /Lisuis(k‘a n) - pw(ka n, m)7
i€l seS;
Vk,n,me K"(n,m). (6.25)

P! (k,n,m) and PZ(k,n,m) are recourse variables, corresponding to upward
and downward power production adjustments at power plant ¢, segment
s of the production curve, at hour k, at node combination (n,m). Such
constraints better represent the flexibility of the power market and would
lead to lower energy curtailments.

If transmission is not congested, no additional energy is stored in hydro
reservoirs of the I. stations:

> > APi(k,n) + Pi(k,n,m) =0
i€l SES;
Vk,n,me K"(n,m) (6.26)

Otherwise, if transmission is congested there should be no additional
hydropower production in the I. stations that is:

Z Z Auis(k,n)pis + PrF (k,n,m) =0
i€l s€S;
Vk,n,me Kn,m) (6.27)

Average wind power production is assumed from the end of the planning
day until the rest of the week, instead of wind power production scenarios,
Figure 6.5.
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Fixed values

As average wind power production is assumed for the rest of the week
included in planning, see subsection 6.4.2, the adjustment bids to regulating
market are not considered for this period.

PP(k,n,m) = 0, PL(k,n,m) =0, Vk > K™ (6.28)

last

Initial reservoir content is assumed known, as in (6.4):
z;(0,n,m) =z, ¥Yn € Nog,m € M (6.29)

The reservoir content at the end of the planning period is fixed in accordance
with mid-term production planning, similar to (6.5) :

z;i(Kiast, n,m) = xﬁ““, Vn e Ng,,,,.m € Mg,,., (6.30)

Variable limits

There are also reservoir content limitations, similar to base case part of the
planning (6.6) and (6.7):

0 <zi(k,n,m) <z, Viel Vke K, Vne Np,m e My (6.31)

The decrease of discharge should not exceed planned discharge wu;s(k,n)

Y

according to the base case part:

Apis(k7 n) + szls(k7 n, m) S uis(k7 n),u’i&
Viel, VseS;, Vke K, Vn € Ng,m € My, (6.32)
Also, water discharge should always be within the limits set by technical and
environmental constraints that is:
4 Pizép(kv n, m)

15

Viel VseS;, Vke K, Vn € Np,m € My (6.33)

Auis(k,n) < U5 — uis(k,n),

The new variables, introduced in coordinated planning, should be positive:

Auis(k,n), APs(k,n), Pfé(k:,n, m), Rzp(k,n,m) >0
Viel, VseS;, Vke K, Vn € N,m € M, (6.34)
Additional water spillage due to energy storage in hydro reservoirs is not

allowed in the coordination strategy. It seems meaningless to integrate wind
power if it results in energy curtailments at other power plants.
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Objective function

The objective of the hydro power producer is, as in the base case planning
(6.8), to maximize the expected income of the hydro power producer:

max 2/ = 2¢ 4 2% — 24 (6.35)
where z¢ is the expected income from trading on the spot market and
from coordination with wind power and 2% and z“P are expected recourse
costs/income from trading respectively downward and upward hydro power
production adjustments on the regulating market. These are defined as
follows:

2¢ = Z Z c(k,n)g’(k,n) + Z Z ¢ - APis(k,n) | p"(n), (6.36)

ke K neNy i€l. s€S;
2% = Z Z Z (k,n,m) - p™(n) - p™(m) - ¢*(k,n), (6.37)
ke K neEN me My

2= > a(knem) - pt(n) " (m) - P (k,n), (6.38)

ke K neEN me My

where ¢*(k,n), ¢%(k,n,m) and ¢“P(k,n, m) are bids on the spot market and
downward and upward regulation bids on the regulating market respectively.
These are defined as follows:

=> > ((uislk, n) + Auge(k, n))pis — APis(k,n)),  (6.39)

i€l seS;

¢*(k,n,m) = ZZPdknm (6.40)
i€l seS;

P(k,n,m) ZZP“pknm (6.41)
i€l s€S;

where P/ (k,n,m) and PZ(k,n,m) are upward and downward adjustments
at HPP ¢ and segment s of the production function.

The hourly bids to the spot market are assumed to consist of quantity
¢*(k,n) in MWh per hour k at price ¢*(k,n) in SEK/MWh. Bids to the
regulating market are assumed to be made as close to the operating hour
as possible (e.g., regulating market closure in Nordic market is half an
hour before the operating hour, section 2.4). Thus, it is assumed that the
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realization of wind power production scenario P, (k,m*) for the operating
hour k is known with certainty and corresponding quantities ¢¢(k, n, m*) and
q"P(k,m,m*) can be chosen to bid on the regulating market.

Summarizing, the re-planning program is formulated as follows:
maximize the objective function (6.35), subject to the constraints (6.21),
(6.24)-(6.34) and (6.36)-(6.41).

If water value function is used, instead of fixing the reservoir content
at the end of the week, the objective function (6.35) would be changed as
follows:

max 2% = 2¢ 4 2P — 29 4

+¢f Z Z p"(n)p™(m) Z i (Kigst + 1,m,m)y;

neN(Klast+1) meM(Klast+l) icl

(6.42)

The optimization problem would thus be as follows: maximize the
objective function (6.42), subjected to the constraints (6.21), (6.24)-(6.29)
(6.31)-(6.34) and (6.36)-(6.41)5.

This subsection has presented the modeling details for the re-planning
part (block 9) of the planning algorithm, Figure 6.1. The results of
the re-planning part of the optimization: re-planned water discharges,
re-planned HPP production to bid on the spot and regulating markets, new
reservoir content at the end of the day (block 10).

Y

6.4.6 Evaluation

It is important to evaluate the long term impact of the coordinated planning
algorithm presented above on the operation of the hydro power utility and
the wind power utility. In this thesis the evaluation algorithm is developed
for this purpose, Figure 6.8.

For each day in the evaluation period the coordinated planning is done
according to Figure6.1. The results of the optimization: re-planned water
discharge, water spillage, reservoir content at the end of the day (block 10).
These are stochastic decision variables. In order to find the outcome of the
decision variable one needs to know the actual outcome of wind speed as well

SDefinition of the optimization problem, using water value function is not included in
Publications F and G.
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as spot and regulating market prices. It is therefore convenient to choose a
period in the past for the evaluation, thus, the actual wind speed and market
prices would be already known for the whole period. Hence, total re-planned
water discharges u!%(k,n*, m*)7, water spillage y(k,n*), reservoir content at
the end of the day a:(Ké‘éjf + 1,n*,m*) can be chosen from the solution of
the coordinated planning, (n*,m*) is the combination of the nodes of the

decision scenario tree, Figure 6.7, corresponding to actual realization at hour
k.

Preceding discharge,
preceding spillage,
Initial and final

reservoir content,
Hourly inflow

Hourly inflow,
spot prices, final
reservoir content

day=day+1

ARIMA regulating price
scenarios, based on spot
price scenario (block 2),
Price scenario reduction

Planned discharge,
spillage, reservoir
content, HPP pro-
duction scenario

Wind power scenario
reduction and bundlin

Hydro power planning
coordinated with wind
(stoch. optim)

Re-planned dis-
charge, spillage,

reservoir content,
HPP production

short-term HPP
production planning

YES

Figure 6.8: Evaluation algorithm of the short term hydro power production
planning coordinated with wind power (evaluation period 1 year)

Actual daily income of HPP system is calculated substituting actual
power prices and wind power production as follows:

Tut?t(k,n*,m") corresponds to total discharge, i.e., includes base case discharge and

the discharge changes due to coordination
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Ztot — 2O Zd,

2t = Z cs(k:)qs(k,n*)+z ZC’APis(k7n*)7

keK i€l. s€S;

2= 3 g hont,me) - k),
keK

2= ST P (k0 m*) - P (k), (6.43)
keK

ul%(k,n*, m*), x(Ké‘;Zt +1,n*,m*), y(k,n*) are then used as input data for
the next day planning. The cycle continues until the end of the evaluation
period as shown in Figure 6.8.

For comparison the uncoordinated planning for the same period of time
should be performed. The same work flow as in Figure 6.8, excluding the
blocks 5-10, is used. As above, the decision variables (discharge, spillage,
reservoir content) are chosen here depending on the actual values of the spot
prices and passed to the next day as input data.

Actual daily income of HPP system is then calculated substituting actual

power prices as follows:

2= Z c*(k,n*) Z Z wis(ky n™) pis (6.44)

keK i€l seS;

where n* is the node of power price scenario tree, corresponding to actual
realization of the spot price at hour k.

To evaluate the impact of coordination on the wind power utility WF
production and income of the utility are calculated for each day in the
evaluation period, for the coordinated and uncoordinated cases. In both
cases during the hours without transmission congestion (6.19) all wind power
production that correspond to actual realization m* of the wind speed
v(k,m*) at hour k can be fed to the grid. In hours with transmission
congestion (6.18) wind power production can be at most equal to the
available transmission margin, calculated as a difference between available
transmission capacity and actual hydro power production. The daily income
of the wind power utility is calculated separately for hours with and without
transmission congestion. In coordinated case wind power utility is assumed
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to pay hydro power utility for each MW of transmission capacity that is
made available due to coordinated planning, see subsection 6.4.5 :

ZTULUC - Z Cs(kjn*)]sw(kjm*)’\dk € Knc(n*7m*) (645)
keK

2 = 3 ) (Pro = q*(kn*) = Pk n*,m*) + (K, mig.6)
keK

=333 ¢ AP(k,n*), Vk € Ko(n*,m") (6.47)

keK icl. seS;

Hence, the total daily income of wind power utility is
Y =z 4z (6.48)

To calculate the income of wind power utility in the uncoordinated case
same equations (6.45) and (6.46) are used but ¢“?(k,n*,m*), ¢*(k,n*, m*),

AP;s(k,n") are equal to zero, and ¢°(k,n") = > .1 > cq. wis(k, n")fis.

6.5 Case study

The developed planning algorithm is tested in a case study. The case study
is based on the actual case where a company is interested in building a WF
in the mountainous area in northern Sweden near the Norwegian border.
The capacity of the planned wind power installation is 30 to 90 MW. The
wind conditions are very good in this area but the transmission capacity of
the lines is limited to 350 MW. On the Swedish side of the border 250 MW
is reserved for hydro power production from five HPP stations on the Ume
river and the other 100 MW is reserved for power exchange with Norway.
Although the power line is not always utilized to 100%, the connection of
the WF has been rejected |74].

In the case study nine stations of the Ume river shown in Figure 6.9
are modeled and production of the five upper stations with a total installed
capacity of 250 MW are assumed to be coordinated with a 60 MW wind
farm®. These stations and the wind farm are sharing 250 MW of the
transmission capacity.

8In the "pre-feasibility" study of the wind-hydro coordination (Publication E) cases
with 30, 60 and 90 MW wind power, were tested
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A M

Figure 6.9: Studied HPP system of Ume river

The methods developed in this thesis and presented in previous
subsections are applied to this case study. However the assumptions and
available input data differ between Publications E,F and G. In the next
section, the main findings and conclusions of the case study are summarized
from these three publications. A reader is suggested to consult the respective
publications for the further details.

6.6 Conclusions

In Publication E, the pre-feasibility study of coordination possibility was
conducted. Three different coordination strategies were modeled for the
case discussed in the preceding section. Water inflow data, wind speed data,
power prices from 2001 were used as input data. HPP system operation
was simulated for a period of one month. The results of the coordinated
strategies were compared to HPP system operation, without coordination
for the same period.

The results of the conducted pre-feasibility study has proven that it
is possible to find strategies, which make installation of wind power near
a hydro power system profitable for all parts (hydro power owner, wind
power owner and the system operator) involved. Three strategies were tested
and compared to the case when no coordination strategy is applied. In all
three coordination strategies the wind energy curtailments are significantly
reduced. Coordinated regulation results in more transferred power in the
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existing network. Water spillage could also be reduced due to coordination.
It is difficult to conclude which of the tested strategies is the best due to short
simulation periods and also as the effect of each strategy on the involved
actors is different. The decision on which strategy is the best totaly depends
on acceptance of the involved parts.

In Publication F the planning algorithm Figure 6.1 (excl. block 8) is
also applied to the same case study. Here only the planning for the spot
market is considered, spot market prices are assumed deterministic. These
simplifications lead to rather short computation time, allowing to evaluate
the developed coordinated planning method for a period of one year or more.
The case study has shown that for the whole year wind energy curtailment
is reduced from about 38 GWh in the uncoordinated case to about 17 GWh
in the coordinated case, i.e., more than 50 %. Some wind energy curtailment
still prevails due to the technical limitations of the considered HPP system
and also due to the fact that only the spot market is considered in the
planning. For the whole year the difference in income of the studied HPP
system between the coordinated and the uncoordinated cases is 5.5 x 106
SEK.

If water value function is included in the objective function, instead of
limiting the reservoir content at the end of the week, the advantage of the
HPP system from the coordination about is 13% higher, than above, but on
the other hand wind energy curtailments are increased to 60%.

The income of the wind farm owner in the uncoordinated case and in the
case with coordination is almost the same, due to the fact that maximum
price for coordination service (6.20) is applied in this case study. In practice
this price should be based on agreement between HPP and WF owners and
should be less than the maximal value.

The results of the case study in Publication F has confirmed that "fat
solution" of the stochastic optimization problem, leads to unnecessary wind
energy curtailments during congestion hours and to reserving excessive
transmission capacity in other hours. Thus, in Publication G the possibility
to trade on the regulating market is also included in the planning algorithm.
The market prices are represented with 3-dimensional scenario tree, as
discussed in section 6.4.3. This improved planning algorithm is applied
to the same case study as before. Due to longer computation times, the
period of one week was chosen to evaluate the improved coordinated planning
algorithm. Wind energy curtailments are reduced during the studied week
from 1414 MWh in the uncoordinated case to 372 MWh in the coordinated
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case, i.e., by almost 75% (for comparison, with planning algorithm in
Publication F for the same week, wind energy curtailments are reduced from
1312 MWh in the uncoordinated case to 659 MWh in the coordinated case,
i.e., by about 50%). Some wind energy curtailment still prevails due to the
technical limitations of the considered HPP system.

For the studied week the income of 9 HPP stations of Ume river is
1.6 x 10" SEK in uncoordinated case and 1.9 x 10" SEK in case if hydro
power planning is coordinated with the WF (for comparison, with planning
algorithm used in Publication F for the same week, the income of 9 HPP
stations of Ume river is 8.9 x 10% SEK in uncoordinated case and 8.7 x 10°
SEK in coordinated case).

For the studied week, the income of the wind farm owner in the
uncoordinated case is 8.3 x 10 SEK and in the case with coordination is
8.6 x 10° SEK. As in Publication F, the difference is not high due to the fact
that maximum price for coordination service (6.20) is applied in this case
study.

For the sake of summary, the table bellow illustrates how the research
on coordination of wind power and hydro power in areas with limited power
export capability is progressing from Publication E to Publication F:

Table 6.1: Differences between Publications E-F

Property Publication E Publication F Publication G
Focus pre-feasibility study | short-term planning | short-term planning
Considered market | spot market spot market spot, regulating market
Problem type deterministic stochastic stochastic
Uncertainty wind forecast wind forecast,
power market prices

Optimization type linear linear, stochastic linear, stochastic

"fat solution" 2-stage with recourse
Number of 3 1 (strat. 3 from E) 1 (strat. 3 from E)
considered strat.
FEvaluation period 1 month 1 year 1 week

Summarizing, coordination of wind power and hydro power can be
mutually beneficial for the wind power utility and hydro power utility. The
coordination greatly decreases wind energy curtailments and also leads to
more efficient utilization of the existing transmission lines, without negative
economical impact on hydro power producer. The following improvements
of the planning model need to be addressed in the future:

e The case study is applied to a period in the past. It is thus assumed
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that the outcomes of all stochastic variables are known when the
planning for the next day is being conducted. In reality planning the
realization of some stochastic variables for the current day would still
be unknown. This problem would need to be dealt with in future work.

e A longer case study would need to be conducted in the future.

e The impact of the coordination on start-ups of the hydro power plants
would need to be investigated.






Chapter 7

Minimization of imbalance cost
trading wind power on the

short term power market.
Publication H

In this chapter the strategy for minimization of imbalance costs of the wind
power utility, trading wind power on the short term power market unll be
presented. First, some background and an overview of the previous research
on this subject will be provided. Then the flow chart of the bidding strategy
will be presented briefly, followed by modeling details that will be given in
the subsequent sections. The developed bidding strateqy is applied to the
case study. The short summary of the case study and its main findings will
conclude this chapter.

The present short term power markets are designed for trading conventional
(dispatchable) generation. The time span after the market clearing until
the delivery hour can be up to 36 hours (Scandinavia) and up to 38 hours
(Spain), any deviations from the submitted production plan are penalized.
Although the wind power forecasting techniques have considerably improved
over the last decade, those will never give perfect results. Furthermore, the
forecast error increases with increasing prediction horizon. With forecast
being needed 36 or 38 hours ahead of time, wind generators may be

101
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subjected to substantial imbalance costs.

In the Nordic countries, all bulk electricity production must be traded
through a balance responsible player. For a wind power owner there are,
thus, three options available. One option is to become a balance responsible
player, second is to trade wind power and have a contract with balance
responsible for balancing any mismatches, third is to sell all wind power to
the balance responsible player [52]. In the first case wind power owner is
paying a market imbalance price for its imbalances. In the other two cases
wind power owner is paying contracted imbalance price, which is often lower
than market imbalance price, due to the fact that the balance responsible
player has other energy sources in its portfolio and can balance wind power
mismatches internally. When trading wind power on the short term power
market the balance responsible player may choose the following strategies:

1. Assume wind power forecast as certain, bid it on the market and pay
the imbalance penalties for the mismatches.

2. Bid the amount that minimizes expected costs for imbalances
considering possible scenarios of wind power production and imbalance
costs.

7.1 Overview of previous research

The minimization of imbalance costs of wind power utility has been
previously studied in [12|. In [12] wind power production scenarios are
generated using statistical methods based upon historically observed power
production. The energy output of the wind farm is divided into several
energy bands and, given the band where the WF production resides initially,
the probabilities that the WF production resides in each of the energy
bands are calculated for each forecast delay and form probability tables.
There is, however, a difficulty with generating these probabilities as they
require significant quantity of historical data. The drawbacks of this
method, reported in [12]: one year of data is not enough to produce smooth
probability tables; and, since wind exhibits seasonal behavior, probability
tables are likely to differ between seasons and years. The imbalance prices
are assumed deterministic in [12|. The method for minimization of imbalance
costs suggested in [12] is applicable only for a small number (about 10) of
energy bands.
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The same problem is also studied in [7|. The methods are rather close
to [12]. The energy output of the wind farm (WF) is discretized and,
given the production state, in which the WF production resides initially,
the probabilities that the WF production resides in each of the production
states are calculated (from historical data) for each forecast delay and form
probability distributions. The imbalance prices are assumed deterministic
in [7]. The optimization problem is only summarized in the paper and the
details about the optimization approach are not discussed.

7.2 Overview of the bidding strategy

In this thesis the imbalance cost minimization, trading wind power on the
spot market, is studied further.

As in Chapter 6, the "planning" of wind power production for the coming
day is assumed to be performed at 11 am the day before, in order to place the
hourly bids on the spot market that closes at 12am. The bidding strategy
is formulated as a stochastic optimization problem with the objective to
minimize the expected imbalance costs.

Note that the wind power producer is assumed to be a "price taker"
here, it means its bidding strategy does not effect power prices. In countries
with small amounts of wind power (less than 5% of total power production
according to a study in [58]) this is a reasonable assumption. It is also
assumed that the WF has low marginal costs and its bid on the spot market
is always taken.

The flowchart for the developed bidding strategy and its evaluation is
given in Figure 7.1. In this section a brief overview of the flowchart is
presented. The modeling details are provided in the subsequent section.

Wind power production scenarios are generated based on day ahead wind
speed forecast and statistical data about the forecast error. A wind speed
forecast for the coming day is obtained from, e.g., numerical meteorological
programs (block A1). Wind speed forecast error scenarios are modeled (block
A2) by ARMA series in the same manner as in subsection 6.4.2. The sum
of wind speed forecast and forecast error scenarios represents wind speed
scenarios for each hour of the coming day. Wind speed scenarios are then
converted to power production scenarios (block B) as in subsection 5.3.2.

The advantage of this method is that the forecast error is modeled and
added on top of the day ahead wind power production forecast that already
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accounts for seasonal and daily wind variations. In contrast to [12| one year
of the forecast error data proved to be sufficient to calibrate the forecast
error model [88].

In block C, scenario reduction is applied to reduce computational effort.
Same scenario reduction techniques as described in subsection 6.4.4 is used
here.

o
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Figure 7.1: Flowchart for the bidding strategy and its evaluation.

The imbalance price depends on spot market price and regulating market
prices, section 2.4.4. As an illustration, in this thesis the regulating market
prices from the previous days are used as regulating price scenarios for the
planning day. The spot market price is assumed deterministic or the spot
price forecast can be used. From this data several imbalance price scenarios
are derived (block D1).



7.3. Mathematical formulation 105

There is no coupling between the subsequent hours of the planning, hence
the stochastic optimization problem is formulated for each hour to maximize
the expected profit of the WF and, consequently, minimize the imbalance
costs (block D). Mixed integer programming is used here to obtain the
solution for larger number of wind power production scenarios and imbalance
price scenarios.

In order to evaluate actual imbalance costs resulting from the suggested
bidding strategy, it can be tested against actual data for the same period,
for which forecast error statistics and imbalance prices are available. Real
wind speed measurements (block E1) should be converted to power following
the same procedure as wind speed scenarios above (block B). If actual power
production measurements are available no conversion is needed. The actual
power production data and bids, obtained from the optimization are then
used to calculate imbalance costs (block E) from the suggested bidding
strategy, using actual imbalance prices.

The proposed method, Figure 7.1, can be used to:

e determine the energy level to bid on the day ahead market, to minimize
the imbalance costs of the WF;

e estimate the value of using better forecasting techniques.

The imbalance cost minimizing strategy is developed with Nordic power
market in mind, see section 2.4 for the overview, but with some minor
adjustments it can be applied in other power markets.

7.3 Mathematical formulation

The models of blocks A1, A2, B and C have already been discussed in details
in subsections 6.4.2, 5.3.2, 6.4.4 respectively. The following subsections
would thus present the imbalance price model, the formulation of the
optimization problem as well as the expressions for calculation of actual
imbalance costs (block E).

7.3.1 Imbalance price scenarios

In accordance with subsection 2.4.4, the imbalance prices are expressed as
follows:



106 Chapter 7. Minimization of imbalance cost

® Cimpp(k) = c*(k), where ¢*(k) is a spot price at hour k, if the actor
is in positive imbalance in hour k and no downward regulation is
undertaken;

e cimbp(k) = cd(k), where c?(k) is a price for downward regulation
at hour k, if actor is in positive imbalance in hour ¢ and downward
regulation is undertaken with c?(k) < ¢*(k);

® Cimpn(k) = —c*(k), where ¢"P(k) is a price for upward regulation at
hour k, if actor is in negative imbalance in hour k£ and no upward
regulation is undertaken or ¢“P(k) < c¢*(k);

® Cimpn(k) = —c"P(k), if actor is in negative imbalance in hour k£ and
upward regulation is undertaken with ¢“?(k) > ¢*(k);

The negative sign means that the balance responsible player is paying
the price for imbalance, the positive sign means that the balance responsible
player is getting paid.

The spot market prices for the coming day are assumed deterministic.
The regulating prices c;l(k‘) and c}tp(k‘) from the previous days of operation
are used as regulating price scenarios for the coming day. Imbalance price
scenarios Cimp.p.j(k) and Cimpn j(k) are then calculated as described above
and probability g; is assigned to each scenario (block D1).

In this thesis the optimization problem and its solution as well as the
general work flow for the suggested bidding strategy was of major interest
therefore this simplified imbalance price model is applied. The price model
does not affect the optimization method chosen in this thesis and the analysis
of the optimization problem, provided in Publication H, is also general, and
does not depend on the price model. In the real application of this bidding
strategy, the stochastic model of the market prices developed in [78] and
briefly covered in subsection 6.4.3, can be used to obtain more realistic

imbalance price scenarios.

7.3.2 Optimization problem
Formulation

In contrast to a multi-reservoir hydro power systems, see Chapter 6, in
wind farm(s) operation there is no coupling between subsequent hours. The
stochastic optimization problem can thus be formulated separately for each
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hour of the coming day. The objective is to maximize WF owners expected
profit and, consequently, minimize the imbalance costs:

(7.1)

max{cst n { > Cimbp,ij i (P — Po)pi, Po < P ]}

) Cimbn,id 2_i(Py — Pi)pis Py > P

where P, is variable and the rest are parameters. P, is a bid of the WF
operator to the spot market, P; is wind power production according to
scenario 4, p; is probability of wind speed scenario i, g; is probability of the
imbalance price scenario j, ¢® is spot price forecast. The terms Zj Cimb,jqj
are equivalent to mean imbalance price ¢, of the given set of price scenarios
J.

For the small number of the production scenarios the optimization
problem (7.1) can be solved analytically, as in [12]. With ARMA series
thousands of scenarios can be generated, this improves the solution, but
makes it impossible to solve (7.1) by hand. Therefore here mixed integer
programming is applied to solve (7.1). The hourly optimization problem is
expressed as follows (block D):

z = max[cspr + Z Cimbn,j 45 Z(Pb — Pz) X
7 %
Xpibi + Zcimb,p,j g Z(R —B) - pi- (1-b;)]
i %
(Pb — Pz) <M b;,Vi €I,
(Pz — Pb) < M- (1 — bz),V’L eI,
P, < Pwr, (7.2)

where Py g is total installed capacity of the WF, b; is a binary variable, M is
a large positive number that exceeds any maximum feasible value of P, and
I is a set of preserved scenarios after scenario reduction, see section 6.4.4
for brief description of scenario reduction method. b; = 1, if it is optimal to
keep P, > P; (underproduction), and the third term of the objective function
would disappear; b; = 0, if it is optimal to keep P; > P, (overproduction),
and the second term of the objective function would vanish.

The detailed analysis of the solution to the optimization problem (7.2)
is provided in section IV of Publication G.
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7.3.3 Evaluation of bidding strategy

The actual power production data and bids, obtained from the optimization
are used to calculate actual imbalance costs (block E) as follows:

Cimb,p,real (Preal - Pb)a Pb < Preal (7 3)
cimb,n,real(Pb - Preal), Py > P

Zimb =

where, Cimp p.reat a0d Cimp n rear are actual imbalance prices, known ez-post for
the studied hour for the balance settlement, see subsection 2.4.4 . The use of
actual imbalance prices allows more realistic evaluation of the imbalance cost
minimizing bidding strategy compared to [12] and [7], where same imbalance
prices are used for the planning and for calculation of imbalance costs.

The imbalance costs from imbalance cost minimizing bidding strategy can
then be compared to imbalance costs from, e.g., bidding forecast strategy.

7.4 Case study

The bidding strategy has been applied in case studies. Real wind speed data
and forecasted wind speeds for 2003 for East Denmark were available. For
each hour of the year there is one wind speed and one wind speed forecast.
These wind speeds are calculated backwards from the total wind power
production of East Denmark and, thus, smoothing effect due to geographical
dispersement of WTGs is imbedded in the wind speed series. For a single
wind farm larger forecast error could be expected.

By wusing the method defined in [88] and briefly described in
subsection 6.4.2, the parameters of ARMA series are estimated. Figure 6.4
in subsection 6.4.2 illustrates the standard deviations of the actual forecast
error from East Denmark and the forecast error modeled with ARMA series.

Wind direction data and data about WF layouts were not available
therefore the production characteristics of one V80 (Vestas, 2 MW) wind
turbine is used to test the bidding strategy.

Six days from 2003 are tested. During these days, according to data,
the forecast errors were large. Spot prices from corresponding hours of 2003
are used. Regulating prices from days before and after! the tested day were

'Such sampling is chosen here for the sake of testing, in order to use representative
regulating price scenarios, i.e., if the tested day is working day, the regulating price
scenarios should be sampled from the working days and vice versa.
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used as price scenarios to calculate respective imbalance price scenarios. The
results of the bidding strategy are compared against the alternative strategy,
where the wind power forecast is bidden on the spot market.

Profit evaluation is also made for the whole January 2003, see Publication
H for more detailed results of the case study. The main conclusions are
summarized in the next section.

7.5 Conclusions

The results of the case study have shown that imbalance cost minimizing
bidding strategy generally results in higher or equal profits than the strategy
where a wind power utility bids the forecasted wind power production
and then pays imbalance costs. The calculation of optimal bids with
suggested strategy does not require any additional data inputs and is fast
with regards to computational efforts. The bidding strategy was designed
having Nordic electricity market in mind, however it can be easily adjusted
to fit other markets, e.g., with different market closure delay. The following
improvements can be made in future:

e As the outcome of bidding strategy is sensitive to the choice of
imbalance price scenarios, in the future they will be substituted by
stochastic price model developed in [78] and briefly presented in
subsection 6.4.3 ;

e Here wind power producer is assumed to be a price taker, but, as it can
be seen from the simulation results, the use of this bidding strategy may
lead to higher imbalances in the system and thus will effect imbalance
prices. This effect should also be considered in the future.

e In [7] coordination with hydro power utility on the intra-day market is
used in order to minimize imbalance costs of the wind power utility. It
would be interesting, to add this possibility to the coordinated planning
method presented in Chapter 6 and study it further.
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Appendix A

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 ss;;, 854y, S5z 0f a set of n points
(x4,y;) about their respective means.

SSpx = Z (x; —I)2 = Z :L‘ZQ — nz? (A1)

1=1n i=1n
SSyy = Z (yi —@2 = Z yz2 —ny’ (A.2)
i=1n i=1n

S8y = Z (i —T)(yi —Y) = Z TiYi —NT -y (A.3)

i=1n i=1n

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

b= n Zi:l:n TiYi — Zi:l:n i Zi:l:n Yi _ Say (A.4)
= 5 5 = )
N i1 T — (s Ti) Sax

and coefficient b’ in x = a/ + 0’y is given by

b/ o nz:i:l:n LiYi — Ei:l:n g Zi:l:n Yi _ Say (A 5)
= 5 — .
nY i1 yz2 = (Xiztn i) Syy
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The correlation coefficient 2 is then defined by

r = \/w — n Zi:l:n TilYi — Zi:l:n €L Ei:l:n Yi
\/(TL Zi:l:n x? - (Zizlzn ‘rl)Q) (TL Zi:l:n y12 - (Zi:l:n yl)Q)

(A.6)

A.2 Derivation of mean and variance of the

Weibull distribution
The definition of mean value and variance are
U= /00 vfy(v)dv (A7)
0
o /Oo(v —0)%fy(v)dv (A.8)
0

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

=2 (3) e oz (4.9)

a \«

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

B
= {(2) =tv=at?, = %t%”dt}
o
oo % ﬁ_l (até>ﬁ
1 - @ 1
= / at?é at? e gtﬁildt
0 a Q B
o0 148
= a/ e*tt( s l)dt (A.10)
0

[(z) = /Ooo et Lt (A.11)



A.2. The Weibull distribution

Thus (A.10) is simplified as follows:

Similarly,

o0 LB o\B-1 _(uy\8
o’ = /0 (v—v)Q—(—> e (%) dv

> B+2 _ > B+1
= aQ/ et 1dt—2v/ et
0 0

= a2F<1+Z> —v?
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(A.12)

—1 RO
dt—i—v/ e ‘t8 Tdt
0

(A.13)






