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Abstract

This thesis presents models for short term planning (24 hours) of a hydro
dominated hydrothermal power system. The purpose of the models is to min-
imize the system operation cost to provide a forecasted load and keep enough
spinning reserve.

The thesis focuses on two issues in hydro power modelling. The first issue is
the relationship between water discharged and power generated. This rela-
tionship is a non-linear and non-convex function. If the plant has several
units, the efficiency of the plant will have local maximums, s0 called local
best-efficiency points. The second issue is to take into account the cost of
start-ups of hydro units in the planning.

The hydro model is mixed-integer. Discharges are allowed at zero flow, the
local best-efficiency points and on the continuous part between the local
best-efficiency point with the highest flow and the point with maximum flow.
This last continuous part is modelled as a linear function. In order to get data
for the start-up cost a survey among the largest power producers in Sweden
has been made, where three questions about start-ups of hydro power units
has been asked: What causes the costs in the start-up?, How much does a
start-up cost? and How do start-ups effect the short-term scheduling strate-
gies of power producers in Sweden? The results show that a fair estimate of
the start-up cost is about $3/MW nominal output. For the thermal plants a
standard model with polynomial operation cost, start-up costs and ramp-rate
constraints has been used. The model aiso includes the possibilities of pur-
chasing and selling power to forecasted prices.

The planning problem is formulated as a mathematical programming prob-
lem. The solution techmique uses Lagrange relaxation to decompose the
problem into subproblems. There will be one subproblem for each hydro and
thermal plant. In order to find good feasible solutions a heuristic technique to
change the integer variables in the hydro system has been developed. The
Lagrange multipliers are updated with the subgradient method.

The models are tested in three different load situations; a winter day (heavy
load), an autumn day (medium load) and a summer day (light load). The
result shows that the method gives near optimal schedules in reasonable
computation time in cases with a normal part of the thermal units committed.
The assumed start-up cost results in that hydro units almost never are started
or stopped for one hour only.
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1
Introduction

1.1 Background

In an electric power system there are several kinds of generation sources
with different conditions for energy generation. In order to use the sources in
an efficient way it is essential to make good generation schedules. The gener-
ation schedules are made for different time horizons. In the long-term opera-
tion planning (2-3 years) and the seasonal planning (6 months-1 year) it is
important to consider the stochastics in the system, for example the uncer-
tainty in the forecasts of river inflow, loads and plant reliability. The long-
term planning will give final reservoir levels for the seasonal planning and
the output of the seasonal planning will be input to the short-term planning
(1 day-1 week). For short-term planning it is important to have detailed rep-
resentation of the plants in the system, since the output of the short-term
planning will be applied to the operation of the system. In short-term plan-
ning as well, it is important to consider the forecast uncertainty. The common
approach to consider the uncertainties in the short-term planning is to make
schedules as if the forecasts were perfect and keep reserve margins since all
forecasts are uncertain. The schedules are updated when new forecasts are
available.

The generation sources in the Swedish power system can be divided into
three parts, nuclear, hydro and conventional thermal power. According to
[99], the generation in these parts in 1996 were 50, 36 and 10 percents
respectively. The total generation was 136,0 TWh. The hydro generation was
20 percent lower than the 40 years average. Fig. 1.1 shows yearly generation
in the different power sources.

The conditions and thereby the strategies for the power sources are different.
Nuclear power units are used as base load units, since they have low fuel

costs and high start-up costs. These plants are normally operating at the max-
imum generation limits. They are only stopped or operated with generation
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Electricity Supply in Sweden
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Fig. 1.1 The electricity supply in Sweden during 1991-1996. For
1981-1993 and 1995 there was a net export, which is not
shown in the diagram.

lower than maximum during maintenance, forced outages and periods with
low load.

Hydro power is dispatched to follow the load. The operation cost of the
hydro system is low, but the system is energy limited. This means that the
water should be used to minimize the cost of the thermal power. The reserve
margins are normally kept in the hydro system. The Swedish hydro system is
characterised by:

* Several rivers are included in the system. The rivers are often long and
have many reservoirs. It is a complex system where the contents of many
reservoirs are dependent on the operation of other plants.

» Large flows in the river system. Because of the large flows, several sta-
tions have two or more units. If a plant has several units the efficiency will
have a local maximum for each combination of units, known as local best-
efficiency points.
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¢ Small heads (heights of fall). There are relatively large head variations
during the day in small reservoirs.

The conventional thermal power consists of co-generation plants, fossil con-
densing power and gas turbines. In co-generation plants the generation of
electricity is a part of heat generation or of an industrial process. The cost
and the possibilities of generation in these plants are functions of the heat
demand or operating conditions for the industrial process. Fossil condensing
power is used at peak loads or during periods with low supply of water, since
it is more expensive than nuclear power. Gas turbines are used as reserve
units and only started if there are reserve problems. These units are never
scheduled in the planning since the fuel cost is too high. In the Swedish sys-
tem there is also some wind power with about 0, 1 TWh generation per year.

Besides the above mentioned power sources it may be possible to trade
power on spot market or exchange with neighbour power systems. The con-
ditions for power trading depend on the design of the contracts.

1.2 The purpose and contribution of the thesis

The advantages and possibilities of using mathematically based decision
support systems in planning of electrical power generation have increased
during the last years. There are several reasons for this. First, the deregula-
tion of electricity markets all over the world increases the demand for deci-
sion support systems [19]. Secondly, the complexity of the energy systems
increases [2]. Thirdly, the power system models and the mathematical meth-
ods have become better which means that they can handle more complex
problems [39]. Fourth, but not the least important, the computers have
become much faster.

This thesis deals with models for short term optimization of hydro-thermal
generation. During the 90’s models with integer representation of hydro
plants have gained a lot of support. The reason is that these models are able
to consider:

» the non-concave form of the efficiency curve. Depending on which units
are committed the efficiency changes.

* the discharge domain where operation is not allowed. Owing to the risk of
cavitation damages the units cannot be operated in certain intervals of the
discharge domain.
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* start-up cost and start and stop restriction for hydro units. Starting a hydro
unit will, among other things, lead to wear and tear of the unit. To get an
economically efficient operation of the system, these costs have to be con-
sidered.

* spinning reserve. Only units which are on-line will contribute to the
reserve.

In my research I have developed methods which consider these requests. I
have also performed a questionnaire investigation among the power produc-
ers in Sweden. This questionnaire investigation was about start-up costs and
how these costs affect the short term scheduling strategies. As far as I know
there is no such investigation somewhere else in the literature. I have also
implemented the cost from the investigation in my models. My research has
been focused on methods which are suited for a system with similar structure
as the Swedish system. This means a system which is dominated by hydro
and nuclear power but also contains some conventional power. Therefore the
emphasis of the thesis is on the development of hydro power models and
solution techniques, which fulfil the above mentioned requests. For the ther-
mal power I have used established models in the field together with models I
have developed for the hydro system.

In order to solve the planning problem I have used Lagrange relaxation. I
decomposed the hydro part of the problem into subproblems for each hydro
plant by using variable splitting. The advantage of this decomposition is that
it makes it possible to use network programming and dynamic methods
which are proved to work well for power system scheduling problems. The
variable splitting keeps much of the original problem structure, which means
that the dual objective function will yield as a strong bound on the primal
objective function. The primal solution found by the algorithm will then be
near optimal, which is proved by the small duality gap.

The planning model can be used to plan a national regulated power system
with possibilities of power exchanges with neighbouring systems. The model
can also be used to plan the generation and power exchanges on a spot mar-
ket.

1.3 List of publications

Most of the work presented in this thesis has earlier been published in my
licentiate thesis [64], two internal reports [65] and [66], and in transaction/
conference papers [68]-[76]:
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* O. Nilsson, Hydro Power Models For Short Term Generation Planning,
Licentiate Thesis, TRITA-EES-9502, Department of Electric Power Engi-
neering, Kungliga Tekniska Hogskolan, Stockholm, Sweden, 1995

* O. Nilsson, Startkostnader for vattenkraftaggregar®, Internal report, A-
EES-9511, Department of Electric Power Engineering, Kungliga Tekniska
Hdgskolan, Stockholm, Sweden, 1995

» O. Nilsson, Vattenkraftmodeller for kortsiktig produktionsplanering?,
Internal report, A-EES-9403, Department of Electric Power Engineering,
Kungliga Tekniska Hogskolan, Stockholm, Sweden, 1994

* O. Nilsson and D. Sjelvgren, ”A Mixed-Integer Model for Daily Hydro
Planning”, Proceedings of IEEE/KTH Stockholm Power Tech, Power Sys-
tems, Stockholm, Sweden, June 18-22, 1995, pp. 99-104

* O. Nilsson and D. Sjelvgren, ”A Planning Model With Mixed-Integer
Representation of Both Hydro and Thermal Plants”, Proceedings of the
4th Conference on Power System Management and Control, IEE Confer-
ence Publication No. 421, London, UK, April 16-18, 1996, pp. 280-285

* O. Nilsson and D. Sjelvgren, “Hydro Unit Start-Up Costs and Their
Impact on Short Term Scheduling Strategies of Swedish Power Produc-
ers”, IEEE Transactions on Power Systems, Vol. 12, No. 1, 1997, pp. 38-44

* O. Nilsson and D. Sjelvgren, “Improved Mixed Integer Programming in
Short-Term Hydro Scheduling”, Proceedings of the 12th PSCC, Dresden,
Germany, August 19-23, 1996, pp. 382-389

* O. Nilsson and D. Sjelvgren, "Mixed-Integer Programming Applied to a
Hydro-Thermal System”, Proceedings of PICA, Sait Lake City, USA,
May 7-12, 1995, pp. 158-163 and IEEE Transactions on Power Systems,
Vol. 11, No. 1, 1996, pp. 281-286

* O. Nilsson and D. Sjelvgren, “Variable Splitting Applied to Modelling of
Start-Up Costs in Short Term Hydro Scheduling”, IEEE Transactions on
Power Systems, Vol. 12, No. 2, 1997, pp. 770-775

1. In English: Start-up costs for hydro units
2. In English: Hydro power models for short term generation planning



6 Chapter 1. Introduction

O. Nilsson and L. Soder, “Daily Generation Planning of a Hydro Domi-
nated Hydrothermal System”, Proceedings of Hydropower 97, Trond-
heim, Norway, June 30-July 2, 1997, pp. 293-300

* O. Nilsson and L. Soder, “Short Term Planning Methods Applied to Eval-
uation of Unavailability Costs in a River”, Proceedings of IPEC 97, Sin-
gapore, May 22-24, 1997, pp. 36-41

« O. Nilsson, L. Séder and D. Sjelvgren, “Integer Modelling of Spinning
Reserve Requirements in Short Term Scheduling of Hydro Systems”,
IEEE paper PE-142-PWRS-0-06-1997, IEEE/PES Summer Meeting, Berlin,
Germany, July 21-25, 1997

1.4 Overview of the thesis

The outline of the thesis is as follows. Chapter 2 gives an introduction to
power generation and its planning problem. In chapter 3 I formulate the short
term planning problem mathematically. Chapter 4 contains the above men-
tioned investigation about start-up costs. Solution techniques for the plan-
ning problems are presented in chapter 5. In chapter 6 the models from
chapter 3 and the solution techniques from chapter 5 are illustrated by
‘numerical test cases. Finally, in chapter 7, the conclusions and ideas about
future work are presented.



2
Power System Generation

This chapter describes the function of the power system, the different sources
of generation in the system, how the deregulation of the system affects the
planning and how the planning problem looks like from a producer’s point of
view. The main function of the electric power system is to transmit energy
Jfrom a source to a place of demand. The sources of generation of electricity
are normally based on conversion of potential energy in hydro reservoir or
convention of chemical or nuclear energy through heating. One part of the
chapter describes the different conditions for these sources of generation.
The following part describes how the deregulated market works in systems
where all producers and consumers are physically connected through the
grid. The last part of the chapter gives an overview of the planning problem
Jfor different time horizons and specially for the short term perspective.

2.1 The function of the power system

Electric power is in most cases used as a means of energy transportation. The
sources of electricity generation are for example hydro, fossil, nuclear, wind,
sun and biomass. The electric energy is almost always converted into light,
heat or mechanical energy when it is used. The reasons for not converting the
energy of the sources directly into light, heat or mechanical energy are sev-
eral. First of all, hydro resources are often located far away from the places
of demand. Also for example nuclear resources are placed outside high urban
density areas for security reasons. Another reason for having a distance
between the consumer and the supplier is the economics of scale, since large
facilities of generation often are more economical. This means that the large
generation facilities will only be placed on a few locations. As a result the
resources and the users of energy in many cases are placed far from each
other. The consequence is that the energy has to be transported from the
source to the demand area. Using electric energy as a means of transportation
has proved to be an economically efficient way of transporting the energy.
Another advantage of the interconnected electric power system is that the
maximum total power demand of all users will be lower than the sum of the
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Fig. 2.1 Example of load variations during 24 hours, starting from 7
a.m.

maximum demand of each user since everybody does not use their maximum
demand at the same time. This will lead to a lower maximum total capacity
of the generation system and thereby lower costs. Furthermore, the inte-
grated system with different types of energy sources connected to it, will
open up possibilities of dispatching the different sources in such a way that
the total cost of fulfilling the users’ demand can be minimized. Methods for
minimization of the total generation cost is the topic of the thesis and it will
be focused on a short term perspective, about 24 hours. Fig. 2.1 shows an
example of the load variations during 24 hours, from 7 a.m. to 7 a.m. The
load also includes the losses in the transmission and distribution grids. In
order to ensure safe operation of the system reserve margins are kept in the
generation system,

There might be situations where 24 hours can be a bit too short for planning
the operation of all the plants in the system. I have for example assumed that
the operation av the nuclear plants are known in advance. I will come back to
this assumption later in this chapter. Other situations when 24 hours horizon
might be too short are very long rivers with large delay times and thermal
plants with considerably large start-up costs. For a 200 MW thermal unit
with around 100 000 SEK in start-up cost the planning horizon is between 24
and 48 hours. The same planning horizon is valid for some longer rivers in
Sweden. However since I will use a detailed hydro model the computation
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time will rise fast when the planning horizon is extended. In order to avoid a
long computation time but still be able to consider things that would need
somewhat longer planning horizon, a simple model might be used to calcu-
late final states of thermal plants and reservoirs in long rivers. I will come
back to this discussion with a short remark in the last chapter.

2.2 Sources of generation
2.2.1 Hydro power

The hydro power plants are located in the rivers. Since the demand of electric
energy does not match the natural flow in the rivers there are reservoirs
located upstream of most power plants. Some reservoirs have large storage
capacities in order to store the water from the spring flood to the winter when
the demand is high. The large reservoirs are normally located in the upper
part of the river. Other plants have reservoirs suited for matching the electric
demand variations on weekly or daily basis. Some plants do not have any res-
ervoirs and they are called run-of-the river plants. The discharge of these
plants will be equal to the inflow. Since there often are several hydro plants
in the same river these plants cannot be operated independently of each other.
Water discharge from a plant will reach the downstream plants after some
delay time.

Hydro power: generation [108] utilises the difference in potential energy
between the intake gate and the tailrace tunnel, see Fig. 2.2. As one knows
from classic physics this means that electrical power will be proportional to
the discharge of water and the head in the idealistic case. The head is the
heights difference between the intake gate and the tailrace tunnel. However,
as in most cases of energy conversion there will be losses. In the intake gate
the head will decrease when the discharge increases and there will also be
losses in the tunnel from the intake gate to the turbines. The turbine effi-
ciency is also a function of the discharge with low efficiency for low and
high discharge and a maximum somewhere between. The water level outside
the tailrace tunnel will rise with increasing flow and there will also be losses
in the tailrace tunnel. The losses will increase with the discharge. The water
level at the intake gate will be a function of the contents of the upstream res-
ervoir (if there is one). The water level outside the tailrace tunnel can be
affected by the downstream reservoir level (if there is one). Since the losses
are a function of the up- and downstream reservoir levels and the discharge,
the generation in a hydro plant will be a function of up- and downstream res-
ervoir levels and the discharge.
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Fig. 2.2 Schematic figure of two hydro plants in cascade.

The potential energy minus losses divided with the potential energy is called
the efficiency. Normally the efficiency is standardised by division of the
highest efficiency for the plant. This is called relative efficiency. For a plant
with more than one unit, it is desirable to share the flow between the units in
such a way that the efficiency is maximized {87] and [107]. The losses could
be different for the same discharge if one uses different unit combinations.
From the optimization of sharing of the discharge, data for the total effi-
ciency will be available. Fig. 2.3 shows an example of the relative efficiency
for a plant with four units.

For each combination of units, there will be a local best-efficiency point. If a
plant is scheduled between these points it is possible that the efficiency will
be significantly lower than the efficiency at the local best-efficiency point.
When the discharge increases above the local best-efficiency point with high-
est discharge, the efficiency will decrease monotonicly. When the consump-
tion is high, plants are often operated above the local best-efficiency point
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Fig. 2.3 An example of the relative efficiency for a hydro plant with
four units. The different curves are for different heads.

with highest flow. Particular plants with only one unit are often operated in
this domain.

Fig. 2.3 shows that the discharge point for the local best-efficiency changes
slightly when the head changes. However, these changes are in most cases of
the same magnitude as the uncertainties of the measurement of the discharge.

In some cases there are forbidden discharge intervals. Operation in these
intervals can bring about cavitation damages owing to large vibrations in the
turbine. The cavitation damages will be costly to repair and they will also
lead to increased operation cost since the plant will not be available.

From Fig. 2.3 the generation can be calculated as the discharge multiplied by
the efficiency and a constant. The constant represents the quotient of the gen-
eration and discharge at the point of the highest efficiency for current head.
The generation as a function of the discharge and up- and downstream reser-
voir contents is called the generation characteristic. Fig. 2.4 shows an exam-
ple of the generation characteristic for the plant shown in Fig. 2.3.
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In order to fulfil the consumption on an instant basis most hydro units are
equipped with frequency controllers to adjust their generation to the changes
of operation conditions in frequency. The operation conditions in frequency
can change owing to forced outages in power plants, demand forecasting
errors and loss of consumption owing to outages in the grid. In order not to
jeopardize the security of the system, reserve margins are kept in the plants.

In power systems with a large share of hydro, these reserve margins are kept
in the hydro system, since the hydro plants are easy to re-dispatch. In cases
where part of the consumption is lost owing to loss of consumption, hydro
generation can be decreased (if its generation is higher than zero) to keep the
balance between generation and consumption. In case of a plant outage, the
on-line hydro units can increase their generation up to their maximum capac-
ity. The difference between the maximum capacity of the on-line hydro units
and their generation is the spinning reserve. If all the units in the hydro sys-
tem are on-line, the spinning reserve will be equal to the difference between
the total capacity of the hydro system and its current generation.
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After an increase in the generation due to changed operation conditions, the
spinning reserve will decrease. If the spinning reserve is lower than required,
the spinning reserve needs to be restored. In order to restore the spinning
reserve more hydro capacity can be started with a short start-up time if it is
available. Otherwise we need to start gas turbines. The capacity which can be
started in a short time is called secondary reserve. One alternative definition
of secondary reserve is to add the surplus in spinning.

Reserve problems do seldom occur in the Swedish system. The circum-
stances in which reserve problems may occur are:

+ very light load. If the nuclear power is producing on maximum, the share
of the scheduled hydro power is too small to fill up the spinning reserve.
There are two possibilities of achieving a sufficient reserve margin. The
first is to dispatch the nuclear power to schedule enough hydro power. The
second is to start up more hydro units without dispatching the nuclear
power. In this approach we have to schedule the hydro plants at a lower
efficiency compared to if we have not started up more units.

* very heavy load. If all hydro plants are producing on maximum or near to
- maximum the reserve in the hydro power is too small. We will have to set
an upper limit for the hydro generation.

* spring flood. During spring flood it is possible that plants have spill since
the inflow is larger than maximum discharge and the reservoir level is
already at. its upper bound. In this case reserve requirements will force
plants to discharge on a lower level. The difference in discharge between
the maximum and this lower level has to be spilled.

2.2.2 Thermal power

The cost of short term generation in thermal plants can be divided into three
parts: start-up cost, fixed and variable generation costs. Fig. 2.5 shows an
example of the generation cost. If the plant is not committed the generation
cost will be equal to zero. When the plant is committed generation cost will
be the sum of the fixed and variable generation costs. These generation costs
consist of fuel costs, environmental fees and maintenance costs. Environ-
mental fee should be paid if the plant is not equipped with an NO,-cleaner.

The start-up cost will be a function of the time the plant has been off-line.
The reason is that the boiler of the plant will cool off during the time the
plant is not committed. This means that when the plant is committed again its
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boiler will have a different temperature due to the off-line time. The cost to
get the boiler to the generation temperature will then depend on how long the
plant has been off-line, since more or less fuel will be needed to get the
boiler to the generation temperature. Fig. 2.6 shows an example of the start-
up cost as a function of the off-line time for a thermal plant. There are also
limits on how much the generation in a thermal plant can be changed per
minute. These constraints are called ramp-rate constraints. During the first
hour after start-up, the allowed change of generation per minute is usually
smaller, since the unit is cold. After this first hour the ramp rate constraints is
about 1-6 per cents of maximum output. This means that after most units can
operate at full capacity after two hours.
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The thermal power can basically be divided into four kinds: nuclear power,
cogeneration, condensing power and gas turbine. The nuclear power plants
have low generation costs and high start-up costs. Therefore the nuclear
plants are normally used as base load units in systems with a large share of
hydro power. This means that the nuclear plants are operating at their maxi-
mum capacity if the load is higher than the maximum capacity. The nuclear
plants are only dispatched to lower generation than maximum if the load is
low. Nuclear plants are sometimes shut down because of generation prob-
lems, so called forced outages. Nuclear power plants also have to be shut
down for longer periods when the fuel in the plants is being exchanged and
maintenance is being performed.

In cogeneration plants it is possible to produce both heat and electricity. This
results in the fact that the capacity and the cost of electricity generation in
cogeneration plants vary depending on the heat demand. Fig. 2.7 shows an
example of that relationship. The lower curve shows the electricity generation as
function of the heat demand when heat is the main product and electricity is the
by-product. It is possible to increase the electricity output if it is equipped with a
re-cooling system. This is shown by the middle line. The upper curve shows the
case where electricity is the main product and heat is the by-product. In this case
the plant is operating as a condensing plant. If cogeneration stands for a large
part of the electricity generation, scheduling of heat and electricity has to be
planned simultaneously. Since this is not the case for the kind of system I have
studied I have assumed that both operation mode and heat demand are known.
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This means that I can treat cogeneration plants in the same way as condensing
plants. The generation cost of cogeneration is higher than for nuclear power, but
the start-up cost is lower.

The difference between cogeneration and condensing power plants is that the
condensing power piants are used for electricity generation only. As a result
the cooling water will not be used for heating. Since no heat generation will
be sharing the cost of the condensing power it is more expensive than cogen-
eration.

In gas turbines heated gas is used to drive the turbine. This means that the
gas is heated instead of water. Gas turbines have a low efficiency which
results in high operation costs. On the other hand, since we do not need to
heat a lot of water when we start the gas turbine, the start-up cost and the
start-up time are low. Because of the high operation cost and the low start-up
cost and start-up time, gas turbines are mainly used for reserve purposes.
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2.3 Deregulation of the electricity market

From January 1, 1996 the electric power market in Sweden has been deregu-
lated. In the new market each customer can choose from whom he or she
wants to buy electricity. Before the deregulation each power company had
monopoly in certain distribution areas. After the deregulation the transmis-
sion and distribution services are split from the generation and market. A
state owned independent system operator, Svenska Kraftnit, will provide the
transmission service and local distribution companies will provide the distri-
bution service. Both transmission and distribution are regulated monopolies.
Generation on the other hand is a free market where producers compete. This
means that sellers and buyers can make bilateral contracts. The contracts can
be designed in many different ways. One example are so called “take and
pay”’-contracts where the seller and buyer agree to a price but the amount of
purchased power depends on the demand of the buyer at the time for con-
sumption. The contract time can of course vary from contract to contract.
Another type of contract can have both fixed price and fixed amount of
energy during the contract time. A third kind of contract is a contract where
the total amount of energy is fixed and the buyer can use it whenever he
wants during the contract time. In these contracts there is normally an upper
limit of how much power that could be used at the same time. The surplus of
power which is not contracted will be traded at the spot market. At this mar-
ket trade is based on hourly average values. There is also a future market
based on weekly trade.

Svenska Kraftnit is not only responsible for the transmission of power from
the producers to the consumption areas, but also responsible for the security
of the system. All producers have to report their generation plans to Svenska
Kraftnit. If it is not possible to transmit power according to the generation
plans Svenska Kraftnit has to buy and sell power in such a way that the
power flow in the grid becomes feasible.

As I mentioned above, the trade is based on hourly average values. Quite
often there is a need for changes of the generation within smaller intervals
than one hour. Still, Svenska Kraftnit is responsible for the balance of gener-
ation and consumption in the system. Svenska Kraftnit fulfils this responsi-
bility by letting actors give bids on decrease or increase of generation within
short notice.

In order to meet fast changes of operation conditions Svenska Kraftnit has
concluded contracts with producers about keeping spinning reserves in their
generation systems.
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It should also be mentioned that the losses in the network now are treated as
loads of the network owner. So, from the power producer’s point of view
there is no difference between network losses and other kinds of loads.

For a more detailed description of the deregulation in Sweden see [63], [97]
and [98].

2.4 The planning problem from a producer’s point of view

From a producer’s point of view the goal is to create maximum profit at a
reasonable risk, as for all other deregulated industries. In order to achieve
this goal the power producer has to plan his activities. In the literature of
planning methods the planning is often split into the following horizons [93]:

* Expansion planning. In this horizon the producer makes a strategy for
building new generation facilities [94] and [110]. Before the deregulation
the main uncertainties associated with this planning was the uncertainties
in load growth and the development of investment and operational costs.
After the deregulation the producer also has to consider how actual and
potential competitors act. This will make the environment more uncertain
for the producer.

« Planning of several years. The aim of this planning is to create a strategy
for storage in the largest reservoirs and for scheduled maintenance of
nuclear plants [110]. The main uncertainties in several years planning are
the river inflow, availability of thermal plants and demand. The deregula-
tion has added market uncertainties to planning problem.

* Seasonal planning. In the seasonal planning the goal is to find strategies
for storage of the water in 6 to 12 months of time horizon [91], [93], [103]
and [110]. The uncertainties are basically the same as for several years
planning.

» Short term planning. The time horizon of this planning period is about
24 hours to one week [102] and [113]. The aim of the short term planning
is to create schedules for when to commit and de-commit units and decide
how much committed units should generate. The uncertainties are basi-
cally the same as for several years and seasonal planning. However, since
planning is performed close to the real operation the magnitude of the
uncertainties are not as large as in the three other planning horizons.
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So, the goal of the short term planning from a producer’s point of view is to
schedule his plants to fulfil contracts and to trade at the spot market in such a
way that the profit is maximized at a reasonable risk.

In a power system with a considerable amount of hydro generation there are
some specific problems that do not occur in a thermal system. I have already
mentioned that the hydro plants are coupled if they are located in the same
river. In many cases there are different producers having different plants in
the same river. This means that the producers having generation in the same
river cannot plan their generation independently of each other. In Sweden a
specific regulation company coordinates the suggestions of the different pro-
ducers in each river. The producers suggest a generation schedule for their
plants to the regulation company. The regulation company decides how much
should be discharged from one specific plant in the river during certain peri-
ods. The owner of this specific plant has to obey this decision and the other -
producers will be notified of the decision and can plan their generation in the
river based the decision.

Another problem in the hydro system is that the generation in hydro is
energy limited. Since the water also could be used to produce electric power
after the planning period the water should be given an alternative cost. The
alternative cost of water for the short term planning is usually calculated
from the seasonal planning. This alternative cost is here called the water stor-
age value. In the seasonal this water storage value is usually calculated from
the planning of several years.

I have created a small example to illustrate the short term planning problem
from the producer’s point of view. Suppose that we have a small power sys-
tem with four generation units, one muclear plant, one hydro plant, one
cogeneration plant and one gas turbine, see table 2.1. The cost for the hydro
generation is the water storage value.

Table 2.1: The power system in the example

Power plant Capacity Start-up cost | Variable cost | Fixed cost
Nuclear 1000 MW base load base load base load
Hydro 1000 MW - 120kr/MWh | Okr/h
Cogeneration | 200 MW 100 000 kr 100 ke/MWh | 1000 kr/b
Gas turbine S50 MW 5000 kr 400 kt/MWh | Okr/h

The goal is now to minimize the generation cost for the coming 24 hours
when the demand for the first eight coming hours are forecasted to be 1800
MWh/h, the next eight hours 2050 MWh/h and the last eight hours 1800
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Fig. 2.8 The load in the small example.

MWHh/h, see Fig. 2.8. It is obvious that generation in only nuclear and hydro
will not cover the demand during the middle eight hours since the total
capacity is too low. This means that either the gas turbine or the cogeneration
plant has to be started to fulfil the demand during the peak load. Which of
these two alternatives will give the lowest generation cost? A comparison
will give the answer.

First, the case with the gas turbine. The load not fulfilled by nuclear genera-
tion will be the following:

Hour 1-8: 1800 MWh - 1000 MWh = 800 MWh
Hour 9-16: 2050 MWh - 1000 MWh = 1050 MWh

Demand
(MWh/h)

Gas turbine

Case 1

0 8 16 gq  HoU

Fig. 2.9 Generation in the gas turbine case.
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Hour 17-24: 1800 MWh - 1000 MWh = 800 MWh

Since hydro is cheaper than gas turbine, the hydro generation will be 800
MWh/h during the first and last eight hours and 1000 MWh/h during the
eight middle hours, see Fig. 2.9. The total hydro generation will be

8 « 300 MWh + 8 » 1000 MWh + 8 » 800 MWh = 20800 MWh
at a cost of
20800 MWh « 120 ke/MWh = 2 496 000 kr

The total nuclear and hydro generation during hours 9-16 will then be 2000
MWh/h and the load is 2050 MWh/h. The gas turbine will produce 50
MWh/h during these eight hours. The result is that the total generation in the
gas turbine will be

8 « 50 MWh = 400 MWh

The cost of the gas turbine generation will be the energy cost plus the start-
up-cost

400 MWh ¢ 400 kr/MWh + 5 000 kr = 165 000 kr
The total cost of hydro and gas turbine generation for this case is
2 496 000 kr + 165 000 kr =2 661 Q00 kr.

Now to the cogeneration case, see Fig. 2.10. The load not covered by nuclear
generation is the same as in the gas turbine case. However, in this case it is
more complicated to decide if it is best to run cogeneration during the whole
period or just during hours 9-16. Since we need to start the cogeneration
plant for hours 9-16 we can calculate the cost of generating 200 MWh/h in
different source without considering the start-up cost. The cost of 200 MWh
hydro generation is

200 MWh » 120 ki/MWh = 24 000 kr
while the corresponding cost of cogeneration is

1 000 kr + 200 MWh/h « 100 ke/MWh = 21 000 kr
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Demand
(MWh/h) A

Cogeneration

2000
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0 8 16 24
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1000
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Fig. 2.10 Generation in the cogeneration case.

Given that we have to start the cogeneration plant in order to fulfil the
demand for the middle eight hours, it is optimal to us it for the whole plan-
ning period. Note that it would not be optimal to start the cogeneration if the
demand was not higher than 2000 MWh/h for any hour of the planning
period. The cost, including the start-up cost, for cogeneration of 200 MWi/h
for the whole planning period is

100 000 kr + 24 + 21 000 kr = 604 000 kr
The corresponding cost for hydro generation is

24 « 24 000 kr = 576 000 kr
In order to be able to calculate the total cost for case 2, we have to know the
cost of the hydro generation. The hydro generation is 600 MWh/h during the
first and last eight hours and 850 MWh/h during the peak period. Totally this
will be

8+ 600 MWh + 8 « 850 MWh + 8 « 600 MWh = 16400 MWh
at the cost of

16400 MWh « 120 kr/MWh = 1 968 000 kr

Altogether with cogeneration the cost will be
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604 000 kr + 1 968 000 kr =2 572 000 kr

This means that the cost of the cogeneration case, 2 572 000 kr, is lower than
the cost of the gas turbine case, 2 661 000 kr.

In a more complex power system the decision will be more difficult to sur-
vey. A tool for decision support could help the decision maker to make better
decision. The first step in developing such a tool is to create some kind of
model of the power system. The next chapter deals with mathematical mod-
elling of the power system in such a tool.

The requirements on such a tool are that the modelling should be detailed
enough to get realistic schedules and that the computation time should be
low. This requirements can of course be in conflict.
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3
Problem Formulation and
Modelling

In this chapter I describe the mathematical models of the power system I
have used. I also describe some other models from the literature. The plan-
ning problem will be formulated as an optimization problem. The objective
function of the optimization problem will describe the cost of generation in
the power system. The constraints and variable limits of the optimization
problem will be the physical laws and the legal restrictions in the power sys-
tem. The variables in this planning problem will be the discharge and spill-
age in the hydro power plants, the contents in the hydro power reservoirs,
the generation in the thermal plants and power exchanges.

3.1 General mathematical problem formulation

Now I will mathematically formulate the power system planning problem
from a producer’s point of view. First, I will state a general formulation of
the problem based on the description of the power system in the previous
chapter. This problem formulation will include the so calied high level con-
straints, which couple the power exchanges, the hydro and the thermal sub-
systems. The aim of power system planning is to maximize the expected
benefit of the power system operation subject to several constraints. In the
short term planning the problem will be to minimize the cost of generating
the contracted load. Therefore the most obvious constraint is the power bal-
ance constraint. This constraint guarantees that the sum of produced and pur-
chased energy is equal to the sum of sold energy and firm load. For a power
system this is a physical constraint since the generation must be equal to the
load according to the law of energy conservation. For single power producer,
however, this is more an economic constraint since energy can be purchased
or sold if the generation is not equal to the load.

25
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In the following I assume that the spinning reserve is kept in the hydro sys-
tem. This is a valid assumption if the share of hydro generation is large. In
other cases reserve requirements are also kept in the thermal system. There
will also be constraints associated with the generation conditions for the dif-
ferent power sources. For a planning period of 24 hours it is appropriate to
divide the time into one hour time steps. With one hour time steps, the power
system planning can be formulated as the following optimization problem:

min

min{F} = . {Fy+F,+F,} (3.1)
subject to
i)+ p(1) + p, (1) = D(1) (3.2)
(1) 2 R(1) (3.3)
bty e Py (3.4)
pt)e P, | (3.5)
pt)e P, (3.6)
t=1,..,T 3.7
where

* F is the objective function.

* F, isthe cost of hydro generation.

* F, is the cost of thermal generation.

* F, is the cost of power exchanges.

* p(2) is the energy produced in the hydro system during hour 7.

* p g(t) is the energy produced in the thermal system during hour 7.

* p.(2) is the net power exchanges during hour ¢, positive if energy is pur-
chased, negative otherwise.
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* D(1) is the load (including losses) during hour 2.

* 1,(?) is the total reserve in the hydro system during hour ¢.
* R(1) is the minimum reserve requirement during hour 2.

* P, represents the constraints in the hydro system.

* P, represents the constraints in the thermal system.

* P, represents the constraints in the power exchanges.

* Tis the last hour in the planning period.

As in most cases there is a conflict between request of short computation
time and degree of detail in models. There always has to be a compromise
between these two requests. In the following parts of this chapter I will
present the models I have used in the thesis work together with some other
models presented in the literature.

3.2 Hydro power models

In this section I am going to discuss F,, the cost of hydro generation and Py,
the constraints in the hydro system. I will only give mathematical expres-
sions for models, which I am going to use in the coming chapters.

The operational cost of the hydro system is very low, but the amount of water
is limited. The water can be used during the planning period or stored for
future use. There are several ways of treating the fact that water is a limited
resource in the hydro system. One way is to give a value to the water stored
at the end of the planning period. The value will indicate the benefit of using
the water in the future instead of using it during the planning period. The
value of water stored will then be included in F,. Another way to model the
limits of water is to introduce restrictions on the minimum amount of stored
water energy at the end of the planning period. In this case the limits of the
water will be included in the set of hydro constraints, P, .

If there are start-up costs on hydro units and/or penalty functions on the
changes of generation in the plants, these will also be included in F,.

The constraints of the hydro system, P,, can be divided into hydrological
and generation constraints. The hydrological constraints will describe how
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operation of different plants in one river will affect each other. If water is dis-
charged from one plant it will reach the downstream plant after some delay
time. The generation constraints will describe the allowed discharge domain,
generation as function of discharge and restrictions/costs for discharge
changes.

3.2.1 Hydrological constraints

In the literature there is a broad span in degree of detail in the representation
of the hydrological system. All from treating the hydro system as having only
one aggregated reservoir [32] to having a detailed representation of the river
between the power plants [44]. The models of the first case will only answer
the question of how much hydro energy to produce and when to produce.
However, they will not calculate the generation in the individual plants. In
the case of detailed representation [44], the river is divided into river sec-
tions. Each section will be represented by its geometrical form and equations
of fluid mechanics. This means that the time step in the model has to be sig-
nificantly shorter than one hour.

A common way of representing the hydro system which is not as detailed as
the second case is to treat the river between the power plants as a transport
section with a certain travelling time. This leads to the following equation:

x(, t+ D =x(, D+ u(, - Y, ulm, t1-1,) +50, 0
m e M(j)

- X smt-t,) = w(j,0

me M(j)

(3.8)

where

*  M(j) is the set of upstream reservoirs for plant j.

* T,; is the delay time between plant 7 and plant j.

* u(j, ?) is the discharge from plant j during hour ¢.

* x(j, ?) is the contents of reservoir j in the beginning of hour ¢.
* 5(j, t) is the spillage from plant j during hour ¢.

* w(j, ) is the natural inflow between plant j and its upstream plant during
hour .
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Y u(m, t— Tp) + 3, 80m, 1 - T )

w(j, )
Y
—> -
x(j, 9 0 x(j, 1+ 1)
\j
u(j, )+ s(j, 1)

Fig. 3.1 The network structure of the equation describing the
reservoir dynamics

If the delay time, T,;, is or can be approximated to a multiple of whole
hours, (3.8) will have network structure, which is shown by Fig. 3.1. The
horizontal arcs represent the reservoir contents while vertical arcs represent
the discharge and spillage. The small arc into the node is the natural river
inflow.

Equations with network structure have some nice characteristics which I will
come back to in chapter 5. If the delay time between two plants is not a mul-
tiple of a whole hour there will be a problem, since the variables are only
defined for whole hours. This can be solved in two ways. One way is to
decrease the time step to the least common factor of the delay times. This
will keep the network structure but the number of variables will increase.
The other way is to let the water be transported to different nodes in the
downstream reservoirs {67] and [101]. If the delay time is half an hour, half
of the discharge will reach the downstream reservoir during the same hour
and the other half will reach the downstream reservoir during the next hour.
In this case the number of variables will not increase. However, (3.8) will
loose its network structure. Fig. 3.2 shows the network structure in case of
one hour delay time between two plants,
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Fig. 3.2 The network structure with one hour delay time between
plant m and plant j.

The delay time is in fact an increasing function of the discharge [67]. Taking
this into account, (3.8) will be a non-linear constraint and the model will be
almost as detailed as in the case with a model of the river section.

It should be mentioned that the river system treated in [44] only has run-of-
the river plants. Therefore a model like (3.8) without any reservoir would not
be suitable. The reason is that it is very important for a run-of-the river chain
to know the exact arrival time of discharge to the next plant, since the water
cannot be stored.

The reservoir contents have to be between some, by law, specified levels.
Mathematical formulation of the limits of the reservoir contents:

0<x(j, 1) < x(j) (3.9)

Where ;c( Jj) is the maximum reservoir contents. Observe that if x(j, ¢) is
equal to zero this does not necessarily mean that the reservoir is empty, only
that the reservoir level cannot be lower according to legal restrictions, i. e.
x(j, t) is the net reservoir contents.

There are several approaches to treat the final states of the reservoirs. One of
the most common approaches, and the approach I will use, is to give a value
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to the water which is stored in the reservoirs after the planning period [11],
[93] and [101]. The value can be determined by the seasonal planning. In this
work the value is called the water storage value, P; for reservoir j. This
means that the total negative value of the stored water

-3 px(j,T+1) (3.10)

jelJ;

will be a part of the costs of hydro generation. J, in (3.10) is the number of
hydro plants. Owing to long term planning strategies, there can also be limits
on the amount of stored water. This gives:

x(, T+ 1) €x(, T+ 1) <%, T+ 1) (3.11)

where x(j, T+ 1) and %(j, T+ 1) are the lower and upper limits for the final
reservoir contents respectively. Another approach is to specify the final reser-
voir contents [67] and [93]. If the final reservoir contents are specified or if
the difference between the bounds in (3.11) is too small, it may not exist a
feasible solution to the planning problem. The restrictions for the final reser-
voir contents can then be treated as a soft constraint [85] and [106], which
means that if x(j, T+ 1) deviates from the specified final reservoir contents
and the interval in (3.11) respectively, a penalty cost multiplied by the devia-
tions is added to the objective function. These constraints can be treated as
soft constraints. The penalty function is equal to zero if the final reservoir
fulfils (3.11). Otherwise the penalty function will be greater then zero, which
means that the penalty function can be expressed as

Vilx(, T+ 1) =x(j, T+ 1] if x(j, T+ 1) <x(j, T+ 1) (3.12)
0if x(j, T+ 1) Sx(j, T+ 1)< %(j, T+ 1) (3.13)
Vilx(j, T+ 1)=%(j, T+ 1] if x(j, T+ 1) 2%(j, T+ 1) (3.14)

where v; is the penalty term for plant ;.

I am going to test both approaches: with and without soft constraints for the
final reservoir contents. In both cases the water stored will be given water
storage values. In the case with soft constraints I will subtract the penalty
cost as described above if the reservoir contents are outside the specified
interval.



32 Chapter 3. Problem Formulation and Modelling

I will introduce X7, , as the allowed domain for final reservoir contents. In
the case without soft constraints X, ; will be (3.11), to ensure that the final
reservoir contents never are outside the specified interval. For the case with
soft constraints (3.9) will be valid for t = T+ 1. This means that we will
have the same bounds for the final reservoir contents as for the other hours.
Then the total value of water stored at the end of the planning period will be
expressed as a piecewise linear function:

_,-E, ici(j)xi(f,T+l) ‘ (3.15)
€Jhi=1
where
3
x(,T+1) = Y x(j, T+1) (3.16)
i=1
6;(J) = =(pj+V;) (3.17)
05(J) = —p; (3.18)
03(j) = —p;+V; (3.19)
0<x,(j, T+ 1)< x(j, T+1) (3.20)
0<x,(j, T+ 1) S [X(, T+ 1)—x(j, T+ 1)] (3.21)
0<x,(j, T+ 1) < [Z()-%(, T+ 1)] (3.22)

In the case without soft constraints v; will be equal to zero, x;(j, T+ 1) will
be equal to x(j, T+ 1) and x3(j, T+ 1) will be equal to zero.

A third approach which is seldom used in the short-term planning, but could
be applied to seasonal planning is to specify the stored energy in the hydro
system [93]. I will not use this criterion in this thesis.

If there is a delay time in water travel to the downstream reservoir some of
the water will be in the river between the hydro plants at the end of the plan-
ning period. Since this water will reach the downstream reservoir in a few
hours it is appropriate to assume that the water will have the same value as
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the water stored in the downstream reservoir. Then the following term should
be added to the objective function:

- 2 Z Pd fu(j, 5)+s(j, 0] (3.23)

jeJp>T-1;

Discharge, spillage and reservoir contents are given as hour equivalents
(HE). One HE is the volume of 1 m3/s water discharged during one hour,
which means 3600 m>.

As I mentioned in the previous chapter, there are often different power pro-
ducers owning hydro plants in the same river. In Sweden there are so-called
regulation companies, which are given the task of taking the suggestions of
all producers into consideration. The regulation company determines a rough
generation schedule for one specific plant in the river. This is done in the fol-
lowing way. First all producers determine how much they want to discharge
in their plants. They can then calculate how their schedule would affect the
discharge in the plant scheduled by the regulation company. This will be the
desired discharge in this plant for each producer. Then the regulation com-
pany calculates the weighted average discharge in the specific plant. The
weight for each company is equal to their percentage of the total generation
capacity in the river. The schedule from the regulation company is given as
average discharges for six hour periods. If the discharge calculated by the
regulation company is lower than the desired discharge for one producer, he
will receive power from a producer with higher discharge than desired. These
exchanges of power are registered, in order to ensure that the net exchange
for each producer is equal to zero on seasonal basis.

When the producers know the schedule of the specific plant, they can plan
the generation of their own plants taking the known schedule into account.
The producer owning the plant with the pre-defined schedule follows his 6 h-
average values of schedule. The producer having the plant upstream from
this plant can treat it as a reservoir with known outflow. This will prevent that
the reservoir contents of the plant with the given schedule do not violate the
bounds of reservoir contents. The owner of the plant downstream from the
plant with specified schedule can treat the scheduled discharge as known
inflow. However, it is still possible that the owners of the plants in the river
do not have full information of the discharge from up- and downstream
plants they do not own. In practice the producers schedule their plants based
on the known information and then try to adapt their own generation accord-
ing to other producers schedules.
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This means that the model of the hydrological constraints above still hold.
The power producer can use the model when making the proposed schedule,
which will be submitted to the regulation company. In the same way as plan-
ning without support of an optimization tool, the power producer has to make
some assumptions of how other producers in the river will operate their
plants. In the next step, when the schedule from the regulation company is
known, the producer can treat the plant scheduled by the regulation company
as fixed discharge. Then it might be the case that the schedules have to be
adjusted again. The company can use the model to create new schedules after
receiving new information about the other producers schedules.

For completeness I should mention that a producer has the right to change his
suggestions about the discharge in the plant scheduled by the regulation
company with a notice three hour before. I should alsc mention that the
owner of the plant scheduled by the regulation company does not have to fol-
low the schedule strictly. The owner the of pre-scheduled plant can operate it
with some marginal to the schedule.

After the discussion above one can ask two questions. First, is this the best
way to coordinate the planning in the river? Secondly, given the rules above,
could it be possible to determine the bids to the regulation company and the
generation of different companies by game theory? I will not try to answer
the first question since it is not in the scope of this thesis. However, the kind
of optimization model I have described above will still be valid for genera-
tion planning even if the coordination of the planning in river is performed in
some other way. Assume for example that the producers in the same river
decide to start a scheduling company owned by the producers together. The
company can then use a model of this kind to plan the generation in the river.

For the question about game theory, I am not sure that it is possible to find a
stable equilibrium. It can also be the case that it is difficult model corpora-
tion. One example of corporation is when one producer may satisfy another
producers suggestions in one part of the river if the other producer satisfies
the firsts suggestions in another part of the river or even in another river. The
game will be repeated each day, which means that if there are stable points of
equilibrium for a single game, we might get other solutions for a repeated
game.

3.2.2 Generation constraints

The generation in the hydro system will be the sum of the generation of each
hydro power plant. As I described in the previous chapter the generation is a
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function of the discharge and the head. The head is a function of the
upstream and downstream reservoir contents. An increase of the contents in
the upper reservoir will increase the head, and in the lower reservoir it will
decrease the head. This means:

o = Y pu(i 1) (3.24)
je T,
pris ) = f(u(j, ), x(j, 1), x(d, 1)) (3.25)
u(j, 1y e U(J) (3.26)
where

* p(j, 1) is the generation in hydro plant j during hour z.

* flu(j, 1), x(j, 1), x(d), 1)) is the generation in a hydro plant as a function
of discharge, upstream reservoir contents and downstream reservoir con-
tents, the so-called generation characteristic.

* d; is the downstream reservoir of plant j.

U(j) is the allowed discharge domain for plant j.

The generation as function of discharge, upstream and downstream reservoir
levels is often available as tables. From these tables it is desirable to formu-
late a mathematical expression. I will now characterize models used in the
literature of hydro scheduling in four aspects:

+ allowed discharge domain,

* model of generation as function of discharge,

 treatment of head dependence and

+ treatment of discharge changes.

First I will explain the meaning of the above mentioned characteristics and I
will also give a short survey of the most common ways to mode! hydro power
in the above mentioned aspects. After that I will give some examples of how

different models in the literature combine different representations of the
aspects. I have divided the models into four groups depending on their math-



36 Chapter 3. Problem Formulation and Modelling

ematical characteristics. These groups are: continuous linear, continuous
non-linear, mixed integer-linear and mixed integer non-linear. When I go
through the different models in the literature, I will also mathematically for-
mulate the models I have used in this thesis.

Allowed discharge domain

The simplest and maybe the most common way is to allow operation in the
whole domain from minimum to maximum allowed discharge. In this case
there is no need for integer variables for the model of the allowed discharge
domain. However, as I mentioned in the previous chapter there will be local
best-efficiency points for each combination of units. Operation far from these
points can lead to significantly lower efficiency and in some cases risk of
cavitation. This means that it could be more accurate to only include parts of
the interval from minimum to maximum discharge in the allowed discharge
domain. Such a model requires some kind of integer representation, unless
there is a legally restricted minimum discharge.

Model of generation as function of discharge

The generation as function of the discharge is a non-concave function, see
Fig. 2.4. Several models are concave approximations of this non-concave
relationship. The simplest model for the generation characteristic is a linear
model, where the generation is proportional to the discharge. A common
model of the generation characteristic is piecewise linear approximation of
the discharge-generation curve, see Fig. 3.3 a. Chosen as breakpoints are
zero flow, the best-efficiency point for the unit combination giving a concave
function and the point of maximum discharge. Another mode] that has been
tested in the literature is a non-linear approximation of the generation char-
acteristic, see Fig. 3.3 b, with some kind of minimization of the average error
compared with the real function. All linear, piecewise linear and non-linear
models only need continuous variables. Therefore they can only be used
together with a discharge domain which includes the whole interval between
minimum and maximum discharge. Models with integer representation of
the allowed discharge domain can be more accurate in modelling of the gen-
eration as function of the discharge in points where discharge is allowed. Fig.
3.3 ¢ shows a model with mixed integer-linear representation of allowed dis-
charge domain and the generation as function of the discharge. In this case
operation is allowed at minimum discharge, at the local best-efficiency points
and at the continuous part from local best-efficiency point with the highest
discharge to maximum allowed discharge.
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Fig. 8.3 Models of generation as function of discharge for the
plant in Fig. 2.4.
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Treatment of head dependence

When the hydro plants are dispatched, the reservoirs will be at different lev-
els for different hours. This means that a plant will not have the same head
during the planning period. For the treatment of head dependence I will only
separate between taking the head dependence into consideration and not
doing it. If the head dependence is considered the problem will be non-linear.

Treatment of discharge changes

The treatment of discharge changes can be divided into five groups: no con-
sideration of discharge changes, restrictions on discharge changes, costs of
discharge changes, restrictions on starts and stops of units and cost for start
of units. The characteristics of the groups can of course be combined in vari-
ous ways. The first three groups do not need integer representation whereas
the last two ones do.

In the following I will describe a few examples of models with different
combination of allowed discharge domain, model of generation as function
of discharge, treatment of head dependence and treatment of discharge
changes. This will lead to the fact that the models are either continuous or
mixed integer and that the models include either non-linear functions or not.
Table 3.1 shows a list of the different kinds of models in the literature. As I
mentioned earlier I will mathematically formulate the models I have used in
this thesis.

Continuous linear models

The simplest model is to approximate the generation to a linear function of
the discharge. One advantage is that it is possible to use linear programming
[53] which is a fast method. The disadvantages with a linear model are, how-
ever, several. First, it is possible that the schedules often contain operation
points far away from the local best-efficiency points, which means that the
plant operates on a point with low efficiency. Secondly, it is not possible to
consider constraints or costs in start-ups and shutdowns accurately if one
uses linear programming. The third disadvantage is that the linear program-
ming cannot take the head dependence into consideration. So, if one wants to
model head dependence it is necessary to do this outside the linear program-
ming. The final disadvantage with the linear model is that it is not possible to
consider forbidden discharge intervals. This means that the allowed dis-
charge domain always will be between minimum and maximum allowed dis-
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Table 3.1: Examples of models in the literature

Allowed Generation
Kind of owe as function Head Discharge
discharge
models . of dependence | changes
domain .
discharge
Continuous From mini- Linear Not treated Not treated
linear mum to maxi-
mum Piecewise lin- | Outside the Cost of dis-
discharge lev- | ear model charge
els changes
Continzous From mini- Piecewise lin- | Inthe model | Not in the lit-
non-linear mum to maxi- | ear erature but
mum possible
discharge lev- | Non-linear
els
Mixed inte- Specific Linear or Not treated Not treated
ger linear points or piecewise lin-
intervals ear in the spe- | Outside the Start-up cost
cific intervals | model
Start and stop
restrictions
Mixed inte- Specific Non-linearin | In the model | Not treated
ger non-linear | points or the specific
intervals intervals Start-up cost
Start and stop
restrictions

charge. [32] and [115] use linear models and do not include any head
dependence and no treatment of discharge changes.

A common model of the generation characteristic is piecewise linear approx-
imation of the discharge-generation curve, see Fig. 3.3 a. The breakpoints for
the piecewise linear function are the minimum discharge, the local best-effi-
ciency points and the maximum discharge. Observe that points making the
piecewise linear curve non-concave must be excluded. The advantage of the
piecewise linear model compared with the linear model is that the plant more
often will operate on the local best-efficiency points, since the solution of
this linear programming problem will have most of the discharge variables at
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their minimum or maximum bounds. However, the model will still give
schedules with some operation points far from the local best-efficiency
points and maybe in forbidden intervals. If the discharge is scheduled
between the breakpoints the generation will be overestimated if the discharge
is less than the discharge of the local best-efficiency point with highest flow:
Otherwise, if the discharge is above the local best-efficiency point with high-
est flow the generation will be underestimated. Without head dependence this
model will be continuous and linear [36], [37] and [93]. In [85] the model is
piecewise linear for each unit in the plant. The model also includes linearized
equations for the losses in the tunnels. Normally these models do not have
any restrictions on discharge changes. However, [18] and [59] uses the piece-
wise linear model with extra costs for discharge changes.

Now to the mathematical formulation of the model I have used. The genera-
tion in station j, hour 7 for the piecewise linear model can be written as:

I

ppwl(j’ t) = z ri(j)“i(j? t) (3°27)
i=1
0<ulj, =) (3.28)
where

* Ppwm(J, 1) is the piecewise model of generation as function of the dis-
charge for plant j.

» T;(j) is the slope of segment i in Fig. 3.3 a.

* u; is the part of the discharge for segment .

* 1; is the number of segments in Fig. 3.3 a.

The total discharge in station j during hour ¢ will be

1

u(j, 1) = 3 uglj, 1) (3.29)

i=1
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Non-linear continuous models

The first kind of non-linear models is the piecewise linear models with head
dependence [23], [27] and [67]. Another model that has been tried is a non-
linear approximation of the generation characteristic see Fig. 3.3 b. The
advantage of a non-linear model is that the average error compared with the
real characteristic is less than in the piecewise linear model. However, the
non-linear model does not agree with the characteristics in the important
local best-efficiency points, which the piecewise linear model does. This
means that the plant more often will operate far from the local best-efficiency
points. If one uses a non-linear model one has to apply a non-linear optimiza-
tion technique, which is more time consuming than linear programming. One
advantage of non-linear programming is that it is possible to include the head
dependence directly in the model. It is also possible to use penalty functions
for the change of discharge. Still, there is no guarantee to obtain schedules
with operation only on points with good efficiency. [13] is an example of a
non-linear approximation without head dependence. [9], [10], [27], [28],
[35], [77], [78] and [89] are examples of such models with head dependence.
In continuous non-linear models the head dependence is considered either as
some explicit function (linear or polynomial) of the head or reservoir con-
tents or as interpolation in tables. The model for head dependence which I
have used in this thesis is the same as in [9], [10], [23] and [93].

f(u(j7 t)7 x(j’ t): -x(dj} t)) = pO(u(]: t))

(3.30)
+[o()x(j, 1) = B(Nx(d), ) ]u(j, 1)
where

* polu(j, 1)) is the generation as function of the discharge for plant j. In
(3.27) po(u(j, t)) is modelled as a piecewise linear function, ppwl( Jjrt).

* ofj) is the head correction factor for the upstream reservoir.

* B(}j) is the head correction factor for the downstream reservoir. If there is
no downstream reservoir B(j) will be set to zero.

In (3.27) a(j) and B(j) are assumed to be zero. If we want to use head
dependence in (3.27) we have to update I' according to the reservoir con-
tents in the solution of the planning problem and run a new optimization.
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How to calculate po(u(j, 1)), a(j) and B(;j) based on data tables for genera-
tion as function of discharge for different reservoir contents is described in
[64] and in Appendix A.

Mixed integer-linear models

To overcome the problem with operation points far away from the local best-
efficiency points, mixed integer models have been suggested. The advantages
of mixed integer models are first of all, that the plant will only allow opera-
tion on the local best-efficiency points and secondly, that it is straightforward
to include start-up and shutdown costs or restrictions of hydro units. Models
with integer representation also avoid operation in forbidden discharge inter-
vals. In [7], [11] and [105] the discharge is allowed only at a finite number of
points, mainly the local best-efficiency points. In [64], [68], [69], [70], [71]
and [73] the operation is also allowed between the local best-efficiency point
with the highest flow and the maximum generation point. These models have
an advantage compared with models only allowing discharges at a finite
number of values. The advantage is that the model does not force the dis-
charge to a point with a lower efficiency than necessary, when the plants
operate on the part between the local best-efficiency point with the highest
flow and the maximum flow point. Assume for example that it is optimal to
operate somewhere between the local best-efficiency point with highest flow
and the maximum flow point. If one uses an integer model one has to choose
one of these points. This means that the model chooses either the upper point
with lower efficiency than necessary or the lower point. If the model chooses
the lower point, the model will either force another plant to go up to a point
with lower efficiency than necessary or we will have to purchase energy to
fulfil (3.2). An example of the mixed integer-linear model with discharge
allowed at all points between the local best-efficiency point with the highest
flow and the maximum discharge is shown in Fig. 3.3 ¢. [15] has integer Iep-
resentation for the on/off-line status of the plant and piecewise linear approx-
imation of the generation as function of discharge. The model in [106] has
piecewise linear approximation of the generation characteristic for each unit
as in [85] with the difference that [106] has an integer representation for
commitment status of the unit. In [24] a mixed integer model for a pump
storage plant is presented. Pumping is only allowed at discrete points
whereas generation is modelled as a piecewise linear function of the dis-
charge.

Now to the mathematical modelling of the mixed linear model in Fig. 3.3 c,
which I have used:
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K;
Pmili ) = Y ;N7 1) +Tx 1 (Dlug 410, N-ug (D] G.31)
k=1
the discharge can be written as

K;

w(j, 1) = Y w(Nzl, 0+ ug +1(J, 1) (3.32)
k=1

the following constraints for the binary variables must be fulfilled

zi(j, )2z, 10, 1) (3.33)

0< qu”(j, t)SﬁKJ_H(j)sz(j, 1) (3.34)

5, 1) e {0,1} (3.35)
where

* Pmi(J,?) is the mixed integer model of the generation as function of the
~ discharge for plant j during hour .

. 2:; 1 Px(j) is the generation at the best-efficiency point k",
. 21?: 1 ukG’) is the discharge at the best-efficiency point K
* z(Jj,1) = 1 if the plant operates at point k or higher, 0 otherwise.
* Tg ,1(j) is the slope on the continuous part.
J
. ﬁK]_+ 1{J) is the upper limit of the discharge on the continuous part.
¢« K j s the number of local best-efficiency points.
There are many ways of treating discharge changes or start-ups/shut-downs
in the mixed integer linear models. For example in [11] 2 minimum time
between changes of the discharge is required. [24] has a cost for going from
one state to another in the pump-storage plant. In [64] the minimum up and

down times are two hours for hydro units. [64], [681, [69], [70], [71] and [73]
assign a start-up cost to start-ups of hydro units. Another approach is to not
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allow start-ups in low load periods [105]. Finally, in [106] the number of
start-ups for a unit is limited.

The start-up cost can be formulated as

XUs 1) = Cqan (20, 1), Z(j, 1~ 1)) (3.36)
where
* x(J, t) is the total start-up cost for plant j during hour ¢.

* Caan, j(Z(j, 1), Z(j,1—1)) is the start-up cost for moving from state
Z(j,t—1) to state Z(j, 1)

© 23,0 =[50, - 2 (D]

To use the mixed integer linear model (3.31)-(3.35) as for run-of-the river
plants and set the upper bound of the reservoir equal to zero would not result
in a suitable model. The reason is that the total inflow to the run-of-the river
plant will be equal to the discharge from the upstream plant plus the natural
inflow. If discharges only are allowed at discrete points for both plants, one
have to spill from the run-of-the river plant if the total inflow does not match
one of the allowed points. This is not a rational way of operating a hydro
plant. In this case it is better to treat these two plants as one. The total gener-
ation from the plants will be a function of the discharge from the upstream
plant:

P(u(ups, 1)) = p . (u(ups, 1)) + p, (u(ups, £) + w(ror, 1)) (3.37)
where |
*  DPyups(u(ups, 7)) is the generation of the upstream plant
D.oc(1(ups, 1) + w(ror, £)) is the generation of the run-of-the river plant.

Pwi(u(ups, 1)) can then be plotted as a function of u(ups, ¢) in the same way
as the dashed graphs in Fig. 3.3. From this curve it is possible to calculate the
points with best-efficiency and only allow discharge in these points. Note,
that if there is a delay time between the upstream plant and the run-of-the
river plant, pup(u(ups, 1)) and p_, (u(ups, t) + w(ror, £+ Tups,ror)) Will be
produced at different hours.
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Mixed integer-non-linear models

One example of a mixed integer-non-linear model is [101] which is the same
model as the model in Fig. 3.3 ¢ with head dependence by interpolation in
tables. There is also a penalty cost for discharge changes. [72] is almost the
same but with a polynomial approximation of the continuous part and the
head dependence as in (3.30) and hydro unit start-up costs. [40] has a non-
linear approximation of the generation characteristic for each unit. There is
no head dependence in this case since the model only includes run-of-the
river plants. [96] has a non-linear approximation with head dependence for
each unit combination. This model also includes forbidden discharge inter-
vals. [51] has the same generation characteristic with start-up costs and min-
imum up and down-times for hydro units.

In my work I use a mixed integer model with non-linear head dependence.
However I will not solve a non-linear mixed-integer problem. Instead I will
use constant heads and update these heads in different steps.

Section 3.2 dealt with hydro power models. I have discussed models for the
costs of hydro generation F,, and the operation constraints for the hydro sys-
tem P,. I have also mathematically formulated the two different models I
use in the thesis, one piecewise linear and one mixed-integer linear. In the
piecewise linear model the cost is the value of used water. In the mixed inte-
ger model we add a start-up cost for hydro power units. In both models there
are restrictions on water balance, discharge and reservoir levels. In the mixed
integer model there is also restrictions that the discharge only is allowed at
specific points. As I just mentioned above I gradually update the head
dependence.

3.3 Thermal system models

In this section models for Fg, the cost of thermal generation and P, , the
constraints in the thermal system will be described. I will assume that
nuclear plants are used as base load units and that they are scheduled at their
maximum capacity or some other specified level. The total thermal genera-
tion is the sum of the generation in each plant.

P = Y p,(j,1) (3.38)

jng

where
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* P, ) is the generation of plant j during hour .
* J, is the number of thermal plants.

As in the hydro section I will describe the models I have used in the thesis
together with some other models in the literature. I have characterized the
thermal models in the following aspects:

» allowed generation domain.

» cost as function of generation.

¢ treatment of start-ups.

* restrictions for changing generation in committed plants.

Following the structure of the hydro section I will explain the aspects above
and give examples of how they are treated in the literature. After that I will
go through different models in the literature and their treatment of the above
mentioned aspects. I will have the same group of models as in the hydro sec-
tion: continuous linear, continuous non-linear, mixed integer-linear and
mixed integer non-linear. I will also mathematically formulate the models I
have used in the thesis.

Allowed generation domain

Normally there are lower limits for on-line generation in the thermal plants. I
will separate between models with and without lower limits for on-line gen-
eration.

Cost as function of generation

The cost as function of the generation can either be linear or non-linear. Fig.
3.4 a and b show examples of linear and non-linear models of the cost curve
respectively.

Treatment of start-up

In the literature there are three kinds of models for start-up costs in thermal
plants: warm and cold start-up costs, piecewise linear, and exponential. The
three models are shown in Fig. 3.5.
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F(p,)

a) Linear model P,

b) Non-linear model Pg

Fig. 3.4 The generation cost as function of the generation

There might also be minimum up and down times for the thermal plants.
According to my experience from the test system I have been working on
there is no need for such restrictions, since the start-up cost will prevent
plants from starting and stopping for only a few hours. It should be men-
tioned that this conclusion is only valid for the kind of system I have been
studying. This system is hydro dominated. For a pure thermal system or a
thermal dominated system restrictions on minimum up and down times may
be needed.

Restrictions for changing generation in committed plants

Because of technical constraints for the thermal units, there might be restric-
tions on how much the generation can be changed per minute. These restric-
tions are called ramp rate restrictions. The maximum change of generation
per minute is usually lower just after the plant has been started. Here I will
only separate between taking the ramp rate restrictions into account or not.
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Exponential model

——

~ — . Piecewise linear model
------- Model for hot and cold start-up

-
cooling time
Fig. 35 The three different modeis depending on the
cooling time

After this characterization of the thermal models I will go more into details
and describe a few models in literature. In the same way as for the hydro
models I will separate the thermal models into the four groups continuous
linear, continuous non-linear, mixed integer-linear and mixed integer-non-
linear. I will also mathematically formulate the models I use in the thesis.
Table 3.2 shows a list of how the different models are treated in the literature.

Continuous linear models

The simplest thermal system model is a cost function [9]. Each plant will be
represented by upper and lower limits of generation and a linear or piecewise
linear cost function. In this case F, will be a convex, not necessarily every-
where differentiable, function, see Fig. 3.6.

This kind of models can for example be used if the commitment of the ther-
mal system is known. This is normally called EDC (economic dispatch). The
slope of the segments in Fig. 3.6 will be equal to the variable cost of the cor-
responding plant. The minimum generation can then be subtracted from the
load and only the difference between maximum and minimum generation is
included in the curve. If we want to have restrictions on ramp rates, the cost
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Table 3.2: Examples of thermal models in the literature
. Allowed Cost'as Treatment .
Kind of . function Generation
operation of start-
models . of changes
domain . up
generation
Continu- Commitment Linear Not treated | Not treated
ous linear known: From mini-
mum to maximum Treated in
generation levels dynamic
EDC
Otherwise: From
Zero to maximum
generation
Continn- Commitment Non-linear | Nottreated | Not treated
ousnon- | known: From mini-
linear mum to maximum Treated in
generation levels dynamic
EDC
Otherwise: From
zero to maximum
generation
Mixed inte- | From minimum to Linear Start-up cost | Not treated
gerlinear | maximum genera-
tion levels and zero Minimum Ramp rate
up and restrictions
down times
Mizxed inte- | Specific points or Non-linear Stast-up cost | Not treated
ger non- intervals
linear Minimum Ramp rate
up and restrictions
down times

curves will be dependent on each other, and most of the simplicity of the cost
curve approach is lost. If the commitment is known and we have constraints
coupling the thermal generation from one hour to the next, it is called

dynamic EDC.
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>
Pg

Fig. 3.6 Thermal system modelled as a cost function

If this model is used for the commitment of the thermal plants it not possible
to have a Jower limit for the generation, and the cost function for each plant
must be simplified so that the cost is directly proportional to the generation.

Continuous non-linear models

In the continuous non-linear case the cost function is non-linear instead of
linear. [78] for example uses a quadratic cost function for each thermal plant.
~ In this case it is assumed that the commitment of the plants is already known.

Mixed integer linear models

There are also more detailed models which consider the on/off-line charac-
teristic of the thermal plants. Modelling the on/off-line characteristic needs
integer variables. Mixed integer linear models mean linear models of the var-
iable cost as function of the generation [36], [60] and [69]. The upper graph
in Fig. 3.4 shows the linear model of the cost function. The linear model of
the cost function can be written as:

8(p, (7, 1)) = ap(j) +a,(j)p,(j, 1) (3.39)
pNYU, = p(J, )< P(j)y(j, 1) (3.40)
y(j, 1) e {0, 1} (3.41)

where
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* g(p,(J, 1)) is the generation cost for plant j during hour ¢.
* ay(j) is the fixed cost for operation of plant j.

* ay(j) is the marginal cost for operation of plant j.

* p(Jj) is the minimum generation of plant j.

* p(j) is the maximum generation of plant j.

* y(j,t) is equal to one if plant j is on-line during hour ¢ and otherwise
equal to zero.

The exponential model of the start-up cost can be formulated as:

SG, 1) = bo(N+by(GY(1 -y (3.42)
YU, H=y(j, t-1)-v(j, ) <0 (3.43)
v(j, 1) e {0, 1} : (3.44)

* v(Jj, 1) is equal to one if plant j is started in the beginning of hour ¢ and
otherwise equal to zero.

« S(J,1) is ihc start-up cost if plant j is started in the beginning of hour :.

* by(Jj) is the cost of a warm start-up for plant j.

* bo(j)+ by(j) is the cost of a cold start-up for plant j.

* H is the time the plant has been off-line.

* T is the time constant for cooling.

It can be noted that (3.42) is a non-linear function of the cooling time. This is

not a problem since the model is time discrete and the start-up cost will only
be calculated for discrete time values. The total start-up cost will be:

T
Y 3 SG ovG, 0 (3.45)

jngt=l
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Mixed integer-non-linear models

For mixed integer-non-linear models the cost as function of the generation is
a non-linear function {17], [46], [55], [89] and {100], see Fig. 3.4 b. With a
quadratic approximation of the cost curve (3.39) is changed to

8(pgU> 1)) = ag(j) +ay(Np, U, 1) + ay(j)p,(j, 1) (3.46)

where aq(j), a,(j) and a,(j) now are the coefficients in polynomial
approximation of the generation cost for plant j.

In [100], for example, there are also constraints for ramp-rates, which
describe how fast the generation can be changed in a thermal plant. These
can be formulated as:

Bionn () S P,Us 1) = P, - 1) £ 8, (J) (3.47)

I will sum up this section about thermal power models with the models I have
used in the thesis. The cost function, Fg, has to include start-up cost and
generation cost. For the start-up cost I have used the exponential model
(3.42). For the generation cost I have used the quadratic model (3.46) if the
plant is not equipped with a NOy-cleaner, see Fig. 2.5. If the plant is
equipped with a NO;-cleaner, the cost function will be very close to (3.39).
However, there can be problems in the computation of the solution of the
problem with this model, owing to oscillations. In order do avoid these oscilia-
tions in the solution procedure, I will use a non-linear approximation of the
curve [32]. This means that the cost curve is quadratic (3.46) but still matches
very close to the linear curve.

The feasible domain, P, for the thermal generation is restricted by the min-
imum and maximum generation limits (3.40) and the ramp rate constraints
(3.47). The maximum generation limit is lower during the first hour after the
start-up since the generator is cold. The generation limits can be formulated
as follows:

pGy(U, 1) = p(j, 1) < p(7)yCJs 1) + [Peqra(d) — P(NIV(, 1) (3.48)

where P 4(j) is the maximum generation of plant j during the first hour
after the start-up.
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3.4 Models for power exchanges

This section gives the mathematical expressions for the cost of power
exchanges, F,, and the restrictions, P,. The models for power exchanges are
depending on the contract. If the contract is designed as a fixed amount of
power, which will be purchased and sold, the power exchanged will be sub-
tracted from or added to the load. If the contract is designed as prices for dif-
ferent amounts of purchase and sale the power exchanges can be modelled as
a price function. This means that the exchanges can be treated in the same
way as the thermal power but without consideration of start-up/shut-down
costs/restrictions, see Fig. 3.7. The piecewise linear model of such a contract
will be

Cp.(2))
A

p.(D)
Contract 1 Contract 2 Contract 3 Contract 4
-l — Pl et —
Selling of energy Purchasing of energy
) P} ——

Fig. 3.7 The power exchange cost function. The price for each
contract is equal to the slope of the cost function.
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Cp.) = Y, 1;(0p.U 1) (3.49)
jelJ,
() = Y p.G. D) (3.50)
jeld,
pU)<p(j,0<p,(J,1) (3.51)
where

* C,p.(7)) is the cost of power exchanges during hour ¢.
* y;(r) is the price j during hour ¢.
* p.(j, ) is the power exchanges according to price j during hour ¢.

* p.(J,t) is the upper bound for p,(j,?). p.(j, t) = 0 if Y;(£) is a selling
price and otherwise positive.

* p.(J,1) is the lower bound for p(j,1). pj,t) =0 if Y;(1) is a pur-
chase price and otherwise negative.

J . is the number of exchange prices.

The price curve in Fig. 3.7 can be a model of the spot price if the producer is
large enough to affect the spot price. If the producer wants to buy more the
price will rise. Otherwise, if the producer wants to sell more the price will
fall. :

There are no limitations in the design of contracts and there are many types
of contracts treated in the literature [39] and [46].

3.5 Reserve requirements modelling

In power systems with a large share of hydro, these reserve margins are kept
in the hydro system, since the hydro plants are easy to re-dispatch, as I
described in chapter 2. In cases where part of the load is lost owing to loss of
load, hydro plants can be shut down to keep the balance between generation
and load. In case of a load increase or a plant outage, the on-line hydro units
can increase their generation up to their maximum capacity and more hydro
capacity can be started with a short start-up time. The difference between the
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maximum capacity of the on-line hydro units and their generation is the spin-
ning reserve. If all the units in the hydro system are on-line, the spinning
reserve will be equal to the difference between the total capacity of the hydro
system and its current generation. Modelling and optimization in this case
are covered by the literature [8], [14], [32], [40], [46], [89] and [115]. In [29]
the spinning reserve requirement is modelled as a fuzzy constraint. A model
for EDC with the security constraint expressed as a minimum acceptable fre-
quency after an outage is presented in [80].

However, when hydro plants are scheduled not to have all their units commit-
ted, the spinning reserve will be depending on which units that are on-line.
Fig. 3.8 shows an example of the generation characteristic of a hydro plant
with three units. The spinning reserve is shown for minimum generation and
the local best-efficiency points. The plant is operated close to the points most
of the time, since operation far from these points will lead to a lower effi-

P W A

u(m>/s)

°  Minimum generation if it is equal to zero (no
spinning reserve at this point)

Minimum generation if it is greater than zero
Local best-efficiency point

Maximum generation point for on-lined units
Spinning reserve at minimum generation, if it is
greater than zero

Spinning reserve at local best-efficiency

- O e M

Fig. 3.8 An example of the generation characteristic of a hydro plant
with three local best-efficiency points.
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ciency and in some cases a risk of cavitation damages as described earlier.
For short periods the generation can be increased to preserve system security.
Since the generation and the spinning reserve are depending on which units
that are on-line, integer variables are needed for representation of unit status.
In section 3.2.1 I described a mixed integer model for the generation (3.31)-
(3.35). Mathematical formulation of the spinning reserve in this model will
be:

() = Y r(, 1 (3.52)
je J,
K;
rmi(l, 0) = 1i(N21G, 0+ Y (D=1 1() 1z (G )
k=2 (3.53)
i Ug +l(j7 t)
x5 e
where

* r(j, 1) is the spinning reserve in hydro plant j during hour 7
s rui(j, 1) is r(j, t) for the mixed integer model.

* ri(j) is the spinning reserve at the local best-efficiency point for unit
combination k. Observe that rKj(j) =Tg bk 1)
7 7

Earlier hydro power plants have been scheduled to on-line but with the gen-
eration equal to zero, in order to provide spinning reserve and as reactive
source, when the load is low. However, nowadays this is not so usual in Swe-
den since the equipment needed is considered to be too expensive.

3.6 Problem formulation

To sum up, the whole planning problem is formulated as an optimization
problem. As already mentioned, the objective (3.1) is to minimize the cost of
power exchanges, maximize the value of stored water and minimize penalty
costs, if any. With the expressions I have presented earlier in this chapter this
will be (3.54), each term corresponds to F,,, F, and F, respectively. The
constraints (3.2)-(3.6) will be:
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* The sum of produced power and power exchanges has to be equal to the
load (3.2). With expressions from the chapter it will be (3.55).

¢ The requirements of spinning reserve (3.3), which will be (3.56).

* The constraints for the hydro system (3.4): model of the generation char-
acteristics (3.58), reservoir balance equation (3.59), allowed discharge
domain (3.60), final reservoir contents (3.61), and bound for reservoir
contents (3.62)-(3.63).

* The constraints for the thermal system (3.5): cost as function of genera-
tion (3.64), limits of gemeration (3.65), model of start-up cost (3.66),
ramp rate constraints (3.67), and relation between feasible domain for
variables for commitment and start-ups (3.68)-(3.70).

* The constraint for the power exchanges (3.6): bounds for exchange (3.71).

This will give us the following minimization problem:

3 T
min{F} = min{ ¥ [2 S(NxG. T+ 1)+ 3 %G, )

jeli=1 =1

> pdj[u(j,t)+s(j,t)]} (3.54)

> T—'rj,dj

T T
+ X 2 L8, G, )+ SG, v, 01+ Y, Y (0.0, ;)}

jEth:l r=17¢€J,

Subject to

System constraints

Y )+ Y phy+ Y p(j, 1) = D(1) (3.55)
je J, jelJ, jel,

> r(j, ) 2R (3.56)
jel,

t=1,..,T (3.57)
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Hydro system constraints, je J,.

pp(J, 1) = fu(j, 1), x(j, ), x(d, 1) (3.58)
x(, 1+ D=x(, D+ ul, H— Y ulm, t-7,) + 50, 1)

me M) (3.59)

- Y stmi-1,) = w(, 0
m € M(j)
u(j, 1)y e U(j) (3.60)
3
x(,T+1) = Y x(j,T+1) (3.61)
i=1
0 < x(j, 1) < x(j) . (3.62)
x(j,T+1)e X7, , (3.63)
Thermal system constraints, j & J p
8(pg(J, 1) = ag(j) +a;(JIp,(J, 1) + a,(j)p,(j, 1)? (3.64)
p(Ny(, D) 2P, 1) S Py, 1) + [Peqia( /) — PN IV, B (3.65)
8G, 1) = bo(j) + by()(1 - ) (3.66)
~Baown () S PoUs 1) = po(Js 1= 1) < 8, () (3.67)
y(, )-y(j, 1= 1)-v(j, ) <0 (3.68)
v(j,1) e {0, 1} (3.69)
y(j, 1) e {0, 1} (3.70)
Power exchange constraints, je J,

p.G.0<p(J,Sp.(j, 1) (3.71)

where
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* 0©;(j) in (3.54) and bounds for stored water at the end of the planning
period (3.63) are

1) = 0()) = 03()) = -p; (3.72)
(7, T+1) = x(j,T+1) (3.73)
0<x,(j, T+ 1) S [X(j, T+ 1)=x(j, T+ 1)] (3.74)
%, T+1) = 0 (3.75)

if we do not use soft constraints. Otherwise 6;(j) in (3.54) and bounds
for stored water at the end of the planning period (3.63) are

c;(J) = =(p;+V;) (3.76)
6,(J) = —p; (3.77)
63(j) = —p;+V; (3.78)
0<x,(j, T+ 1)<x(j, T+1) (3.79)
0<x,(j, T+ 1) S [E(, T+ D=x(j, T+ 1)] (3.80)
0<x3(j, T+ 1) S[Z()-%(j, T+ 1)] (3.81)

+ the start-up cost function in (3.54) is set to zero in the piecewise linear
model:

xpwl(jr t) = 0 (382)
and set to the following expression in the mixed integer model:
il 1) = Cqan j(Z(), 1), Z(j, 1~ 1)) (3.83)

* the spinning reserve (3.56) is not considered in the piecewise linear
model, since correct representation requires integer variables. This means
that

rpw](j’ t) = o (3-84)
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while the spinning reserve (3.56) in the mixed integer model is

X

rmills 1) = 1i(N2 G D+ Y, (1)1 1 (D12 Gs 1)
k=2 (3.85)

o f(u(j, 0, x(j, 1), x(d I 1)) is the model of the generation characteristics
(3.58).

Fu(j, 1), x(j, 1), x(dj, 1)) = polulj, 1)) (3.86)
+ [a(j)x(j, £y = B()x(d;, 1)]u(j, 1)

The piecewise linear model has the following expression

I;
Po, (0, ) = Y Tiu(j, 1) (3.87)
i=1

and the mixed integer model the following

K.

Pomi((i ) = X, P2y ) + Tg Lug (. 1)~ g ()] (3.89)
k=1

* U(j) is the set of equations describing the restrictions on the discharge
(3.60). For the piecewise linear model there is the sum of discharges for
the different slopes

I
(1) = > w(J, 1) (3.89)

i=1
0<u(j, 1)< B() (3.90)

For the mixed integer model there are the restrictions that discharges only
are permitted at zero flow, local best-efficiency points and the part
between the local best-efficiency point and maximum flow.
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X;
(1 1) = 3 w(Doo ) +ug 1 (o 1) (3.91)
k=1
()220, ) (3.92)
Osuz{j+1(j: I)SﬁKj+1(j)ZKj(j, ) (3.93)
z(j, 1) e {0, 1} (3.94)
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4
Start-Up Costs in Hydro
Power Units

This chapter deals with start-up costs of hydro power units. In the introduc-
tion we address three questions about start-ups of hydro power units: What
causes the costs in the start-up? How much does a start-up cost? How do
start-ups effect the shori-term scheduling strategies of power producers in
Sweden? In order to answer these questions, we have interviewed employees
working with generation planning at the eight largest power producers in
Sweden. We found five aspects causing start-up costs: Loss of water during
maintenance. Wear and tear of the windings owing 1o temperature changes
after the start-up and shut down. Wear and tear of mechanical equipment
during the start-up and shut-down. Malfunctions in the control equipment
during the start-up. Loss of water during the start-up. The aspects causing
the largest costs are maintenance owing to the wear and tear and the una-
vailability and personnel costs owing to malfunctions in the control equip-
ment. The cost of lost water is usually small. The conclusions are the
Jollowing: The start cost will depend on the nominal power of the unit and
the unit model. The majority of the power producers consider start-ups in
their planning. There is a need for better knowledge about start-up cost.
There is a need for planning software which considers start-up costs of hydro
units.

4.1 Introduction

As I stated in chapter 2 the aim of short term power system planning is to
minimize the operation cost of the system to fulfil a forecasted load. It is
therefore important to consider all relevant costs related to the operation of
the system. In the general problem formulation in the first section of chapter
3, I divided the operation costs into two parts; costs of power trading and
costs of power system operation. The costs of the operation of a hydro sys-
tem were of two kinds. First, the cost of the water used to produce electric
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power during the planning period (3.10). The second part of the cost is the
cost of start-ups (3.36). These costs are not immediate costs. However, it is
important to consider these costs in the short term planning since the opera-
tion of systems affects the maintenance cost. This means that a part of the
maintenance cost can be assigned to the start-up of hydro units. In the start-
up phase there is also a risk of malfunction in the control equipment. A mal-
function in the control equipment can lead to personnel and unavailability
costs. The start-up will also cost some water since the unit will not be oper-
ated in an optimal way during this phase.

Strictly speaking, some of the costs I have described above should be
assigned to a cycle of start-ups and shut-downs. However, since a start-up
sooner or later leads to a shut-down, it is accurate to assign the cost to the
start-up.

As I showed in chapter 3 there are different proposals of how to treat start-
ups in the literature of algorithms for short term generation planning. For
example restriction on discharge changes, costs for discharge changes,
restrictions for starts and stops of units and cost for start of units. However,
in none of the papers describing the models the background of the chosen
model is explained. This study addresses three questions about start-ups of
hydro units:

* What causes the start-up cost? I have listed all relevant aspects contribut-
ing to the start-up cost.

* How much does a start-up cost? To answer this question I have to assign a
value to all the aspects listed according to the first question. For some of
the aspects it is possible to come up with a good estimate, for others it is
only possible to make a good guess or render opinions of experienced
operators.

* How do start-ups affect the short-term scheduling strategies of power pro-
ducers in Sweden? I will show if and how power producers in Sweden
consider hydro unit start-ups in the short term scheduling.

In order to answer these questions I have interviewed employees working on
generation planning, during the summer of 1995, The eight largest power
producers in Sweden at that time were Graningeverken, Gullspings Kraft,
Skandinaviska Elverk, Skellefte Kraft, Stockholm Energi, Stora Kraft, Syd-
kraft and Vattenfall. The result of the interviews is reported in this chapter?.
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In order to give a background to some of the questions I start with a short
repetition of the history of the changed power system operation in Sweden
up to the summer of 1995. Until 1993 most of the largest producers except
Vattenfall cooperated in the KGS-pool, in which the members minimized the
total production cost for the pool. This means that some of the producers
bought power from the pool if their marginal cost of production was higher
than the marginal cost of some other member of the pool. The price for these
exchanges was the average marginal cost of the companies involved. If the
pool marginal price was different from the marginal price of Vattenfall, the
pool and Vattenfall exchanged power in the same way.

During 1995 the first step towards deregulation was taken. The way of per-
forming short term exchanges described above was replaced by a pool for all
producers. To this pool the producers provided bids for trading. The bids
were supposed to be based on marginal costs.

Before I consider the results of the interviews I will just mention that in the

end of this chapter I will give some references to works in this area which
have been published after the work reported here.

4.2 Start-up Costs

As a result of the interviews I have identified the following aspects causing
start-up costs:

* Wear and tear of the windings owing to temperature changes during the
start-up.

» Lossof water during maintenance.

* Wear and tear of mechanical equipment during the start-up.
* Malfunctions in the control equipment during the start-up.
* Loss of water during the start-up.

In the following I will describe each of these aspects more in detail.

1. This chapter was first published in [70]. I have rewritten it somewhat to fit
into the thesis.
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The cost of increased maintenance of the windings: According to an inter-
nal report at one of the power producing companies the costs of increased
maintenance of windings owing to start-ups will be about $125 per start-up.
This is based on the assumption that a change of the windings will cost about
$3,3 million. The calculations are based on the following assumptions:

* A plant with two 50-60 MW units.

* A start-up decreases the life-time of the windings by about 15 hours. Two
cases are compared; a base case with 40 years” lifetime and a case with
150 additional start-ups per year, which means that the lifetime will be
31,5 years. This shortening of the life-time is due to the change of the
temperature in the windings which occurs in the start-up. Some units have
equipment controlling the temperature of the windings and will not be
affected in the same way.

* The maintenance is performed during low load season and will take about
four months.

* The power price is about $13/MWh and the difference between the day
price and the night price is about $5/MWh.

« The interest rate is 5 percent.

The cost of lost water during maintenance: According to the report men-
tioned above the cost of lost water during maintenance is about $10 per start-
up. It is assumed that the start-ups shorten the life-time of the windings.
Owing to this shortening of the life-time the maintenance will be performed
more often. During the maintenance period the power station cannot be oper-
ated in the usual way, which means that water will be lost. The losses can be
assigned to spillage and decreased possibility of utilizing the price difference
between day and night. A case with a shorter lifetime was compared with a
case with a longer lifetime. The difference in cost per year is divided by the
difference in start-ups in the cases. Other assumptions are the same as above.

If a single unit plant was studied the cost would have been higher since all
the water has to be spilled. The cost would also have been higher if the main-
tenance was performed according to a forced outage during high load season.

The cost of increased maintenance of mechanical equipment: The starts
and stops also effect the lifetime of this equipment. If maintenance of
mechanical equipment and windings is planned to be performed at the same
time the cost of maintaining the mechanical equipment would not be so sig-



4.2 Start-up Costs 67

nificant. However, if the maintenance is performed due to forced outages this
cost can be more significant.

The cost of malfunction of the control equipment: The cost of a malfunc-
tion in the control equipment originates from personnel costs and unavaila-
bility costs. Personnel costs are the costs of sending a repairman to the plant
in order to repair the malfunction. This kind of work is often overtime work
and the costs must include wages, payroll taxes and transportation. A fair
estimation of this cost is about $70 per hour. The cost of the unavailability is
the difference of the power prices for the period of unavailability and the
period when the water is used instead. In the worst case this water has to be
spilled. The expected cost of a malfunction in the start-up is the probability
of the malfunction multiplied by the total cost of the malfunction. From one
company it was reported that this probability is high for pump-storage units,
for some as high as 50 percent. If one assumes that the time of the repair for
such a plant is about two hours including transportation, the expected per-
sonnel cost of the start-up is about $70. For most units this probability is
lower. From a control centre I have been in contact with it was reported that
the average probability of a malfunction in the start-up was about 20 percent.

With the purpose of estimating the cost of the unavailability one uses the
same reasoning as for the cost of lost water during maintenance. One can for
example assume that the interruption lasts two hours and the water can be
stored and later discharged to a $5/MWh lower price. If there is a unit of 50
MW nominal power, this interruption will cost $500. If the probability of a
malfunction-is 20 percent, the expected cost of the unavailability is $100.

It should also be mentioned that the probability of a malfunction during the
start-up partly depends on the standard of the equipment. It is therefore pos-
sible to decrease the probability of malfunctions by investments in more reli-
able equipment. Normally the probability of a malfunction in the start-up is
essentially lower than 20 percent.

The cost of lost water during start-up: The cost of lost water during start-
ups can be assigned to three phases of the start-up:

* Acceleration of the unit from zero speed to 90 percent of the nominal
speed.

* Acceleration of the unit from 90 percent of the nominal speed to the nom-
inal speed and connecting the unit to the network.

* Increasing the flow to the flow of the best operating point, see Fig. 4.1
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Fig. 4.1 An example of the relative efficiency as a function of the
flow for a hydro unit.

This means that the lost water during the start up can be expressed as:

0,
Qo = 101+ 1,0, + [ Mgy —N(¥) 5 (F)d¥ @.1)
0

where
O i the total lost water during the start-up in m°.
* u; is the discharge during phase i.

* ©; is the time of phase i.

* Mgy is the relative efficiency at the best operation point. Therefore
Nopt = 1.

* n(¥) is the efficiency as a function of the point of time when the unit is
connected to the network until it is operating at the best point.

* W is the time variable.
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According to one of participants in this study, an estimate of the typical vai-
ues of these parameters were: ©, =15 s, ©, = 60 s, ©; = 20 s,
u; = 0,2 and g, = 0,08%, where # is the maximum discharge from the
unit. It is realistic to assume that the fiow of best operating point is about 75
per cent of the maximum fiow and that efficiency is very low (approximately
zero) at first when the unit is connected to the network. If one assumes that
both the efficiency and the flow will increase linearly during the third phase
the total lost water during the start-up will be about 11%. This means that a
start-up is equivalent to spilling at maximum discharge for 11 s. For a 50
MW unit and assuming the power price is about $15/MWHh, the cost of lost
water will be about $2. The conclusion of these calculations is that the cost
of lost water for an average unit is negligible. However, the parameters vary
a lot and for some units the cost may be five times higher. Still, this cost will
be low compared with the costs mentioned earlier.

4.3 Impact of Start-Up Costs on Short Term Scheduling
Strategies

In this section I will report how the power producers treat hydro unit start-
ups in their short term scheduling. As mentioned earlier I have carried out
this investigation by asking questions to employees working on production
planning. I have asked the following questions:

1. How is your short-term planning performed today?
2. Do you have a strategy for treatment of start-ups in the planning?

3. What is your opinion about how much a hydro unit start-up costs and
have you made any investigations about these start-up costs?

4. Do you think that your way of planning would change if there was a plan-
ning software with representation of start-ups available?

5. Has the first step towards deregulation changed the way of treating start-
ups?

Question 1: Today’s planning. The first question I asked was how the short
term planning was performed in the studied companies. No company used an
optimization software to schedule their plants. There were several reasons
why optimization was not used. From one of the smaller companies it was
stated that the price of such a software was higher than the potential savings.
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At another company they thought the potential savings of using an optimiza-
tion software were small since the price forecasts are t0o uncertain. Several
companies thought that the representation of the hydro plants in the software
models was not detailed enough to give realistic schedules. One company
reported that they had tested an optimization software afterwards to compare
with the performed schedule. For some rivers it was shown that a use of opti-
mization software should increase the profit. The experience from this com-
parison has partly led to a change of scheduling strategies for these rivers.

Question 2: Strategy for treatment of start-ups. The next question I asked
was if the companies had a strategy for how to treat start-ups in the short
term planning. One company said that they had no strategy. From another
company I was told that they had no strategy but they thought that the start-
ups cost some money. A third company reported that they had no strategy but
they tried not to start and stop "too often”. By “too often” they meant a few
times during the day. They also tried to distribute the starts and stops uni-
formly among the units. The strategies at the other companies were either
minimum up-time, maximum start-ups per day and unit or a start-up cost.
The minimum up-time was set to 2-6 hours depending on company and unit
model. The corresponding for maximum start-ups was 2-4 start-ups per day.
One company used a three hours minimum up-time in the planning and in the
replanning they used start-up costs. The start-up cost was about $130 for
smaller units up to $330 for pump-storage units.

Question 3: Cost of start-ups. Then I asked about their opinion of how
much start-ups cost and if their companies had made any investigation of
start-up cost. Most of the companies had made no investigations. One com-
pany had made an investigation and it was reported earlier in this chapter.
Two other companies reported that they were doing investigations for the
time of the inquiry. At one of these companies they said that they thought
knowledge about start-up costs for different units would be more important
in the future. From another company it was reported that they have had quite
much discussion about start-up costs during the last year. They are now plan-
ning to carry out an investigation of start-up costs.

The answers to the question about the estimate of the start-up cost was the
following:

« ”If you drive the matters to an extreme, you can say that we, who are
working on production planning do not think that start-ups cost anything
at all whereas the ones working on maintenance think that start-ups are
very expensive.”
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* ”About $70 for starting 20-50 MW units. The cost will also depend on the
unit model and the number of units in the plant”

* "About $130 for a start-up of a 50-60 MW unit. This cost will probably
depend linearly on the nominal output of the unit.”

* ”About $200-270 for 80-110 MW units. We compared quote of the main-
tenance cost and the number of start-ups for different units.”

* ”About $70-130 depending of the nominal output and unit model.”

* 7We know that they cost but not how much.”

» ”About $130 for smaller units up to $330 for pump-storage units.”

* "We do not know how much a start-up costs. We think that a start-up of a

unit with cold windings will cost more than a start-up of a unit with warm
windings.”

$/start-up Pump-storage units
| A 0‘4
300~
¥ @

200+ >

1004

Unit nominal
output
0 ; ', i i >

0 20 40 6 8 100 MW

Fig. 4.2 Examples of the estimations of start-up costs made by the
power producers.
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Some of these answers are viewed in Fig. 4.2. The figure indicates that the
start-up cost is about $3 per MW unit nominal output on average.

Almost all of the participants in this study thought that a unit with a lower
nominal output should have a lower start-up cost.

Question 4: Impact of planning software. I also asked if they thought that
their way of planning would change if there was a planning software with
representation of start-ups available. About half of the companies answered
that they were interested in such a software. One company reported that they
are developing some kind of planning software where the start-up cost would
be considered. Some other companies thought that it would be possible if
there was a good estimate of the start-up cost and if the software offered
potential savings. Others thought that it would not change the planning, since
they thought that they are handling the start-ups in a correct manner or that
the price forecast was too uncertain. One company said that the planning
could be somewhat affected if it was shown that there will be a cost for a
start-up of a unit with warm windings.

Question 5: Impact of deregulation on start-ups. Finally I asked if the first
step towards deregulation had changed the way of treating start-ups. The
largest company Vattenfall has experienced a decrease in the number of start-
ups. The other companies have experienced no change or an increase of start-
ups. Several companies reported that the number of start-ups increased quite
a lot at first when the new pool started to operate. After some time, the
number of start-ups decreased and most of the companies reported that the
number now is almost back to normal. Some of the companies that experi-
enced an increase in the number of start-ups began to dispatch their on-line
units more to avoid start-ups. This means that the units will operate on a
lower efficiency and more water will be used to produce the same amount of
energy, see Fig. 4.1. It is also possible that operation far from the best-effi-
ciency will increase the wear and tear of the unit since the units are designed
to operate around the point of best-efficiency.

There are two possible reasons for the increase of start-ups for the smaller
companies.

* The first is that the smaller companies cannot coordinate the planning in
the KGS-pool in the same way as before. The companies instead tried to
keep their generation equal to their contracted load, which led to more
start-ups.
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» The second reason is that the new pool leads to a new situation and new
situations are often hard to treat in the beginning.

4.4 Summary of results

In this chapter I have presented how start-ups affect the cost of short term
hydro operation and how these costs affect short term scheduling strategies
of power producing companies in Sweden. From this work it is possible to
draw the following conclusions:

* A hydro unit start-up costs. I have reported that there are several things
which will result in costs at the start-up. The most important costs are the
costs caused by increased maintenance of windings and mechanical
equipment and by malfunctions in the control equipment. Since the
increased maintenance will decrease the time between periods of mainte-
nance the unavailability of the plants will increase. This increase of una-
vailability will be related to a cost. This cost is quite low if the
maintenance can be planned to be performed at low load season. If the
maintenance is performed owing to forced outages this cost could be
much higher. During the start-up some water will be spilled. The total
value of this water is normally low compared with the costs mentioned
above. The results of interviews with the producers indicates that the start-up
cost is about $3 per MW unit nominal output on average.

* Swedish power producers consider start-ups in their planning. According
to our interviews most of the largest power producing companies in Swe-
den have some strategy for treatment of start-ups. These strategies are
based on maximum start-ups per day and unit, minimum up-time and
start-up costs. There are no common practice how to calculate start-up
costs. A majority of the companies have some estimate of the start-up
cost, but these estimates were seldom based on large investigations.

* There is a need for better knowledge of start-up costs. In this study I have
shown examples of the start-up cost for given conditions. However, the
start-up cost will differ for different conditions. In order to correctly con-
sider start-up costs of hydro units in the short-term planning there is a
need for future investigations on how much a start-up costs as a function
of nominal output and the unit model. Our experience of this investigation
is that there are almost as many opinions about the cost of start-ups and
how to treat them in the scheduling as there are people working in this
area. However, the estimates of the cost for different kinds of units were
of the same magnitude.
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* There is a need for development of planning software which considers
start-up costs or strategies. About half of the companies answered that
they were interested in such a software. To be able to consider the start-up
costs or start-up strategies in software tools, these tools have to be devel-
oped.

I will end this chapter with some comments about other works in this area,
which have been published after the work I presented above. In [109] it is
stated: "Starting and stopping of a 60 MW Francis unit is calculated to be
equivalent to about 10 minutes of full load (10 MWh), or a reduced service
life between major overhauls of about 10 hours”. To get the same estimated
cost as I have calculated ($3 per MW unit nominal output), we have to
assume that the power price is $18/MWh, which is not unreasonable. [21)]
reports that frequent starts and stops in air-cooled units will lead to a combi-
nation of mechanical stress, plastic deformations and sticking of the winding
itself in the generator stator-windings. Water-cooled generators, on the other
hand, are better suited to withstand frequent starts and stops. During starts
and stops there will also be mechanical stress on all active parts in the circuit
breaker: “Serious problems have been reported on these breakers used in
pumped-storage plants where the operating mode is frequently changed”.
Finally, with more frequent starts and stops there might be a need for upgrad-
ing or changing equipment, such as excitation equipment, HV—sw1tchgear
and protection/monitoring/control system.
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Methods for Solving the
Short Term Planning
Problem

In this chapter the solution techniques for the problems stated in chapter 3
are presented. First I will present a survey of methods in the literature. After
that I will present the methods I have used to solve the short term planning
problem. The solution procedure is divided into three steps. The first step
uses a piecewise linear hydro power model. The aim of this step is to find a
good initial solution for the step with a more detailed model. The second step
updates the head dependence and the third step optimizes the system with a
mixed integer model of hydro power generation.

5.1 Introduction

In chapter 3 I discussed different types of models for the short term planning
problem. I also formulated the models used in the thesis mathematically. The
first part of this chapter, section 5.1, gives an overview of the methods
applied to the models from chapter 3. In sections 5.2-5.5 I will give a more
detailed description of methods I have applied to solve the short term plan-
ning problem.

First T will describe some techniques used to decompose the power system
planning problem into subproblems. After that I will describe solution meth-
ods for the continuous and mixed-integer models from chapter 3. The solu-
tion technique will depend on the model and the problem formulation. If the
model for example contains integer constraints one has to use a method
which is able to treat integer problems.
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5.1.1 Decomposition

If the problem is formulated with a quite detailed representation of both the
hydro and thermal systems it is common to use some decomposition tech-
niques. The decomposition will split the problem into a master problem and
smaller subproblems. The subproblems often have special structures where
suitable optimization methods can be applied. For the power system planning
problem it is usual to decompose it into a hydro and a thermal subproblem.
Fig. 5.1 shows the iterative process in the hydro thermal ccordination. In the
following I will describe three examples of methods used for decomposition.

The primal decomposition technique [9] can be used only if the load balance
equation is the only coupling constraint. In this approach the load balance
equation (3.55) is reformulated in such a way that the thermal generation can
be substituted into the cost function of the system. For a given thermal com-
mitment, the problem is to solve the hydro system according to a cost func-
tion given by the committed thermal units. This cost function will be non-
linear. The thermal subproblem will be to cover the part of the load not
served by hydro. The coordinating information from the hydro subproblem
will be the hydro production for each time step. The corresponding informa-
tion from the thermal subproblem the committed units.

In Benders decomposition [36] the problem is decomposed into an integer
master problem and a continuous subproblem. In this case the hydro power
model is piece-wise linear and the thermal model includes start-up costs,
stop and start restrictions and linear fuel costs. This means that the integer
problem is to determine when the thermal units should be started and
stopped. The continuous problem will be to fulfil the load with hydro and
thermal power at least cost for a given thermal commitment.

>
Hydro Coordinating Thermal

subprob]em information Sllbpl‘ oblem
ot

Fig. 5.1 Decomposition of the planning problem into one hydro
and one thermal subproblem.
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The most common decomposition technique in power system planning is
probably Lagrange relaxation [7), [8], [9]1, [32], [46] [54], [57], [58), [891,
[114] and [115]. The coupling constraints between the hydro and the thermal
systems, for example load balance and reserve requirements, are relaxed by
Lagrange multipliers. These multipliers carry price information about the
right hand side in the relaxed constraints. If we relax the load balance equa-
tion, the corresponding multiplier will be the marginal cost of the energy in
the system. The subproblems are optimized according to this marginal cost.
If the sum of produced energy will be higher than the load we have to lower
the price and vice versa. This is the principle of Lagrange relaxation. If the
problem is decomposed into one hydro and one thermal subproblem, the
hydro subproblem will be to maximize the bepefits of the hydro system
according to the dual prices achieved when the hydro-thermal master prob-
lem is decomposed into subproblems. In this maximizing process we will
only have to consider the constraints of the hydro system. I will come back to
this approach since the solution technique of the thesis is based on Lagrange
relaxation.

Also in the case of pure hydro or pure thermal problems it can be useful to
decompose the problem into subproblems. If the load balance and the reserve
requirements are the only constraints coupling the thermal plants or different
rivers, a decomposition can give subproblems for each thermal plant or river
respectively.

Since original problems are either, linear continuous, non-linear continuous,
mixed integer-linear or mixed integer-non-linear the subproblems can be
divided into these four groups. If the representation of the hydro system is
non-linear continuous and the representation of the thermal system is mixed
integer-linear the total problem will be mixed integer-non-linear. A decom-
position into a hydro and a thermal subproblem will then give a continuous
non-linear hydro subproblem and a mixed integer-linear thermal subproblem.
In the next section I will describe some solution techniques applied to the
original or decomposed problems for the four groups of models.

5.1.2 Continuous models

Some technigues for continuous programming

First, a short overview of some of the most popular continuous techniques.

Linear programming [53] can be used when the objective function and the
constraints are linear.
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Fig. 5.2 Graphical representation of a problem with network
problem.

A special case of linear programming is linear network programming [48]
which can be used if all constraints have a network structure. This kind of
problem can be viewed as a set of source and sink nodes connected in a net-
work, see Fig. 5.2. Connections between nodes, called arcs, have maximum
and minimum bounds and a cost for flow. The goal is then to find the cheap-
est way of transporting the flow from the sources to the sinks. To solve a pure
network problem with linear network programming is much faster than solv-
ing it with ordinary linear programming since no matrices have to be
inverted.

Non-linear programming [53] represents search techniques used for finding
the optimum for a problem where the objective function and/or the con-
straints are non-linear. The techniques are normally based on using some
kind of linearization. This can for example be calculation of gradient in some
point and then search for a point with better objective function value. Again
it is possible to utilize the network structure, if the problem has only network
constraints, to decrease the computation time.

Dynamic programming [41] is suitable when we have a problem where we
want to optimize something over several time steps and some resource can be
stored from one time step to the next. The largest advantage of dynamic pro-
gramming is that it can treat uncertainties in a suitable way.

There are also other techniques. Decomposition techniques can for example
be used in the subproblems.
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Hydro power

In the continuous linear case, problems can be solved by linear programming. In
[85] the generation characteristic of the hydro power units is modelled as a
piecewise linear function for each unit in the plant. The generation in a plant
will depend on the discharge for each unit and the losses in the tunnel system
of the plant. The losses in the tunnels are modelled as non-linear functions of
the flow. Spillage is a non-linear function of the reservoir level above the
spillway. The contents of minor and medium reservoirs are assigned to
weekly targets based on the long-term storage strategy. To avoid infeasibility
for the reservoir levels at the end of the planning period the reservoir levels
are allowed to be within some bounds near the weekly target. If the reservoir
levels are outside their bounds, a penalty cost multiplied by the deviation
from the bound is added to the objective function. For long term reservoirs a
water storage value is added to the objective. The generation has to fulfil a
forecasted load. The problem will be non-linear and large scale. The problem
is Jinearized and solved by linear programming.

If the constraints of the problem have pure network structure, as described in
section 3.2.1, linear network programming can be used to solve the problem.
Network programming has shown to be an efficient technique to solve hydro
subproblems. Linear network programming is much faster than ordinary lin-
ear programming in solving problems with pure network structure.

If the model of the generation characteristic is non-linear and there only are
constraints with pure network structure, this problem can be solved by non-
linear network programming [9] and [10].

[23] shows how non-linear head dependence can be implemented in the net-
work programming if the generation as function of the discharge is piecewise
linear. This modified network programming model can find stationary points.
Then it is possible to find the global optimum via branch and bound.

In [9], [14] and [40] reserve constraints are treated as side constraints in the
network programming.

For the non-linear continuous case some kind of non-linear technique has to
be applied. In [35] non-linear programming is used. Here the non-linearities
are introduced by the head dependence, which is modelled as a correction
factor. The model of the generation as function of the discharge is piecewise
linear. Delay times in the hydro system are not approximated to whole hours.
The operation of the hydro system is optimized according to an energy price
for each hour.
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Even though most short term models do not include uncertainties, continuous
dynamic programming has been applied to the hydro planning problem. As I
said earlier, dynamic programming is suitable when we have a problem
where we want to optimize something with time couplings and stored
resources. In the hydro problem this resource is water. In [62] it is shown
how to use dynamic programming for solving hydro subproblems. The so-
called one reservoir model is used. In this model all plants in the hydro sys-
tem are treated as one single plant where energy can be generated or stored.
This means that the solution will tell us how much hydro electric energy that
should be generated at each time step, but nothing about the dispatch of the
plants. This method could be used if the hydro generation is only a small part
of the total generation and is only used at peak load hours.

In [90] the dynamic programming technique for hydro problems is further
developed. First each hydro plant is optimized as if it does not have any
hydrological couplings to the other plants in the system. The operation of the
other plants is kept constant during the optimization of each plant. This will
give a feasible initial solution. In the next step single plant optimization is
performed, but now considering how changes of discharge will affect the
downstream plant. This is an iterative process and it will continue until opti-
mum is reached.

A decomposition of the hydro subproblem is used in [104]. In this decompo-
sition the planning horizon is divided into periods. The planning of each
period is solved separately. The periods are thereafter coordinated at a higher
level. The aim of this decomposition is to decrease the computation time
since the subproblems can be solved in parallel.

Thermal power

For thermal power there is no point in treating methods for linear and non-
linear models separately. Since this section deals with models without inte-
ger representation, I will only treat the case where the commitment is known.
If the commitment of the thermal units is known we solve the problem with
economic dispatch (EDC). The EDC problem is to find the optimal dispatch
of the committed units with the constraint that the total generation must be
equal to the load. To this formulation several types of constraints can be
added: spinning reserve requirements for the system or different areas [56],
transmission losses [22], [45] and [112], non-convex cost functions [4],[12],
[45] and [56], ramp rate [5], contingency [3] and security constraints [5] and
[116].
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Lagrange relaxation is maybe the most popular solution method in EDC.
Usually the system constraints such as load balance and reserve requirements
are relaxed [4], [5], [22] and [47]. Examples of other applied solution tech-
niques are: genetic algorithms [12], [50] and [92], non-linear Danzig-Wolfe
decomposition [3], interior point programming [116], dual programming
[20] and the Newton method [45]. Most of these techniques are some kind of
non-linear programming.

5.1.3 Mixed-integer models

Before I present the solution techniques, which have been used to solve
mixed-integer power planning problem, I will shortly describe some tech-
niques for integer programming. After that I will give some examples of methods
applied to linear and non-linear hydro problems. Finally, I will discuss some
methods for mixed integer thermal problem, e. g. thermal vnit commitment.

Some techniques for integer programming

In the branch and bound technigue [41] the integer constraints on the varia-
bles are relaxed. This gives a continuous problem. If the solution of this
problem fulfils the integer constraints it is the solution of the integer prob-
lem. If not, choose one of the variables which is not fulfilling its integer con-
straint. From this two new continuous problems are defined. In the first
problem the chosen variable is set to its lower integer value and in the second
problem the variable is set to its upper integer value. These problems will be
treated in the same way as the first problem. This means that each of the

Fig. 5.3 The tree structure of the Branch and Bound
method.
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Fig. 5.4 Shortest path problem. Which is the shortest way
from point A to point K?

problems can be split into two new problems. The splitting procedure will
build a tree structure where each node will represent a continuous problem
(Fig. 5.3). The splitting procedure goes on until a node is fathomed. There
are three ways in which a node can be fathomed. The first one, if the solution
is integer. The second one, if there are no feasible solutions. The third one, if
the best found integer solution is better than the objective for the node. When
the whole tree is fathomed the node with the best integer solution is the opti-
mal one. The branch and bound technique can be applied to small systems
but might be too time consuming when the system is large.

A shortest path problem can be solved with dynamic programming [41], see
Fig. 5.4. In this example we want to find the shortest path from point A to
point K. To solve this problem we can start in point K. From that point we go
to the two points connected to K. In these points, I and J, we can calculate
the shortest path to K as the distance represented by the arcs to K. Now we
can go to point H, where the shortest path to K will be the distance to point I
plus the shortest distance from I to K or the distance to J plus the shortest
distance from J to K. Then we will move to points F and G and repeat this
procedure until we have reached the starting point A.

The interest in evolutionary algorithms has been rising fast. Genetic algo-
rithms are the most popular form of evolutionary algorithms [61]. They
derive the behaviour from a metaphor of evolution in nature. Genetic algo-
rithms are based on three operations: selection, crossover and mutation.
These operations will be applied to a set of possible solutions of the problem.
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This set of solution is called a generation. The quality of each solution is
evaluated by some fitness function. In the selection process, solutions with
high quality have a higher probability to be selected than the solutions with a
low value in the fitness function. In the crossover process new solutions are
created from the old solutions, like chromosomes of a child are created from
its parents. Finally, in the mutation process some parts of the existing solu-
tions are changed with a very low probability.

Hydro power

First the mixed integer linear models. In [7] a model with integer representa-
tion of the hydro generation characteristic is presented. At first the hydro
characteristic is piecewise linear and the global constraints such as load bal-
ance and reserve requirements are relaxed. After that the hydro power model
only includes the local best-efficiency points. Then the goal is to find the
integer solution which is closest to the solution from the continuous problem.
This is done by a dynamic programming method for one plant at the time,
while the generation in the other plants are constant in the same way as in
[90].

In recent years mixed integer-linear programming has been tried to solve
problems with integer representation of the generation characteristic. In [15]
hydro plants are modelled with a piecewise linear model for generation as
function of ‘the discharge. Integer variables are used to model the on-off
" behaviour of the hydro plants. In this model there are also constraints for the
electric network.

Also [106] uses mixed integer-linear programming to solve a similar prob-
lem. In this case there are restrictions for the number of start-ups for a hydro
unit and also minimum up and down times.

However, when the problem is large and coordination with thermal units is
needed, computational requirements may come 100 large for practical imple-
mentation of mixed integer-linear programming. In these cases it can be use-
ful to decompose the hydro problem into subproblems. [24] shows one
application of Lagrange relaxation for a pump-storage plant. In this paper
pumping can only be performed at discrete points, while generation is a con-
tinuous function of the discharge. There is also a cost for moving from one
state to another. It is assumed that the scheduling of the pump-storage unit is
a subproblem to a large problem and that energy prices are given as Lagrange
multipliers. The scheduling of the pump-storage units is then solved by
relaxing the load balance equations and applying dynamic programming to
the subproblem. The Lagrange multipliers in the inner loop are updated with
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a line search method. Also in [31] Lagrange relaxation is used to solve a
problem where the focus is on scheduling of pump-storage units. In this work
both the generation and the pumping domain are divided into nominal and
fringe operation regions. Load balance and reserve requirements are then
relaxed. In the pump-storage unit subproblems the reservoir bounds are
relaxed. The multipliers corresponding to the reservoir bounds are updated
by the subgradient method at intermediate level. The subgradient method is
also used at the higher level to update multipliers for load balance and
reserve requirements.

Two different decompositions are proposed in [11]. The hydro power model
is integer, where discharges are allowed at minimum flow, the local best-effi-
ciency points and maximum flow. There are restrictions on how to change the
discharge. The first approach is to relax the equations of reservoir balance.
This gives one subproblem for each power plant. The value of generation in
each plant should be maximized according to the energy price and the multi-
plier of the equation of reserveir balance. The second approach is to split the
equation of reservoir balance into two equations. One for the total inflow to
plant j during hour ¢ and for reservoir contents, discharge and spillage of the
plants. The first part couples the plant together with operation of other plants
in the system. When this equation is relaxed the problem is decomposed into
one subproblem for each hydro plant. The goal of these subproblems is to
optimize each plant according to the energy price, the multiplier of relaxed
equation, the part of the reservoir equation that was not relaxed and the local
constraints. In both cases the multipliers are updated with augmented
Lagrangian [53]. The interpretation of the multipliers in the first place will
be the value of the water in the corresponding reservoir. In the second
approach it will be the price that the downstream reservoir would pay the
upstream reservoir to get water.

In [105] the objective is to maximize the benefits from hydro generation
according to energy price and specified final reservoir storage. In this case
the objective is linear and the hydro power model is integer, exactly the same
as in [11]. There are also restrictions on how to change the discharge, how-
ever not exactly the same restrictions as in [11]. The solution technique is the
following. First, the generation of each plant and hour is multiplied by a
compensation coefficient. Each coefficients is initialized to 1,0. Then the
problem is decomposed into a subproblem for each plant, all constraints
except the constraint for the specified reservoir content at the end of the plan-
ning period are relaxed. The subproblem is to allocate the free amount of
water in such a way that the value is maximized, according to the energy
price and the compensation coefficient. The solutions from the optimization
of each plant are then brought together and the feasibility is checked. If the
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solution is feasible and better than the best earlier found feasible solution the
new solution is saved. The next step is to update the compensation coeffi-
cients. The coefficients are updated to get a better objective value and, if the
constraints are violated, to become feasible in that constraint. The loop goes
on until the limit of iterations is reached.

Now to the mixed integer-non-linear hydro power models. Linear program-
ming has for example been a part of the solution technique in [101]. The
objective function in this case is to maximize the value of stored water. The
hydro power model is a mixed-integer model (lower graph in Fig. 3.3). Delay
times in the hydro system are not approximated to be whole hours. The non-
linearities is introduced by the head dependence. First a schedule is produced
to fulfil the forecasted load by using linear programming and a piecewise lin-
ear hydro power model (upper graph in Fig. 3.3). If, during the first hour of
the planning period, one or more operating points are non-feasible according
to the mixed-integer model the plants are rescheduled with a rule based tech-
nique. In this rescheduling procedure a more realistic hydro power model is
used taking into account head dependence and the efficiency curve. Then a
new schedule is produced for the coming hours according to a load forecast.
This goes on until the end of the planning period is reached.

A somewhat similar approach is presented in [49]. This is a three step
method. First, a standard piecewise linear model of generation as function of
discharge with head dependence. This problem is solved by successive linear
programming and separable non-linear programming. The second step is a
heuristic one, where the schedule is improved according to minimum up and
down times and spinning reserve requirements. Finally, a non-linear problem
is solved to optimize generation of the units committed in the second step. In
the final step the generation as function of discharge uses a non-linear model.

[38] presents a method for maximizing the generation for given maximal dis-
charges for each hour. The method considers start and stop costs/restrictions,
forbidden discharge intervals and head variations.

In [96] hydro plant generation characteristic is represented by polynomial
functions with corrections for head losses. There are different polynomials
for all the possible combinations of units of the plant. The model also
includes constraints for the electric network. The solution procedure is a heu-
ristic one. At first only one unit is committed per plant. If it would be better
to commit more units according to the discharge in the solution, the solution
procedure js re-run with the new commitment. This procedure is repeated
until the commitment does not change.
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Lagrange relaxation has been used to decompose the hydro problem into sub-
problems in the mixed integer non-linear case. In [51] the generation is a
non-linear function of the discharge for each combination of committed
units. This is represented as integer variables for the commitment of the units
and non-linear generation functions for each unit combination. The reservoir
balance equation is relaxed. In order to decrease the computational effort to
solve the master problem it is assumed that the Lagrange multipliers for the
reservoir balance equation are the same during the whole planning period for
each plant. Another application of Lagrange relaxation is used in [33] where
the reservoir limits are relaxed. This means that it is possible to eliminate all
variables for reservoir contents. Then the operation of different plants will be
independent of each other and there will be a subproblem for each plant.
Relaxing the reservoir limits will have an advantage compared with relaxing
the reservoir balance. The advantage is that reservoirs seldom hit their limits
and the corresponding dual variable will thereby be equal to zero. In [33] and
[51] there are minimum up and down times for the hydro units. [51] also has
a start-up cost for the hydro units. In both cases the subproblems are solved
by dynamic programming.

Another type of methods which has gained more popularity during resent
years is genetic algorithms. [78] applies genetic programming to a discrete
model of the generation as function of the discharge. The non-linearities
come from the head dependence and a non-linear cost function, which repre-
sents committed thermal plants. In [44] the genetic programming is applied
after a first step with linear programming. The linear programming gives ini-
tial solutions for the genetic programming. In this case the model had
detailed non-linear representation of the river between the plants. It had
mixed integer non-linear mode of the generation as function of the discharge.
[111] uses evolutionary strategies in solving the hydro subproblem for a
hydro model with detail modelling of the efficiency and head dependence.

Thermal power

In this part I will only treat thermal problems/subproblems where the com-
mitments are not known. This requires integer variables and is called unit
commitment.

The simplest way of solving the thermal subproblem is the priority list
approach [9], [17]. The thermal units are arranged in a list based on “aver-
age” generation cost. Local search rules can be used to improve the attended
solution. The priority list approach is fast but not the best method to come
close to the optimal solution.
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Fig. 5.5 Dynamic programming in scheduling of the thermal units.

Branch and bound methods can be used to solve the thermal subproblem
[36].

The unit commitment problem can also be solved by dynamic programming
[42], [81], [95] and [113]. Fig. 5.5 shows the dynamic programming model,
where each state represents a combination of thermal units fulfilling the load
constraint and other constraints. The arcs to the state represents the cost of
generation in that state plus the cost of moving from previous state. In [1] the
neural networks are used as the first step to find a good starting solution for
the dynamic programming.

If there are no constraints coupling the plants together, or such constraints
can be relaxed, the thermal plants can be optimized separately. This can be
solved by dynamic programming [41]. The states are defined as how long the
unit has been on-line, if positive or off-line, if negative. The cost on the arc
going from a positive state will be the maximum benefit of having the unit
on-line for this hour according to the dual price and the fuel cost. If the arc
goes from a negative state to state 1 this cost will be added to the start-up
cost. Arcs going to a negative state will have their cost equal to zero. In Fig.
5.6 the dyn-p net for a unit with minimum on-line time equal to three hours
and minimum off-line time equal to two hours is shown, If the start-up cost is
time dependent there have to be more negative states to know how long the
unit has been off-line.

The dynamic programming model can be extended if there are several opera-
tion modes for the thermal plant. In [16] the operation modes are combined
cycles, fuel switching/blending, constants/variable pressure, overfire and
dual boiler. For each mode there are rules for if and how it is possible to go
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Fig. 5.6 Dyn-p net of the thermal subproblem

from one mode to another. The rules can be interpreted to the dynamic pro-
gramming network by introducing new states for the different modes.

In [30], [84] and [100] ramp rates are treated. In these papers the ramp rate
constraints are relaxed. [30] uses an inner loop where Lagrange multipliers
for the ramp rate constraints are updated while the multipliers for the system
wide constraints are fixed. [84] and [100] introduce extra states in the
dynamic programming so that the generation of newly started units does not
increase t00 much.

Lagrange relaxation often leads to a commitment of more units than neces-
sary. [52] presents an algorithm for decommitment of units after the
Lagrange relaxation and dynamic programming procedure. Different ways of
decommitting units are compared and the most economically efficient is cho-
sen. The procedure is repeated until there are no more possibilities of
decreasing the objective function through decommitment. During the whole
procedure the schedules are feasible.

Genetic algorithms have also been used to solve the thermal unit commit-
ment problem. [92] applies genetic programming straight forward. However,
genetic algorithms are often applied together with some other technique.
[117] uses a parallel programming technique to speed up the calculation.
[79] combines genetic programming and priority list. [43] first uses a genetic
enhanced neural network and then improves the solution by dynamic pro-
gramming. :
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5.2 Overview of the proposed solution method

The model in section 3.6 is mixed integer-non-linear. A common approach to
deal with mixed-integer problems is to relax some coupling constraints, of
which I have given examples in the previous section. This will decompose
the problem into subproblems which are easier to solve than the original
problem. The aim of relaxation in this thesis is to decompose the hydro part
of the problem into one subproblem for each hydro plant. However, the non-
linearities in hydro system introduced by the head dependence will cause
some difficulties. First, the head dependence will couple the plant to the
downstream plants. This means that after relaxation of other coupling con-
straints, the plants will still be coupled through the head dependence. Sec-
ondly, the head dependence is non convex which results in that it can be
difficult to find the global optimum. Thirdly, the hydro subproblem will be
non-linear and the solution technique will require more time than if the prob-
lem was linear. In my licentiate thesis [64] I presented a way to overcome
these problems. However, this technique will have some other drawbacks
which I will come back to later. Instead I will start with a model without
head dependence and update the head dependence after a while.

Fig. 5.7 shows on overview of the solution technique. The success in solving
the dual master problem will depend on the start values of dual variables. In
order to get good estimates of the dual variables for the master problem I will
start with the piecewise linear model of the generation characteristic (step 1,
Fig. 5.7). Before going into the step with mixed integer hydro model I will
update the head dependence (step 2, Fig. 5.7). In these steps there will be no
constraints for spinning reserve since the modelling of spinning reserve
requires an integer hydro power model, which is only used in step 3.

The third step (step 3, Fig. 5.7) does not change the Lagrange multipliers for
the load balance equation significantly as long as the constraints for the spin-
ning reserve requirement is inactive. If the Lagrange multipliers for the load
balance equation is almost unchanged, it is probable that the thermal unit
commitment is not going to change. The thermal unit commitment is, as I
will show later on, only depending on the multipliers of the load balance
equation and multipliers for the ramp rate constraints. As long as the multi-
pliers for the load balance are unchanged, the multiplier for ramp rate con-
straints will not change. This means that it is possible to use the commitment
from step 1 in step 3 if the spinning reserve requirements are inactive. In the
numerical examples in the next chapter I will test both the case with
unchanged commitment and the case with new unit commitment in step 3.
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Step 1

Aim: Find start values for Lagrange multipliers and initial thermal unit
commitment

Hydro model: Piecewise linear, no reserve constraints

Thermal model: Mixed integer

Solution technique: Relaxation of the load balance equation

Hydro subproblem: Linear network programming

Thermal subproblem: Dynamic programming

Feasible solution: Economic dispatch of committed thermal units with

respect to ramp-rate constraints

Step 2

Aim: Compensate the hydro generation characteristics for head varia-
tions

Hydro model: Piecewise linear with head dependence, no reserve con-
straints

Thermal model: Cost function for the committed units

Solution technique: Franke-Wolfe with linear network programming

'

Step 3

Aim: Find commitment of hydro units and the optimal hydro and ther-
mal generation

Hydro model: Mixed-integer, reserve constraints

Thermal model: Cost function for the committed units and ramp-rate
constraints or mixed-integer model

Solution technique: Relaxation of the load balance and variable split-
ting for the discharge variables

Hydro subproblem: Dynamic programming and linear network pro-
gramming

Feasible solution: Linear network programming and heuristic search

Fig. 5.7 Overview of the solution algorithm.
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Fig. 5.8 General flow chart of dual optimization

In steps 1 and 3 T use a dual technique to solve the problem. The dual solu-
tions are seldom feasible primarily in the relaxed constraints. This means
that we have to find a feasible primal solution based on the dual solution. To
sum up we need to

*+ formulate the dual problem by relaxing some coupling constraints.
* maximize the dual objective.
* find feasible primal solutions based on the dual solutions.

In the following three sections I will describe the steps in the algorithm.

5.3 Step 1: Piecewise linear model

The aim of the first step is to find start values of the dual variables for step 3.
The problem in step 1 is solved by a dual technique. The dual objective func-
tion will be evaluated in each iteration, see Fig. 5.8 (box 1). To be able to
evaluate the dual objective we have to formulate the dual problem. The dual
problem is formulated for the models from section 3.6. I will come back to
the initialization of the dual variables (Fig. 5.8, box 0) after I have described
the dual problem.
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5.3.1 Dual problem

The dual problem can now be formulated by introducing Lagrangian multi-
pliers and lifting up the restrictions with non-network structure in the objec-
tive function. Let A(f) be Lagrangian multipliers for the load balance
equation (3.55) and Cup( jr»t)and 4 ,n(j, 1) Lagrangian multipliers for the
upper and lower limit in (3.67) respectively. The dual objective function will
then be
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subject to (3.57), (3.59)-(3.66), (3.68)-(3.71)

Where

* (3.82) is substituted into (3.54) (no hydro unit start-up costs).

* (3.84) is substituted into (3.56) (no spinning reserve constraints).

* (3.86), (3.87) and (3.58) are substituted into (3.55). In (3.86) the reservoir
contents are assumed not to be changed during the optimization. If the
head dependence in (3.86) is changed when the actual reservoir contents
change in the optimization, the model would have been non-linear.

* the allowed discharge domain (3.60) will be (3.89) and (3.90).

* (3.89) is substituted into (3.55)

The problem (5.1) can be decomposed into four parts:
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O 8) = 9ok O) + 9, (M) + 9,(1, §) + 0, (1) (5.2)
where
* @A, €) is the constant part.
*  @x(}) is the hydro part, subject to (3.59), (3.61)-(3.63) and (3.90).
. (pg(l, €) is the thermal part, subject to (3.64)-(3.66) and (3.68)-(3.70).
* @,(A), is the exchange part, subject to (3.71).
In the following I will describe how to solve each subproblem.

The constant part

The constant part will be the right hand side multiplied by the dual variables.
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The hydro subproblem

The hydro subproblem will be to maximize the benefit of hydro generation
for given energy shadow prices A(#) (or is as it stated here: minimize the
negative benefit)
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subject to (3.59), (3.61)-(3.63) and (3.90).
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where A(1)T';(j) are the energy shadow prices multiplied by the generation
equivalent. This will be the economic benefit of generation. There will be no
costs on the reservoir variables except for the ones describing the final reser-
voir content. If we use soft constraints for the final reservoir contents, we
will have three arcs representing the final reservoir contents. This results in a
piecewise linear model of the value of water stored. For the arc representing
stored water below x(j, T+ 1) the cost will be o,(j) = —(p ;+V;). The arc
representing stored water between x(j, 7+ 1) and X(j, T+ 1) will have the
cost G,(j) = —p ;- The arc representing stored water above %(j, T+ 1) will
have the cost 65(j) = —p j+V;. The cost on the spillage variables will be
equal to zero. This is a linear programming problem with pure network struc-
ture, see Fig. 5.9. The horizontal arcs are the reservoir contents. The vertical
arcs are the discharge and the spillage variables. The short arcs describe the
natural inflows.

Thermal subproblem

The thermal subproblem can be divided into a subproblem for each thermal
plant

o0 = 3 o, ;0,0 (5.5)

jng

The thermal plant subproblem will be to maximize the benefit of thermal
generation subject to shadow prices for energy, A(t), and shadow prices for
change of generation {,(j, £) and &,,n(J, 1)

T
P, j(X,C)= min {2[g(Pg(J',t))+S(J',Z)V(J',f)]

g YV t=1
(5.6)
+ Z pg(j’ t) [_7\'(;) + cup(j: t)—gdown(j’ t)
jeld,

subject to (3.64)-(3.66) and (3.68)-(3.70)

These subproblems will now be solved by dynamic programming as shown
in Fig. 5.6. The cost of the states where the unit is off-line will be equal to
zero. The number of states where the unit is off-line will be equal to the
number of hours from the unit is stopped until the boiler is cold. The start-up
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Fig. 5.9 The network structure of the hydro problem in step 1.
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cost will be higher for a state with longer down time. When we go from an
off-line state to an on-line state we have to add the start-up cost to the cost of
generation. Since there are no minimum <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>