
Exam in EG2050 System Planning,
18 March 2010, 14:00–19:00, E31, E35, E36, E51-53

Allowed aids

In this exam in you are allowed to use the following aids:
• Calculator without information relevant to the course.
• One handwritten, single-sided A4-page with your own notes (original, not a copy),

which should be handed in together with the answer sheet.
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PART I (MANDATORY)
Write all answers on the answer sheet provided. Motivations and calculations do not have to be
presented.
Part I can yield 40 points in total. The examinee is guaranteed to pass if the score is at least
33 points. If the result in part I is at least 31 points, then there will be a possibility to complement
for passing the exam with the grade E.

Problem 1 (4 p)
Answer the following theoretical questions by choosing one alternative, which you find correct. 

a) (2 p) The consumers in a bilateral electricity market has the following choices: I) They can
choose which system operator they want, II) They can choose which retailer they want, III) They
can choose which player should manage their balance responsibility.

1. Only I is true.
2. Only III is true.
3. I and II are true but not III.
4. II and III are true but not I.
5. All the statements are true.

b) (2 p) Consider a balance responsible company which during one hour has generated
100 MWh, purchased 20 MWh from the power exchange, sold 120 MWh to consumers with take-
and-pay contracts and sold 10 MWh regulation power to the system operator. What obligation does
this player have in the post trading for this hour?

1. The company must buy 10 MWh balance power from the system operator.
2. The company must neither sell nor buy balance power.
3. The company must sell 10 MWh balance power to the system operator.
4. The company must sell 20 MWh balance power to the system operator.
5. None of the alternatives above is correct.
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Problem 2 (6 p)
Assume that the electricity market in Land has perfect competition, perfect information and that
there are neither capacity, transmission nor reservoir limitations. Data for the power plants in
Land are shown in table 1. The variable operation costs are assumed to be linear within the inter-
vals, i.e., the production is zero if the price is on the lower price level and the production is maxi-
mal at the higher price level.

a) (2 p) How large is the electricity consumption in Land if the electricity price during a certain
year is 325 ¤/MWh?

b) (1 p) Assume that fossil gas power plants with a generation capacity of 5 TWh are shut down
and replaced by 5 TWh wind power. The variable generation cost in the wind power plants can be
assumed to be 5 ¤/MWh. What will the electricity price be in Land if the conditions otherwise are
the same as in part a?

c) (3 p) The figure below shows the electricity price in a certain electricity market during one
day. Assume that there is perfect competition in this electricity market, that all players have access
to perfect information, and that there are neither transmission nor reservoir limitations. How
much will be generated during this day in a power plant with the variable operation cost
350 ¤/MWh and the installed capacity 150 MW?

Table 1 Data for the electricity producers in Land.

Power source Production capability 
[TWh/year]

Variable costs 
[¤/MWh]

Hydro power 60 5
Nuclear power 50 90–100
Biofuel 20 100–400
Fossil gas 10 200–300
Import from neighbouring countries 8 300–500

h

time

108642

¤/MWh price

500

400

300

100

200

20181614120 2422
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Problem 3 (6 p)
Consider a power system divided in two areas, A and B. There is only one transmission line
between these two areas. This line is a 220 kV AC line with a maximal capacity of 550 MW. The
line is equipped with a protection system which after a short time delay disconnects the line if the
maximal capacity is exceeded.

a) (2 p) The power plants in area A generate 4 200 MW when the frequency is 49.91 Hz and
3 900 MW when the frequency is 50.01 Hz. How large is the gain in area A?

b) (2 p) How much power is transferred on the transmission line when the frequency in the sys-
tem is 49,96 Hz if the load in area A is 3 600 MW?

c) (2 p) At the occasion described in part b a 200 MW power plant in area B is started. The gain
in area B is 2 000 MW/Hz. How large is the transmission from area A to area B then the primary
control has stabilised the frequency in the system? (Answer 0 MW if the connection is discon-
nected due to overloading.)
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Problem 4 (12 p)
AB Elkraft owns the hydro power plant Fjärd, the bio-fuelled power plant Flisinge and the wind
farm Fjället. All electricity generated by the company is sold to the local power exchange ElKräng.
The following symbols have been introduced in a short-term planning problem for the power
plants of the company:

β = variable costs in Flisinge,
= start-up cost in Flisinge, 

γ = expected future production equivalent for water stored in the reservoir of 
Fjärd,

Gt = electricity generation in Flisinge, hour t, t = 1, …, 24,
λt = expected electricity price at ElKräng hour t, t = 1, …, 24,

λ25 = expected electricity price at ElKräng after the end of the planning period,
M0 = contents of the reservoir of Fjärd at the beginning of the planning period,
Mt = contents of the reservoir of Fjärd at the end of hour t, t = 1, …, 24,
μj = marginal production equivalent in Fjärd, segment j, j = 1, …, 4,

Qj, t = discharge in Fjärd, segment j, hour t, j = 1, …, 4, t = 1, …, 24,
= start-up variable for Flisinge, hour t, t = 1, …, 24,
= stop variable for Flisinge hour t, t = 1, …, 24,

u0 = unit commitment of Flisinge at the beginning of the planning period, 
ut = unit commitment of Flisinge hour, t = 1, …, 24,
Vt = local inflow to the reservoir of Fjärd hour t, t = 1, …, 24,
Wt = expected generation of the wind farm in hour t, t = 1, …, 24.

a) (2 p) The following symbols in the planning problem of AB Elkraft denote optimisation var-
iables: I) M0, II) ut, III) Wt.

1. None of the statements are true.
2. Only I is true.
3. Only II is true.
4. I and II are true but not III.
5. I and III are true but not II.

b) (6 p) Formulate the objective function if the aim of the planning is to maximise the income
of sold electricity plus the value of stored water minus the total operation cost (i.e., including both
variable costs and start-up costs) of Flisinge. Use the symbols defined above.

c) (2 p) The production equivalent in Fjärd is 0.4 MWh/HE when the power plant is generating
250 MW. How many m3 water will be discharged between 14:00 and 14:30 from the reservoir of
Fjärd if the power plant is constantly generating 250 MW during this period?

d) (2 p) Assume that it has been decided that Flisinge should not be committed for a shorter time
than four hours, i.e., if the power plant is started 12:00 then it may not be shut down again before
16:00. How should the constraint describing the relation between    and  be
formulated?

1.
2.
3.
4.
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Problem 5 (12 p)
Akabuga is a small town in Eastern Africa. The town is not connected to a national grid, but has a
local system of its own. The local grid is supplied by a hydro power plant and two diesel generator
sets. The hydro power plant is a run-of-the-river station and it has 400 kW capacity and the risk of
failure is negligible. The natural flow in the river passing by the power plant is always sufficient to
generate the installed capacity. The diesel generator sets have an installed capacity of 200 kW each,
the availability is 80% and the operation cost is 10 ¤/kWh. The figures on the next page show the
equivalent load duration curves when adding the three power plants. The figures also indicate the
area below the duration curve for different intervals.

a) (2 p) Use probabilistic production cost simulation to calculate the expected unserved energy
per hour in Akabuga.

b) (2 p) Use probabilistic production cost simulation to calculate the total expected generation
energy per hour in the two diesel generator sets.

c) (1 p) Use probabilistic production cost simulation to calculate the expected operation cost
per hour in Akabuga.

d) (1 p) How large is the risk of power deficit in Akabuga approximately?
1. The risk of power deficit is larger than 20%.
2. The risk of power deficit is less than 20% but larger than 5%.
3. The risk of power deficit is less than 5%.

e) (2 p) Random values of the load must be generated for a Monte Carlo simulation of Akabuga.
Assume that the random number U is in the interval 0.4 to 0.6. This value is transformed to a value
of the load, D, between 200 and 240 kW. In which interval will the complementary random number,
D*, be found?

1. Less than 200 kW.
2. Between 200 and 240 kW.
3. Between 240 and 400 kW.
4. Larger than 400 kW.
5. Some other interval than above.

f) (4 p) Assume that the power system in Akabuga is simulated using a combination of comple-
mentary random numbers and control variates. The simulation comprises 1 000 original scenarios,

Table 2 Results from a Monte Carlo simulation of the power system in Akabuga.

Detailed model Simplified model

Total operation 
cost in the 

original 
scenarios,

 

[¤/h]

Total operation 
cost in the 

complementary 
scenarios,

 

[¤/h]

Total operation 
cost in the 

original 
scenarios,

 

[¤/h]

Total operation 
cost in the 

complementary 
scenarios,

 

[¤/h]

248 500 259 000 233 000 239 500

g yi( )
i 1=

1000

∑ g yi*( )
i 1=

1000

∑ g̃ yi( )
i 1=

1000

∑ g̃ yi*( )
i 1=

1000

∑
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yi, i = 1, …, 1 000. The corresponding complementary scenarios, yi*, i = 1, …, 1 000, have also
been generated. The simplified model  corresponds to the model used in probabilistic pro-
duction cost simulation, whereas the detailed model, g(Y), considers factors such as the losses
being dependent on which power plants that are operated and that the load is varying in different
parts of the system. The results are shown in table 2. Which estimate of ETOC is obtained for the
detailed model? 
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PART II (FOR HIGHER GRADES)
All introduced symbols must be defined. Solutions should include sufficient detail that the argu-
ment and calculations can be easily followed.
The answer to each problem must begin on a new sheet, but answers to different parts of the same
problem (a, b, c, etc.) can be written on the same sheet. The fields Namn (Name), Blad nr (Sheet
number) and Uppgift nr (Problem number) must be filled out on every sheet.
Part II gives a total of 60 points, but this part will only be marked if the candidate has obtained at
least 33 points in part I. Then the results of parts I and II and the bonus points will be added to-
gether to determine the examination grade (A, B, C, D, E).

Problem 6 (10 p)
The electricity market in Rike is dominated by three large companies. Moreover, there are several
municipal electricity boards. The production capacity during a normal year and the variable costs
are given in table 3 below. The variable operation costs are assumed to be linear within the inter-
vals, i.e., the production is zero if the price is on the lower price level and the production is maxi-
mal at the higher price level. The fixed costs are given in table 4. The electricity consumption is
not price sensitive and amounts to 20 TWh/year.  

a) (6 p) The nuclear power plant Strålinge is during a normal year closed two months for main-
tenance works. However, this year the work has been delayed and the power plant has been closed
for four months. This means that the annual generation capacity is decreased by 1.5 TWh com-
pared to table 3. Moreover, the fixed costs of the power plant is increased by 100 M¤. Assume
that the electricity market has perfect competition, perfect information and that there are neither
capacity, transmission nor reservoir limitations. How are the profit of Strålinge kraft AB affected
by the delayed maintenance works?

b) (4 p) Assume that AB Vattenkraft owns 50% of Strålinge kraft AB. Would it be profitable for
AB Vattenkraft to deliberately delay the maintenance works in Strålinge nuclear power plant?

Table 3 Production capacity during a normal year and variable costs in Rike.

Power source
Production capacity [TWh/year]

Variable costs 
[¤/MWh]AB Vattenkraft Elektrum AB Strålinge kraft 

AB
Various municipal 
electricity boards

Hydro 6 2.5 2 5
Nuclear 7 100

Coal condensing 4 4 315–555
Gas turbines 2 2 2.5 800–1 000

Table 4 Fixed costs of the power plants in Rike [M¤/year].

Power source AB Vattenkraft Elektrum AB Strålinge kraft 
AB

Various municipal 
electricity boards

Hydro 200 80 60
Nuclear 1 800

Coal condensing 400 500
Gas turbines 10 10 15
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Problem 7 (10 p)
The power system in Rike is divided in two price areas. There is a lot of hydro power in the north-
ern part of the system, but most of the load is located in the southern part. There are several par-
allel AC transmission lines between the two areas. The maximal flow from north to south is
1 000 MW—if this limit is exceeded, the power system becomes unstable and there is a risk that
there will be extensive blackouts in the entire or parts of the power system. Out of these
1 000 MW, the market has been given access to 920 MW, i.e., the maximal planned flow from
north to south (or vice versa) when the frequency is 50.0 Hz is 920 MW. 

Riksnät is the system operator in Rike. Since Riksnät does not own any power plants of its own,
they are forced to buy primary control capacity. Table  5 shows the bid for gain that has been sub-
mitted to Riksnät. The requirements on primary control is that at nominal frequency the primary
control should be able to manage a change of 100 MW (out of which 90 MW are located in the
southern part of the system and 10 MW in northern Rike) without resulting in a frequency outside
the interval 50±0.1 Hz and without overloading the interconnection between the two price areas.
Which bids should Riksnät accept if they want to minimise the costs of the primary control capac-
ity?

Table 5 Bid s for gain in Rike.

Bid Gain [MW/Hz] Frequency range 
[Hz] Price area Price 

[¤/((MW/Hz)· year)]

1 250 49.9–50.1 North 6 000
2 250 49.9–50.1 North 6 300
3 200 49.9–50.1 North 6 500
4 100 49.9–50.1 North 6 800
5 100 49.9–50.1 North 6 900
6 100 49.9–50.1 North 7 000
7 100 49.9–50.1 South 7 500
8 100 49.9–50.1 North 7 500
9 100 49.9–50.1 South 8 500
10 100 49.9–50.1 South 10 000
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Problem 8 (20 p)

AB Vattenkraft owns the two hydro power plants Ån and Språnget located as in the figure above.
Ån is a pumped storage hydro with two reservoirs, Fallet and Sjön. This power plant can either be
used for electricity generation or to pump water from Fallet to Sjön. Notice that it is not possible
to generate electricity at the same time as water is pumped, which means that for every hour it
must be decided whether the hydro power plant is to be used for generation or pumping. When
generating electricity in the turbines of Ån, it is possible to use water from the reservoir Fallet or
from Sjön or a combination of both. The maximal generation in Ån may however not exceed the
installed capacity, which is 76 MW. The maximal pumping is 48 HE and the electricity consump-
tion is 1.25 MWh/HE.

Other data for the hydro power plants are given in table 6. The company has a firm power con-
tract of 100 MWh/h with AB Elleverantören. To deliver this quantity, AB Vattenkraft is using
their own hydro power plants, but the company has also the possibility to trade at the local power
exchange ElKräng. It is assumed that the company can buy and sell unlimited amounts of electric-
ity for the prices stated in table 7. After that, the future electricity price is estimated to
750 ¤/MWh. The water delay time between the power plants can be neglected.

a) (2 p) How should simultaneous generation and pumping in Ån be prevented in the optimal
solution? Do not forget to motivate your answer! 

b) (18 p) Formulate the planning problem of AB Vattenkraft as a linear optimisation problem.
Use the notation in table 8 for the parameters (it is however permitted to add further symbols if
you consider it necessary).

NOTICE! The following is required to get full score for this problem:
• The symbols for the optimisation variables must be clearly defined.
• The optimisation problem should be formulated so that it is easy to determine what

the objective function is, which constraints there are and which limits there are.
• The possible values for all indices should be clearly stated for each equation.

Sjön

Pumped storage hydro Ån

Fallet

Språnget
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Table 6 Data for the hydro power plants of AB Vattenkraft.

Reservoir
Start contents of 

reservoir
[HE]

Maximal 
contents of 
reservoir

[HE]

Production 
equivalent 

[MWh/HE]

Maximal 
discharge 

[HE]

Maximal dis-
charge capacity 

of spillways 
[HE]

Local inflow 
[HE]

Fallet 6 000 13 900 0.2 140 430 25
Sjön 0 1 100 1.0 60 0 0.1

Språnget 14 000 27 500 0.3 240 250 1

Table 7 Expected prices at ElKräng.

Hour 0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9-10 10-11 11-12
Price at ElKräng [¤/MWh] 690 610 630 680 710 750 810 930 1 120 1 000 930 900
Hour 12-13 13-14 14-15 15-16 16-17 17-18 18-19 19-20 20-21 21-22 22-23 23-24
Price at ElKräng [¤/MWh] 820 790 750 720 750 810 900 790 700 680 670 650

Table 8 Notation for the planning problem of AB Vattenkraft.

Symbol Explanation Value

Maximal generation in pumped storage hydro Ån 76
Maximal pumping 48

γP Electricity consumption for pumping 1.25

D Contracted load 100
λf Expected future electricity price 750

Mi, 0 Start contents of reservoir i See table 6
Maximal contents of reservoir i See table 6

γi Production equivalent for discharge from reservoir i See table 6
Maximal discharge from reservoir i See table 6
Maximal spillage from reservoir i See table 6

Vi Local inflow to reservoir i See table 6
λt Expected price at ElKräng hour t See table 7

H
QP

Mi

Qi

Si
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Problem 9 (20 p)  

The electricity generation in Rike is supplied by a number of hydro power plants (total installed
capacity 1 200 MW), the nuclear power plant Strålinge of 1 000 MW, the coal condensing power
plant Röksta of in total 1 000 MW as well as a number of gas turbines with a total installed capac-
ity of 800 MW. The hydro power plant, Strålinge and the gas turbines are assumed to have 100%
availability, whereas Röksta has two similar blocks, each having the installed capacity 500 MW and
an availability of 95%. The load in Rike is different during winter time and summer time, as in the
duration curves above. Eight months a year are considered winter time and the remaining four
months are considered summer time. As mention in problem 6, the nuclear power plant Strålinge
is normally closed during two months every year. The maintenance is performed when the
demand is as low as possible, i.e., during summer time.

a) (8 p) What is the risk of power deficit (seen over a year) in Rike if Strålinge is closed for two
months during summer time?

b) (2 p) What is the risk of power deficit (seen over a year) in Rike if the maintenance works are
delayed and the nuclear power plant is closed for four months during summer time?

c) (8 p) To consider the transmission limitation between northern and southern Rike it is desira-
ble to calculate the risk of power deficit using a multi-area model. Assume that the maximal
unused generation capacity due to transmission congestion is 500 MW. Suggest a strata tree in
order to use stratified sampling to estimate the risk of power deficit in Rike when the system with
normal maintenance time in Strålinge is simulated. You should also compute the stratum weight
with an accuracy of five decimals.

d) (2 p) Can the same strata tree as in part c be used to simulate the system when Strålinge is
closed during the entire summer period? If not, what has to be changed in the strata tree? Do not
forget to motivate your answer!

Table 9 Some values of the load duration curves of Rike.

x 1 500 2 000 2 500 3 000 3 500 4 000

1 1 0.506 0.012 0.006 0

1 0.024 0 0 0 0

MW

x

40003 0002 0001 000

F̃winter

1

0.8

0.6

0.2

0.4

MW

x

40003 0002 0001 000

F̃summer

1

0.8

0.6

0.2

0.4

F̃winter x( )

F̃summer x( )



Answer sheet for part I

Name: ................................................................................................................

Personal number: .................................................................................................

Problem 1

a) Alternative ..........................  is correct.

b) Alternative ..........................  is correct.

Problem 2

a) .........................................  TWh/year b) ..........................................  ¤/MWh

c) .........................................  MWh

Problem 3

a) .........................................  MW/Hz b) .........................................  MW

c) .........................................  MW

Problem 4

a) Alternative ..........................  is correct.

b) ......................................................................................................................

......................................................................................................................

c) .........................................  m3

d) Alternative ..........................  is correct.

Problem 5

a) .........................................  kWh/h b) .........................................  kWh/h

c) .........................................  ¤/h

d) Alternative ..........................  is correct.

e) Alternative ..........................  is correct.

f) .........................................  ¤/h
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