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Allowed aids

In this tentamen 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.



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 oze alternative, which you find correct.

a) (1 p) Which of the following statements is the best description of the function of a balance
responsible player in an electricity market?

1. A balance responsible player is responsible for safe operation of the power system.

2. A balance responsible player builds and maintains a regional or local grid.

3. A balance responsible player is economically responsible that the system during
each trading period (for example one hour) is supplied as much energy as consumed
by the customers of the player.

b) (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, I1I) They
can choose which player should manage their balance responsibility.

1. Only L is true.

2. Only III is true.

I and II are true but not I11.
II and I1I are true but not 1.
All the statements are true.

vtk W

c) (1 p) What does a take-and-pay contract mean?

1. The customer buys the same amount of energy in each trading period as long as the
contract is valid.

2. During the time the contract is valid, the customer is allowed to consume as much
energy they want each trading period, provided that the maximal power is not ex-
ceeded.

3. The customer buys energy at the power exchange. If the price of the power ex-
change exceeds a specified maximal price, the customer is receives a compensation
corresponding to the difference between the power exchange price and the con-
tracted maximal price.



Problem 2 (6 p)

Consider the common electricity market of the two countries Rike and Maa. Assume that there is
perfect competition, that all players have perfect information, and that there are neither reservoir
nor capacity limitations in the power plants. The power systems of Rike and Maa are intercon-
nected by an HVDC line, which can transfer a certain 10 TWh per year. Assume that the electricity
price in Rike is 370 & /MWh. Data for the power plants in Rike and Maa are shown in table 1. The
variable production costs are assumed to be linear in the intervals; the production is zero if the
price is on the lower price level and the production is maximal at the higher price level.

Table 1 Data for the power plants in Rike and Maa.

Production capability [TWh/year] | 7 iable cost
Power source Rike Maa 5/ MWh]
Hydro power 50 10 30-60
Nuclear power 50 20 100-120
Coal condensing 15 15 300-450
Gas turbines 5 5 800-1 000

a) (1 p) How much are the hydro power plants in Rike producing?
b) (1 p) How much are the gas turbines in Rike producing?
c) (2 p) How much are the coal condensing power plants in Rike producing?

d) (2 p) Assume that the elctricity consumption in Maa is 50 TWh/year. What will the electricity
price be in Maa?

Problem 3 (6 p)

The hydro power plant Forsen has an installed capacity of 70 MW. To avoid damage on the tur-
bines of the power plant, it is never allowed to generate less than 26 MW when it is committed.
The power plant is part of the primary control of Land and has a gain of 200 MW /Hz. Forsen is
producing 42 MW at 2 pm. The other power plants in Land that participate in the primary control
has a total gain of 7 800 MW /Hz. The gain of the other power plants is available in the frequency
range 50+0.5 Hz.

The frequency of the system is 50.190 Hz at 2 pm. Shortly thereafter a nuclear power plant in
Land is started again after an earlier outage, which means that the power system is supplied
another 1 030 MW.

a) (3 p) How much will Forsen produce when the primary control has restored the balance
between generation and consumption in the system?

b) (3 p) What will the frequency be in Land? Answer with three decimals!



Problem 4 (12 p)

Fallet

Strémmen

Spranget

AB Vattenkraft owns three hydro power plant located as in the figure above. The following sym-
bols have been introduced in a short-term planning problem for these hydro power plants:

Indices for the power plants: Strémmen 1, Fallet 2, Spranget 3.

% = expected future production equivalent for water stored in reservoir |,
i=1,23,

4 = expected electricity price at EIKring hour t,t=1, ..., 24,

25

Aoe = expected electricity price at EIKring after the end of the planning period,
Mi = maximal contents of reservoir i,i=1, 2, 3,
M; o = contents of resetvoir i at the beginning of the planning period, i =1, 2, 3,
Mi,t = contents of reservoir i at the end of hourt,i=1,2,3,t=1, ..., 24,
#;, j = marginal production equivalent in power plant i, segment j,
i=1,2,3,j=12,
(—?i,j = maximal discharge in power plant i, segment j,1=1,2,3,j=1, 2,

Qi, it discharge in power plant i, segment j, during hour t,
i=1,2,3,j=1,2t=1, ..., 24,
Si,t = spillage from reservoir i during hour t,i=1,2,3,t=1, ..., 24,
Vi,t = local inflow to reservoir i during hour t,1=1,2,3,t=1, ..., 24.

a) (4 p) All electricity generated by AB Vattenkraft is sold to the local power exchange, ElKring;
Formulate the objective function if the purpose of the planning is to maximise the income of gen-
erated hydro power plus the value of stored water. Use the symbols defined above.

b) (3 p) Formulate the limits for the optimisation variables in the short-term planning problem
of AB Vattenkraft as defined above. To receive full score for this problem, you also have to state
the possible values for each index value and limit!



c) (4 p) The best efficiency in the hydro power plant Spranget is obtained at the discharge
250 m3/s and the production equivalent is then 1,00 MWh/HE. The maximal discharge is
375 m3/s and then the relative efficiency is 96%. Assume that we need a piecewise linear model of
electricity generation as function of the discharge in Spranget. The model should have two seg-
ments and the breakpoint between them should be located at the best efficiency. Calculate the fol-
lowing parameters:

marginal production equivalent in Spranget, segment J,

3,
maximal discharge in Springet, segment j.

Qs,j

d) (1 p) The following variables and parameters have been introduced in a short-term planning
problem for a a thermal power plant:

C* = start-up cost of the power plant after one hour down-time,
C#* = start-up cost of the power plant after at least two hours down-time,
G, = generation in the power plant during hour t,
si = start-up of the power plant at the beginning of hour t after one hour down-
time (1 if the power plant is started after one hour down-time, otherwise 0),
i+ = start-up of the power plant at the beginning of hour t after at least two hours
down-time (1 if the power plant is started after at least two hours down-time,
otherwise 0),
U; = unit commitment of the power plant in hour t (1 if the power plant is com-
mitted, otherwise 0),
B = variable operation cost.

The following objective function is used in the planning problem:

inimi *qQk k% Q k%
minimise > (PG + CHsif + Crxsie).
te T
Two linear constraints are needed in order to get correct values of ¥ and s{* The first constraint
forces $§* to be equal to one if the power plant is committed in hour t, while it has not been com-
mitted during hours t—1 and t — 2 respectively:

*k —_ _
SFF U — U — U,

The second constraint should force $§ to be equal to one if the power plant has been committed
in hours t and t— 2 respectively, but has not been committed during hour t— 1. Which of the fol-
lowing relations should be used for the second constraint?

* _ _ Qkk
1. s 2u —u, g — SfF*.
X — —_
2. 8F 2 U —Up_q— U _o.
X —
3.8 —U_o2U—Up_q.



Problem 5 (12 p)

Ekibuga is a town in East Africa. The town is not connected to a national grid, but has a local sys-
tem of its own, which is supplied by a hydro power plant at nearby Omugga. The local grid also
includes some smaller villages along the road between Omugga and Ekibuga. The hydro power
plant does not have a reservoir, but the water flow is always sufficient to generate the installed
capacity (800 kW) and the risk for outages in the power plant is negligible. The duration curve of
the total load of the system is shown below.
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a) (2 p) How large is the expected energy not served per hour for the system with only the
hydro power plant?

b) (2 p) To improve the security of supply in the system, a diesel generator set is considered in
Ekibuga. The planned diesel generator set would have 100 kW installed capacity, 80% availability
and the operation cost 2 @ /kWh. The expected energy not served when including both the hydro
power plant and the diesel generator set is 4 kWh/h. Calculate the expected total operation cost
per hour for the system with a hydro power plant and a diesel generator set.

c) (3 p) Another option to improve the security of supply is to build a wind power plant in
Kasozi. The wind power plant would have 200 kW installed capacity and the available generation
capacity is modelled according to table 2. What is the LOLP of the system with a hydro power
plant and a wind power plant?

Hint: The convolution formula for a multi-state model reads

Ng

|~:g(x) = z pg’ iIEg_l(x—xg’ i).
i=1

Table 2 Model of the wind power plant in Kasozi.

Avaiﬁzt%ff[g;]mn Probability [%]
0 20
50 30
100 20
150 20
200 10




d) (4 p) Assume that a combination of complementary random numbers and control variates is
used to simulate the system with a hydro power plant and a diesel generator set. The simulation
comprises 1 000 original scenarios, y;, 1 =1, ..., 1 000. The corresponding complementary scenar-
ios, yi*,i=1, ..., 1000, have also been generated. The simplified model g(Y), corresponds to the
model used in probabilistic production cost simulation, whereas the detailed model, g(Y), consid-
ers 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 3. Which esti-
mate of ETOC is obtained for the detailed model?

Table 3 Results from the Monte Carlo simulationin problem 5d.

Detailed model Simplified model
Total operation | Total operation | Total operation | Total operation
cost in the cost in the cost in the cost in the
original complementary original complementary
scenarios, scenarios, scenarios, scenarios,
1000 1000 1000 1000
3 9(y;) 3 9(Yi*) 3 90yy) 390y
i=1 i=1 i=1 i=1
[2/h] [a/h] [a/h] [2/h]
45120 43 550 12120 11 950

e) (1 p) Assume that stratified sampling is used instead of complementary random numbers and
control variates in a simulation of the same system. Results for each stratum are given in table 4.
Which estimate of LOLP is obtained for this simulation?

Table 4 Results from the Monte Carlo simulation in problem 5e.

Stratum, h 1 2 3 4 5
Stratum weight, @y, 0.85 0.05 0.02 0.02 0.06
Estimated risk of power
0 0 0 0.25 1

deficit, M| ) op




PART 11 (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, ¢, etc.) can be written on the same sheet. The fields Nazn (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)

Today the wind power generation in Rike is about 1 TWh, but there are considerations for a large-
scale expansion. To support this venture, it has been proposed that Rike should introduce a sys-
tem with green certificates. The owner will receive a green certificate for each MWh generated in
the new wind power plants. The consumers are then obliged to buy certificates corresponding to
10% of their electricity consumption, which means that a consumer with an annual consumption
of 100 MWh will have to buy 10 green certificates per year. The Rikish Energy Agency estimates
that this would result in an expansion of 4 000 MW wind power, having an average annual genera-
tion of 10 TWh vindkraft. The price of certificates is estimated to 250 & /certificate.

Due to these plans The Rike Association for Protection of Views (an organisation that is well-
known opponents of wind power) has written a polemical article in the largest paper in Rike. The
article is concluded as follows: “Wind power is of no use whatsoever to the electricity supply in
Rike and it is very hard to understand why the people in Rike should use at least 2.5 billions & to
subsidise destroyed forests, blast devastated rocks, trailer truck roads in the mountains and
destroyed world heritage sites!”

Use the statistics on the next page and make your own analysis of the consequences of a wind
power expansion for the consumers in Rike.

NOTICE! The answers to this problem will be evaluated not on the conclusion of whether wind
power in Rike is profitable or not, but on how well you can reason around and evaluate the state-
ments above.

Hint: Are there any other factors increasing or decreasing the costs due to wind power except
those mentioned above?

a/MWh Electricity prices in Rike (annual mean)

500 1

400 -

300 1

200 1

100 1
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TWh/year Electricity generation in Rike (including import)
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Problem 7 (10 p)

Consider a power system comprised by the three countries Aland, Beland and Celand, which are
interconnected by AC transmission lines. Each transmission line is equipped with a protection sys-
tem which after a short time delay disconnects the line if the power flow exceeds the maximal ca-
pacity of the line. Further data about the system are given in table 5.

The primary control in the three countries is divided in a normal operation reserve and a distur-
bance reserve. The normal operation reserve, which is used to manage normal variations in for
example load and wind power generation, is available in the frequency range 49.9-50.1 Hz,
whereas the disturbance reserve is used to manage outages in larger power plants and is available
in the frequency reange 49.5-49.9 Hz. Data for the primary control is also supplied in table 5.

a) (4 p) Ata certain occasion there is balance between production and consumption and the fre-
quency in the system is 49.96 Hz. Due to a leakage in the coolant system, a nuclear power plant in
area A must be stopped immediately, which means that 900 MW of generation is lost. What will
the new frequency become in each area?

Table 5 Data for the power system.

Normal . Transmission line
. Disturbance
Country operation reserve C
reserve To Tvpe Capaci urrent power
Aland 800 700 Beland AC 1000 Import 200
Aland AC 1000 Export 200
Beland 1500 700 Celand AC 800 Export 400
Celand 700 600 Beland AC 800 Import 400




b) (6 p) The three countries have common real-time balancing market, and the three system op-
erators shares the costs of activating bids from this market. Consequently, they always choose to
activate the bids that give the least total cost, independent on in which country the bid is activated.

To relieve the primary control after the situation described in part a, it is necessary to activate
some up-regulation. The available up-regulation bids are listed in table 6. The bids do not have to
be accepted as a whole, but the system operators may choose how many MW that should be acti-
vated in each bid. In total, the system operators wishes to activate 900 MW up-regulation. Which
bids should be activated if the up-regulation should be carried out minimising the total costs with-
out overloading any transmission lines?

Table 6 Available up-regulation bids.

Up-regulation
Bid i
Max1nﬁj[1\5\€/§>1ume Price [2/MWh] Country
1 250 410 Celand
2 250 415 Celand
3 200 420 Beland
4 150 430 Celand
5 200 450 Aland
6 200 480 Beland

Problem 8 (20 p)

The electricity company Stads energi AB owns the oil condensing power plant Roksta as well as a
wind farm. The oil condensing power plants has two blocks. The company has decided that it is
not profitable to shut down a block for just an hour; therefore, they have decided that a block
should not be restarted within less than two hours. More data about Roksta are given in table 7.
The company has a firm power contract of selling 100 MWh/h to AB Elleverantren. Stads
energi AB supplies this amount either by the power plants owned by the company or by trading at
the local power pool ElKring. In order to submit the bids for ElKring in time, Stads energi AB
must determine the operation plan for Monday already during Sunday morning. The operation of
Roksta during Sunday is shown in table 8. When planning the operation for Monday, the company
uses the forecasts of electricity prices and wind power generation described in table 9. It is also
assumed that it is possible to purchase and sell unlimited quantities at the forecasted prices.

a) (10 p) Formulate the planning problem of Stads energi AB as a MILP problem. Use the no-
tation in table 10 for the parameters (it is however permitted to add further symbols if you con-
sider 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 cleatly stated for each equation.

b) (10 p) The figure on the next page swhows the efficiency as a function of the electricity gen-
eration in Roksta block I. Assume that the oil costs 1 860 SEX/ton and that the heat contents of
the oil is 11.9 kWh/kg. Assume that the generation cost as function of the generation should be
modelled using a piecewise linear model. The model should have two segments, and it should re-

10



Table 7 Data for the thermal power plant Roksta.

Block I Block II
Installed capacity[MW] 120 96
Minimal generation when committed [MW] 40 30
Generation cost[SEK/MWh] 460 490
Start-up cost [SEK/start] 36 000 31000
Minimal down time [h] 2 2
Table 8 Operation plans for Roksta during Sunday.
Generation [MWHh]
Time
Block I Block II
0-5 0 0
5-22 120 0
22-24 0 0
Table 9 Forecasts for Monday.
Hour 0-1 | 12|23 ]| 34| 45|56 | 67 | 7-8 | 89 |9-10 [10-11|11-12
Price at EIKring [SEK/MWh] | 448 | 446 | 444 | 436 | 442 | 448 | 471 | 523 | 566 | 558 | 529 | 489
Wind power generation [MWh]| 11 11 9 9 9 8 8 7 6 6 5 5
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 ElKring [SEK/MWh] | 470 | 464 | 457 | 453 | 452 | 468 | 513 | 483 | 460 | 458 | 452 | 448
Wind power generation [MWh]| 4 4 5 6 8 7 5 5 7 10 15 19
Table 10 Notation for the planning problem of Stads energi AB.
Symbol Explanation Value
C_Sg Installed capacity in block ¢ See table 7
G g Minimal generation when block ¢ is committed See table 7
ﬂGg Variable generation cost in block g See table 7
Cy Start-up cost in block g See table 7
Ug, 0 Unit commitment in block g before the start of the planning period 0 (cf. table 8)
A Expected electricity price at EIKring hour t See table 9
W, Expected wind power generation hour t See table 9
D, Contracted load 100

Y%

35
30
25

/—\ Block I

20 40

60

80

100

G
—
120 MWh/h

flect that generation between 0 and 40 MWh/h is not possible. How must the planning problem
from part a be reformulated in order to consider this model? Do not forget to define all new vari-
ables and parameters that you introduce, and to motivate the choice of breakpoint between the

two segments!

Hint: The generation cost for a certain hour can be expressed as

Bl 1t Bs1 161 1,1t Be1, 261, 2,0

where 3,1, gy 1 and By, 5 are parameters and Uy 4, G; 1 ;and G, , , are optimisation variables.
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Problem 9 (20 p)

Akabuga is a town in East Africa. Despite many promises from the electricity company in Egg-
wanga, Akabuga is still not connected to the national grid. A number of entreprencurs and citizens
in Mji are therefore considering to start a cooperative, Akabuga Electricity Consumers Coopera-
tive Limited (AECCO), which will build and operate a local power system in Akabuga, The idea is
that members will be allowed to connect to the local grid and that all members should pay a uni-
form tariff per consumed kWh. This tariff, which will be the only income of AECCO, should be
set to cover all costs (fixed and variable) in an annual basis. Moreover, the tariffs should generate a
surplus around 5%, which can be used for future investments in the power system.

AECCO considers two options to supply the local grid. The first option is to procure three die-
sel generator sets, each having a capacity of 250 kW and 90% availability. The diesel generator sets
would represent an investment cost of in total 600 000 & /year and would have the variable cost
10 @ /kWh. The other option is to build an 800 kW hydro power plant in Ekiyira, which is located
at some distance from Akabuga. The variable costs and risk of outages are assumed to be negligi-
ble for the hydro power plant. On the other hand, there would be some losses on the line between
Ekiyira and Akabuga. These losses can be computed according to

L=4" P2,
where

L = losses on the line [kW],
B, = loss coefficient [kKW~1] = 0.00015,
P = injected power on the line [kW].

The annual cost of the hydro power plant (investment cost for the plant itself and the line, salaries
for staff and maintenance costs, etc.) would be 25 M@,

Based on experience from other parts of Eggwanga, the following load duration curve has been
estiamted for Akabuga:
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a) (8 p) Suggest a method to compute the expected operation cost of the power system in Aka-
buga. Describe which assumptions you make and what you can do to obtain a result that is as ac-
curate as possible considering the limited data given above and the limited time you have at dis-
posal.

b) (12 p) Should AECCO procure diesel generator sets or build the hydro power plant? Assume
that the fixed costs for the copperative (investments in the local distribution system, salaries for
the staff, etc.) are 23 M& /year. The losses in the distribution grid in Akabuga can be considered
negligible.

Table 11 Random numbers from a U(0, 1) distribution.

0.81 0.63 0.96 0.96 0.42 0.66 0.68 0.66 0.28 0.69
0.91 0.10 0.97 0.49 0.92 0.04 0.76 0.17 0.05 0.32
0.13 0.28 0.16 0.80 0.79 0.85 0.74 0.71 0.10 0.95
0.91 0.54 0.97 0.14 0.96 0.93 0.39 0.03 0.82 0.03

13
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Problem 1

Q) Alternative ..ovvvvevivieiieninnnsn. is correct.

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

C) Alternative .ovvvveevevieiienannnsn. is correct.

Problem 2

= ) SN TWh/year D) couveieiiiii e TWh/year

(o)) J TP TWh/year d) couveiiiiiiiiiiiecc e a/MWh

Problem 3

Q) i MW 0 J Hz

Problem 4

2 )

o) PP

C) Hg | wereeerenemnreneeneeaeaeanees MWh/HE Hg g seeeeeeeiiiii MWh/HE
Q31 ceereeeereeeieee e HE Q3.0 coeeeeeeeeeeee e HE

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

Problem 5

A) e kWh/h 0] T </h

o) % A) a/h
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