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Allowed aids

In this exam 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) (2 p) A balance responsible player has the following responsibilities: I) Physical responsibility
that the system continuously is supplied as much power as consumed by the customers of the play-
er, II) Economical responsibility that the system continuously is supplied as much power as con-
sumed by the customers of the player, III) Economical responsibility that the system during each
trading period (for example one hour) is supplied as much energy as consumed by the customers
of the player.

1. None of the statements is true.
. Only I is true.

Only II is true.

Only 111 is true.

I and II are true but not II1.

SIF ORI

b) (1 p) We use the notion “real-time trading” to describe all the trading which occurs during the
hour of delivery (or any other trading period). Which of the following contracts can be traded in a
real-time market?

1. Balance power, i.e., when a balance responsible player is selling any surplus in their
balance to the system operator, or when a balance responsible player is buying from
the system operator to cover for any deficit in their balance.

2. Firm power, i.e., the customer buys the same amount of energy in each trading pe-
riod as long as the contract is valid.

3. Regulation power, i.e., when a player at request from the system operator is supply-
ing more power to the system (up-regulation) or when a player at request from the
system operator is supplying less power to the system (down-regulation).

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

1. The customer must in advance notify the supplier about how much the customer
will consume during each trading period.

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

3. 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.



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; 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 electricity producers in Land.
Power source Production capability Variable costs
wer s [TWh/year] [2/MWh]
Hydro power 66 5
Nuclear power 60 90-100
Biofuel 20 200—400
Fossil fuels 10 300-500

a) (3 p) What will the electricity price be in Land if the electricity consumption is not price sen-
sitive and amounts to 142 TWh/yeat?

b) (1 p) Assume that in addition to the power plants in table 1 there are 8 TWh wind power
with a negligible variable cost. What will the electricity price be in Lland if the electricity consump-
tion is still 142 TWh/year (and not price sensitive)?

c) (2 p) Asssume that the fixed costs of 8 TWh wind power are 4 240 M& /year. How large sub-
sidies are necessary if the wind power should not be making a loss? (Answer 0 if the wind power is
making a profit at the electricity price from problem b.)



Problem 3 (6 p)

Consider a power system divided in five areas. At a certain occasion there is balance between pro-
duction and consumption in the system and the frequency is exactly equal to 50 Hz. Data for the
primary control in the system are given in table 2. Data for the transmission lines between the
countries are shown in table 3. Each transmission line is equipped with a protection system which
after a short time delay disconnects the line if the power flow exceeds the maximal capacity of the
line. The power flow on the HVDC line are not affected by the frequency of the system, but can
only be controlled manually..

Table 2 Data for the primary control.

Gain
Area (available between 49.9 and 50.1 Hz)
[MW/Hz]
2000
2000
1000
500
500

o | O F| >

Table 3 Data for the interconnections.

Connection Type Current transmission [MW] capltl/[:t{;m[;;\)(/]
AeoB Alternating current 1000 MW from A to B 2000
A C Direct current (HVDC) 600 MW from A to C 600
Ao D Direct current (HVDC) 400 MW from A to D 400
B D Direct current (HVDC) 450 MW from B to D 500
BeoE Alternating current 2 000 MW from B to E 2500
CeD Alternating current 1000 MW from C to D 1500

a) (3 p) At this occasion, the load in area A is decreased by 45 MW. What will the frequency be
in area A when the primary control has restored the balance between generation and consump-
tion?

b) (1 p) What will the frequency be in area C after the event in area A?
c) (1 p) What will the frequency be in area D after the event in area A?

d) (1 p) What will the frequency be in area E after the event in area A?



Problem 4 (12 p)

Stads energi AB owns a thermal power plant with three blocks. Assume that the company has for-
mulated their short-term planning problem as a MILP problem and that the following symbols
have been introduced:

Indices for the power plants: Block I - 1, Block II - 2, Block III - 3.

:BGg = variable operation cost in power plant g, g =1, 2, 3,

Cy = start-up costin power plantg,g=1,2,3,
D, = contracted load during hour t,t =1, ..., 24,

Gg,t = generation in power plant g, hourt,g=1,2,3,t=1, ..., 24,
4, = expected electricity price at EIKring hour t,t =1, ..., 24,

p; = purchase from ElKring hour t,t=1, ..., 24,

r, = sales to ElKring hour t,t=1, ..., 24,
Sar ¢ = start-up variable for power plant g, hourt,g=1,2,3,t=1, ..., 24,
Ug,0 = unit commitment of power plant g at the beginning of the planning period,

g=12,3,

ug,t = unit commitment of power plant g, hourt,g=1,2,3,t=1, ..., 24.

a) (3 p) Which of the symbols above represent optimisation variables and parameters respec-
tively?

b) (4 p) Stads energi AB sells power to customers with firm power contracts, but the company
also has the possibility to trade at the local power exchange ElKring, Formulate the objective
function if the aim of the planning problem is to maximise the income of sold electricity at
ElKring minus the costs of purchasing electricity from ElKring and minus the costs of the ther-
mal power plant. Use the symbols defined above.

c) (4 p) Formulate the constraint that sets the relation between Ug, b Ug t-1 and Sa ¢ for hour t.
Notice that the constraint must be formulated without using any other optimisation variables than

those defined abovel!

d) (1 p) The best efficiency of the power plant Strémmen is achieved at the discharge 80 m3/s.
The power plant is then generating 30 MW. How large is the maximal production equivalent of the
power plant?



Problem 5 (12 p)

The national grid in Nchi is supplied by three larger hydro power plants with a combined installed
capacity of 700 MW and a 100 MW thermal power plant. The figure below shows the duration
curve of the total load in Nchi.

N

1
0
0.6 1
0.4 1
0.2 1 X

1 X

T T T T T T T T T T »
200 400 600 800 1000 MW

a) (1 p) How large is the probability that the load in Nchi is larger than 800 MW?

b) (3 p) Assume that all power plants have 100% availability and that the variable operation cost
is 10 ©/MWh in the thermal power plant, whereas the variable operation cost in the hydro power
plants is negligible. Use probabilistic production cost simulation to calculate the expected total op-
eration cost per hour.

c) (2 p) Assume that the hydro power plants have 100% availability and that the thermal power
plant has 90% availability. What is the risk of power deficit in Nchi?

d) (2 p) Assume that a Monte Catlo simulation is carried out of the power system in Nchi. The
simulation uses a multi-area model, which takes into account the limitations in transmission capac-
ity as well as the losses on the lines between the areas. 2 000 scenarios are generated in the simula-
tion and the sum of the operation cost in all these scenarios is 240 000 & /h, i.e.

n
> toc; =240 000.
i=1
What is the estimate of ETOC from this simulation?
e) (2 p) Assume that complementary random numbers are used to improve the simulation of

Nchi. What is the value of the complementary random number, D*, if the total load of the system
is randomised to D =400 MW?



f) (2 p) The expectation value E[X] is to be determined using a combination of a control vatiate
and stratified sampling. Assume that L strata have been defined and let @, denote the stratum
weight of stratum h. Introduce the symbol X, ; for the i:th observation of X from stratum h and let
Zh | denote the i:th observation from stratum h of the control variate, Z. The total number of ob-
servations is N, and we use the symbol Ny, to denote the number of observations from stratum h.
How is the estimate My calculated?

Ny Np
zzwh(xhlzh|)+ ZZhI
h—ll—l h—ll—l
L

2. M=y S ax,, +EZL
n h, i
h=1i=1
L nh
3. my Z thi+E[Z].
h:]_ ':
L Ny L M
4. my = Zn—z(xh. Zh|)+ )IEDIRINE
h=1 Mi=1 otio1
L Ny
@
h=1 Mi=1



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, 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)

Unionen has four member states: Aland, Beland, Celand and Deland. At the time being each
member state has its own electricity market and the trading between the countries are determined
by long-term contracts. Data for generation and demand are given in table 4 and data for the
transmission capacity between the countries is given in table 5. The variable operation costs are as-
sumed to be linear within 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.

Assume that Unionen would introduce a commen electricity market instead. This would mean
that the old long-term contracts are cancelled and that the electricity trading between the countries
would then depend on supply and demand as well as the maximal transmission capability of the
interconnections.

a) (7 p) How would this reform affect producers and consumers in Unionen?

NOTICE! In order to receive full score in this problem, the answer must be supported by rough
calculations which show how the electricity price would be changed for different players! You may
in these rough calculations assume that there is perfect competition, perfect information and that
there are neither capacity nor reservoir limitations.

b) (3 p) Would a common electricity market be profitable for the society?
NOTICE! As in the previous problem your answer has to be supported by rough calculations!

Table 4 Data for generation and demand in the electricity market of Unionen.

Production capability [TWh/year] Variable costs
Power source o /MWh
Aland Beland Celand Deland [2/MWh]
Hydro power 60 120 - 5 5
Nuclear power 80 - - 20 80-120
Fossil fuels 20 - 60 20 300-500
Demand 136 105 41 37

Table 5 Data for the trading between the countries in Unionen.

Interconnection Contracted trading Maximal capacity [TWh/yeat]
Aland <> Beland | Aland imports 5 TWh from Beland at the price 300 &/MWh 10
Aland <> Celand | Aland exports 6 TWh to Celand at the price 380 &/MWh 14
Aland <> Deland | Aland exports 5 TWh to Deland at the price 350 &/MWh 10
Beland <> Celand | Beland exports 5 TWh to Celand at the price 300 &@/MWh 8




Problem 7 (10 p)

The power system in Rike is divided in two areas. There are large amounts of hydro power in the
northern part of the system, but the main consumption centres are in the southern part. There are
eight parallel AC transmission lines between the two areas; each line has a maximal transmission of
500 MW. These lines can be assumed to have identical electrical properties, which means that a
certain flow will be divided equally between the lines. If for example the flow is 3 200 MW from
Northern to Souther Rike then each line will transfer 400 MW,

The primary control of Rike is divided in a normal operation reserve and a disturbance 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 and has a total gain of
3000 MW /Hz, where 2 500 MW /Hz is provided by power plants in northern Rike. The distur-
bance reserve is available in the frequency range 49.5-49.9 Hz and has a total gain of
2500 MW /Hz, where 2 000 MW /Hz is provided by power plants in northern Rike. The distur-
bance reserve is designed to manage a so-called dimensioning fault without the frequency decreas-
ing to less than 49.5 Hz. This requirement is also fulfilled in a situation where the normal opera-
tion reserve is fully utilised (i.e., when the system frequency is 49.9 Hz).

If a dimensioning fault should occur, Riksnit (the system operator in Rike) must immediately
activate bids in the real-time balaninc market to restore the disturbance reserve; the system will
then be ready to manage another large disturbance. The goal is that the frequency should be
increased to at least 49.9 Hz within ten minutes after a dimensioning fault has occured. Moreover,
there should be at least 800 MW unused transmission capacity between Northern and Southern
Rike.

Consider an occasion when the frequency in Rike is 49.9 Hz and the transmission between
Northern to Southern Rike amounts to 2 800 MW. The bids available to Riksnit are shown in
table 6. The bids do not have to be accepted as a whole, but Riksnit may choose how many MW
that should be activated in each bid. Which bids should be activated if one of the three dimension-
ing faults below occurs? Assume that Riksnit wants to minimise the cost of restoring the distur-
bance reserve.

a) (3 p) An outage of 800 MW generation in Northern Rike.
b) (3 p) An outage of 1 000 MW generation in Southern Rike.

c) (4 p) One of the transmission lines between Northern and Southern Rike is disconnected..

Table 6 Available bids to the real-time balancing market.

Up-regulation Down-regualation
Bid Maxlrmlume Price [/MWh] Area MaXIWIHmC Price [/MWh] Area
1 200 410 North 100 390 South
2 150 415 North 150 380 North
3 100 420 North 200 375 North
4 150 430 North 150 370 South
5 100 450 South 250 360 South
6 200 480 North 150 350 North
7 100 500 North 100 340 South
8 250 550 South 200 320 North
9 200 600 South 200 310 North
10 100 650 South 100 300 South




Problem 8 (20 p)

Trask

b ]

" Fallet

Springet
\___/ Spring

AB Vattenkraft owns five hydro power plants located as in the figure above. Berg is an under-
ground pumped storage hydro power plants, which can be operated in three different ways:

* Water from Trisk can be discharged through the turbines in Berg;

* Water from Sjén can be discharged through the turbines in Berg.

* Water from Trisk can be pumped via Berg to Sjon.

It should be noted that water that is discharged through the turbines in Berg will be released in
the reservoir of Fallet, whereas water that is spilled from Trisk passes through the natural riverbed
to Forsen. The hydro reservoir Sjon does not have any spillways, i.e., the only way to lower the
water level in §jon is to dicharge water through Berg! The electricity consumption for pumping
water from Trisk to Sjon is 0.5 MWh/HE and the maximal pumping is 100 HE. Additional data
for the hydro power plants are given in table 7.

The company has a firm power contract of 100 MWh/h with AB Elleverantéren. To deliver this
quantity, AB Vattenkraft is using their own hydro power plants, but the company has also the pos-
sibility to trade at the local power exchange ElKring. It is assumed that the company can buy and
sell unlimited amounts of electricity for the prices stated in table 8. After that, the future electricity
price is estimated to 275 SEK/MWh. Stored water is assumed to be used for electricity generation
at the best marginal production equivalent and the water stored in Trisk is assumed to be dis-
charged through the turbines in Berg (i.e., not pumped to Sjo6n). The water delay time between the
power plants can be neglected.

Formulate the planning problem of AB Vattenkraft as an LP or MILP problem. Use the nota-
tion in table 9 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..

10



Table 7 Data for the hydro power plants of AB Vattenkraft.

const:lr:s of ctl)\i[li:;rtnsai)f e l\fiarile?sp[f\(/};l(l/l}clt/ll(){%] Maximal discharge [HE] | - Local
Power plant reservoir reservoir " inflow
[HE] [HE] Segment 1  Segment 2 | Segment 1  Segment 2 [HE]
Trisk 4000 8 000 0.50 0.45 100 20 80
Sjon 100 1100 0.90 0.80 100 20 10
Sele 3000 5000 0.13 0.11 65 10 40
Forsen 1200 2000 0.32 0.29 40 5 25
Fallet 1400 3000 0.40 0.36 175 25
Springet 4000 6 000 0.64 0.56 200 40
Table 8 Expected prices at EIKréang.
Hour 0-1 | 1-2 | 23 |34 | 45| 56 | 67 | 7-8 | 89 | 9-10 |10-11|11-12
Price at ElKring [SEK/MWh] | 265 | 265 | 255 | 245 | 255 | 265 | 290 | 345 | 420 | 360 | 320 | 310
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] | 300 | 300 | 300 | 310 | 320 | 410 | 360 | 310 | 290 | 285 | 275 | 270
Table 9 Notation for the planning problem of AB Vattenkraft.
Symbol Explanation Value
Mi, 0 Start contents of reservoir i See table 7
M; Maximal contents of reservoir i See table 7
Hi Marginal production equivalent of discharge from reservoir i, segment j See table 7
Qij Maximal discharge from reservoir i, segment j See table 7
\ Local inflow to resetrvoit i See table 7
A Expected price at EIKring hour t See table 8
b= Electricity consumption of pumping 05
Qp Maximal pumping 100
D Contracted load 100
A Expected future electricity price 275

11




Problem 9 (20 p)

The electricity trading in Republiken is divided in a day-ahead market, a real-time balancing market
and an imbalance settlement. In the day-ahead market, producers and consumers bid based on
their forecast for the next day. The real-time balancing market is used by the system operator to
carry out up- and down-regulation. The imbalance settlement is a purely financial transaction,
where the balance responsible players settle their imbalances. The power system in Rike is mostly
supplied by thermal power plants, but there is also a considerable share of wind power (2 000 MW
installed capacity to be specific). A problem in the electricity market of Republiken is that it is dif-
ficult to forecast the wind power generation, which means that the system operator regularly must
use the real-time balancing market to compensate wind power forecast errors. To study this issue
more closely, Stads tekniska hogskola has created a model of the electricity market in Republiken.
The model is used to carry out Monte Carlo simulations of the electricity market in Republiken.
Control variates are used in order to obtain more reliable results from the Monte Carlo simula-
tions.

In the model it is assumed that all thermal power plants are 100% reliable. The remaining data
for the thermal power plants in Republiken are shown in table 10. The variable cost in the table is
the operation cost per MWh if the power plant is generating according to the result of the trading
in the day-ahead market. The regulation cost is the cost to change the generation by 1 MWh/h,
i.e., if a power plant, which has a vatiable cost of 100 &/MWh and a regulation cost of 5 &/MW,
is changing its generation from 500 MWh/h to 400 MWh/h then this decreases the generation
cost by 10 000 @, but at the same time there will be a regulation cost of 500 &; in total, the system
operation cost is reduced by 9 500 @ in this case. Some power plants are not participating in the

real-time balancing market; this is indicated by a dash ”—” in the column for regulation costs in
table 10.
Table 10 Thermal power plants in Republiken.
Installed Variable cost | Regulastion cost
Fuel P 1 .
ue OWErPRNt | apacity MW] | [9/MWh] [B/MW]
Nuclear Stralinge 1 600 100 -
Stralinge 2 600 100 -
Stralinge 3 800 80 -
Combined heat | Flisinge 600 250 20
and power/ Hamn 200 300 25
industrial back- | Képing 400 250 20
pressure Pappersbolaget 200 300 25
Stad 400 300 25
Coal condensing | Sotinge 800 390 100
Roksta 1000 400 50
Gas turbines Bygden 100 800 5
On 100 800 5

a) (6 p) Describe a detailed model of the electricity market in Republiken. The model should for
a given scenario compute the total operation cost of the system including the regulation costs. The
inputs for the model are indicated in table 11.

b) (6 p) Describe a simplified model of the electricity market in Republiken. The model should
for a given scenario compute a control variate for the detailed model from part a. Moreover, you
should compute the expectation value of the control variate.

Hint: The figure on the next page shows the duration curve of the load plus outages in the wind
power generation. (This duration curve is computed based on the probability distribution of the
real wind power generation, i.e., not the forecasts that are used in the day-ahead market.)
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c) (6 p) Carry out a simulation of the electricity market in Republiken using the scenarios in
table 11. What is the estimate of the expected operation cost of the system?

d) (2 p) Assume that exact forecasts of the wind power generation would be available in the day-
ahead market. Estimate how much lower the expected operation cost of the system would bel!

Table 11 Scenarios for a simulation of the electricity market in Republiken.

Wind powet generation [MWh/h]

Scenario Day-ahead Load [MWh/h]
Real outcome
market forecast
1 0 102 4 859
2 1141 992 3932
3 944 888 5373
4 270 193 3623
5 17 290 3319
A F
1
0.8 1
0.6
0.4 1
0.2
T X
T T T T T T T T T T >
2000 4000 6 000 8 000 10 000 MW

Table 12 The area below the equivalent load duration curve including outages in wind power.

a 0 | 2000|3000 4000|4200 |4400 | 4600|4800 5000|5200 |5400 5600
b 2000 | 3000 | 4000 | 4200 | 4400 | 4600 | 4800|5000 | 5200 | 5400 | 5600 | 5800

jlz(x)dx 2000 | 1000 |987.74 | 189.56 | 183.57 | 175.82 | 164.86 | 149.26 | 129.84 | 110.06 | 91.30 | 73.81

a 5800 | 6000 | 6200 | 6400 | 6600 | 6800 | 7000 | 7200 | 7400 | 7600 | 7700 | 7800
b 6000 | 6200 | 6400 | 6600 | 6800 | 7000 | 7200 | 7400 | 7600 | 7700 | 7800 | o

J'IE(x)dx 57.60 | 43.13 | 32.20 | 25.17 | 20.19 | 15552 | 11.25 | 7.41 | 402 | 098 | 050 | 0.21
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