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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 is economically responsible that the system during each trad-
ing period (for example one hour) is supplied a much energy as consumed by the customers of the
player. In practice, this responsibility is managed by I) The balance responsible player is obliged to
buy financial instruments in the ahead market, IT) The balance responsible player is obliged to buy
and sell regulating power in the real-time market, IIT) The balance responsible player is obliged to
buy and sell balance power in the post market.

Only 1 is true.

Only II is true.

Only III is true.

I and II are true but not I11.
II and I1I are true but not 1.

AR ol S

b) (2 p) We use the notion “ahead trading” to describe all the trading which occurs before the
hour of delivery (or any other trading period). In the ahead market it is possible to trade with the
following contracts: I) Take-and-pay contracts, i.e., when the customer subscribes to a specific
maximal power, and during the duration of the contract is allowed to buy any amount of energy per
trading period as long as the maximal power is not exceeded, II) Firm power, i.e., when the seller
is committed to deliver a specific amount of energy per trading period during the duration of the
contract, III) Regulation power, i.e., when a player at request from the system operator is supplying
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).

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

Only II is true.

Only III is true.

I and II are true but not I11.
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Problem 2 (6 p)

a) (3 p) The figures below shows the supply and demand curves of a certain electricity market.
What will the electricity price become in this electricity market if we assume perfect competition,
perfect information and that there are neither transmission, reservoir nor capacity limitations?

o/MWh  price a/MWh  price

50 ~ 50 -+
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b) (2 p) What would happen to the electricity price in this electricity market if there also was
2 TWh wind power available per year?

c) (1 p) Assume that AB Vattenkraft owns a hydro power plant and that there are no other hydro
power plants in the same river. The electricity market where AB Vattenkraft is operating has perfect
competition, perfect information and no transmission limitations. The installed capacity in the
power plant of AB Vattenkraft is 1 000 MW and the reservoir can store water corresponding to
10 000 MWh. During the hour 10-11 AB Vattenkraft generates 800 MWh. At 11 the hydro reser-
voir is completely empty. What can be stated about the electricity price in this electricity market?

1. The electricity price hour 10-11 cannot be less than the electricity price hour 11-12.
2. The electricity price hour 10-11 cannot be greater than the electricity price

hour 11-12..
3. There is no relation at all between the electricity prices during these two hours.



Problem 3 (6 p)

Consider a power system divided in five areas. Data for the primary control in the system are given
in table 1. Data for the transmission lines between the countries are shown in table 2. Each trans-
mission 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 1 Data for the primary control.

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

3000

3000

1000

1000

Ol 0| w| >

Table 2 Data for the interconnections.

Connection Type Current transmission (at 10:15) ngimal
[MW] capacity [MW]
AeB Alternating current 1000 MW from A to B 2000
AeC Alternating current 600 MW from A to C 1000
Be D Alternating current 1000 MW from B to D 1500
CeoD Direct current (HVDC) 500 MW from C to D 600

a) (1 p) At 10:00 there is balance between production and consumption in the system, no trans-
mission lines are overloaded and the frequency in area A is 49.94 Hz. What is the frequency in area
A at this occasion?

b) (2 p) At 10:15 there is balance between production and consumption in the system and the
frequency is exactly equal to 50 Hz. in area A. At this occasion 1 200 MW generation is lost in area
B and shortly thereafter another 1 000 MW generation is disconnected in area B. How large is the
transmission from area A to area B then the primary control has stabilised the frequency in the
system after these two events? (Answer 0 MW if the connection is disconnected due to overload-

ing,)

c) (1 p) What is the frequency in area A when the primary control has stabilised the frequency in
the system after the events in part b?

d) (2 p) What is the frequency in area B when the primary control has stabilised the frequency in
the system after the events in part b?



Problem 4 (12 p)

Strommen

Springet

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

Indices for the power plants: Forsen 1, Spranget 2, Fallet 3, Strommen 4, Fjard 5.

% = expected future production equivalent for water stored in reservoir i,
i=1,...,5,
A, = expected electricity price hour t,t=1, ..., 24,
Ay = expected electricity price after the end of the planning period,

M; o = contents of resetrvoir i at the beginning of the planning period, i =1, ..., 5,
M_i,t = contents of reservoir i at the end of hourt, i=1,...,5t=1, ..., 24,
M; = maximal contents of reservoir i,i=1, ..., 5,
# j = marginal production equivalent in power plant i, segment j, 1 =1, ..., 5,
i=12

Qj,j, = discharge in power plant i, segment j, during hour t,
i=1,..,5j=12t=1,...,24,
Qi,j = maximal discharge in power plant i, segment j, i =1, ...,5,j =1, 2,
SLt = spillage from reservoir i during hour t,i=1, ...,5t=1, ..., 24,
Sj = maximal spillage from reservoir i,1=1, ..., 5,

Vi,t = local inflow to reservoir i duting hour t,i=1,...,5t=1, ..., 24.

a) (4 p) The best efficiency in the hydro power plant Forsen is obtained for the discharge
120 m3/s and the electricity generation is then 48 MW. The maximal discharge in Forsen is
200 m3/s and the relative efficiency is then 95%. Assume that we need a piecewise linear model of
electricity generation as function of the discharge in Forsen. The model should have two segments
and the breakpoint between them should be located at the best efficiency. Calculate the following
parameters:

My = marginal production equivalent in Forsen, segment j,
Q1,j = maximal discharge in, segment J.

b) (5 p) Formulate the objective function if the purpose of the planning is to maximise the in-
come of generated hydro power plus the value of stored water. Use the symbols defined above.

c) (2 p) The thermal power plant Flisinge is fuelled by biomass. The fuel costs 260 &/ m3 and
has a density of 400 kg/m?. The heat contents of the fuel is 5 MWh/ton and the efficiency of the
power plant is 40%. How large is the variable generation cost in Flisinge?



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

G = minimal generation when the power plant is committed,

G, = generation in the power plant during hour t,

U; = unit commitment in the power plant during hour t (1 if the power plant is
committed during hour t, otherwise 0).

How should a linear constraint be formulated in order to describe the relation between G, G, and
u; for hour t?

1. gg,t—gg-ug,tfg.
i Gg’t_ég.ug’t;o'
. g,t_ g'Ug’t_ .

Problem 5 (12 p)

Ekibuga is a town in Fast Africa. The town is not connected to a national grid, but has a local sys-
tem of its own. The local grid is supplied by a hydro power plant and a diesel generator set. 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.
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a) (3 p) How large is the expected generation in the hydro power plant?

b) (3 p) Assume that there in addition to the hydro power plant is also a wind power plant in
Ekibuga. A model of the available generation capacity is given in table 3. What is the LOLP of this
system?

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

I\lg

Fg(x¥) = Pg, iFg-1(x- Xq, i)
i=1
c) (2 p) Use the inverse transform method to randomise a value of the available generation ca-

pacity of the diesel generator set, D. Start with the random number 0.15 from a U(0,1)-distribution.
What is the corresponding complementary random number, D*.



Table 3 Model of the wind power plant in problem 5b.

Avij;‘iei é‘fm(’“ Probability [%]
0 40
50 40
100 20

d) (3 p) A Monte Carlo simulation of Ekibuga used a more detailed model of the wind power
farm than the one given in table 3. Moreover, the transmission losses in the power system have
been considered. The results of 1 000 analysed scenarios is shown in table 4. Which estimate of
LOLP is obtained from these results?

Table 4 Results from a Monte Carlo simulation of the power system in Ekibuga.

My
Stratum weight, Number of Results, 37 Xi py
Stratum, h scenarios, N =1
“n »h | (where X; pis the observed value of LOLO
in scenatio i, stratum h)
1 0.85 50 0
0.06 900 150
0.09 50 50

e) (1 p) The expectation value E[X] is to be determined using a control variate. Let X; denote the
I:th observation of X and let z; denote the i:th observation of the control variate, Z. The total num-
ber of observations is . How is the estimate My calculated?

n
1
1. mx=52 x; +E[Z].
i=1

2. my = % > (Xj—z;) +E[Z].
i=1

3. my = % > (Xi—zj) —E[Z].
i=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)

The electricity market in Land is divided in three price areas: North, Central and South. Data for
the generation and consumption are given in table 5 and data for the transmission capacity be-
tween the price areas are found in table 6. The variable operation costs are assumed to be linear
within the intervals, i.e., the production is zero if the price is on the lower price level and the pro-
duction is maximal at the higher price level.

Elbolaget AB has decided to improve its environmental profile by investing in a really large wind
farm. The investment cost is the same regardless of where in Land the wind farm is built. How-
ever, in northern Land it is possible to find better sites for the wind farm; the annual generation
should then be 0.6 TWh, which can be compared to 0.5 TWh if the wind farm is built in any of the
two other price areas. Where should Elbolaget AB build the wind farm to get the best possible
yield from the investment?

Table 5 Data for generation and consumption on the electricity market in Land.

Production capability [TWh/year] Variable costs
power souree North Central South [2/MWh]
Hydro power 60 10 5

Nuclear power 30 30 80-120
Fossil fuels 10 15 15 350-650
Consumption 23 65.5 58.5

Table 6 Data for transmission between the price areas in Land.

. Capacity
Interconnection [TWh /year]
North <> Central 40
Central <> South 20




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. The primary control of
Rike is divided in a normal operation reserve and a disturbance reserve. The normal operation re-
serve is available in the frequency range 49.9-50.1 Hz and has a total gain of 3 000 MW /Hz, where
2500 MW/Hz is provided by power plants in northern Rike. The disturbance reserve is available
in the frequency range 49.5-49.9 Hz and has a total gain of 2 500 MW /Hz, where 2 000 MW /Hz
is provided by power plants in northern Rike.

At a certain occasion the frequency in the system is 49.92 Hz and the total transmission from
northern to southern Rike is 3 100 MW. The control room at Riksnit (who is the system operator
in Rike) has decided to activate up-regulation bids in order to increase the frequency in the system
and relieve primary control reserves. Moreover, Riksnit wants to free some transmission capacity
between northern and southern Rike. The available up-regulation bids are shown in table 7. Which
bids should Riksnit activate in order to minimise the costs if the objective is to increase the fre-

quency to at least 50.0 Hz and reduce the transmission from northern to southern Rike below
2 950 MW?

Table 7 Up-regulation bids in the real-time balancing market in Rike.

Bid Power [MW] Price area Price [2/MWHh]
1 40 North 400
2 50 North 410
3 100 South 415
4 50 North 425
5 50 North 450
6 40 South 500
7 80 South 520
8 50 North 550

10



Problem 8 (20 p)

In the power exchange ElKring, players in the electricity market can sell and purchase electricity
for each hour during the next day. The two most important bids are sell bids and purchase bids. A

sell bid is valid for a specific hour t, t =1, ..., 24, and comprises a certain maximal volume, F; 4,
i=1, ..., Nt,1 t=1, ..., 24, as well as a requested price, IBRi, p1=1 .., N,t=1, ..., 24 A purchase
bid is valid for a specific hour t, t=1, ..., 24, and comprises a certain maximal volume, DJ— t>

i=1, ..., Mt,2 t=1,...,24, as well as a value of purchased electricity, ﬂRj,t’ =1 ..M,
t=1, ..., 24. Notice that these bids do not have to be accepted as a whole; if somebody submits a
100 MW sell bid, it is possible that the player will only get to sell 50 MW

Bids to ElKring must be submitted at last 12:00 noon. Then ElKring compiles the bids and
decides which bids that will be accepted as well as the electricity price for each hour (all accepted
bids for one hour receive the same electricity price). This is done by solving an optimisation prob-
lem, where the objective function is to maximise the value of the accepted purchase bids minus
the requested price for the accepted sell bids.

a) (8 p) Formulate the planning problem of ElKring as an LP problem. Use the notation intro-
duced above 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.

b) (2 p) How can ElKring compute the houtly electricity prices when the planning problem
from part a has been solved?

c) (10 p) ElKring is also planning to introduce block bids. These bids will be a class of sell bids,
which are valid for several consecutive hours and which can only be accepted as a whole. Sellers
can choose between five types of block bids, compromising different time periods (see table 8).
How must the planning problem from part a be reformulated in order to consider these block
bids? Do not forget to define all new variables and parameters that you introduce!

Hint: Introduce a binary variable, Uy s k=1, ..., LS,3 s=1, ..., 5, which is equal to one if a certain
block bid is accepted and equal to zeros if the bid is rejected.

Table 8 Different types of block bids at EIKrang.

Type, S Hours, t
1 1-24
2 1-6
3 7-12
4 13-18
5 19-24

1. Where N, is the number of sell bids that have been submitted for hour t.
2. Where M, is the number of purchase bids that have been submitted for hour t.
3. Where L is the number of block bids of type s.

11



Problem 9 (20 p)

Miji region is not connected to the national grid in Nchi, but has a regional 33-kV transmission sys-

same variable costs, but the availability is slightly worse (85%).

a) (10 p) The figure below shows the duration curve of the total load in Mji region. Table 9
shows the most important points of the equivalent load duration curve after adding first the seven

Fo

A

1
0.8 1
0.6 1
0.4 1
024-----"-"-""--"--"----- --------- .
i X
T T T T T T T T T T >
1000 2000 3000 4000 5000 kW

Table 9 Some results from a probabilistic production cost simulation of the power system in Mji region.

X Fo() X Fo() X Fo(x)
2000 1.0000 4 000 0.1781 6 000 0.0041
2500 0.8618 4500 0.1046 6 500 0.0007
3000 0.5672 5000 0.0505 7 000 0.0001
3500 0.3156 5500 0.0173 7500 0.0000

ment would result in fixed costs of 60 M& /yeat. The hydro power plant would have a capacity of
1 000 kW, 100% availability and negligible variable costs. Is it profitable to build the hydro power
plant if only the expected operation cost of the system is considered (i.e., neglect the costs of dis-
connected load)?

b) (10 p) The losses in the power system of Mji region are comparatively high; therefore, rein-
forcements of some of the 33 kV lines are being considered. In order to analyse which reinforce-
ments that are profitable, a multi-area model has been created. This model will then be used for
Monte Carlo simulations of different variants of the power system (with and without the hydro
power plant in Kijoto, with and without reinforced lines, etc.) It has been decided to use stratified
sampling for these simulations. Using a strata tree, the following three strata have been defined:
o Stratum 1: All scenarios where the total load is lower than the available generation
capacity minus the maximal losses in the grid (Do, <H + Giot— L)
e Stratum 2: All scenarios where the total load is lower than the available generation
capacity except whose scenarios that belong to stratum 1 (H+ Gyoi—L < Diot <

12



H + Giop).-
e Stratum 3: All scenarios where the total load is higher than available generation capac-
ity (H+ Gor < Dygp)-

However, this stratification will only be efficient if there is a reasonable estimate of the maximal
losses in the grid, L. Unfortunately, it is difficult to compute this quantity exactly for a system
with seven areas; therefore, L will be estimated from some randomly generated scenarios. Then,
additional scenarios are generated for each stratum. An example of this simulation strategy is given
in tables 10 and 11. Which estimate of the expected total operation cost is obtained for each of the
three strata in this Monte Catlo simulation?*

Hint: The scenarios used to estimate L can also be used to estimate expected operation cost!

Table 10 Scenarios to estimate the maximal losses in Mji region.

Scenario H [kW] Giot [KW] Dot [kW] L [kW] TOC [a/h]
1 1000 4000 4 649 604 40 000
2 1000 4500 2820 321 21 410
3 1000 4500 2040 282 13216
4 1000 3000 2 957 492 24 492
5 1000 4500 2203 278 14 818
6 1000 4500 3909 723 36 316
7 1000 4500 2437 324 17 615
8 1000 4500 2947 482 24 289

Table 11 Scenarios to estimate the expected operation cost in Mji region.

Scenario H [kW] Giot [KW] Dyt kW] L [kW/] TOC [a/h]
1 1000 3000 2 469 259 17 282
2 1000 4500 2 818 460 22789
3 1000 3500 2 470 309 17 794
4 1000 3500 2 458 435 18 933
5 1000 4000 2700 384 20 841
6 1000 3500 2959 538 24975
7 1000 4500 4702 583 42 848
8 1000 3500 3543 464 30 066
9 1000 4500 4592 658 42 497
10 1000 4000 4509 679 40 000
1 1000 4500 4775 746 45 000
12 1000 4500 40614 677 42910
13 1000 3500 4789 650 35000
14 1000 3500 4 840 620 35 000
15 1000 3000 4097 689 30 000
16 1000 3500 4700 711 35 000
17 1000 3500 4686 623 35000
18 1000 3000 45 31 716 30 000

4. To compute the final expected operation cost it would be necessary to have the stratum weights, but that
computation is too complex for this problem.

13
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a) Alternative

b) Alternative
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